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ABSTRACT

Karavirta, Laura

Cardiorespiratory, neuromuscular and cardiac autonomic adaptations to
combined endurance and strength training in ageing men and women
Jyviskylad: University of Jyvaskyld, 2011, 108 p.

(Studies in Sport, Physical Education and Health,

ISSN 0356-1070; 162)

ISBN 978-951-39-4216-8 (PDF), 978-951-39-4141-3 (nid.)

Individual differences in the time-course of ageing are largely due to factors
related to lifestyle, including regular physical activity. As a result of different
adaptations of endurance and strength training, neither training mode alone
can substantially improve all the essential aspects of physical performance and
health. The competitive nature of endurance and strength training may, how-
ever, lead to interference in cardiorespiratory and neuromuscular adaptations
when endurance and strength training are performed simultaneously. There-
fore, this study examined cardiorespiratory, neuromuscular and cardiac auto-
nomic adaptations to combined endurance and strength training in 40 to 67
year old men and women. 196 healthy subjects completed a 21 week progres-
sive training period consisting one of the following: 1) two endurance, 2) two
strength, 3) combination of two endurance and two strength training sessions
per week, or 4) no systematic training. The present results indicated that the
training mode-specific adaptations in cardiorespiratory endurance and muscu-
lar strength were similar after combined endurance and strength training com-
pared with endurance or strength training alone, respectively. However, indi-
vidual training responses revealed large individual variation in the magnitude
of training adaptations in all training groups. Furthermore, the evident goal of
combined endurance and strength training, i.e. simultaneous increase in both
cardiorespiratory endurance and maximal strength, was only achieved by ap-
proximately half of the ageing men and women, while others improved either
endurance or strength. Significant muscle fibre hypertrophy was observed in
the strength training group, but not in the combined endurance and strength
training group. In terms of cardiac autonomic function, adaptations measured
by heart rate dynamics seemed to be more notable after endurance training
compared to combined training. Strength training alone did not lead to signifi-
cant improvements in cardiac autonomic function. To summarise, the training
mode-specific outcomes of combined endurance and strength training may be
individually determined. Furthermore, muscle hypertrophy may be impaired
when strength and endurance training are combined over a prolonged period.
New means are, therefore, needed to individualise combined endurance and
strength training programs for optimal adaptations.

Keywords: endurance training, strength training, training response, heart rate
variability, cardiac autonomic function
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1 INTRODUCTION

There has been ever growing evidence about the beneficial effects of physical
exercise since 1953, when the positive outcomes of occupational physical activ-
ity on overall health were discovered (Morris et al. 1953). Since then, numerous
studies have confirmed the benefits of regular physical activity on different as-
pects of physical performance and health. Based on recent findings, however,
being physically active may not be enough. One of the main outcomes of regu-
lar endurance exercise training, i.e. improved cardiorespiratory endurance, has
been shown to be inversely and more strongly associated with cardiovascular
and all-cause mortality than physical activity (Lee et al. 2010). Furthermore, en-
durance training has been shown to enhance cardiac autonomic function, which
is an independent determinant of cardiovascular health. Therefore, the focus
has been aimed on achieving optimal training outcomes, and guidelines for
training prescription have been frequently updated.

Apart from low cardiorespiratory fitness and impaired cardiac autonomic
function, low muscular strength has also been recently shown to be an inde-
pendent predictor of mortality, even after adjusting for cardiorespiratory en-
durance (Katzmarzyk & Craig 2002; Ruiz et al. 2008). Furthermore, muscular
strength contributes to functional capacity (Hunter et al. 2004). These findings
emphasise the importance of strength training aside from endurance training as
a method to improve functional capacity and overall health. The beneficial ef-
fects of both endurance and strength training are, thus, evident. Given the train-
ing mode-specific nature of adaptations and the rapid effects of detraining, the
aim should be to simultaneously enhance both these aspects of physical per-
formance.

Concurrent endurance and strength training are generally used to seek
health benefits beyond endurance or strength training alone. Hickson (1980),
however, reported in his renowned study an interference in the development of
maximal strength after eight weeks of training when endurance and strength
were trained simultaneously several times per week. Since then, in several
studies the combination of endurance and strength training regimes has been
investigated by modifying both the training protocols and the subject groups.
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The complex interplay of several control mechanisms at the muscular and
cellular levels that enable the human body to adapt to different external stimuli
seem to be on a collision course in combined endurance and strength training,
producing smaller training adaptations compared to the adaptations to
endurance or strength training alone.

In addition to the health risk and impaired physical performance induced
by physical inactivity, ageing of the human body itself leads to inevitable pro-
gressive impairment in physiological functions, resulting in a loss of muscular
strength, cardiorespiratory fitness and cardiac autonomic function. Furthermore,
functional capacity relates to physical performance. The most profound effects
of ageing compromise our health and the ability to lead an independent life.
The good news is that even if physical training is initiated after the age-related
loss of physical performance has already began, considerable benefits in terms
of physical performance and health can be achieved. The recent findings on in-
dividual training adaptation show, however, that the range in the magnitude of
training adaptation is vast and not everyone improves their physical perform-
ance even with supervised training. The question remains, what kind of train-
ing program is optimal for physical performance and health outcomes. There-
fore, this thesis aimed to clarify cardiorespiratory, neuromuscular and cardiac
autonomic adaptations to combined endurance and strength training compared
to those of endurance or strength training alone in ageing men and women.



2 REVIEW OF THE LITERATURE

2.1 Physiological challenges related to ageing

As a human gets older, physiological changes lead to a gradual decrease in
physical performance. Decreases in physical performance can be observed well
before any decrements in functional capacity are evident, but the reductions in
physical performance imply that a higher percentage of the maximal capacity
must be exerted to perform any submaximal exercise task (Fleg et al. 2005;
Chodzko-Zajko et al. 2009). Physical performance can be divided into two main
components, cardiorespiratory endurance and muscular strength. Cardiorespi-
ratory endurance is characterised by the ability of the body to sustain pro-
longed exercise including repetitive muscular contractions with low intensity
whereas muscular strength refers to the ability of the neuromuscular system to
produce high force in few repetitions using near maximal loads.

Functional capacity is not, however, confined to strength and endurance
performance but also includes several regulatory mechanisms. The heart is a
key organ maintaining all bodily functions, and the cardiovascular system, in-
cluding the heart, blood vessels and blood, is mainly regulated by the function
of the autonomic nervous system. Cardiac autonomic function, determined as
heart rate variability (HRV) is also impaired in ageing (Jensen-Urstad et al.
1997). However, the association between physical performance and HRV is not
as clear as could be concluded when comparing athletes and sedentary adults
(Dixon et al. 1992; Verlinde et al. 2001; Aubert et al. 2003). In an average popula-
tion, physical performance seems not to explain the interindividual variation in
cardiac autonomic function (Melanson & Freedson 2001; Uusitalo et al. 2002;
Bosquet et al. 2007). Thus, HRV is an important independent predictor of car-
diovascular and all-cause mortality that provides additional information about
cardiac health (Tsuji et al. 1994; Tsuji et al. 1996).

Low baseline values of muscular strength and cardiorespiratory endur-
ance in middle-aged women and men forecast future risks of disability (Huang
et al. 1998; Rantanen et al. 1999; Blair & Wei 2000). Tasks that require consider-
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able effort in unfit individuals are likely to be avoided, leading to inactivity and
further reductions in aerobic capacity and muscular strength (Fleg et al. 2005).
Therefore, it is crucial to acknowledge the effects of ageing in early life to main-
tain a good functional capacity in the working population. Age-related reduc-
tions in physical performance start already in middle-aged adults, and the rate
of reduction accelerates during the sixth decade of life. Even though ageing is
inevitable, individuals differ broadly in how they age, which is likely due to
both lifestyle and genetic factors (Chodzko-Zajko et al. 2009).

211 Age-related decrease in cardiorespiratory endurance
The concept of cardiorespiratory endurance

Cardiorespiratory endurance can be defined as the capacity to sustain a given
exercise intensity for the longest possible time (Jones & Carter 2000). The single
most often used variable for quantifying cardiorespiratory endurance is maxi-
mal oxygen uptake (VO2max), i.e. aerobic capacity, first presented by A.V. Hill in
the 1920’s (Hill & Lupton 1923). VOomax can be determined, based on the Fick
equation, as a product of maximal cardiac output and arteriovenous oxygen
difference (a-v O difference), where maximal cardiac output is a product of
stroke volume (SV) and maximal heart rate (HRmax) (Fick 1870). Peak oxygen
uptake (VOzpeak) is also a commonly used term, which refers to the highest VO2
attained when VOomay, i.e. a plateau in VOy, is not reached and the performance
is limited by local rather than by central circulatory factors (Rowell 1974). The
reason for the popularity of these variables is that they are strongly associated
with endurance performance (di Prampero 2003) and inversely related to car-
diovascular and all-cause mortality (Sandvik et al. 1993; Blair et al. 1995; Blair et
al. 1996).

Due to the prolonged duration of endurance exercise, performance is
highly dependent on energy production via the aerobic resynthesis of adeno-
sine triphosphate (ATP), a process that requires oxygen (Jones & Carter 2000).
The use of oxygen in the energy production for physical work is a complex
process including transferring Oz from the air to the blood, pumping it to the
periphery, and distributing it to the muscle cells for the oxidative production of
energy, bound in ATP, to generate muscle contractions (Levine 2008) (Fig. 1).
Therefore, VOomax reflects the maximal rate of aerobic energy expenditure.
VO2max is limited under most circumstances by the ability of the heart to deliver
oxygen to the working muscles (Bassett & Howley 1997; di Prampero 2003).
However, VO2max does not equal endurance performance, since there are other
factors that contribute to the performance outcome, including exercise-specific
economy, anaerobic capacity and neuromuscular factors (Levine 2008). Time to
exhaustion in a treadmill test or maximal power output (Pmax, Wimax) in a bicycle
ergometer test are, therefore, also generally used as indicators of endurance
performance in sedentary or physically active, non-competitive individuals
(Kuipers et al. 1985; Izquierdo et al. 2005).
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FIGURE1 Gas transport mechanisms and physiological responses to exercise from the
pulmonary to the cellular level. Qco», carbon dioxide production; Qoo, oxy-
gen consumption; Vo2, oxygen uptake; Vcop, carbon dioxide output; SV,
stroke volume; HR, heart rate; Vr, tidal volume; f, breathing frequency.
Adapted from Wasserman et al. (2005).

Effects of ageing

In sedentary adults VOamax is highest at the age of approximately 25 to 30 years
(Fitzgerald et al. 1997; Fleg et al. 2005). Both cross-sectional and longitudinal
studies have confirmed a gradual decline in VOzmax due to ageing (Fleg &
Lakatta 1988; Fitzgerald et al. 1997; Proctor & Joyner 1997; Astrand et al. 1997;
Ades & Toth 2005; Fleg et al. 2005; Hakola et al. 2010). The decrease in VO2max
has been suggested to start after the age of 45 years (Jackson et al. 2009). A
meta-analysis has suggested an average rate of decrease of 10 % per decade
(Fitzgerald et al. 1997). Based on longitudinal data it has been observed that the
decrease in aerobic capacity is nonlinear as the rate of decline seems to increase
with age (Fleg et al. 2005). The average rate of decline in VOapeak relative to
body mass was 11 and 11 % during the fifth, 16 and 14 % during the sixth, and
20 and 17 % during the seventh age decade in men and women, respectively
(Fig. 2) (Fleg et al. 2005). The increasing rate of the decline in VOzpeak was also
evident when determined relative to fat free mass.

Longitudinal studies may provide more valid information about the true
rate of decline in aerobic capacity, since a cross-sectional study design may
produce a selection bias due to the selected survival of the older subjects pro-
ducing a healthier group of older subjects than younger subjects (Ades & Toth
2005). Furthermore, the predicted decrease per decade may vary depending on
the characteristics of the subject group in question, such as lifestyle factors. For
example, the level of physical activity can significantly affect the time course of

the age-related decrement in cardiorespiratory endurance (Fitzgerald et al.
1997).
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FIGURE2  Longitudinal changes in VOapeak per decade from 20 to 70 years of age pre-
dicted from a mixed-effects linear regression model in men and women (Fleg
et al. 2005). Reproduced with permission of Wolters Kluwer Health.

Thus, the decrease in cardiorespiratory endurance in ageing may not be entirely
due to ageing itself. Physical activity, which is a major determinant of cardio-
respiratory endurance, also decreases in ageing (Bijnen et al. 1998; Westerterp
2000). It is therefore difficult to dissociate the effects of inactivity from the ef-
fects of ageing. In fact, it has been shown that three weeks of bed rest may cause
a greater decrease in aerobic capacity than 30 years of ageing from the age of 20
to 50 years (McGuire et al. 2001b). Furthermore, the rate of decline in cardiores-
piratory endurance in older endurance athletes seems to be highly dependent
on the maintenance of training stimulus in ageing (Katzel et al. 2001).

Regular physical activity cannot, however, reverse the effects of ageing.
This was demonstrated in a group of untrained subjects who underwent a simi-
lar endurance training load as 20 year old adults and 30 years later as middle-
aged adults. None of the subjects taking part in the training 30 years later were
able to reach as high a level of VOzmax as attained after training 30 years before
(McGuire et al. 2001a). A meta-analysis has in fact revealed a faster absolute
decrease of VO2max in endurance trained versus sedentary women, which possi-
bly is a result of more striking changes in training volume and intensity in
trained compared to sedentary subjects (Fitzgerald et al. 1997). Despite the
faster rate of decrease, older endurance trained adults still have considerably
higher absolute VOamax values compared to their sedentary peers (Fitzgerald et
al. 1997).

A major contributor to the lower VO2max observed in older adults seems to
be a substantially smaller maximal cardiac output compared to younger coun-
terparts (Stratton et al. 1994). Both SV and HRmax may in turn contribute to the
age-related decline in cardiac output. A smaller stroke volume may account for
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most of the difference in VOomax between young (18 to 31 years old) and older
(51 to 72 years old) adults (Ogawa et al. 1992). HRmax decreases by approxi-
mately 0.7 beats per minute per year due to ageing (Inbar et al. 1994; Tanaka et
al. 2001; Balmer et al. 2005), and the decline has been reported to somewhat ac-
celerate with age (Londeree & Moeschberger 1982). However, the decrease in
HRmax is a relatively small contributor to the age-related decrease in VOamax
since it accounts for just 26-30 % of the age-related differences in maximal car-
diac output while the remaining proportion is due to the smaller SV (Ogawa et
al. 1992).

VOomax is often expressed per kilogram of body mass, especially when
cardiorespiratory fitness is evaluated against average values of a population. In
fact, VOomax is strongly associated to body mass and especially to fat free mass
that may be mainly due to the ability of skeletal muscle to consume oxygen
(Fleg & Lakatta 1988; Toth et al. 1994). However, statistically controlling for
blood volume and SV seems to eliminate the close association between fat free
mass and maximal oxygen consumption (r = 0.12, ns.). Thus, the loss of skeletal
muscle mass with ageing, i.e. sarcopenia, may contribute to the age-related de-
cline in VOamax mainly due to reductions in the central circulatory factors in
healthy sedentary 18 to 75 year old adults (Hunt et al. 1998).

2.1.2 Age-related decrease in neuromuscular performance
Muscular strength

The concept of muscular strength refers to the maximum capacity of skeletal
muscle to generate force (Knuttgen & Komi 2003), which is determined by the
structure and function of the neuromuscular system, including muscle cross-
sectional area (CSA), neural activation, and muscle architecture, as well as by
the features of the muscle contraction such as contraction velocity and contrac-
tion type. Muscle contraction is initiated by an a-motor neuron, which together
with all the muscle fibres it innervates constitutes a component termed a motor
unit. Characteristics of motor neurons largely also determine the qualities of
individual muscle fibres (Wilmore & Costill 2004).

Muscle fibres are generally grouped into three types according to the my-
osin heavy chain profile (Monti et al. 2001). Different types of muscle fibres
vary in the contraction velocity and fatigue resistance. Type I fibres are most
fatigue resistant slow twitch fibres, type IIA fibres are fast twitch fibres with a
moderate fatigue resistance, and type IIX fibres, formerly also called IIB, are fast
twitch fibres that are sensitive to fatigue. Human muscle also contains so called
hybrid types of muscle fibres, e.g. IIAX, that are transforming from one type to
another (Klitgaard et al. 1990; Harridge 2007).

Muscle possesses a considerable potential for growth through an in-
creased ratio between protein synthesis and protein degradation (Harridge
2007). Muscular strength, however, is not solely dependent on the muscle CSA.
The highest possible force produced, i.e. maximal voluntary contraction (MVC),
is also highly dependent on the activation of the central nervous system. Factors



20

(such as motor unit recruitment, activation of antagonistic muscles, muscle ar-
chitecture, and tendon stiffness) that contribute to the muscular performance
per unit of muscle volume or mass are often referred to as muscle quality (Dutta
et al. 1997).

Effects of ageing

In sedentary adults, muscular strength reaches its peak during the third decade
of life (Larsson et al. 1979; Hikkinen & Hikkinen 1991; Lindle et al. 1997). The
reduction in muscular strength starts in middle-aged adults and accelerates af-
ter the onset of the sixth decade (Larsson et al. 1979; Frontera et al. 1991; Hakki-
nen & Hakkinen 1991; Lindle et al. 1997; Deschenes 2004). The rate of gradual
decline in maximal strength after the age of approximately 30 is between eight
and ten percent per decade (Lindle et al. 1997), after which the rate of decline is
increased to about 12 to 15 % per decade (Fig. 3) (Larsson et al. 1979; Frontera et
al. 1991). In addition to maximal strength, the loss of explosive strength or
power of the neuromuscular system may occur at an even faster rate than the
loss of maximal strength from middle to older age (Hikkinen et al. 1996;
Izquierdo et al. 1999). Furthermore, the decrease seems to be more profound in
concentric muscle contractions, compared to isometric contractions, whereas
actions involving eccentric muscle contractions seem to be impaired at the
slowest rate (Vandervoort 2002).

Increased inactivity is a major contributor to the attenuated muscular
strength in ageing (Bijnen et al. 1998; Westerterp 2000). For example, due to life-
long strength training, master athletes demonstrate a higher muscular strength
at the age of 75 (range 69-85) years than sedentary men at the age of 40 (35-45)
years (Ojanen et al. 2007). However, regardless of a life-long background of
strength training, the age-related decrease is inevitable even in strength athletes.

A ® \en 8 Women

Peak Torque (Nm)

AGE

FIGURE3  Age-related decrease in concentric peak torque of knee extensors in men and
women (Lindle et al. 1997). Copyright 1997 by American Physiological Soci-
ety. Reproduced with permission.
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The decrease in maximal strength is mainly due to the age-related decrease in
skeletal muscle mass, i.e. sarcopenia (Frontera et al. 1991; Deschenes 2004). The
progressive loss of muscle fibres and fibre size has been suggested to begin be-
tween the third (Lexell et al. 1988) and the fifth decade (Hepple 2003) and accel-
erate thereafter. The decrease in muscle mass has been suggested to be fibre
type-dependent, since a smaller proportion of type II muscle fibres have been
observed in older than young men (Scelsi et al. 1980; Klitgaard et al. 1990).
However, similar proportions of fibre types between young and older adults
have also been reported (Lexell et al. 1988; Hikkinen et al. 2001). The most
prominent difference in the proportion of muscle fibres seems to lay in the
higher proportion of hybrid fibres in older compared to younger subjects (Klit-
gaard et al. 1990). A major contributor to the loss of muscle fibres is motor neu-
ron death coupled with an incomplete reinnervation of abandoned muscle fi-
bres (Enoka 1997). It seems, however, that the rate of decline in muscular
strength is faster than that of muscle size suggesting that a decrease also occurs
in the muscular strength per unit of muscle mass, i.e. muscle quality (Goodpas-
ter et al. 2006).

Cross-sectional studies have shown a significant difference between
young and older subjects in muscle quality (Welle et al. 1996), although the
magnitude of the effect may be dependent on the muscle group and type of
muscle action (Lynch et al. 1999). Several factors may explain the age-related
decrement in muscle quality. Age-related changes in the duration and ampli-
tude of motor unit action potentials have been demonstrated using electromy-
ography (EMG) techniques (Vandervoort 2002). Furthermore, axonal conduc-
tion velocity seems to slow down with ageing (Vandervoort 2002). Older adults
may not be able to fully activate the muscles voluntarily, even after strength
training (Harridge et al. 1999), which could result from a decrease in the motor
unit recruitment or decrease in the average motor unit firing rates (Howard et
al. 1988; Kamen & Knight 2004). All studies have not, however, confirmed a
lower muscle activation or lower motor unit firing rates in older compared to
young adults (Roos et al. 1999). Ageing seems to also induce changes in muscle
architecture by, for example, decreasing the fascicle length and pennation angle
and thus probably leading to impaired muscle function (Narici et al. 2003).

2.1.3 Effects of ageing on cardiac autonomic function
Heart rate variability as a measure of cardiac autonomic function

The function of the cardiovascular system is mainly regulated by the autonomic
nervous system. The function of the autonomic nervous system, on the other
hand, is modulated by changes in blood pressure, rate of metabolism and the
state of skeletal muscle sensed by baro-, chemo-, or mechanoreceptors, respec-
tively. The autonomic nervous system is divided into the parasympathetic (va-
gal) and sympathetic branches, which together mediate changes in peripheral
vascular tone, blood pressure, and heart rate (HR). Parasympathetic control is
mediated through the vagus nerve i.e. the tenth cranial nerve, which enter the
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sinoatrial node, atrioventricular conducting pathways, atrial muscle (Loewy
1990) and ventricular muscle (Johnson et al. 2004). Sympathetic neurons, on the
other hand, originate from the spinal cord and innervate the entire heart
(Loewy 1990). Sympathetic and vagal divisions produce opposite effects on the
function of the heart. The activation of the sympathetic division increases heart
rate and the force of contraction whereas the activation of the vagal division
decreases heart rate and the force of contraction. HR is, therefore, regulated by
the interaction of vagal and sympathetic nerves, and the effects can vary inde-
pendently, coactively or reciprocally (Berntson et al. 1993). Since an increase in
HR may arise from vagal withdrawal, sympathetic activation or both, HR alone
does not provide information about the autonomic control of the heart.

Heart rate variability (HRV) refers to variation in the time intervals be-
tween consecutive heart beats. R peaks of a standard electrocardiographic re-
cording are generally used to detect the interbeat intervals, correspondingly
named RR intervals (RRI). HRV at high frequencies is of vagal origin (Akselrod
et al. 1981; Akselrod et al. 1985; Martinmaki et al. 2006) and mainly derived
from respiration, also named respiratory sinus arrhythmia, which is induced by
tachycardia during inspiration and bradycardia during expiration (Yasuma &
Hayano 2004). At lower frequencies of around 0.1 Hz HRV is probably of both
vagal and sympathetic origin (Akselrod et al. 1981; Martinmaki et al. 2006), al-
though it has also been suggested to be only of sympathetic origin (Malliani et
al. 1991). Changes in HR during incremental exercise are mainly modulated by
both the parasympathetic and sympathetic nervous systems. During exercise of
light intensity, an increase in HR is almost entirely due to decrease in vagal tone.
As the exercise intensity increases, further increases in HR are mediated by both
increased sympathetic activation and continued withdrawal of vagal tone. Dur-
ing heavy exercise, sympathetic activity is further increased whereas no vagal
tone remains.

The function of the parasympathetic nervous system cannot be measured
directly in conscious humans and, therefore, the measurement of HRV has been
introduced as a valid indirect method for evaluation of vagal tone. Furthermore,
a direct assessment of the function of the sympathetic nervous system is not
suitable for all situations using, for example, the measurement of muscle sym-
pathetic nerve activity with microneurography (Grassi & Esler 1999). The vast
research interest in HRV is due to the observation that abnormalities in HRV
are associated with increased mortality after myocardial infarction (Kleiger et al.
1987; Bigger et al. 1992; La Rovere et al. 1998). Increased risk of cardiac events
has also been observed in community-based elderly populations with reduced
HRV (Tsuji et al. 1996). Therefore, HRV provides additional prognostic infor-
mation compared with traditional cardiovascular disease risk factors, such as
overweight and obesity, high blood pressure, cholesterol, smoking and physical
inactivity (Tsuji et al. 1994; Tsuji et al. 1996).

HRYV can be quantified using a variety of different methods including time
domain, frequency domain (spectral) and nonlinear methods (Malik et al. 1996).
Time domain measures are obtained from the RRIs directly or from the differ-
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ences between RRIs and are thus relatively simple to calculate. Frequency do-
main (spectral) analysis provides information about the distribution of power,
i.e. variance, as a function of frequency. With short term spectral analysis, three
main components can be differentiated in the spectrum: high frequency (HF),
low frequency (LF) and very low frequency (VLF) components (Malik et al.
1996). RRI time series also includes nonlinear oscillations that linear time do-
main and spectral measures alone cannot capture. Nonlinear methods may,
therefore, provide additional information concerning the fluctuations of HR
(Kuusela et al. 2002).

Several different nonlinear measures have been developed to detect the
nonlinear features of HR behaviour. Detrended fluctuation analysis (DFA)
quantifies fractal correlation properties of RRI time series (Peng et al. 1995a).
Physiologically, the breakdown of the fractal organisation of short-term HR dy-
namics has been associated with the coactivation of vagal and sympathetic out-
flow (Tulppo et al. 2005), vagal blockade (Penttild et al. 2003), vagal tone inhibi-
tion due to light-intensity exercise (Tulppo et al. 2001) and heart failure (Peng et
al. 1995b; Goldberger et al. 2002). In addition, several studies have concluded
that HR complexity, quantified using measures such as approximate entropy
(Pincus 1995) and sample entropy derived from a single scale (Richman &
Moorman 2000) or multiple scales (Costa et al. 2002) is under control of the
autonomic nervous system (Hagerman et al. 1996; Penttild et al. 2003; Porta et al.
2007). It has been suggested that the loss of complexity in physiological systems
contributes to ageing and disease (Lipsitz & Goldberger 1992). Nonlinear meas-
ures of HR fluctuations in humans seem to be only moderately influenced by
the sympathetic nervous system and mainly by vagal modulation (Beckers et al.
2006).

Effects of ageing

Ageing alters cardiac autonomic function, which may contribute to the higher
risk for cardiac events observed in older adults (Lipsitz 2004). Parasympathetic
activity is decreased (Schwartz et al. 1991; Ryan et al. 1994; Jensen-Urstad et al.
1997) leading to a domination of sympathetic activity and reduced autonomic
responsiveness (Lipsitz et al. 1990). Changes in cardiac autonomic function can
be observed, for example, as a decrease in total variation of RRIs or as a de-
crease in the spectral power of all frequencies of HRV (Gregoire et al. 1996;
Umetani et al. 1998; Carter et al. 2003; Vuksanovi¢ & Gal 2005).

The age-related decrease pattern of HRV seems to be somewhat depend-
ent on the HRV measure used. A slight gradual decrease reaching approxi-
mately 70% of the baseline value by the sixth decade has been observed in the
standard deviation of RR intervals (SDNN) which is an estimate of overall HRV.
In terms of spectral measures of HRV age-related decreases have been reported
to be 30 % in total power between the third and seventh decade (Jensen-Urstad
et al. 1997). pNNb50 (the percentage of differences between consecutive RR in-
tervals that are > 50 ms), which is mainly a measure of vagal modulation, seems



24

to decrease more rapidly, reaching 24 % of baseline by the sixth decade (Umet-
ani et al. 1998). It is not clear, however, whether age-related decreases are more
prominent for HF power (HFP) (Lipsitz et al. 1990; Vuksanovi¢ & Gal 2005) or
LF power (LFP) (Bigger et al. 1995; Tasaki et al. 2000). It is possible that changes
in spectral measures of HRV occur relatively abruptly, rather than progres-
sively, after 60 years of age (Lipsitz et al. 1990).

Apart from the linear measures of HRV, progressive loss of HR complex-
ity (Pikkujamsé et al. 1999; Vuksanovi¢ & Gal 2005) and changes in long-term
fractal-like behaviour of HR (Pikkujamsa et al. 1999) have been observed to start
at middle age. Negative correlations have been found between age and several
measures of HR complexity, including approximate entropy (r = -0.27), al-
though correlations tend to be weaker than those between age and linear meas-
ures of HRV, for example HFP (r = -0.62) (Beckers et al. 2006). Furthermore,
Schmitt and Ivanov (Schmitt & Ivanov 2007) did not find any differences in
fractal characteristics between healthy young and elderly subjects. Thus, ageing
may have more profound effects on linear than nonlinear measures of HRV
(Vuksanovi¢ & Gal 2005).

Associations between age, cardiorespiratory endurance and HRV

Even though the association between cardiorespiratory endurance and HRV
seems evident when comparing athletes and sedentary adults (Dixon et al. 1992;
Verlinde et al. 2001; Aubert et al. 2003), ageing rather than low cardiorespira-
tory endurance seems to have a more evident effect on cardiac autonomic func-
tion at supine rest. In fact, an age-related reduction in HRV measured at rest
occurs independently from impairments in cardiorespiratory endurance (Byrne
et al. 1996; Tulppo et al. 1998). This finding gives further support to the impor-
tance of investigating cardiac autonomic function as an independent aspect of
physical function in ageing adults. Age-related structural and functional
changes reduce the complexity of HR control, impairing the ability to adapt to
physiologic stresses such as physical exercise (Lipsitz & Goldberger 1992; Lip-
sitz 2004). Thus, an age-related decrease in HRV can also be observed during
submaximal exercise (Tulppo et al. 1998).

2.2 Endurance and strength training in ageing

Since the first observations about the positive effects of occupational physical
activity among bus drivers and conductors (Morris et al. 1953), the effects of
regular physical activity have been extensively studied during the past decades.
In consequence, regular physical activity has been compellingly shown to be
beneficial for physical performance and overall health. However, regular physi-
cal activity seems to be most beneficial when it leads to significant adaptations
in cardiorespiratory endurance (Lee et al. 2010) and muscular strength (Hunter
et al. 2004). These adaptations can be enhanced by a carefully planned exercise
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prescription with adjustment of the training design variables. The training de-
sign is targeted in order to meet the two main training principles: progressive
overload and specificity. Progressive overload is attained with the manipula-
tion of training intensity, frequency and duration. The principle of specificity
states, on the other hand, that the adaptations are specific to the mode and in-
tensity of exercise performed. Repeated bouts of exercise inducing a variety of
acute physiological responses lead to the chronic adaptations of physical train-
ing, e.g. improved physical performance.

The most recent guidelines for exercise prescription by the American Col-
lege of Sports Medicine suggest three or more aerobic training sessions per
week with intensities equal to or above 60 % of HRmax for older adults
(Chodzko-Zajko et al. 2009) and two to three resistance training sessions per
week at fatiguing or near-fatiguing intensity (Ratamess et al. 2009). Long-term
participation in aerobic exercise training is recommended, employing large
muscle groups in rhythmic and dynamic activities. The recommended volume
of endurance exercise depends on the intensity but generally, when exercise
intensity is only moderate, two and a half hours of endurance-type activity per
week is recommended for adults of all ages (American College of Sports Medi-
cine 2006). The recommended intensity for endurance exercise, in turn, depends
on the target population and desired goals. For example, health benefits may be
achieved by lower intensity whereas improvements in cardiorespiratory endur-
ance may require higher exercise intensities (American College of Sports Medi-
cine 2006). For strength training a minimum of eight to ten separate exercises
are recommended to activate all the major muscle groups. For individuals with
no previous strength training experience, loads corresponding to 8-12 repeti-
tion maximum are recommended, but progressive increases in the training load
are needed for further improvements. Each set should be performed to voli-
tional fatigue (Ratamess et al. 2009).

2.2.1 Cardiorespiratory and cardiac autonomic adaptations to endurance
training

Cardiorespiratory adaptations to endurance training

At the onset of aerobic exercise, rapid adjustments in the cardiovascular system
allow the human body to meet the requirements of increased energy expendi-
ture, rate of metabolic processes, heat and waste production and acidity. Thus,
increases in HR, SV, cardiac output, blood flow, and blood pressure can be ob-
served. However, regular bouts of sustained aerobic exercise are required to
produce chronic training adaptations in cardiovascular and respiratory systems
and skeletal muscles. A number of training design variables, such as the train-
ing intensity, duration and frequency of a single training session, as well as du-
ration of the training program may play a role in the magnitude of the adapta-
tion (Jones & Carter 2000). The adaptive increase in VOamax is fairly rapid, the
first adaptations occurring after only 10 days of training in young adults (Mier
et al. 1997). In controlled studies with a training program between 16 and 20
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weeks of duration, the mean increase in VOamax Was reported to be 16 % in
older adults (Chodzko-Zajko et al. 2009).

Some studies have suggested that training intensity is the key factor in de-
termining the magnitude of training adaptation (Hickson et al. 1985; Cornelis-
sen et al. 2009). In another study, on the other hand, a comparison of three en-
durance training programs differing in volume and intensity, a higher volume
produced additional benefits in middle-aged (40 to 65 year old) adults com-
pared to the low volume and moderate intensity training with caloric equiva-
lent of walking 19 kilometres per week at 40-55 % of VOzpeak (Duscha et al.
2005). Increasing the intensity from 40-55% to 65-80 % of VOzpeak did not lead
to further improvements in VOzpeak, whereas, increasing the volume from 19 to
32 km per week at the intensity of 65-80% of VOzpeak led to higher gains in
VOzpeak. Furthermore, controlling for the total amount of work performed dur-
ing the training period, exercise at two different intensities seems to result in
similar training responses in older men (Gass et al. 2004).

Based on the Fick equation, VOomax = HRmax* maximal SV - a-v O differ-
ence, there are both central and peripheral mechanisms behind the training-
induced increase in aerobic capacity (Fick 1870). The main factor that may ex-
plain the considerable difference in the aerobic capacity between endurance
athletes and sedentary adults is believed to be the substantially higher cardiac
output in the athletes (Levine 2008). HRmax has been shown to decrease slightly
due to endurance training or not to change at all. Thus, increased SV as a result
of increased end-diastolic volume may be the key aspect in the training adapta-
tion (Levine 2008). Increased blood volume (Hagberg et al. 1998) and enhanced
cardiac chamber compliance (Levine et al. 1991) seem to contribute to the in-
creased end-diastolic volume through the increased utilisation of the Frank-
Starling mechanism. Increases in SV and cardiac output have been observed as
rapidly as after ten days of endurance training (Mier et al. 1997). Peripheral ad-
aptations leading to increased a-v Oz difference have been suggested to include
increased capillary density and transformation of fatigue sensitive type IIX
muscle fibres into fatigue resistant type IIA fibres (Spina 1999). Furthermore,
increased mitochondrial content may result in diminished glycogen depletion
and lactate production, and improved oxidation of fat for energy with the same
submaximal exercise intensity (Spina 1999).

Cardiorespiratory adaptations in ageing

In an attempt to examine whether the training adaptations observed in young
subjects also occur in older adults, some early studies did not show a significant
increase in VO2max in older adults, probably as a result of insufficient training
stimulus (Benestad 1965; Niinimaa & Shephard 1978). Recent studies have,
however, evidenced the significant benefits of endurance training on aerobic
capacity in older adults. A direct comparison between previously sedentary
younger (20-30 years) and older age groups (60-70 years) has shown similar
relative increases in VOamax despite the difference in age (Makrides et al. 1990).
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Thus, endurance training seems to lead to adaptations in middle-aged and
older adults that are similar in relative magnitude as in young adults (Hartley
et al. 1969; Seals et al. 1984; Kohrt et al. 1991; Hepple et al. 1997).

The adaptation mechanisms may also be fairly similar in older and young
adults (Stratton et al. 1994). Ageing may, however, change the priority of the
mechanisms, highlighting the importance of peripheral adaptations at the ex-
pense of increases in cardiac output (Seals et al. 1984; McGuire et al. 2001a). In
fact, in young men, the adaptations in VO2max were shown to be coupled with
improvements in both central and peripheral factors, whereas in the same men
30 years later VOomax was improved mainly by the increase in a-v O difference
without changes in cardiac output (McGuire et al. 2001a). Capillary supply has
been observed to increase after endurance training in men aged 65 to 74, and
the change in capillary supply has been shown to positively correlate with the
changes in VOzpeak (Hepple et al. 1997). Furthermore, significant increases in
both cardiac output and a-v O difference have also been observed in older men
(Makrides et al. 1990; Spina et al. 1993), whereas in older women only changes
in a-v Oy difference were documented (Spina et al. 1993). Relative changes in
VO2max, however, seem to be similar in men and women (Spina 1999).

Cardiac autonomic adaptations to endurance training

Training induces a decrease in HR during rest and submaximal exercise. The
decrease in the resting (Huang et al. 2005) and submaximal HR (Spina 1999)
after endurance training are associated with an increase in stoke volume. Other
mechanisms leading to the decreases in HR include increased vagal modulation
(Smith et al. 1989; Shi et al. 1995) and decreased sympathetic activation (Smith
et al. 1989), although it is likely that changes in sympathetic activation play a
significant role only during exercise since sympathetic control is low at supine
rest (Pomeranz et al. 1985; Martinmaki et al. 2006).

Training-induced changes in cardiac autonomic function have been stud-
ied using both cross-sectional and longitudinal designs. Most but not all (La-
zoglu et al. 1996; Uusitalo et al. 1996; Middleton & Vito 2005) studies examining
the association between cardiorespiratory fitness and HRV in a cross-sectional
design have reported a significantly higher HFP suggesting enhanced vagal
modulation in endurance athletes (Goldsmith et al. 1992; Macor et al. 1996; Shin
et al. 1997; Verlinde et al. 2001; Mourot et al. 2004; Martinmaki et al. 2006) and
in subjects with higher aerobic capacity (Tulppo et al. 1998) than in sedentary
subjects or subjects with poor cardiorespiratory endurance. On the other hand,
the effect of endurance training status on LFP seems to be negligible (Macor et
al. 1996; Middleton & Vito 2005).

Based on several longitudinal studies, convincing evidence also exists
about the positive effects of endurance training on selected measures of HRV
recorded during supine rest in previously sedentary young (Leicht et al. 2003a;
Leicht et al. 2003b) and middle-aged subjects (Carter et al. 2003; Leicht et al.
2003a; Tulppo et al. 2003; Hautala et al. 2004), although not all studies have
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documented significant changes in HRV after endurance training (Loimaala et
al. 2000; Verheyden et al. 2006). Thus, similarly to other training-induced adap-
tations, endurance training dosage probably also plays a significant role in the
magnitude of training adaptation in terms of HRV. When the training dose has
been too low, significant changes in resting measures of HRV have not been
observed after 21 weeks of endurance training in young adults (Martinmaki et
al. 2008) or even after one year of endurance training in older adults (Verhey-
den et al. 2006), despite concomitant increases in VOzpeak. A long training period
may not necessarily lead to larger gains in HRV if the training dose is too low
(Uusitalo et al. 2004). Furthermore, HRV has been shown to continue to im-
prove with increased training doses (Okazaki et al. 2005). Training-induced
changes have, however, been observed during exercise even if HRV measured
at supine rest did not show significant changes with a low training dose (Mar-
tinméaki et al. 2008). Other studies have also reported training effects in HRV
measured during exercise at the same absolute but not relative exercise intensi-
ties (Leicht et al. 2003a; Leicht et al. 2003b).

Similarly to linear measures, fractal scaling measures of HRV have also
demonstrated significant changes after endurance training. Fractal scaling ex-
ponent decreased towards desirable fractal-like behaviour while resting HR
decreased and LFP and HFP increased corresponding to increased vagal activ-
ity after endurance training (Tulppo et al. 2003). Information about the effects of
endurance training on HR complexity measured as approximate entropy or
sample entropy is limited. Cross-sectional data suggests, however, a significant
difference between young trained (basketball players) and untrained subjects.
The difference in sample entropy was especially evident during standing and a
few minutes after exhaustive exercise (Platisa et al. 2008). A longitudinal study
did not, however, show any training-induced effect on HR complexity in
healthy obese middle-aged men and women (Kanaley et al. 2009).

2.2.2 Neuromuscular adaptations to strength training

Muscle strength varies markedly between individuals, and the most important
factor contributing to the individual differences is training status. Through life-
long progressive resistance training, muscle strength can be increased two to
three-fold, depending on the muscle group studied, compared with sedentary
counterparts (Ojanen et al. 2007). In comparison, age accounts for only 30 % of
the variance in strength in adults ranging between 20-93 years of age (Lindle et
al. 1997). In middle-aged and older previously sedentary adults, strength train-
ing may lead to a 70 % increase in muscular strength during the first year of
training when measured as the maximal load that can be lifted once (one repeti-
tion maximum, i.e. 1IRM) (McCartney et al. 1995; Morganti et al. 1995).

Mechanisms of adaptations

The beneficial effects of chronic strength training are due to the acute neuro-
muscular and metabolic responses. Overloading a muscle, which occurs in
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high-intensity strength training, induces acute physiological responses in the
human body leading to a temporary decrease in muscle strength caused by
neuromuscular fatigue (Gandevia 2001). Progressive overloading with suffi-
cient rest between training sessions can elicit substantial increases in muscle
strength. Careful design of the training program is essential for producing pro-
gressive overload and continued improvements in strength (Ratamess et al.
2009). Training intensity seems to be an especially important determinant of the
strength training response in older adults, whereas training frequency higher
than two times per week may not produce further improvements (Steib et al.
2010). Furthermore, the rate of increase in muscular strength is considerably
faster during the first three months of strength training, although further in-
creases also take place thereafter (McCartney et al. 1995; Morganti et al. 1995;
Hakkinen et al. 1998a).

The training-induced increase in muscular strength may result from mus-
cular and neural adaptations (Gandevia 2001). It has been suggested that in un-
trained individuals voluntary activation may be an important limiting factor in
force production implicating that maximal voluntary force is smaller than the
actual maximal force. The limitation can lie either in the firing of motoneurons
or translating the motoneuron firing into force (Gandevia 2001). The increase in
strength at the beginning of a strength training program has been shown to be
mainly due to changes in neural mechanisms (Moritani & deVries 1979; Hakki-
nen & Komi 1983; Sale 1988; Staron et al. 1994) (Fig. 4). Changes in neural regu-
lation measured as muscle electromyographic (EMG) activity can be observed
during the first few weeks after initiation of training (Sale 1988). The increase in
muscle activation may be explained by enhanced neural drive and changes in
the pattern of motor unit recruitment (Sale 1988). Increases of 22-143% in mean
average voltage of EMG have been reported in young men during an early con-
traction phase after 14 weeks of resistance training (Aagaard et al. 2002). Train-
ing-induced changes in EMG seem to be similar in older and middle-aged com-
pared to young adults (Hédkkinen et al. 1998a; Hékkinen et al. 1998b) Neural
adaptations generally level out after a few weeks of strength training (Moritani
& deVries 1979; Sale 1988).
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FIGURE4 A schematic time course of neural and muscular adaptations to strength
training. Modified from Sale (1988). Reproduced with permission of Wolters
Kluwer Health.

A few weeks after the initiation of strength training, muscle hypertrophy seems
to become the primary factor eliciting the further increases in maximal strength
(Moritani & deVries 1979; Sale 1988). Muscle hypertrophy assessed with mag-
netic resonance imaging (MRI) has been generally observed after eight to
twelve weeks of strength training (Roman et al. 1993; Hakkinen et al. 1998b;
Ivey et al. 2000; Hubal et al. 2005). With high training stimulus three times per
week, and with frequent and sensitive assessment of muscle size, quadriceps
muscle hypertrophy (3.5-5.2 %) has been observed after only a couple of weeks
of training in young adults (Seynnes et al. 2007).

Muscle hypertrophy, caused by the synthesis of contractile proteins, can
be observed both within the whole muscle (which is approximately 5-8% in
quantity) and within the myofibres (25-35 %) (Deschenes & Kraemer 2002).
Muscle hypertrophy occurs mainly though myofibre hypertrophy with only a
small contribution by fibre hyperplasia (Deschenes & Kraemer 2002). To some
extent, hypertrophy is fibre type dependent (Roman et al. 1993; Staron et al.
1994) whereby type 1I fibres have a greater potential for muscle growth and a
higher force per unit area than type I fibres (Staron et al. 1990; Kraemer et al.
1995; Harridge 2007). The increase in the size of muscle type II fibres may be
over 40 % after 20 weeks of heavy resistance training, whereas type I fibres ex-
perience a smaller growth of approximately 15 % (Staron et al. 1990). Further-
more, a cross-sectional study did not observe a significant difference in the CSA
of type I fibres between body builders and controls, while the type 1II fibres
were considerably larger in body builders (D'Antona et al. 2006).

Prolonged strength training may also result in transformations in the mus-
cle fibre types. Specifically, an increase in the percentage of type IIA fibres and
decrease in the percentage of type IIX fibres has been often reported (Staron et
al. 1990; Kraemer et al. 1995). Other studies have also supported the observation
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that type IIX fibres are downregulated with resistance training (Staron et al.
1994; Hakkinen et al. 1998b). Training-induced transformation in the fibre types
from slow-to-fast or fast-to-slow has not been shown in humans suggesting that
the sport-specific variation in fast to slow ratio observed in athletes in different
sports (Bergh et al. 1978; Tesch & Karlsson 1985; Aagaard et al. 2007) is regu-
lated by heredity rather than training (Harridge 2007).

Neuromuscular adaptations in ageing

Strength training improves muscle strength with simultaneous increases in
muscle size even when training begins in older age (Frontera et al. 1988; Hakki-
nen et al. 1998a; Hakkinen et al. 2001; Kryger & Andersen 2007). Middle-aged
and older adults at the age of 55 to 75 (Jozsi et al. 1999; Tracy et al. 1999; Hakki-
nen et al. 2001) have shown substantial increases in muscle strength (Tracy et al.
1999; Hakkinen et al. 2001), power (Jozsi et al. 1999; Fielding et al. 2002), muscle
size (Hakkinen et al. 2001) and muscle activation (Hadkkinen et al. 1998b) after
strength training. Training-induced changes in muscular strength may in fact be
similar in relative magnitude in middle-aged and older adults compared to
young subjects (Ivey et al. 2000). Some studies have, however, found smaller
adaptations in older compared to young adults (Welle et al. 1996; Lemmer et al.
2000; Kosek et al. 2006), possibly due to a decreased rate of muscle recovery
(Kosek et al. 2006) or lower levels of anabolic hormones (Izquierdo et al. 2001),
especially in older women (Héakkinen et al. 2000). Muscle hypertrophy may also
be attenuated in older compared to young adults (Welle et al. 1996), and in
older women training-induced muscle hypertrophy may be lower especially
among those individuals who have attenuated concentrations of serum testos-
terone (Hakkinen et al. 2001). Yet, with strength training, it is possible to mini-
mise or delay the age-related loss of skeletal muscle mass and decreases in
muscle strength and power in middle-aged and older individuals (Hunter et al.
2004; Martel et al. 2006).

2.2.3 Training mode specificity and secondary effects of endurance and
strength training

The principle of training specificity states that training adaptations are linked
with the mode, intensity and duration of exercise performed (Hawley 2002).
This means that the training outcome is determined by the selection of the train-
ing design variables (Hawley 2008). Hence, in terms of training mode, endur-
ance training is expected to lead to greater improvements in cardiorespiratory
endurance than strength training and vice versa. In general, strength training
does not produce significant cardiorespiratory adaptations. Similarly, endur-
ance training is usually not a sufficient stimulus for significant muscle growth
or increase in maximal strength (Sipild & Suominen 1995; Grund et al. 2001). In
addition to the specificity between endurance and strength training, specificity
is also evident within the training modes. With regard to strength training, for
example, gains in maximal power are dependent on the contraction velocity
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utilised in strength training, since a training program with low-resistance and
high-velocity contractions produces larger increases in power compared to low-
velocity contractions in older women (Fielding et al. 2002).

The absolute specificity of training adaptations has, however, been ques-
tioned. It seems that endurance training may produce some stimulus for maxi-
mal strength development through muscle hypertrophy (Coggan et al. 1992;
Harber et al. 2009) and through remodelling of contractile properties of the
muscle fibres (Harber et al. 2009). Furthermore, strength training may lead to
peripheral changes that improve the capacity of muscle to use oxygen through
increased capillarisation (Frontera et al. 1990; Hepple et al. 1997) and conver-
sion of IIX muscle fibres to more fatigue-resistant IIA and IIAX types (Hikida et
al. 2000). In addition, the increase in lower extremity strength may increase the
time to exhaustion during submaximal cycling exercise, often without concomi-
tant increases in VOzpeak (Marcinik et al. 1991). Strength training may even pro-
vide an alternative means to improve aerobic capacity. Similar increases in
VOzpeak have been observed with nine weeks of strength training followed by
nine weeks of endurance training compared to 18 weeks of endurance training
in older adults (Hepple et al. 1997). Furthermore, the effects of a short-term en-
durance or strength training program on VOzpeak showed that a subgroup of
subjects who did not respond to endurance training increased their VOzpeax
with strength training (Hautala et al. 2006).

Resting HR may be decreased after both endurance and strength training
but the change is much more prominent after endurance training (Fleck 1988;
Stone et al. 1991). Along with the increased SV, a mechanism behind the train-
ing-induced decrease may be increased parasympathetic and decreased sympa-
thetic activity suggested by changes in various measures of HRV (Tulppo et al.
1998; Carter et al. 2003; Leicht et al. 2003a; Tulppo et al. 2003; Hautala et al.
2004). Similarly to the minimal effects of strength training on resting HR, the
strength training-induced changes in HRV seem to be minimal compared to the
effects of endurance training. Only a couple of studies have shown changes in
linear measures of HRV after strength training in healthy adults (Jurca et al.
2004; Hu et al. 2009), while others have shown no effect (Forte et al. 2003; Cooke
& Carter 2005; Madden et al. 2006; Heffernan et al. 2007; Collier et al. 2009).
HFP expressed in normalised units has been shown to slightly decrease after
high-intensity eccentric strength training, suggesting a decrease in HFP in rela-
tion to LFP. However, the absolute value of HFP remained unchanged (Melo et
al. 2008). Studies have also shown beneficial effects of strength training on arte-
rial blood pressure without marked changes in HRV (Cooke & Carter 2005;
Melo et al. 2008).

Aside from the evident benefits of strength training, strength training may
also increase arterial stiffness (Miyachi et al. 2004; Cortez-Cooper et al. 2005;
Collier et al. 2008) even if arterial blood pressure is decreased (Collier et al.
2008). Arterial stiffness, on the other hand, has been associated with lower HRV
(Jensen-Urstad et al. 1999). It has been shown recently, however, that muscular
strength is inversely associated with aortic stiffness in young men (Fahs et al.
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2010). Nonetheless, nonlinear measures assessing heart rate complexity and
fractal behaviour of HR have shown significant positive strength training-
induced changes (Heffernan et al. 2007; Heffernan et al. 2008) even without
concomitant improvements in the linear measures of HRV (Heffernan et al.
2007). Actually, it has been suggested that nonlinear methods of beat-to-beat
HR assessment provide additional information compared to linear measures of
HRYV (Kuusela et al. 2002). Alterations in fractal scaling properties, for example,
have been shown to occur independent of changes in general measures of car-
diovascular health such as cardiorespiratory fitness and percentage of body fat
(Heffernan et al. 2008).

2.24 Individuality and the determinants of trainability

As described above, a considerable number of studies have demonstrated the
beneficial effects of physical training in older adults. The mean change within a
training group, however, may conceal a wide range of individual differences in
trainability ranging from high responders to low and no responders, and even
negative responders (Bouchard & Rankinen 2001). The individual differences in
the adaptations to physical training have caught only minor research attention
considering the large number of studies investigating the effects of training.
Since training can be used, for example, for prevention of various diseases and
age-related decreases in physical performance, attention should be aimed at
individual differences in training adaptations (Kainulainen 2009). Therefore,
information that is valuable for optimizing training programs may be lost when
drawing conclusions based on average training responses alone (Bouchard &
Rankinen 2001). However, as much as half of the interindividual variation in
the training response after both endurance (Bouchard et al. 1999) and strength
training (Thibault et al. 1986) may be explained by genotype.

After 20 weeks of endurance training, the individual response in VOzpeak
has been shown to vary from about 0 to 1 I'min? (Bouchard et al. 1999). Age
and gender seem only to have minor effects on the endurance training response
(Kohrt et al. 1991; Bouchard & Rankinen 2001; Hautala et al. 2006). Age has
been shown to account for 4 % of the individual variation in the VOopeak re-
sponse after 20 weeks of three times a week endurance training with progres-
sively increasing intensity and duration in a large group of men and women
between 17 to 65 years of age (Bouchard & Rankinen 2001). On the other hand,
coefficient of determination has been shown to be as high as 16 % after eight
weeks of moderate intensity (70-80 % of HRmax) endurance training six times a
week in 23 to 52 year old men (Hautala et al. 2003). It is possible, therefore, that
a shorter training period or a higher training frequency may emphasise the im-
portance of age in the training response (Hautala et al. 2003). The age range of
the subject group may also contribute to the association between age and the
training response (McGuire 1986). In a study with a prolonged moderate inten-
sity training of nine or twelve months and an average frequency of four times a
week, age accounted for only 2 % of the variation in the endurance training re-
sponse in a small age range (from 60 to 71 years) (Kohrt et al. 1991). A similar
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coefficient of determination for age (1 %) has also been shown in middle-aged
subjects after only two weeks (ten sessions) of moderate intensity endurance
training (Hautala et al. 2006).

Similarly to endurance training adaptations, strength training-induced
changes in muscle strength have shown large variations, ranging between a
negative change to as much as a 250 % increase in young adults (Hubal et al.
2005). It has also been suggested that the variation in strength adaptations may
be even larger in older compared to young adults (Newton et al. 2002). Individ-
ual adaptations to a 12 week unilateral strength training program have been
studied with a large subject group (Hubal et al. 2005). The non-dominant arm
was trained with a progressive increase of the intensity up to loads correspond-
ing to 6 RM. For MVC of the elbow flexor muscles, 119 subjects showed an in-
crease in strength of between 15 and 25 %, whereas 60 subjects gained over 40 %,
and 102 subjects gained less than 5 %. Furthermore, 232 subjects of the total
number of 585 subjects showed an increase in the CSA of biceps brachii muscle
of between 15 and 25 %. In ten subjects, however, CSA increased over 40 %,
whereas in 36 subjects less than 5% (Hubal et al. 2005).

The effect of baseline values of VOzpeak or muscular strength on the endur-
ance or strength training responses, respectively, varies in different studies.
When the whole range of physical performance is investigated, it is evident that
sedentary subjects hold a capacity for larger relative improvements in physical
performance than highly trained athletes. Furthermore, a large enough sample
size of subjects is needed to fully quantify the range and determinants of re-
sponses to a given training program (Hubal et al. 2005). In a group of previ-
ously sedentary subjects VOzpeak at baseline may be an insignificant (Kohrt et al.
1991) or a small contributor (7 %) (Hautala et al. 2006) to the endurance training
response. On the other hand, a significant negative correlation between initial
VO2max and AVOomax (—0.52, P < 0.05) has been shown in ten pairs of young
monozygotic twins after a 20 week moderate intensity endurance training pro-
gram with four to five sessions per week (Prud'homme et al. 1984). With regard
to the strength training responses, the type of muscle action used in the meas-
urement of maximal strength may contribute to the correlation between muscle
strength at baseline and the training responses. A higher negative correlation
has been reported in a unilateral dynamic bicep curl (-0.55) compared to a cor-
responding isometric exercise (-0.27) in the same study (Hubal et al. 2005).
Acute responses to a heavy strength exercise bout may also predict chronic
training responses. Larger acute reduction in myostatin, which is a negative
regulator of muscle mass, has been shown to be associated to larger strength
training-induced increase in total body muscle mass (Hulmi et al. 2007).

In absolute terms, strength gains have generally been shown to be greater
in men than in women (Cureton et al. 1988; Tracy et al. 1999). Several studies
have shown, however, that both men and women may increase their maximal
strength similarly in relative terms (Cureton et al. 1988; Abe et al. 2000; Lemmer
et al. 2000; Lemmer et al. 2001). This finding was supported, for example, by
carrying out nine weeks of high intensity unilateral strength training for the
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knee extensors, after which no significant differences in strength gains were
found between men and women in either younger (20-30 yr) or older subjects
(65-75 yr) (Lemmer et al. 2000). Furthermore, it has been shown with a large
sample of subjects (n = 585) that women may actually have larger relative gains
in isometric (22 vs. 16 %, P < 0.001) and dynamic strength (64 vs. 40 %, P < 0.001)
than men regardless of larger absolute gains in men, which could be explained
by the smaller initial strength levels of women compared to men (Hubal et al.
2005). It seems, however, that the potential for muscle hypertrophy is greater in
men (Ivey et al. 2000; Bamman et al. 2003) even though other studies have
found no difference between genders in relative terms (Cureton et al. 1988;
Tracy et al. 1999), possibly due to the lower training volume compared to the
studies that reported a significant difference between genders (Ivey et al. 2000).

2.3 Adaptations to combined endurance and strength training

Combined endurance and strength training refers to the performance of endur-
ance and strength training programs simultaneously within the same training
session, during the same day on different occasions or on alternating days. In
athletes, a combination of endurance and strength training modes is generally
used for maximising sport-specific performance. In sedentary or physically ac-
tive individuals, however, it is usually applied to seek further health benefits or
enhanced physical performance compared to either of the training modes alone
(Ferketich et al. 1998, Wood et al. 2001; Izquierdo et al. 2004; Hakkinen et al.
2005). The most recent guidelines for exercise prescription by American College
of Sports Medicine suggest three or more aerobic training sessions per week for
older adults (Chodzko-Zajko et al. 2009) combined with two to three resistance
training sessions per week (Ratamess et al. 2009). The ability to improve both
characteristics may, however, be limited. A number of studies have reported
interference in the development of maximal strength (Hickson 1980; Bell et al.
1997; Bell et al. 2000) and muscle hypertrophy (Kraemer et al. 1995; Putman et al.
2004) by simultaneous endurance and strength training compared to those by
strength training alone. Although rarely reported, the development of aerobic
capacity may also be impaired by combined endurance and strength training
(Nelson et al. 1990).

Endurance and strength training induce different kinds of requirements to
the cardiovascular system and skeletal muscles. Endurance exercise generates a
volume challenge to the cardiovascular system due to the prolonged duration
of exercise. In contrast, strength training represents a pressure challenge due to
the use of very high loads in only a few repetitions (Roy et al. 1988; D’ Andrea et
al. 2002). From the muscular perspective, endurance exercise is characterised by
repetitive muscle contractions with relatively low loads. According to the size
principle (Henneman et al. 1965), motor units are recruited in an order that is
based on their recruitment threshold. The slower and lower force-producing
motor units are activated before the faster and higher force-producing units.
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Thus, endurance exercise activates mostly the slower motor units, including
mainly fatigue resistant type I muscle fibres while strength training activates
also faster units and high force-producing, but fatigue-sensitive fibres. The
physiological effects of endurance training on skeletal muscle have been sug-
gested to be antagonistic to increases in strength and muscle CSA, particularly
in the muscle fibres that are recruited to perform both types of exercise (Hick-
son 1980; Kraemer et al. 1995; Bell et al. 2000).

2.3.1 Interference effects of concurrent endurance and strength training

In the context of combined endurance and strength training, interference refers
to impaired training adaptations compared to those after similar endurance or
strength training alone. The possible occurrence of interference has been sug-
gested to largely depend on acute training design variables, such as training
volume, mode of exercise, order of exercise, intensity, rest between sets, repeti-
tion velocity and frequency of training (Kraemer & Ratamess 2004), or in the
long term, the duration of the training period (Hakkinen et al. 2003). When the
volume, frequency and duration of combined endurance and strength training
are moderate, the development of muscular strength or cardiorespiratory en-
durance do not seem to be compromised in young adults (McCarthy et al. 1995;
McCarthy et al. 2002; Hikkinen et al. 2003; Leveritt et al. 2003; Izquierdo et al.
2005; Hendrickson et al. 2010). On the other hand, a prolonged combined train-
ing period and high training volume have been shown to attenuate strength
gains (Hickson 1980; Dudley & Djamil 1985; Bell et al. 1997), muscle hypertro-
phy (Kraemer et al. 1995; Bell et al. 2000) and occasionally aerobic capacity
(Nelson et al. 1990), compared with similar strength or endurance training only.

Inhibition of cardiorespiratory endurance

Many studies comparing the effects of combined endurance and strength train-
ing to those of endurance training alone have shown similar or even improved
development of aerobic capacity (Haykowsky et al. 2005; Shaw & Shaw 2009;
Hendrickson et al. 2010). Submaximal endurance capacity may be especially
enhanced with added strength training in both trained young men (Hickson et
al. 1988) and older untrained women (Ferketich et al. 1998).

Two studies have, however, documented impaired development of
VO2max with combined endurance and strength training compared with endur-
ance training alone (Nelson et al. 1990; Dolezal & Potteiger 1998). In both stud-
ies that reported impaired gains in aerobic capacity, strength training was per-
formed before endurance training within the same training session. The other
aspects of the training programs were, however, quite disparate. One utilised
unilateral strength training for knee extensors and flexors and cycling as the
mode of endurance training four times a week (Nelson et al. 1990), whereas
strength training in the other study included bilateral exercises for the whole
body and endurance training comprised of running three times a week (Dolezal
& Potteiger 1998). Interference occurred by the tenth week of training in trained
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subjects (Dolezal & Potteiger 1998) and between the eleventh and twentieth
weeks of training in untrained subjects (Nelson et al. 1990). The order in which
endurance and strength training are performed may be important. In one study,
performing endurance training before strength training within the same session
led to larger increases in VO2max compared to performing strength and endur-
ance training in reverse order (Chtara et al. 2005).

Muscle hypertrophy may play some role in the interference. As could be
expected, hypertrophy of muscle fibres seemed to be larger (25 %), although
non-significant, in the combined training group compared to the endurance
training group (11 %) in a study reporting attenuated development of VOamax
(Nelson et al. 1990). Thus, it could be postulated that significant increases in
muscle mass may impair cardiorespiratory endurance, especially in exercise
modes where body mass is entirely transported by muscular work, such as in
walking and running. In fact, in both studies that reported interference in the
development of aerobic capacity, VOomax was measured in a treadmill running
test (Nelson et al. 1990; Dolezal & Potteiger 1998). Furthermore, in young dis-
tance runners strength training combined with endurance training has been
shown to improve anaerobic and neuromuscular characteristics with simulta-
neous increases in body mass but without a beneficial effect on endurance per-
formance (Mikkola et al. 2007).

Impairment in strength development

It is impossible to simplify the interference effect of combined endurance and
strength training into one specific cause leading to inhibition in strength devel-
opment due to the various training programs utilised in different studies. For
example, similar development of maximal strength has been observed with 20
weeks of combined strength and endurance training compared to strength
training alone with four training sessions per week (Nelson et al. 1990), whereas
attenuated gains in maximal strength have been observed after nine weeks of
combined training with two weekly training sessions (Sale et al. 1990a; Gergley
2009). Some general resemblances regarding the combined training program
leading to impaired strength gains may, however, be observed in the literature.
Almost all studies combining four or more endurance and strength training ses-
sions per week have shown interference in strength development (Hickson 1980;
Hennessy & Watson 1994; Kraemer et al. 1995) with one exception (Nelson et al.
1990). In all three above-mentioned studies that documented interference in
strength gains, subjects were athletes with a resistance training background
(Hennessy & Watson 1994), or already trained (Kraemer et al. 1995) or physi-
cally active (Hickson 1980) before the training period. Furthermore, along with
the high intensity strength training, endurance training consisted of running
(Hennessy & Watson 1994; Kraemer et al. 1995) or both cycling and running
(Hickson 1980) including high intensity intervals.

Low training frequency, on the other hand, may prevent the interference
effects. A training program consisting of two strength and two endurance train-
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ing sessions per week with high intensity on alternating days seems to produce
similar strength gains as strength training alone after 21 weeks of training
(Hékkinen et al. 2003). Combining three weekly endurance and three strength
training sessions show, however, inconsistent results. Several studies show no
interference in strength development (McCarthy et al. 1995; McCarthy et al.
2002; Glowacki et al. 2004; Haykowsky et al. 2005; Shaw et al. 2009; Hendrick-
son et al. 2010), whereas other studies have reported impaired strength gains
(Dudley & Djamil 1985; Dolezal & Potteiger 1998; Bell et al. 2000).

A few studies allow a direct assessment of the effects of individual aspects
of a training program. A study design comparing the effects between combined
training performed on the same day and alternate days suggests that smaller
increases in maximal strength may be observed when training for endurance
and strength on the same day compared to alternate days (Sale et al. 1990a).
Another study evaluated the effect of running compared to cycling as the en-
durance training mode (Gergley 2009). It was concluded that both cycling and
running impaired strength gains compared to strength training alone, but the
impairment was larger with combined training involving running. The subjects
trained only two times a week, and therefore, overtraining is an improbable
reason behind the interference. Other studies without a possibility for a direct
comparison between endurance training modes also suggest that simultaneous
endurance training by running may impair strength training adaptations (Hick-
son 1980; Craig et al. 1991; Hennessy & Watson 1994; Kraemer et al. 1995). A
comparison between upper body versus whole body strength training com-
bined with endurance training suggested that simultaneous strength and en-
durance training may compromise strength gains only if both modes of training
utilise the same muscle groups (Kraemer et al. 1995).

The time course in the study by Hickson et al. (1980) suggests that strength
performance can be improved with combined training similarly to strength
only training if the training period is not too long. Indeed, with six weekly en-
durance and five weekly strength training sessions strength gains were similar
in combined and strength only training groups during the first six weeks of the
training period. Increase in maximal strength levelled off, however, between
training weeks seven and eight. It has also been suggested that different meas-
ures of strength may evaluate different mechanistic events and, therefore, some
measures may be more sensitive to the interference effects. Comparison of iso-
inertial, isometric and isokinetic strength measures before and after 6 weeks of
combined training implies that susceptibility of the different measures to inter-
ference effects may vary (Leveritt et al. 2003). Furthermore, explosive strength
seems to be more susceptible to interference than maximal strength (Hadkkinen
et al. 2003). Studies have shown an attenuated development of performance in
exercises requiring rapid force production, such as maximal knee extension
with fast angle velocities (Dudley & Djamil 1985) or in the maximal rate of force
development in bilateral isometric leg extension without impairment in maxi-
mal strength (Hakkinen et al. 2003).
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A summary of studies examining the effects of combined endurance and
strength training on cardiorespiratory endurance, muscular strength and mus-
cle hypertrophy is provided in table 1. Studies comparing the effects of com-
bined training on similar strength or endurance training alone have been in-
cluded, while studies with a disparate design have been excluded from the
summary (Sale et al. 1990a; Sale et al. 1990b). Furthermore, studies with lower
endurance or strength training volume in the combined training group com-
pared to the endurance only group or strength only group, respectively, have
also been excluded (Wood et al. 2001; Izquierdo et al. 2004; Izquierdo et al.
2005). Studies that have been summarised in the table have investigated previ-
ously untrained or physically active subjects. Studies investigating athletes have,
however, been excluded (Hennessy & Watson 1994; Bell et al. 1997).

Inhibition of muscle hypertrophy

It seems to be feasible to train for strength and endurance simultaneously for as
long as 21 weeks without significant attenuation in the development of maxi-
mal strength or muscle hypertrophy (Héakkinen et al. 2003). However, concur-
rent endurance training may inhibit muscle growth, at least in the mitochon-
dria-rich type I fibres (Kraemer et al. 1995; Putman et al. 2004). Muscle growth
may be inhibited even without simultaneous attenuation in maximal strength
development (Bell et al. 1997; Bell et al. 2000; Putman et al. 2004). In the study
by Kraemer et al. (1995), high intensity strength training alone increased the
CSA of type I fibres, and endurance training alone seemed to decrease CSA,
whereas performing both training programs simultaneously induced no change,
thus demonstrating an intermediate response (Kraemer et al. 1995). Two other
studies have also observed a significant change in CSA of type I fibres with
strength training, no change with endurance training, and no change with com-
bined training (Bell et al. 2000; McCarthy et al. 2002).

Proposed mechanisms of interference

Different mechanisms have been proposed to lead to the impaired training ad-
aptations during concurrent endurance and strength training. The mechanisms
are related to either fatigue in the short or long term, or divergent physiological
adaptations at muscular level. Overreaching and overtraining are phenomena
resulting from accumulation of fatigue due to an imbalance between training
and recovery (Leveritt et al. 1999). Thus, overreaching may lead to impaired
development of cardiorespiratory endurance or especially muscular strength
and mass, since training volume is typically considerably larger in the com-
bined training group compared to the groups that perform only endurance or
strength training. In addition, the so called acute hypothesis suggests that in the
short term, fatigue caused by the preceding endurance training session may
decrease the loading and thus the quality of the following strength training ses-
sion (Leveritt et al. 1999). The chronic hypothesis states, on the other hand, that
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at the muscular level the adaptations to endurance and strength training are
different thus leading to interference (Leveritt et al. 1999).

A few possible mechanisms for the interference of muscle hypertrophy
with combined endurance and strength training have been suggested that are
related to the different signalling pathways of these two training modes (Baar
2006; Nader 2006). For example, the mammalian target of Rapamycin (mTOR)
signalling is considered as one of the key factors in strength training induced
protein synthesis (Bodine 2006). On the other hand, the activity of adenosine
monophosphate-activated protein kinase (AMPK), modulated by the ratio of
adenosine diphosphate (ADP) to ATP, is increased during endurance type exer-
cise. Using the combination of strength and endurance training, the activation
of AMPK may substantially inhibit the mTOR signalling thus inhibiting protein
synthesis (Baar 2006; Nader 2006). Another possible factor leading to interfer-
ence could be the greater potential of aerobic exercise to induce oxidative stress
than strength exercise, due to the duration-dependent nature of free radical
production. Many biologically important substances involved in muscle hyper-
trophy, such as nucleic acid and protein, are at a theoretical risk of cellular
damage (Pattwell & Jackson 2004; Fisher-Wellman & Bloomer 2009). Combined
training has also been suggested to lead to a catabolic state, as evidenced by
increased cortisol levels in younger men (Kraemer et al. 1995; Bell et al. 1997).

A model for the interference phenomenon by Docherty & Sporer (2000) is
based on the divergent physiological responses to endurance and strength
training at the muscular level. The model highlights the role of endurance and
strength training intensity on the interference phenomenon. Endurance training
including high intensity intervals is suggested to induce mainly peripheral ad-
aptations due to hypoxia experienced by the muscles whereas continuous train-
ing at lower intensity may lead to larger cardiorespiratory adaptations (Cun-
ningham et al. 1979). Strength training using intensities between 8 RM and 12
RM, on the other hand, has been shown to induce considerable hypertrophy,
whereas higher loads may lead to larger neural adaptations. Thus, performing
hypertrophic strength training combined with endurance training including
high intensity intervals may in theory be most likely to lead to interference of
endurance or strength training adaptations at muscular level (Docherty &
Sporer 2000).



TABLE 1 A summary of studies examining the effects of combined endurance and strength training on cardiorespiratory endurance, muscular
strength and muscle hypertrophy
Study Groups (n) Age Training duration (wk), Main findings
frequency and overall program
Hendrickson S (18 W) 21 (0.5) 8 3wkt S: Non-linear periodised model, progres- Squat 1RM: S +48%, SE
et al. 2010 E (13 W) 21 (0.4) SE: same sive 3 x12/8-10/6-8/3-5 RM; +37% > E +15%;
SE (15 W) 20 (0.4) session E: running, continuous 20-30min, 70-85% of =~ Treadmill VOopeax: E +6%,
C(10W) 20 (0.5) S first HRmax and 400-1600 m intervals SE+8 % >S+2%
Gergley SBM,2W) 21 (1) 9 2wk S: lower body, 3 x 8-12 RM, progressive; Leg press 1IRM: S +44% >
2009 SEc (7M,3W) 202 SE:same day  E: either cycling or treadmill walking, 65% S+Ec +28% > S+Er +24%
SEr (7M,3W) 20(2) changing of HRmax, progressive 20-40 min
order
Chtara S(OM) 21 (1) 12 2wkl S: whole body circuit training, 4 x 6 exer- Cycling VOomax (ml kg
et al. 2005 E (10 M) S+E: same cises until fatigue, muscle endurance (wk1-  075-min-1):
S+E (10 M) session 6) and explosive strength (wk 7-12); E+S +14% > S+E +11%, E
E+S (10 M) S first; E: running, 5 intervals at vVOomax, recovery — +10% >S +6%
C(OM) E+S: E first at 60% of vVOomax (1:1)
Haykowsky S 70 (4) 12 3wkl S: upper and lower body, 2 x 10 reps, pro- Upper and lower extremity
et al. 2005 E 66 (3) SE:same day  gressive 50-75 % of 1RM; 1RM: S E+S > E;
SE 68 (6) E: cycling 60-80 % HRR, progressive 15 - Cycling VO2peak:
C 67 (4) 42.5 min E+S=E=S5
(31W)
Putman S 23 (1)sEM 12 S:3wkt S: upper and lower body, 2-6 x 4-10 reps CSA of type I fibres: only in
et al. 2004 E E: 3wkt at 70-85% of 1RM; S +17%; type IIA: S +13%,
SE SE:3+3 wk!  E:cycling, progressive 30-42 min, continu-  SE +18%.
C ous at VT and
(24 M, 16 W) intervals at 90 % of VOzmax
Glowacki S (13 M) 23 (3) 12 S:2.5wk'! S: total body, 3 x 6-10 reps, 8 exercises; Leg press 1IRM: S +41%, SE
et al. 2004 E (12 M) 25 (5) E: 2.5 wk E: running, progressive 65-80% of HRR, 20- ~ +39% > E +20%;
SE (16 M) 22 (2) SE: 5 wk1 40min Treadmill VOamax: E 8%, SE

3% (ns.),S4% (ns.)




Study Groups (n) Age Training duration (wk), Main findings
frequency and overall program
Hakkinen S (16 M) 38 (5) 21 S:2wk; S: whole body, 3-5 x 10-15/8-12/5-6 reps Leg extension 1IRM: S +21%
etal. 2003 SE (11 M) 37 (5) SE: 2+2-wkl  with progressive 50-80% of 1RM; = SE +22%;
E: cycling, continuous and intervals, pro- Explosive strength: S > SE;
gressive 30-90 min Quadriceps CSA: S +6% =
SE +9%
Leveritt SGM,3W) 19 (1) 6 3wk S: whole body, 3 x 4-8RM for squats, Squat 1IRM: S = SE;
et al. 2003 EGBM,6W) 19 (2) SE: same 3 x 6-10RM for other exercises; Cycling VOapeak: E,SET, S|
SE(BM,6W) 19 (1) session E: cycling, 5 x 5 min intervals with 5 min
E first passive recovery, 40-70% of VOapeak
McCarthy S (10 M) 28 (1) 10 3wk S: whole body, 8 exercises, 3 x 5-7RM; CSA of thigh extensors: S
et al. 2002 E(10M 27 (2) SE: same E: cycling, 50 min, 70% of HRR +12%, SE +14% > E +3%;
SE (10 M) 27 (2) session order CSA of type I fibres: S
rotated +19%, SE +13% (ns.); type
I1I: S +24%, SE +28%
Bell S(7M, 4 W) 22 (3) 12 E: 3wk S: lower and upper body, 2-6 x 4-10 reps Leg press 1IRM: S,SE > E;
et al. 2000 E(7M, 4 W) S: 3wk, with 70-85% of 1RM; knee extension S > SE > E;
SE(8M,5W) SE: 3+3 ‘wk-1 E: cycling, progressive 30-42 min, continu- Cycling VO2max: E,SE > S;
C(OBM,5W) ous at VT and intervals CSA of typeI: S 1, SE (ns.),
at 90% of VOomax typeIl: S, SE 1
Dolezal & S (10 M) 20 (2) 10 3wk S: whole body, progressive 3 x 10-15/10- Squat 1IRM: S +23%, SE
Potteiger E(10M SE: same 12/8-10/4-8 RM; +19% > E -1%;
1998 SE (10 M) session E: running, progressive 65-85% HRmax and Treadmill VOamax: E +13% >
S first 25-40 min SE +7%
Ferketich E@8W) 69 (2) 12 3wkl S: lower and upper body, 2 x 12-15 reps Leg extension 10RM: SE
et al. 1998 SE (7 W) 67 (2) SE: same with 80% of 10RM; +112% > E +43%;
C((W) 70 (2) session E: cycling, 70-80% of VOzpeak, 30 min Cycling VOopeax: E +25% =
E first SE +30%; Submax time to

fatigue: SE > E




Study Groups (n) Age Training duration (wk), Main findings
frequency and overall program
McCarthy S (10 M) 28 (1) 10 3wkl S: whole body, 8 exercises, 3 x 5-7RM; Squat 1IRM: S +23%, SE
etal. 1995 E (10 M) 27 (2) SE: same E: cycling, 50 min, 70% of HRR +22% > E -1%;
SE (10 M) 27 (2) session Cycling VO2max: E +18%, SE
order rotated +16% >S +9%
Kraemer SOM) 24 (5) 12 4wk S: whole body, 2-5 x 10-5RM; Leg press 1IRM: S 30% > SE
etal. 1995 E (8 M) 21 (4) SE:same day  E:running, continuous 40 min 20% > SuE 10% > E 2%;
SE (9 M) 23 (4) E first and 200 - 800 m intervals; CSA of type I fibres: S > SE,
SuE (9 M) 23 (5) with 5-6h SE: E + S for whole body; SuE > E;
CGM) 22 (4) recovery SuE: E + S for upper body Treadmill VOamax: E +12%,
SE +8%, SuE +10% > S -1%
Nelson S(GM) 27 (1)SEM 20 4wkl S: unilateral knee extension and flexion Knee extension torque: S,
et al. 1990 E@4M) 30 (2)sEM SE: same at 30° 51, 3 x 6RM; SE > E;
SE 5 M) 26 (1)sEM session E: cycling, progressive 30-60 min, 75-85% Treadmill VOamax: E > SE
S first max-
Dudley & S (6 MW) 26 (2)sEM 7 3wk S: knee extension, 2 x 30s, 4.19 rad s°; Knee extension torque: ST
Djamil E (10 MW) 21 (1)sEM SE: alternate  E: cycling, 5 x 5min intervals, near VOzpeak up to the training velocity,
1985 SE (6 MW) 22 (2)sEM days SE? only up to 1.68 rad s-1;
Cycling VOzpeak: E = SE
Hickson S7M,1W) 22 (18-27) 10  S:5wkl; S: lower body, 3/5 x 5RM; Squat 1IRM: S +44% > SE
1980 EG5M,3W) 25 (19-36) E: 6 wk; E: cycling (continuous) 30-40 min and run- +34%;
SE(5M,2W) 26 (18-37) SE: >2h re- ning (intervals) 6x5 min near VOamax Cycling VOomax: E +27% =
covery +24% SE; and Treadmill; E

+19% = +18% SE

S, strength training; Sy, strength training for upper body; E, endurance training; Ec, E using cycling; Er; E using treadmill; SE, combined S and E
training; C, control group; M, men; W, women; age reported as mean and SD, unless otherwise indicated; SEM, standard error of mean; (18-27), age
range; RM, repetition maximum; VOamax/ VOzpeak, maximal / peak oxygen uptake; vVOamax, velocity at VOamax; HRmax, maximal heart rate; HRR,
heart rate reserve; CSA, cross-sectional area; >, significantly larger than the corresponding change in the other group(s); = similar change compared

to the other group(s); significant increase.
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2.3.2 Potential benefits of combined endurance and strength training in age-
ing

The individual differences in the time-course of ageing are largely due to fac-
tors related to lifestyle, including regular physical activity (Chodzko-Zajko et al.
2009). Neither endurance training nor strength training alone can substantially
improve all the essential aspects of physical performance and health in light of
the principal of training specificity. Ideally, performing both endurance and
strength training in parallel leads to significant increases in both cardiorespira-
tory endurance and maximal strength that are similar to endurance training or
strength training only, respectively (McCarthy et al. 1995; Hakkinen et al. 2003).
Thus, a combination of endurance and strength training modes may also com-
bine the beneficial effects of both endurance and strength training leading to
improved cardiorespiratory endurance and cardiac autonomic function as well
as considerable gains in muscular strength and muscle mass. In ageing adults
these adaptations may contribute to maintaining health and functional capacity
at work and during leisure time. Problems with the compatibility of endurance
and strength training may, however, reciprocally impair the training-specific
gains. Furthermore, the mean change within a training group may conceal a
wide range of individual differences in the responses (Bouchard et al. 1999; Hu-
bal et al. 2005). Training prescription of a combination of endurance and
strength training is, therefore, a challenging task to optimise physical perform-
ance and health outcomes.



3 AIMS OF THE STUDY

Due to the specificity and competitive nature of the adaptations of endurance
and strength training, performing these two training modes simultaneously
may produce different outcomes compared to endurance or strength training
alone. The ability to improve both characteristics may thus be limited. Further-
more, even if cardiorespiratory endurance is associated with the function of the
autonomic nervous system, training-induced changes in cardiac autonomic
function may also occur independently of the changes in physical performance.
Therefore, this study examined the effects of combined endurance and strength
training on cardiorespiratory endurance, neuromuscular performance and car-
diac autonomic function compared with endurance or strength training alone in
ageing men and women. The specific aims of the present investigations were:

1) To examine the possible interference in adaptations to combined endur-
ance and strength training in terms of cardiorespiratory endurance, neu-
romuscular performance and skeletal muscle hypertrophy in previously
untrained 40-67 year old adults after a prolonged training program (origi-
nal papers I and II).

2) To examine individual differences in the responses to endurance,
strength and combined endurance and strength training when endurance
and strength training programs are performed separately and concur-
rently (original paper III).

3) To investigate the effects of combining endurance and strength training
compared with endurance training or strength training alone on cardiac
autonomic function at rest and during exercise (original papers IV and V).



4 METHODS

4.1 Subjects

Healthy untrained 40 to 67 year old men and 40 to 65 year old women were re-
cruited for the intervention by advertising in newspapers and through e-mail
lists. The participants were informed about the design of the study and possible
risks and discomforts related to the measurements, after which all participants
signed a written informed consent. Subjects underwent an examination of gen-
eral health and a resting electrocardiogram (ECG) administered by a physician.
The subjects who passed the medical examination performed a maximal exer-
cise test to voluntary exhaustion with ECG monitoring under the supervision of
a physician. Exclusion criteria included cardiovascular diseases, musculoskele-
tal problems, malfunctions of the thyroid gland, diabetes, or any other disease
that may have hindered performing the requested testing or training. Further-
more, exclusion criteria included medications known to influence cardiovascu-
lar or neuromuscular performance or cardiac autonomic function. Subjects with
a background of systematic endurance or strength training during the year pre-
ceding the study were also excluded.

206 subjects entered the actual study, and finally 196 subjects, 100 men and
96 women [mean age 53 (SD 8) years)] completed the intervention (Fig.5). The
mean age of men [55 (7) years] was somewhat higher (P < 0.001) than that of
women [51 (7) years]. The characteristics of the final subject groups at baseline
in different original papers are presented in table 2. The study plan was ap-
proved by the Ethics Committees of the University of Jyvaskyld and the Central
Finland Health Care District.
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104 men and 102 women were randomised into three
training groups and a control group with stratification
for age, body mass index and menopausal status

J |

J

Endurance Strength Combined Control
training group training group training group group

25 men 28 men 32 men 19 men
26 women 28 women 27 women 21 women

{

4 men and 6 women dropped out due to musculoskeletal
injuries, cardiac problems, delayed post-measurements due to
a respiratory tractinfection or personal reasons

ll [ ll

Endurance Strength Combined Control
training training training period
completed completed completed completed
25men 27 men 30 men 18 men
26 women 27 women 25 women 18 women

Number of subjects in each original paper was based on the main outcome measures

Paper | Paper Il Paper lll Paper IV PaperV
Isometric leg BMI < 28 VOspeaand VO, pea test VOjpeaktest
strength kg'm2, DXA isometric leg completed completed
measurement measurement strength and HRV data and HRV data
completed completed measurement usable usable
completed
FIGURES5  Participant flow. BMI, body mass index; DXA, body composition analysis
with dual-energy x-ray absorptiometry; VOapeak, peak oxygen uptake; HRV,
heart rate variability.
TABLE 2 Characteristics of the subjects in different original publications (papers I - V).
Paper | Paper I Paper 11 Paper IV Paper V
n 9% M 52 M 89M 86 W 93 M 90 W
Age, yr 56 (7) 55 (7) 55 (7) 51 (7) 56 (7) 51 (7)
Height, cm 177 (7) 177 (7) 177 (7) 165 (6) 177 (6) 164 (6)
Weight, kg 81 (10) 77 (9) 81 (10) 67 (9) 82 (10) 66 (9)
BMIL kg'm2 259 (29) 245(22) 257(28) 248(28) 26.0(2.9) 24.7 (2.8)

Values are mean (SD). BMI, body mass index; M, men; W, women.
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4.2 Experimental design

The subjects were randomised into endurance training (E), strength training (S),
combined endurance and strength training (SE) or control (C) groups separately
for each gender. Men and women were investigated separately in consecutive
years. The measurements were performed once (cardiorespiratory endurance
test and muscle biopsies) or twice (maximal strength, power and HRV at rest)
before the training, representing a control period of two weeks (-2), and after 10
and 21 weeks of training. The control group was measured similarly once or
twice before the study period and after that once at week 21. Endurance and
strength training were performed twice a week so that the E and the S groups
trained two times a week and the SE group trained a total of four times a week
on alternate days. Both the control group and the training groups were in-
structed to maintain habitual physical activity throughout the study period at
the same level as before.

4.3 Data collection

4.3.1 Cardiorespiratory endurance test

A graded maximal exercise test to volitional exhaustion was performed on a
mechanically braked bicycle ergometer (Ergomedic 839E, Monark Exercise AB,
Sweden) with simultaneous ECG and blood pressure monitoring. The test was
supervised by a physician. The exercise intensity was increased by 20 W every
second minute starting with 50 W, and pedalling frequency was sustained at 60
rpm throughout the test. The subjects were verbally encouraged to maintain the
required pedalling frequency as long as possible. Oxygen uptake (VOz), carbon
dioxide production (VCOz), ventilation, breathing frequency and other stan-
dard respiratory parameters were measured continuously breath by breath
(SensorMedics® Vmax229, SensorMedics Corporation, Yorba Linda, CA, USA).
VOzpeak was determined as the highest minute average of VO2 during the test.
Maximal aerobic power output (Pmax) was calculated with the following for-
mula: Pmax = Peom + t/120 - AP, where Pcom is the last cycling power completed, t
is the time in seconds the non-completed power was maintained and AP is the
increment in watts (Kuipers et al. 1985).

4.3.2 Measurements of neuromuscular performance
Maximal strength and power
Isometric bilateral leg extension force was measured as maximal voluntary con-

traction (MVC) on a dynamometer (Hikkinen et al. 1998a; Hikkinen et al. 1998c)
in a seated position with a knee angle of 107° and a hip angle of 110°. Subjects
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were instructed to generate maximum force as rapidly as possible against the
force plate for a duration of two to four seconds.

Isometric bench press was performed in a seated position with hip and
knee angles of 90° (Hékkinen et al. 1998c). Maximal force was exerted against
horizontal bars with the upper arm in a horizontal position and an elbow angle
of 90°. For both isometric actions, subjects performed a minimum of three trials,
and the trial with the highest peak force was selected for further analysis. The
force signal was low pass filtered (20 Hz) and analyzed (Signal software Ver-
sion 2.15, Cambridge Electronic Design Ltd., Cambridge, UK).

Concentric bilateral leg extension strength (hip, knee and ankle extensor
strength) based on 1RM was measured on a horizontal leg press dynamometer
(David 210, David Fitness and Medical Ltd., Outokumpu, Finland) (Hékkinen
et al. 1998a). The test was performed in a seated position with a hip angle of
110°. Subjects performed leg extension from 70° of knee flexion to full extension
(180°). The load was increased for each trial until the subject failed to fully ex-
tend the knees. The load of the last successful performance was determined as
1RM, which was usually achieved within 3-5 trials.

Maximal concentric power was measured with a load of 50 % of 1RM us-
ing a dynamic explosive leg press exercise on a David 210 dynamometer. After
the baseline measurements, the load of the explosive leg press exercise was
modified according to the changed 1RM value after 10 and 21 weeks of training,
in order to maintain the same relative load compared to baseline.

Recordings of electromyographic (EMG) activity

Electromyographic (EMG) activity was recorded from the vastus lateralis (VL)
and vastus medialis (VM) muscles of the right leg during the isometric bilateral
leg extension, and from the triceps brachii (ITB) muscle during the isometric
bench press. The skin was carefully prepared, and the bipolar surface electrodes
were placed according to SENIAM guidelines (Hermens et al. 1999) (inter-
electrode distance 20 mm and resistance < 10 kQ). The signal was recorded
telemetrically (Telemyo 2400R, Noraxon, Scottsdale, Arizona USA), amplified
with a factor of 500, band pass filtered (20-350 Hz), digitised at a sampling fre-
quency of 2,000 Hz (Micro1401, CED, Cambridge, UK) and analyzed (Signal
software Version 2.15, Cambridge Electronic Design Ltd.,, Cambridge, UK).
Maximum iEMG was calculated for the maximal force phase of the isometric
contractions (500-1500 ms) (Hakkinen et al. 1998a). To ensure repeatable meas-
urements throughout the study period, small ink tattoos were used to mark the
positions of the electrodes on the skin (Hékkinen et al. 1998a). In carefully con-
trolled conditions, EMG will reflect training-induced changes in the neural
drive to the muscle (Gandevia 2001).

4.3.3 Measurements of muscle size

Lower extremity lean mass was estimated by dual-energy x-ray absorptiometry
(DXA). DXA systems (LUNAR, GE Healthcare) provide a measure of lean soft
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tissue including muscle and other components such as skin, tendons, and con-
nective tissues and excluding fat and bone mineral components. Legs were iso-
lated from the trunk by using regional computer-generated default lines with
manual adjustments using the system software (enCORE 2005, version 9.30)
and anatomical landmarks. The line between the trunk and legs was positioned
at the soft tissue extending from a line drawn through and perpendicular to the
axis of the femoral neck and angled with the pelvic brim to the phalange tips
(Kim et al. 2002). Metal items were removed from the subject to ensure the ac-
curacy of the measurement. Subjects were positioned in the centre of the table
for each scan. The same investigator performed all the measurements and
analyses.

Ultrasonography (B-mode, model SSD-2000, Aloka, Tokyo) was used to
assess the thickness of the vastus lateralis (VL) and vastus intermedius (VI)
muscles (Sallinen et al. 2008). The measurement was performed with a probe
frequency of 5 MHz. The thickness of the VL and VI muscles of the right leg
were measured from the midpoint of the line formed by anterior spina iliaca
superior and lateral side of patella. Ultrasonography measurements were per-
formed three times per muscle using the average of the two closest measure-
ments as the final value of muscle thickness. The positions of the electrodes
were marked on the skin by small ink tattoos. Muscle thickness of the knee ex-
tensors has been shown to predict muscle volume (Miyatani et al. 2000; Mi-
yatani et al. 2002). The coefficient of variation for the measurement of muscle
thickness in older subjects has been reported to be 2.5 % for elbow flexors and
3.6 % for knee flexors (Candow & Chilibeck 2005).

434 Determination of muscle fibre composition and size

Human skeletal muscle fibre types can be identified based on the histochemical
staining properties of the myosin adenosine triphosphatase enzyme (Staron
1997). Due to the large total number of subjects, muscle biopsies were obtained
from a subsample of subjects; 11 male and 15 female subjects in S, 7 and 16 in E,
12 and 14 in SE, and 3 and 8 in C, before and after the 21 week training period.
Biopsies were taken from the vastus lateralis (VL) muscle, midway between the
patella and greater trochanter using the percutaneus needle biopsy technique
(Bergstrom & Hultman 1966). After the training period, muscle biopsies were
carefully obtained from the same depth, 0.5 cm lateral to the preceding biopsy.
The samples were mounted on a cork and frozen immediately in isopentane
(=160 °C) and stored at —80 °C. For histochemical analysis, serial cross-sections
(8 pm thick) were cut on a cryomicrotome (Leica CM 3000) at —24 °C, and
stained with a myofibrillar ATPase method after preincubation at a pH of 4.37,
4.60, and 10.30 to define four different fibre types (Types 1, IIA, IIAX, and IIX)
(Ennion et al. 1995). The stained cross-sections were analyzed using a micro-
scope (Olympus BX50, Olympus Optical Co., Tokyo, Japan) and a colour video
camera (Sanyo High Resolution CCD, Sanyo Electronic Co., Osaka, Japan) com-
bined with image-analysis software (Tema, Scan Beam, Hadsund, Denmark).
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Fibre type distribution and CSA were determined from a mean fibre number of
147 (SD 43) and 137 (46) in S, 145 (54) and 157 (30) in E, 142 (65) and 165 (52) in
SE, and 149 (41) and 132 (30) in C, at the pre and post training measurements,
respectively.

4.3.5 Measurement and analysis of heart rate dynamics
RR interval recording

The resting measurement was carried out after an overnight fast in the morning
between 7:00 and 9:00 a.m. The measurement took place in a quiet room at a
thermo neutral temperature. The RR intervals were recorded in a supine posi-
tion for ten minutes, and the last five minutes of the data was used in the analy-
sis allowing an additional five minute rest period before the actual measure-
ment in men. In women, recording of ten minutes was used for the analysis.
The breathing frequency was spontaneous and remained at the normal respira-
tory frequency of supine rest throughout the recording. RR intervals were also
recorded during a five minute steady state exercise on a bicycle ergometer with
a power output of 50 W. Furthermore, in men RR intervals were recorded dur-
ing a maximal graded cycling test with 20 W increments starting from 50 W.
Each two minute test stage was analyzed separately.

RR intervals were collected for further analysis with Polar S810i HR moni-
tors by using online recording with infrared interface and Polar Precision Per-
formance software (Polar Electro Ltd., Kempele, Finland). RR intervals were
recorded with 1 ms time resolution. The Polar S810i HR monitor has been vali-
dated for RRI recording both at rest and during exercise with accuracy better
than 2 ms when compared with an ECG method (Kingsley et al. 2005; Gamelin
et al. 2006). The subjects whose data contained more than 15% noise or ectopic
beats were discarded from further HRV analysis. For the other subjects, the
measurement errors and the ectopic heart beats were eliminated by both an
automatic process in the software and visual inspection followed by manual
filtering for possible artefacts. In the automatic process, the errors were cor-
rected according to the length of the error sequence, taking the previous and the
next normal RR interval into account and maintaining the local trend in the RR
interval time series (Jurca et al. 2004). The NN interval, used in the abbrevia-
tions of many HRV measures, e.g. SDNN, refers to the corrected time series in-
cluding only normal sinus to normal sinus interbeat intervals.

Time domain and spectral analysis

The average of all NN intervals and the corresponding average HR were com-
puted. Standard deviation of all NN intervals (SDNN) was computed as the
square root of variance. Analysis of power spectral density provides informa-
tion about how the variance (power) is distributed as a function of frequency
(Malik et al. 1996). Frequency domain variables HFP (0.15-0.40 Hz) and LFP
(0.04-0.15 Hz) were analyzed using an autoregressive (AR) model of order 18 in
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men (paper IV) and a Lomb periodogram (Moody 1993) in women (paper V).
As distinct from the AR method, the Lomb periodogram allows power spectral
density estimation without resampling the time series at uniform intervals,
which may produce a more accurate estimation of the high frequency compo-
nents. AR and Lomb spectra closely resemble each other, but in the presence of
noise and ectopic beats, the Lomb periodogram may produce a more robust
power spectral density estimation (Moody 1993). Due to the short duration of
the recordings total power was not included in the analysis. The assessment of
HFP and LFP components was made in absolute values of power (milliseconds
squared, ms?).

Detrended fluctuation analysis (DFA)

Fractal HR dynamics describe correlative properties of HR. A short-term scaling
exponent that represents the slope of the plotted root mean square fluctuations
of the integrated and detrended data was analyzed. The short-term (from 4 to
11 beats) scaling exponent (01) was calculated by integrating the RR interval
time series and fitting least-squares line to the data. Integrated time series was
then detrended by subtracting a local trend. A relationship between the average
fluctuation and the size of the window of observation was then drawn to a
double log graph. The scaling exponent represents the slope of this line (Peng et
al. 1995b). DFA analysis was performed using the Hearts software (Heart Signal
Co, Ouly, Finland).

Multiscale entropy analysis

The multiscale entropy method was developed to quantify a multiscale variabil-
ity of complex signals (Costa et al. 2002), and sample entropy (SampEn) is a
measure of irregularity. The general complexity of a signal is calculated by inte-
grating the values obtained for a pre-defined range of scales (Costa et al. 2008).
The algorithm comprises two steps, a coarse-graining procedure and the quan-
tification of the degree of irregularity of each coarse-grained time series, which
can be accomplished using sample entropy (Richman & Moorman 2000).

The analysis of multiscale entropy is illustrated in figure 6. A simulated
time series u[1],...,u[N] illustrates the procedure for calculating sample entropy.
Dotted horizontal lines around data points u[1], u[2] and u[3] represent u[1]+r,
u[2]+r and u[3]4r, respectively. Two data points match each other if the abso-
lute difference between them is < r. In the present study an r value of 8 ms was
used. The symbols o, x and A are used to represent data points that match the
data points u[1], u[2] and u[3], respectively. Consider the two-component o-x
template sequence (u[l], u[2]) and the three-component o-x-A template se-
quence (u[1], u[2], u[3]). For the segment shown, there are two o-x sequences,
(u[13], u[14]) and (u[43], u[44]), that match the template sequence (u[1], u[2]),
but only one o-x-A sequence that matches the template sequence (u[l], u[2],

u[3)).
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These calculations are repeated for the next two-component and three-
component template sequence, which are (u[2], u[3]) and (u[2], u[3], u[4]), re-
spectively. The number of sequences that match each of the two- and three-
component template sequences are summed and added to the previous values.
This procedure is then repeated for all other possible template sequences to de-
termine the ratio between the total number of two-component template matches
and the total number of three-component template matches. SampEn is com-
puted as the natural logarithm of this ratio and it corresponds to the probability
that sequences that match each other for the first two data points will also
match for the following point (Costa et al. 2005).

Subsequently, the sample entropy for different coarse-grained time series
(different scales) was calculated. A complexity index (CI) (Kang et al. 2009) was
computed by plotting the sample entropy of each coarse-grained time series as
a function of scale and integrating the curve over a scale of 1 to 5 for the RR in-
terval recordings at rest (Cli5) and over a scale of 1 to 2 for the recordings dur-
ing exercise (Cli-2) due to the shorter duration of the exercise recording (5 vs. 10
minutes). For regular signals, SampEn is low. For uncorrelated random signals,
SampEn is the highest (Costa et al. 2005).
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FIGURE 6  Simulated time series u[1],...,u[N] for illustrating the procedure for calculat-
ing sample entropy (Costa et al. 2005). Copyright (2005) by The American
Physical Society.

4.4 Training programs

Training programs were selected according to the previous training interven-
tions performed in our laboratory to ensure continuum of the series of investi-
gations regarding the effects of endurance training (Martinméki et al. 2008),
strength training (Héakkinen et al. 1998a; Hékkinen et al. 2000; Hékkinen et al.
2001) and combined endurance and strength training (Hakkinen et al. 2003).
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4.4.1 Endurance training

Endurance training was carried out twice a week. The heart rate levels for en-
durance training were determined based on respiratory parameters and blood
lactate concentrations, as described in detail previously (Aunola & Rusko 1984).
All training sessions were supervised, and heart rate monitoring was used.
During the first 7 week period, the subjects trained on a bicycle ergometer for
30 min below the level of the aerobic threshold. Weeks 5-7 during the first pe-
riod also included three training sessions during which the subjects were accus-
tomed to the intensity above the aerobic threshold by a 10 minute interval in the
middle of the sessions. During weeks 8-14, one weekly session of 45 min in-
cluded a 10-min interval between the aerobic-anaerobic thresholds and a 5-min
interval above the anaerobic threshold, in addition to a 15-min warm-up and a
15-min cool down below the aerobic threshold. The other weekly training ses-
sion involved 60 min of cycling below the aerobic threshold. The focus of train-
ing during weeks 15-21 was to improve maximal endurance. One of the weekly
sessions lasted for 60 min, which included two 10-min intervals between the
aerobic-anaerobic thresholds, two 5-min intervals above the anaerobic thresh-
old, and 30 min below the aerobic threshold. The other weekly session included
90 min cycling at a steady pace below the aerobic threshold.

4.4.2 Strength training

Strength training was carried out twice a week. All strength training sessions
were supervised. The strength training program included 7-10 exercises that
activated all of the main muscle groups. Every training session included two
exercises for the leg extensors (leg press and knee extension), one exercise for
the knee flexors (leg curl), and one to two other exercises for the lower extremi-
ties (seated calf raise, hip abduction or adduction). For the upper body, each
session included three to four exercises (bench press, biceps curl, triceps pull-
down, lateral pull-down), and one to two exercises for the trunk (abdominal
crunch, back extension). The overall training intensity increased progressively
throughout the 21-week training period (Hakkinen et al. 1998a).

The training period was divided into three 7 week cycles to optimise
strength gains and muscle hypertrophy. The focus of the first cycle was to ac-
custom the subjects to high intensity training and to improve muscle endurance
and strength using light loads (40-60 % of 1RM) and a high number (12-20) of
repetitions, and by performing 3 sets. The second cycle (weeks 8-14) was de-
signed to produce muscle hypertrophy to further increase the total muscle mass
by increasing the loads progressively up to 60-80 % of 1RM, with 5-12 repeti-
tions and 2-4 sets. To optimise maximal strength development and to further
produce hypertrophy during weeks 15 - 21, higher loads of 70-85 % of 1RM
together with 5-8 repetitions and 2-4 sets were used. In addition, due to the
significance of maximal power in daily life, low-resistance high-velocity con-
tractions are recommended to be included into strength training programs
(Hunter et al. 2004). Therefore, approximately 20 % of the leg press, knee exten-
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sion and bench press exercises were performed with light loads of 40 to 50 % of
1IRM and 5-8 repetitions to meet the requirements of a typical explosive
strength training protocol. With the light loads, each repetition was executed as
rapidly as possible (Hakkinen et al. 1998a).

4.4.3 Combined endurance and strength training

The subjects in the combined endurance and strength training group performed
endurance training twice a week and strength training twice a week, perform-
ing a total of four training sessions per week on alternate days as described in
the preceding paragraphs (Hakkinen et al. 2003).

4.5 Statistical analyses

Standard statistical methods were used to compute means and standard devia-
tions (SD). Men and women were examined separately in consecutive years and
therefore, papers I, I, IV and V only involved either male or female subjects.
Thus, analysis of variance (ANOVA) with repeated measures was used for in-
vestigation of training group and time interactions. One-way ANOVA for rela-
tive changes at post-training measurements was additionally used. The as-
sumptions for repeated measures ANOVA, homogeneity of variance, sphericity,
and normal distribution, were tested with the Levene’s test, Mauchly's test and
Shapiro-Wilk test, respectively. If the assumptions were not met, even after a
natural logarithm transformation, an analogous nonparametric test was used.
ANOVA for repeated measures was also used to detect within-group changes
followed by pair wise comparisons between time points using Bonferroni cor-
rection.

Paper III differed in a design investigating individual training responses
in both genders separately and together. Thus, individual values and 95 % con-
fidence intervals were reported, and differences between genders in addition to
differences between the training groups were assessed using multifactor
ANOVA (for training group, gender and time interactions). Variability in the
training response was calculated as the coefficient of variation, and Levene’s
test was used to assess the equality of variances between the training groups.
Spearman’s rank-order correlation coefficient was used to study the relation
between the training responses in aerobic capacity and maximal strength within
the training groups.

Associations between variables were studied using the Pearson’s correla-
tion coefficient. The critical level of significance was set at P = 0.05. The statisti-
cal analyses were carried out using SPSS software for Windows (SPSS Inc., Chi-
cago, IL).



5 RESULTS

5.1 Training adherence and values at baseline

The average training adherence was 99 (3) % in the endurance and 99 (2) % in
the strength training sessions. All subjects who completed the training period
performed at least 90 % of the total training volume. Furthermore, there were
five or less subjects in each group who performed < 95 % of the total training
volume when strength and endurance training programs were analyzed sepa-
rately in the SE group. There were no differences between groups in training
adherence. The randomised groups were similar (P = 0.24-0.83) within genders
at baseline in terms of age, height, weight, BMI, VO2peak, Pmax, and leg press
1RM and MVC. Resting HR (P = 0.050) and submaximal HR (P = 0.007) were
lower in C compared to the training groups in men. In women, HR was similar
between groups both at rest (P = 0.65) and during exercise (P = 0.95).

5.2 Training-mode specific and individual adaptations in physi-
cal performance in men and women (I, I1I)

5.2.1 Average training-induced changes in cardiorespiratory endurance and
muscular strength

Body mass only slightly decreased in the male and female E groups [-1 (2) kg, P
< 0.05 for both genders] and the male SE group [-1 (2) kg, P = 0.010] and thus,
the changes in the absolute values of VOapeak were similar to VOzpeax values
normalised to body mass. VOzpeak (ml-kg?'min?) increased only in SE and E
and not in S or C (time and group interaction P < 0.001) in both men and
women after 21 weeks of training (table 3). Endurance performance, measured
as maximal power output (Pmax) in the maximal incremental cycling test, also
increased significantly in S aside from the E and SE groups. The average in-



57

creases in Pmax, however, were significantly higher in the E and SE groups than
in the S group. Both VOzpeak and Prmax increased similarly with combined endur-
ance and strength training compared to endurance training alone (P = 1.00 for
both variables). The average changes in Pmax were 14 (9) and 17 (8) % in E, 13 (7)
and 18 (8) % in SE, 6 (6) and 7 (9) % in S, and -2 (5) and 2 (7) % in C, in men and
women, respectively. A significant difference between genders in the training
response was observed in the relative changes of VOopeak (Fig. 7) and Pmax in SE,
whereby women showed a larger mean response than men.

No significant changes were observed in isometric or dynamic strength,
concentric power or muscle activation in any of the groups during the control
period (between weeks —2 and 0) in men. In women leg press 1RM was 4 (7)
and 3 (5) kg higher at week 0 compared to week —2in S (P = 0.017) and SE (P =
0.010), respectively.

Training-induced changes in muscular strength were similar between the
SE and S groups in both men and women. SE and S showed larger increases in
1RM than C or E in both men and women. In addition, the mean increase in leg
press MVC was larger in SE and S compared to C and E. Men showed larger
relative increases in leg press 1RM than women in all the training groups (P <
0.001). The relative changes were, however, similar between genders in leg
press MVC.

The findings related to bench press and maximal concentric power are
only reported in men. (Data for women will be reported later outside this the-
sis). All training groups showed significant increases in bench press MVC but in
SE and S the changes were significantly different from the control group (table
3). Maximal concentric power only increased in the S and SE groups.

5.2.2 Individual differences in the training responses

For the analysis of individual training adaptations both genders were analysed
together. Large individual differences in trainability were observed in all train-
ing groups (Fig. 7). Coefficient of variation (CV) of AVO2peak was similar in E
(0.92) and SE (0.90), and CV of AMVC was similar in S (0.85) and SE (0.82).
Large interindividual variation was also observed in AVOzpeak after strength
training, and in AMVC after endurance training. In S, 27 % of the subjects in-
creased their VOzpeak more than the upper 95 % confidence interval of the con-
trol group (4.5 %). In E, 33 % increased their MVC more than the upper 95 %
confidence interval of the control group (10.1 %).

There were no significant correlations between the training responses in
VOzpeak and MVCin E (r = 0.097, P = 0.54), S (r = 0.059, P = 0.69), or SE (r = 0.078,
P = 0.58). Figure 8 shows that even though a few subjects in the SE group
showed a negative training response in VOzpeak or MVC, none of the subjects
showed a negative change in both. In addition, none of the subjects reached the
highest quintile in both AVOzpeak and AMVC (Fig. 8), and only two subjects
reached the highest quartile and seven subjects the highest tertile in both
AVOzpeak and AMVC. Furthermore, only 55 % of the subjects increased both
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their VOzpeak and MVC more than the upper 95 % confidence interval of the
control group.

The training-induced change in VOgpeak correlated significantly with the
baseline only in women (r = -0.72 to -0.43, P < 0.05). Significant correlations
were not found between AMVC and MVC at baseline. Age was not a significant
contributor to the training response in terms of VO2peax 0r MVC.

TABLE 3 Measures of physical performance before (0) and after 10 and 21 weeks of
training and in the control group in men and women.

Men Endurance Strength Combined Control Time x
(n=25) (n=25) (n=30) (n=16) Group
Vo2peak, ml'kg'l'min-l
0 32.9(7.2) 33.2 (6.4) 32.5(4.2) 34.8 (5.5)
10 34.9 (6.5) ** 34.0 (5.6) 34.3 (4.7) **
21 36.6 (7.9) *** 33.1 (5.9) 35.7 (5.1) *** 34.8 (6.0) P <0.001
VO2peak, I'min-
2.58 (0.57) 2.80 (0.51) 2.70 (0.45) 2.77 (0.45)
10 2.74 (0.55) ** 2.86 (0.49) 2.85 (0.54) **
21 2.84 (0.63) ***  2.76 (0.49) 2.93 (0.54) ***  2.77 (0.55) P <0.001
PmaX/ W
0 202 (43) 212 (34) 210 (33) 216 (42)
10 216 (43) *** 218 (31) ** 226 (39) ***
21 227 (41) *** 225 (30) *** 237 (41) *** 211 (40) P <0.001
1RM leg press, kg
0 154 (34) 166 (32) 158 (29) 153 (20)
10 160 (33) * 181 (34) *** 176 (33) ***
21 166 (37) *** 200 (36) *** 193 (38) *** 161 (21) *** P <0.001
MVC leg press, N
0 2735 (670) 2827 (692) 2776 (668) 2642 (389)
10 2874 (716) * 3098 (644) *** 3111 (772) ***
21 2963 (731) ** 3177 (666) ** 3314 (815) *** 2793 (473) *** P <0.001
MVC bench press, N
0 728 (134) 757 (123) 692 (110) 726 (130)
10 752 (127) * 803 (135) * 743 (123) ***
21 769 (156) ** 838 (127) *** 788 (127) *** 725 (101) P <0.001
Power, W
0 1836 (374) 2093 (351) 2000 (477) 1843 (440)
10 1799 (480) 2314 (468) 2216 (500) *
21 1724 (589) 2397 (502) * 2250 (555) * 1843 (411) P=0.020

(continues)



TABLE 3 (continues)
Women Endurance Strength Combined Control Time x
(n=21) (n=125) (n=23) (n=17) Group
VOzpear, ml-kg1-min-?
0 25.3 (5.2) 26.0 (5.3) 26.8 (4.9) 26.6 (6.1)
10 28.2 (5.7) *** 28.5 (5.2) *** 30.5 (4.8) ***
21 29.8 (4.4) *** 27.3 (4.9) 31.1 (5.0) *** 26.8 (5.8) P <0.001
VOzpeak, I'min-t
1.79 (0.40) 1.75 (0.38) 1.79 (0.32) 1.80 (0.43)
10 1.95 (0.41) ***  1.93 (0.36) ***  2.02 (0.32) ***
21 2.07 (0.35) ***  1.83 (0.34) 2.07 (0.31) ***  1.81 (0.42) P <0.001
Pl’l’laX/ W
0 157 (26) 153 (30) 155 (23) 152 (33)
10 173 (25) *** 162 (30) *** 174 (23) ***
21 181 (24) *** 164 (30) *** 181 (24) *** 155 (35) P <0.001
1RM leg press, kg
0 103 (13) 98 (14) 101 (15) 93 (13)
10 105 (14) 104 (16) 109 (15)
21 105 (14) 107 (16) 112 (15) 94 (13) P <0.001
MVC leg press, N
0 1992 (431) 1965 (431) 1977 (498) 1882 (278)
10 2082 (489) 2193 (536) *** 2278 (613) ***
21 2105 (455) * 2293 (587) *** 2446 (793) *** 1970 (239) P =0.001
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Values are mean (SD). VOzpeak, peak oxygen uptake; Pmax, maximal aerobic power output;
1RM leg press, one repetition maximum in a leg press exercise; MVC, maximal voluntary

contraction in isometric leg press and bench press exercises; Power, maximal concentric

power of leg extension. Significant difference compared to baseline at * P < 0.05, ** P < 0.01,

*** P <0.001.
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FIGURE8  Correlations between changes in maximal isometric force (MVC) and peak
oxygen uptake (VOzpeax) in the combined endurance and strength training
group in men and women. Dashed lines represent the highest quintile, and
dotted lines represent a negative response in both VOzpeax and MVC.

5.3 Muscle hypertrophy and muscle activation (I, II)

5.3.1 Muscle hypertrophy

In men the lean mass of the legs measured by DXA only increased significantly
in the S group (Fig. 9). In women, lean mass of the legs increased in all training
groups by 2.2 -2.9 % (P = 0.004-0.010, data not shown).

There was high reproducibility between control and baseline measure-
ments of muscle thickness using ultrasound (intraclass correlation coefficient
0.92 and 0.95 for combined thickness of VL+VI and thickness of TB, respec-
tively). During the first 10 weeks of training, the combined thickness of VL and
VI muscles increased (P < 0.001) in all three training groups [in E 8 (8) %, in S 9
(5) %, and in SE 9 (6) %, Fig. 9] in men, but during the last 10 weeks of training,
only S showed a minor non-significant increase up to 11 (7) %. In women the
thickness of VL+VI also increased in all training groups during the first 10
weeks, but only the S group showed a further significant increase during the
latter half of the training period. The thickness of VL+VI increased by 6 (6), 8 (5)
and 12 (7) % in E, S and SE, respectively (P < 0.001), after 21 weeks of training
compared to baseline.
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FIGUREY9  Changes in the lean mass of the legs measured by dual-energy x-ray absorp-
tiometry (DXA, left) and in combined thickness of vastus lateralis (VL) and
the vastus intermedius (VI) muscles measured by ultrasonography (US, right)
after 21 weeks of training in the endurance (E), strength (S), combined en-
durance and strength training (SE) and the control group (C) in men. Signifi-
cant differences between the groups are indicated with superscripts, /€ = sig-
nificantly different from C. Significant difference from baseline at ** P < 0.01,
*** P <0.001.

5.3.2 Fibre type composition and cross-sectional area of muscle fibres

In S, the proportion of type IIA fibres increased (P < 0.05) and the proportion of
type IIAX fibres decreased (P < 0.05) in both men and women (table 4). In
women, the percentage of type IIAX and IIX fibres also decreased in SE. The
proportion of type I fibres did not change in any of the groups.

When all three subtypes of type II muscle fibres were combined in the
analysis, the cross-sectional area (CSA) of type II fibres increased in S without
significant changes in any other group in men (Fig. 10). The individual changes
in the CSA of type II fibres revealed a rather consistent increase in the S group
especially in men, whereas the SE group showed an inconsistent, non-
significant change in both men and women (Fig. 11). In women, CSA of type Il
fibres also increased in E (P < 0.001) due to the significant increase in the CSA of
type IIA fibres. The increase in the CSA of type IIA fibres also approached sig-
nificance (P = 0.050) in the male S group with a 16 (24) % increase, and did not
change in the other groups. No changes were observed in the CSA of type I fi-
bres in any of the groups.

TABLE 4 Muscle fibre type distribution before (pre) and after (post) 21 wks of training.

Men Em=7) S (n=11) SE (n=12) Cn=3)

Pre Post Pre Post Pre Post Pre Post
TypeI (%) 44 (15) 48 (17) 40 (18) 45(13) 45 (6) 42(14) 46(10) 55(6)
Type IIA (%) 35 (13) 41 (14) 36 (20) 50(12)* 41(8) 49(14) 23(3) 22 (7)
Type IIAX (%) 14 (4) 9(7) 18(12) 5(6)** 13(8) 6(10) 31 (7) 20 (7)
Type IIX (%) 7 (5) 2 (4) 6(9) 02(04) 1) 3(7) 05(05) 3@4)

(continues)
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TABLE 4 (continues)
Women E (n=16) S(n=15) SE (n=14) Cn=298)

Pre Post Pre Post Pre Post Pre Post
TypeI (%) 51 (17) 49(15) 47(14) 46(13) 42(9) 46(13) 51(8) 49(11)
Type LHA (%) 38 (14) 42 (13) 36(12) 46 (14)* 42(10) 49(13) 34(8) 37(12)

TypelIAX (%) 9(7) 8(9 9() 5(G)* 128 5@** 11(5) 11(5)

Type IIX (%)

20 1) 89 3(6) 3@ 1(1)* 3@ 20)

Values are mean (SD). S, strength training group; E, endurance training group, SE com-
bined strength and endurance training group; C, control group. Significant difference from
baseline at * P < 0.05, ** P < 0.01.
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FIGURE 10
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Changes (A%) in the mean cross-sectional area (CSA) of type I and II muscle
fibres in vastus lateralis muscle after 21 weeks of strength (S), endurance (E),
combined strength and endurance (SE) training and in the control group (C).
**significantly (P < 0.01) different from the baseline measurement.
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FIGURE 11 Individual changes in the cross-sectional area (CSA, pm?) of type II muscle

fibres in the strength (S) and combined strength and endurance (SE) training
groups in men and women. P value indicates the significance of the differ-
ence between the baseline measurement (0 week) and post measurement (21
weeks).
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5.3.3 Muscle activation in men

In maximal isometric leg press, EMG activity of vastus medialis (VM) increased
significantly more in SE and S than E or C (P = 0.042). In S and SE, EMG activity
increased in VM by 41 (47) % and 18 (28) % (Fig. 12A), and in VL by 35 (49) %
and 11 (18) %, respectively, between training weeks 0 and 10, whereas between
weeks 10 and 21 there was no further increase. EMG activity of VL did not
show significant time x group interaction. At week 10, a significant difference
between groups was observed in the relative changes (P < 0.01), whereby the
increase in EMG activity of VM and VL in S was larger than in SE or E. EMG
activity of TB seemed to increase throughout the training period in SE and S (P
< 0.05), and the change was not significant in any other groups (Fig. 12B).

A  Maximal EMG:VM B MaximalEMG: TB
807 (A%) 80, (A%)
Time x Group Time x Group
601 | p=0.042 601 | p=o0.0s0
401 y 40
< *SE"
4 *
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FIGURE 12 Maximal electromyographic (EMG) activity in vastus medialis (VM, A) and
triceps brachii (TB, B) muscles during maximal isometric leg press and bench
press, respectively, during the control period (-2 and 0 weeks), and after 10
and 21 weeks of strength (S), endurance (E) or combined strength and endur-
ance (SE) training, and in the control group (C). Significantly different from
the baseline measurement at *P < 0.05.

5.4 Heart rate dynamics after training in men and women (IV, V)

5.4.1 Heart rate dynamics at rest

During the control period (from -2 weeks to 0 weeks) HR or HRV at supine rest
did not change significantly in men except the LFP/HFP ratio which decreased
in E (P = 0.023) due to the tendency of HFP to increase (P = 0.053). In the female
E group, however, several HRV measures at rest including SDNN, HFP and
complexity index were higher at week 0 compared to week -2 (P = 0.012-0.038).
In addition, the LFP/HFP ratio was lower at week 0 compared to week -2 (P =
0.045). According to the intraclass correlation coefficient (ICC) between the two
baseline recordings the reproducibility of the HRV measures at supine rest was
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moderate. ICC tended to be higher in men (between 0.80 and 0.91) than in
women (between 0.63 and 0.84, and as low as 0.40 in LFP). In general, the low-
est reproducibility was observed in the spectral measures.

Overall, the effects of the present training program on HR dynamics re-
corded during supine rest were minor in both men and women. In men, resting
HR slightly decreased in E and SE, but not in S or C (table 5). In women, resting
HR remained unchanged (table 5). SDNN or the spectral variables of HRV
measured during supine rest did not, however, show any training-induced
changes in men or women. Fractal scaling exponent o1 decreased significantly
in the male SE group towards fractal like dynamics (i.e. a1 = 1.0) and also
showed a decreasing trend in the male E group, although differences between
the groups were not significant. No changes were observed in the HR complex-
ity measure Cly.5 in men or women at rest.

TABLE 5 Selected HRV indices at rest before (0), and after 21 weeks of training in the
endurance, strength, combined endurance and strength training, and control
group in men.

Endurance Strength Combined Control

Men (n = 23) (n = 25) (n = 29) (n = 16) Time x Group
HR, min-!

0 61 (10) 59 (9) 58 (8) 54 (5)

21 57 (8) * 59 (8) 57 (7) * 53 (6) P =0.026
SDNN, ms

0 46.5 (19.7) 45.0 (16.3) 43.0 (24.6) 57.8 (29.6)

21 451 (13.7) 40.0 (18.1) 45.0 (25.2) 444 (20.3) P=0.063
HFP (ms?)

0 369 (389) 383 (430) 241 (292) 570 (595)

21 375 (372) 224 (185) 341 (406) 472 (498)

HFP, In (ms?)

0 5.3 (1.3) 3(1.2) 5.0 (1.3) 5.7 (1.2)

21 54 (1.2) (1 0) 5.3 (1.3) 5.6 (1.1) P =0.067
LFP, (ms?)

0 748 (697) 627 (542) 476 (445) 631 (449)

21 644 (548) 630 (913) 507 (519) 582 (548)

LFP, In (ms?)

0 1(1.1) 6.1 (0.9) .9 (1.0) 6.2 (0.6)

21 6.1 (1.0 5.8 (1.1) .8 (1.0) 6.0 (0.9) P=0.56
LFP/HFP

0 3.21 (2.83) 2.39 (1.41) 3.32 (3.18) 2.33 (2.04)

21 3.44 (4.89) 2.62 (1.88) 2.25(1.82) 194 (147) P=024
a1

0 1.21 (0.19) .17 (0.18) 1.18 (0.20) 1.06 (0.27)

21 1.11 (0.22) .17 (0.18) 1.11 (0.21)* 1.08 (0.25) P =0.28
Clis

0 8.55 (2.88) 8.23 (1.99) 8.20 (2.91) 9.45 (3.14)

21 8.28 (2.25) 7.97 (3.00) 7.86 (1.96) 8.49(214) P=0.72

(continues)
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TABLE 5 (continues)

Endurance Strength Combined Control

Women =26 =26 n=2 n=17 Time x Group
HR, min-!

0 63 (6) 62 (7) 62 (7) 65 (6)

21 60 (7) 61 (7) 62 (6) 62 (6) P=0.36
SDNN, ms

0 50.2 (15.5) 53.4 (22.9) 52.3 (15.2) 45.1 (16.5)

21 49.3 (20.7) 57.0 (23.3) 49.2 (15.2) 47.0 (19.5) P=0.68
HEFP (ms?)

0 564 (528) 844 (1308) 635 (521) 431 (618)

21 616 (678) 1115 (1631) 659 (910) 563 (684) P=0.55
HFP, In (ms?)

0 6.06 (0.71) 6.12 (1.06) 6.10 (0.92) 5.54 (1.01)

21 5.99 (0.93) 6.24 (1.27) 5.97 (0.98) 5.83(1.03) P=0.31
LFP (ms?)

0 601 (410) 709 (675) 625 (483) 544 (530)

21 637 (604) 716 (724) 510 (304) 654 (899) P=0.71
LFP, In (ms?)

0 6.16 (0.72) 6.11 (1.05) 6.24 (0.62) 5.95 (0.86)

21 6.01 (1.01) 6.16 (0.96) 6.03 (0.68) 597(1.01) P=0.70
LFP/HFP

0 1.35 (0.90) 1.58 (2.54) 1.49 (1.16) 1.70 (0.80)

21 1.29 (1.06) 1.27 (1.24) 1.48 (1.24) 1.67 (1.72) P =0.89
Clis

0 8.34 (1.60) 8.52 (2.35) 8.82 (1.70) 7.86 (1.96)

21 8.40 (2.89) 9.01 (3.21) 8.17 (1.88) 8.41(258) P=0.30

HR, heart rate; SDNN, standard deviation of NN intervals; HFP, high frequency power;
LEP, low frequency power; LFP/HFP, ratio between LFP and HFP; a3, short-term fractal
scaling exponent; Cli.5, complexity index of multiscale entropy analysis using the scales
from 1 to 5. Significant difference compared to baseline at * P < 0.05.

5.4.2 Heart rate dynamics during exercise

In men, submaximal HR decreased significantly after endurance and combined
training at moderate and higher exercise intensities from 90 W onwards, but not
at 50 and 70 W (Fig. 13). The time and group interaction was also significant at
90 - 150 W but not at 50 or 70 W. The results in women were alike in that the
time and group interaction was only significant from 90 W onwards (Fig. 14).
The decrease in submaximal HR was, however, significant at all exercise inten-
sities from 50 to 130 W in E and SE. The training-induced changes in submaxi-
mal HR seemed to mainly occur during the first 10 weeks of training without
further decreases during the latter half of the training period. In both men and
women the S group also showed significant within-group changes at moderate
to high intensities which were not, however, different from those of the C group.
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FIGURE 13  Heart rate (HR) at exercise intensities of 50, 70,..., 150 W before (0), and after
10 and 21 weeks of training in the endurance (E), strength (S), combined en-
durance and strength training (SE), and control group (C) in men. Significant
difference compared to baseline at * (P < 0.05), ** P < 0.01, *** P < 0.001.

In agreement with the submaximal HR data, HR measured during steady state
exercise at 50 W did not significantly decrease in any of the groups in men (Ta-
ble 6), whereas the female E group showed a significant decrease (Fig. 15). Ac-
cordingly, in the E group SDNN and HFP significantly increased in women
(Table 6). In men, SDNN and HFP did not change during the training period in
any of the groups. The a1 value, however, increased in the male SE group be-
tween training weeks 10 and 21, but did not show any changes in the other
groups. Complexity index Cl1.2 measured during steady state exercise increased,
however, in both men and women. Even though the absolute baseline value of
Cli2 was higher (P = 0.004) in men than in women, there were no difference
between genders in the absolute change of Cli, and thus, the genders were
also analyzed together. The analysis showed a significant increase in HR com-
plexity only in the E group with a significant time and group interaction (Fig.
16).
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FIGURE 14 Heart rate (HR) at exercise intensities of 50, 70,..., 130 W before (0), and after
10 and 21 weeks of training in the endurance (E), strength (S), combined en-
durance and strength training (SE), and control group (C) in women. Signifi-
cant difference compared to baseline at * (P < 0.05), ** P < 0.01, *** P < 0.001.

5.4.3 Association between heart rate dynamics and cardiorespiratory endur-
ance

Resting HR correlated significantly with VOzpeax at baseline in men (r = -0.34, P
= 0.001) but not in women (r = —0.20, P = 0.066). In addition, the baseline values
of SDNN (r = 0.23, P = 0.028) and a1 (r = -0.28, P = 0.008) measured during su-
pine rest correlated significantly with baseline VOzpeak in men. Complexity in-
dex Cli5 correlated significantly with baseline VO2peak in both men (r = 0.31, P =
0.003) and women (r = 0.27, P = 0.013). Correlations during steady state exercise
are not reported due to the same absolute thus different relative exercise inten-
sity used in all subjects with varying levels of VOzpeax, therefore resulting in an
inevitable relationship.

Overall, correlations between training-induced changes in HR dynamics
and in VOzpeak were weak. The only significant correlation was found between
the change in 01 and AVOnpeak in the male SE group (r = -0.40, P = 0.036).
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TABLE 6 Selected HRV indices recorded during submaximal exercise at baseline (0)
and after 10 and 21 weeks of endurance, strength or combined endurance
and strength training and 21 weeks after a control period.

Men Endurance  Strength Combined  Control Time x Time
(n =22) (n = 25) (n = 28) (n=15) Group

HR, min-!

0 101 (12) 93 (12) 95 (11) 87 (10)

21 96 (12) 93 (10) 92 (9) 88 (12) P=022 P=0.065

SDNN, ms

0 27.1 (13.0) 27.1 (8.1) 28.8 (9.6) 34.9 (12.1)

21 26.9 (9.3) 274 (107) 283 (8.4) 32.7 (8.2) P=090 P=0.55

HFP, ms?

0 37.1 (65.2) 29.3(30.3) 54.6(822)  89.9(110.2)

21 37.7 (33.5) 31.5(35.6) 44.8 (55.4) 72.7 (111.8)

HFP, In (ms?)

0 2.60 (1.46) 2.86 (1.16) 3.24(1.23)  3.88(1.27)

21 3.03 (1.32) 292(1.09) 3.27(1.06) 3.73(1.00) P=031 P=039

o1

0 1.49 (0.20) 1.45(0.21) 1.39(0.19) 1.41 (0.25)

21 1.42 (0.23) 147 (0.21) 1.50(0.16)* 1.37(0.20) P=0.010 P=0.82

Cli»

0 1.17 (0.75) 1.41(0.67) 1.54(0.88)  2.06 (0.68)

21 147 (0.67)* 1.35(0.70) 1.53(0.82) 1.92(0.74) P=0.070 P =0.709

Women  Endurance Strength Combined  Control Time x Time

(n=26) (n=26) (n=21) (n=17) Group

HR, min-!

0 116 (14) 114 (15) 117 (15) 117 (12)

21 109 (11) *** 112 (13) 113 (11) 115 (12) P=028 P=0.001

SDNN, ms

0 14.4 (5.4) 16.3 (8.7) 17.9 (7.2) 16.0 (6.9)

21 19.0 (8.4) ** 17.7 (7.8) 18.6 (6.8) 154 (6.3) P=0.070 P =0.037

HFP, ms?

0 31.4 (56.3) 429 (824) 299(357) 31.6(33.1)

21 46.4 (56.7) 41.7 (72.8) 275(27.1) 38.1(82.2)

HFP, In (ms?)

0 2.56 (1.37) 2.61(1.57) 257 (1.47)  2.69 (1.46)

21 3.21 (1.20) ***  2.69 (1.50) 2.80 (1.11) 258 (1.49) P=018 P=0.10

Cli2

0 0.86 (0.62) 0.94 (0.75)  0.87(0.61)  0.89 (0.69)

21 1.18 (0.62) ** 0.96 (0.71) 098 (0.59) 0.86(0.64) P=016 P=0.091

HR, heart rate; SDNN, standard deviation of NN intervals; HFP, high frequency power; a1,
short-term fractal scaling exponent; Cly.2, complexity index of multiscale entropy analysis
using the scales from 1 to 2. Significant difference compared to baseline at * P < 0.05, ** P <

0.01, *** P < 0.001.
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Heart rate (HR, A) and complexity index of multiscale entropy analysis (Cl1-,
B) measured during steady state exercise at baseline (0) and after 10 and 21
weeks of endurance (E), strength (S) or combined endurance and strength
training (SE) and in the control group (C) in women. Significant difference
compared to baseline at * P < 0.05, ** P < 0.01, *** P < 0.001.
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FIGURE 16

The absolute change (from the baseline to 21 weeks) in the complexity index
of multiscale entropy analysis (Clio) measured during steady state exercise
in the endurance (E), strength (S), combined endurance and strength training
(SE), and the control group (C) The data are from the compound groups of
men and women. ***significant difference (P < 0.001) compared to baseline.



6 DISCUSSION

This thesis evaluated the effects of combined endurance and strength training
compared with endurance or strength training alone in previously untrained
40-67 year old men and women. The progressive training program was per-
formed twice a week in the endurance training group and twice a week in the
strength training group. The combined endurance and strength training group
performed identical endurance and strength training programs on alternate
days with a total of four weekly training sessions. The control group were ad-
vised to continue their physical activities as before.

The specific aims of the present investigation were, firstly, to examine the
possible interference effects of combining endurance and strength training on
muscular strength, skeletal muscle hypertrophy and cardiorespiratory endur-
ance during a prolonged 21-week training program. Secondly, individual dif-
ferences in the training response to endurance and strength training were exam-
ined when endurance and strength training programs were performed sepa-
rately or concurrently. Thirdly, the effects of the present training programs on
heart rate dynamics were investigated at rest and during exercise as indices of
cardiac autonomic adaptations to provide additional information about the ef-
fects of combined endurance and strength training on cardiac health.

6.1 Compatibility and training mode-specificity of strength and
endurance training adaptations

6.1.1 Improvements in cardiorespiratory endurance

Endurance training with only two training sessions per week led to specific im-
provements in cardiorespiratory endurance in both the endurance training
group and the combined endurance and strength training group. Changes in
VOzpeak and endurance performance measured as maximal aerobic power out-
put (Pmax) during incremental cycling were similar in the E and SE groups, sug-
gesting that strength training combined with endurance training for a total of
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four training sessions per week did not compromise the endurance-training
induced improvements in cardiorespiratory endurance. While the S group did
not significantly improve VOopeak, Pmax increased significantly with strength
training in both men and women, although the increase was smaller than with
endurance or combined training. Combining endurance and strength training,
however, did not further improve endurance performance compared to endur-
ance training only.

Although VOzpeak did not show a significant mean increase in the strength
training group, approximately one fourth of the subjects in S were able to im-
prove their VOzpeak. Previous studies have also shown some improvements in
endurance performance measured as time to exhaustion during submaximal
cycling after strength training (Marcinik et al. 1991). The increase in endurance
performance with strength training seems to occur independently of changes in
VOzpeak (Marcinik et al. 1991). On the other hand, some subjects may also re-
spond to strength training by increasing VOzpeak (Hautala et al. 2006). It could
be postulated that improvements in both endurance performance and VOzpeax
result from increased maximal leg strength, especially when cycling is used as
the exercise mode (Marcinik et al. 1991; Hautala et al. 2006). This notion was not,
however, supported by the present correlation between A1IRM of leg press and
APmax in the strength training group (r = 0.090, P = 0.54). The mechanisms
through which cardiorespiratory endurance may be improved with strength
training are thus unclear. Strength training has been shown to lead to periph-
eral changes that improve the capacity of muscle to use oxygen, such as in-
creased capillarization (Frontera et al. 1990; Hepple et al. 1997) and conversion
of muscle fibres to more fatigue-resistant types (Hikida et al. 2000). A shift from
muscle fibre type IIAX and IIX (ns.) towards type IIA was also observed after
the present strength training program.

Extensive comparisons between endurance and strength trained athletes
show that endurance and strength training induce different structural adapta-
tions to the heart. High left ventricular end diastolic diameter in endurance ath-
letes seems to explain at least part of the greater maximal exercise workload of
endurance athletes compared to strength athletes. Strength training-induced
structural changes to the heart such as increased wall thickness seem to favour
higher peak systolic blood pressure during exercise (D" Andrea et al. 2002).

6.1.2 Development of muscular strength

The present results suggest that combined endurance and strength training
with a total of four training sessions per week leads to significant mean gains in
maximal strength that are as large as with strength training alone. The diversity
of possible training programs comprised of training design variables such as
volume, frequency, duration and intensity raises some controversy in the litera-
ture about the universal nature of interference effects (Leveritt et al. 1999). The
similar development of muscular strength in the S and SE groups in the present
study supports previous observations in younger adults (Sale et al. 1990b;
McCarthy et al. 2002; Hikkinen et al. 2003), suggesting that with a moderate
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volume or frequency, concurrent endurance training may not counteract
strength gains. Therefore, the present results, together with a previous investi-
gation with three weekly strength and three endurance training sessions for 12
weeks in somewhat older subjects (Haykowsky et al. 2005) suggest that com-
bined training can also lead to similar adaptations in muscular strength than
strength training alone in older adults. The present study additionally showed
that combined training on alternate days can be continued even for 21 weeks
without compromising strength gains in the lower or upper body.

Two sessions per week of strength training alone led to predictable spe-
cific improvements in strength performance. Men showed significantly larger
training-induced relative changes in leg press 1RM than women. The relative
changes were, however, similar between genders in leg press MVC. In absolute
terms, strength gains have generally been shown to be greater in men than in
women (Cureton et al. 1988; Tracy et al. 1999). Several studies show, however,
that both men and women may increase their maximal strength similarly in
relative terms (Cureton et al. 1988; Abe et al. 2000; Lemmer et al. 2000; Lemmer
et al. 2001). Women may actually have larger relative gains than men, which
could be explained by the smaller initial strength levels of women (Hubal et al.
2005). The potential for muscle hypertrophy may, however, be greater in men
(Ivey et al. 2000; Bamman et al. 2003).

In the present training program, approximately 20 % of the volume of
strength training for the lower extremities was performed explosively. Accord-
ingly, both S and SE training led to improvements in explosive strength per-
formance measured as maximal concentric power during the leg press. A non-
significant decrease in maximal concentric power was observed in E between
training weeks 10 and 21, although it is possible that a longer endurance train-
ing period would have induced a significant decrease.

Endurance training led to a statistically significant but rather small in-
crease in maximal strength of the lower extremities in both men and women,
which could be due to the potential of high intensity cycling to also produce
some stimulus for maximal strength development in subjects without a previ-
ous history of systematic training. Increases in maximal strength were demon-
strated in approximately one third of the present subjects in the E group. En-
durance training adaptations in muscular strength in older adults may occur
through muscle hypertrophy (Coggan et al. 1992; Harber et al. 2009) and re-
modelling of contractile properties of the muscle fibres (Harber et al. 2009). In
the present male subjects significant muscle hypertrophy was not, however,
observed after endurance training in either the CSA of muscle fibres or lean
mass of legs measured with DXA. The compound thickness of VL and VI mus-
cles increased significantly, however, during the first 10 weeks of training.
Muscle activation was not significantly increased in the VL or VM muscle. In
women, both lean mass of the legs, CSA of type IIA muscle fibres and VL+VI
thickness increased. Thus, decisive conclusions about the mechanisms leading
to increased muscle strength cannot be made based on the present study. It can
be speculated that sensitivity or statistical power may not have been sufficient
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to detect small changes in fibre hypertrophy in men or that muscle activation
may have been altered in muscles not examined in the present study, such as
antagonists.

In both the strength and the combined training groups in men, the im-
provements in strength were associated with enhanced muscle activation. It has
been suggested that when interference is observed in muscle hypertrophy,
strength gains may be maintained by neural mechanisms (Leveritt et al. 1999).
This seems not to be the case in the present study, however, because at training
week 10, the S group showed a larger increase in muscle activation in VL and
VM than the SE group. However, significant differences were not found be-
tween groups after 21 weeks of training. As we have no data on muscle hyper-
trophy at training week 10, it is not appropriate to make comparisons between
muscular and neural adaptations. EMG was recorded from the VL and VM
muscles during isometric leg extension. It should be noted therefore that the
recording of EMG in only two leg extensor muscles may not be sensitive
enough to detect changes in neural activity of both agonistic, synergistic and
especially antagonistic muscles in a multi-joint exercise.

6.1.3 Muscle hypertrophy

Interestingly, no increases in the CSA of any of the fibre types were observed
with the present prolonged strength training program combined with two
weekly sessions of endurance training, including cycling with high intensity.
Despite the similar development of strength in the S and SE groups, the CSA of
type II muscle fibres only increased with strength training in men and women
and with endurance training in women, but not with combined training in ei-
ther gender. This observation implies that muscle hypertrophy might be com-
promised when combining the two different training modes, despite the similar
strength gains in the S and SE groups. Even though the difference between the
SE and S groups was not significant, the large interindividual variation in SE
suggests diverse adaptations in muscle hypertrophy, compared with a system-
atic increase in S (Fig. 11). It should be noted that interference in hypertrophy
was observed in approximately one half of the subjects in SE, whereas the other
half were able to increase their fibre size. CSA of type Il fibres increased in S by
26 % and 20 % in men and women, respectively, after 21 weeks of progressive
strength training two times a week. Similar or somewhat smaller gains have
been reported previously in older men with two to three strength training ses-
sions per week (Hikkinen et al. 2001; Martel et al. 2006).

The interference in muscle hypertrophy was also partly supported by the
present data on lean mass of the legs measured by DXA and the pooled thick-
ness of VL and VI muscles measured by ultrasound. In men, the lean mass of
the legs only significantly increased in S, whereas in women lean leg mass in-
creased in all training groups. On the other hand, in both men and women the
thickness of VL+VI increased significantly in all training groups during the first
10 weeks of training but during the latter 11 weeks of training, only S showed a
further minor increase in both men and women. The magnitude of the increase
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in muscle thickness was, however, not different between the S and SE groups.
One factor that may also go against the interference in muscle hypertrophy with
combined training is the significant increase in the CSA of type IIA muscle fi-
bres observed in the female E group. Thus it seems that endurance training had
similar rather than divergent effects on muscle growth. It is possible that in the
present previously untrained middle-aged women the high intensity cycling
also produced a stimulus for muscle growth in the fast twitch fatigue-resistant
ITA fibres. Interestingly, in women a significant increase in the CSA of IIA fibres
was observed in S and E, but not in the SE group.

Combined training has previously been reported to interfere with muscle
hypertrophy in young adults, although mainly with regard to type I fibres
(Kraemer et al. 1995; Bell et al. 2000; McCarthy et al. 2002; Putman et al. 2004).
In contrast, hypertrophy of muscle fibres has also been shown to be similar after
combined training compared to strength training alone (Hakkinen et al. 2003).
In the study by Kraemer et al. (1995), strength training alone increased the CSA
of type I fibres and endurance training alone decreased CSA, whereas com-
bined training induced no change, thus demonstrating an intermediate re-
sponse. Three other studies have observed a significant change in CSA of type I
fibres with strength training, no change with endurance training and no change
with combined training (Bell et al. 2000; McCarthy et al. 2002; Putman et al.
2004). In older adults, however, type I fibre CSA does not seem to increase in
response to strength training as much as in young adults (Charette et al. 1991;
Martel et al. 2006; Kryger & Andersen 2007).

Besides the older age of the subjects, the current strength training program
could explain why the interference effect was found in the type II fibres, with-
out significant increases in the type I fibres. In the present study, approximately
20% of the volume of strength training for the leg extensors was performed us-
ing a typical explosive strength training protocol with lower loads and a short
duration of each repetition. In addition, during the first seven weeks, strength
training was performed with relatively low loads that are not likely to produce
major hypertrophy. The incompatibility of endurance and strength training in
type 1I fibres observed in the present study may be especially important in
older adults, because type II fibres have a greater potential for muscle growth
and a higher force per unit area than type I fibres (Harridge 2007).

6.1.4 Theoretical mechanisms of interference in muscle hypertrophy

In contrast to several earlier studies, endurance and strength training were per-
formed on alternate days in the present study. Thus, the acute hypothesis sug-
gesting that fatigue caused by the preceding endurance training session may
decrease the quality of the following strength training session is unlikely to ap-
ply in this case. Sale et al. (1990a), for example, reported larger strength gains
when strength and endurance training were performed on alternate days com-
pared to performing both on the same day. Studies applying the design of per-
forming endurance training first have also not supported the acute hypothesis
(Collins & Snow 1993; Leveritt et al. 2003).
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The chronic interference in muscle hypertrophy with combined endurance
and strength training may be related to the different signalling pathways of
these two training modes (Baar 2006; Nader 2006). Furthermore, aerobic exer-
cise may induce oxidative stress due to the duration-dependent nature of free
radical production leading to a theoretical risk of cellular damage (Pattwell &
Jackson 2004; Fisher-Wellman & Bloomer 2009). Combined training may also
lead to a catabolic state (Kraemer et al. 1995; Bell et al. 1997), which may inter-
fere with muscle hypertrophy.

Protein synthesis induced by hypertrophic strength training may also be
impaired due to hypoxia in the muscle caused by endurance training which
includes high intensity intervals (Docherty & Sporer 2000). Thus, the high in-
tensity intervals applied in the present endurance training program together
with the hypertrophic strength training performed especially during the second
strength training cycle (weeks 8-15) may have accounted for the interference in
muscle hypertrophy. Not all studies have, however, supported the interference
model based on intensity of endurance and strength training. Continuous en-
durance training combined with strength training has also been shown to im-
pair muscle hypertrophy (McCarthy et al. 2002). In addition, determination of
training intensity in relation to whole body VOzpeak may not closely reflect the
stimulus experienced by the muscles (McPhee et al. 2009). Furthermore, older
subjects may rely more on peripheral mechanisms in terms of endurance train-
ing adaptations (Seals et al. 1984; McGuire et al. 2001a). Thus, the model high-
lighting the importance of training intensity on the interference phenomenon
requires further investigation.

Similar to many studies examining the interference phenomenon in com-
bined endurance and strength training, the training volume was considerably
larger in the combined training group compared to the groups that performed
only endurance or strength training. Thus, the possibility of overreaching as a
mechanism behind impaired muscle hypertrophy cannot be precluded with the
present study design. Interference has, however, been also observed with very
small training volumes (Dudley & Djamil 1985). In the present study, the train-
ing volume was also rather low including only two endurance and two strength
training sessions per week.

It seems that the interference effect cannot be directly generalised based on
training design variables, such as volume, frequency or duration of the training
period alone. The reasons leading to impairment in endurance or strength de-
velopment during combined training may involve a complex interplay of nu-
merous mechanisms of training adaptation. Comparison of the studies utilizing
combined endurance and strength training is difficult due to the range of dif-
ferent strength measurements and training protocols used. In addition to the
training design variables, nutritional factors and the background of the partici-
pants, including training history and genetic predisposition, may contribute to
the interference effect. Methodological problems in the comparison between
studies may also be caused by insufficient statistical power (Leveritt et al. 2003).



77

6.2 Individual adaptations to combined endurance and strength
training

Training responses to the present combined endurance and strength training
varied from -8 to 42 % in VOzpeak and from —12 to 87 % in MVC. This finding in
ageing adults further confirms the wide range in individual training adapta-
tions that has been previously reported in younger subjects separately with en-
durance (Lortie et al. 1984; Bouchard et al. 1999; Bouchard & Rankinen 2001) or
strength training (Newton et al. 2002; Hubal et al. 2005). The range in training
responses seems to be similar in the present E and SE groups in terms of VOzpeak
as well as in S and SE in terms of MVC. At the group level, no interference due
to the present combined training program was observed in the development of
VO2peak or MVC. Individual values revealed, however, that only some of the
men and women showed large increases in both VOzpeak and MVC, since only a
few subjects fell into the upper tertile in both AVOzpeak and AMVC. An individ-
ual’s ability to improve both characteristics with combined endurance and
strength training may thus be limited, which may not have been observed from
the comparisons between the group mean values. Thus, the interference effect
of combined training seems to be complex including an individual optimum for
the combination of training design variables as well as proportions of endur-
ance and strength training to enhance the training outcomes in both VO2peak and
MVC.

As the examination of possible determinants of trainability was beyond
the scope of the present study, the possibility to discuss the factors contributing
to the training response is limited. Previous studies have shown that age only
has minor if any effects on the relative endurance training response (Kohrt et al.
1991; Bouchard & Rankinen 2001; Hautala et al. 2006). In addition, VO2peax at
baseline may be an insignificant (Kohrt et al. 1991) or a small contributor (Hau-
tala et al. 2006) to the training response. In the present study the gains in
VOzpeak were correlated with baseline values in all training groups in women
but not in men. A similar kind of trend has been found previously in a study
investigating both men and women, but the correlations were not significant in
either men (r = 0.04) or women (r = —0.27) (Kohrt et al. 1991). The effect of age
on AVOzpeak seemed to be minor in this study, and was only significant in the SE
group. Age, gender and baseline MVC were not correlated with AMVC in the
present subjects. Based on earlier studies, genetic factors may explain as much
as half of the interindividual variation in the training response after both en-
durance (Bouchard et al. 1999) and strength training (Thibault et al. 1986).
However, a question remains regarding how this information can be used to
effectively individualise endurance and strength training programs.

It must be noted that even if only a few of the subjects showed large in-
creases in both VOzpeak and MVC, it cannot be concluded with the present study
design whether these subjects would have larger gains when performing en-
durance or strength training only. Furthermore, the range in the training re-
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sponse in the SE group was similar than in the E and S groups, suggesting no
interference in the development of muscular strength or cardiorespiratory en-
durance. Thus, the observation about the ability to considerably improve either
strength or endurance may be due to individuality in the responsiveness to dif-
ferent modes of training rather than the interference effect related to concurrent
strength and endurance training.

6.3 Cardiac autonomic adaptations to combined endurance and
strength training

The present training programs induced only minor positive changes in the car-
diac autonomic function evaluated by indices of heart rate variability (HRV) in
the healthy middle-aged men and women. In women only endurance training
seemed to increase HRV whereas after strength training HRV was not altered.
Endurance training combined with strength training also seemed to be ineffec-
tive at producing any significant changes in women. Even though the changes
in E were not significantly different from those of SE, the finding suggests that
simultaneous training for strength may affect the endurance training adapta-
tions. It cannot be concluded, however, whether strength training as such or the
higher training volume in the combined group compared to the endurance
training group led to these different adaptations. Therefore, it is possible that
some subjects in the SE group became overreached towards the end of the train-
ing period due to increased volume of high intensity training. This hypothesis
is supported by earlier findings that showed significant improvements in HR
complexity (Heffernan et al. 2007) and fractal scaling properties of HR (Heffer-
nan et al. 2008) with strength training, thus supporting the notion of positive
effects of strength training on cardiac autonomic function. In the present study,
however, the only significant HR related change after strength training was a
slight decrease in submaximal HR.

The above-described finding from women was only partly supported by
the data from men. HR complexity determined during steady state exercise was
only increased in the endurance group also in men, and merging the data from
the male and female groups further supported this finding. A significant de-
crease in the fractal scaling exponent a1 towards fractal-like behaviour, however,
was only observed in the male SE group (P = 0.039), although the decrease ob-
served in the E group also tended to be significant (P = 0.061). In contrast, dur-
ing steady state exercise a1 increased in the SE group referring to a negative
change towards Brownian noise, i.e. a smoother signal. Physiologically the frac-
tal scaling exponent o1 is determined by the interaction of sympathetic and va-
gal modulation (Tulppo et al. 2005). During exercise a1 is increased (Tulppo et
al. 2001) which was also observed in the present study.

The significant endurance training-induced increase in the HFP of heart
rate variability in women during exercise suggests that the decrease in sub-
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maximal HR was mediated, at least in part, by enhanced vagal modulation of
HR. The decrease in HR may have also resulted from decreased sympathetic
activity. However, without direct measurement of the function of the sympa-
thetic nervous system its role cannot be exactly determined, since most of the
HRYV indices include both vagal and sympathetic components but none of the
HRYV indices solely reflect sympathetic activity.

Overall, submaximal HR decreased especially in the endurance training
group and combined endurance and strength training group. The changes
seemed to be more evident at moderate and higher exercise intensities than at
low intensities, especially in men. Similarly to the submaximal HR data, HR
measured during steady state exercise at 50 W did not significantly decrease in
men whereas the female E group showed significant decreases. The absolute
exercise intensities were similar in the maximal cycling test for men and women
but because of the relative nature of the training intensity prescription, the ab-
solute training intensities were significantly lower in women. The principle of
training specificity may, therefore, explain why women showed significant en-
durance training-induced changes also at lower exercise intensities whereas the
men did not. The problem with the selection of an absolute exercise intensity of
50 W was that it was relatively high for some subjects but quite low for others,
as a consequence of the individual differences in cardiorespiratory endurance at
baseline.

The training-induced changes in HR dynamics with the present short-term
recordings were mainly observed during exercise. Martinmaki et al. (2008) also
reported significant effects of endurance training on HRV when measured dur-
ing exercise but not when measured during supine rest. The simultaneous re-
cordings of respiration revealed that the increased HRV during incremental
exercise was most likely due to alterations in cardiac autonomic function, and
not in tidal volume or respiration frequency (Martinméki et al. 2008). Some of
the previous studies have reported fairly poor reproducibility of short-term in-
dices of HRV at rest during both paced and spontaneous breathing (Pitzalis et
al. 1996; Sandercock et al. 2005) but improved reproducibility during physical
exercise (Tulppo et al. 1998). In the present study, it was not possible to deter-
mine the reproducibility during exercise, since exercise HRV was recorded only
once at baseline. At supine rest the lowest reproducibility was observed in the
spectral measures, which could be due to the larger effect of outliers for the
spectral measures than time domain measures even if the data are appropri-
ately filtered. The alterations in autonomic function due to exercise may reduce
the effect of unwanted confounding factors such as mental and nutritional state
(Tulppo et al. 1998). Therefore, the measurement of HR dynamics during exer-
cise may be especially applicable for detecting subtle training-induced effects
with short-term recordings of RR intervals.

The association between HR dynamics and cardiorespiratory endurance
was relatively weak in the present study. Previous studies have reported a sig-
nificant association between cardiorespiratory endurance and HRV when com-
paring athletes and sedentary adults (Dixon et al. 1992; Verlinde et al. 2001; Au-
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bert et al. 2003) but a rather negligible relationship in an average population
(Melanson & Freedson 2001; Uusitalo et al. 2002; Bosquet et al. 2007). Cardiac
vagal function measured during exercise, however, may be associated with car-
diorespiratory fitness even if cardiac vagal function at rest could not separate
subjects of different fitness levels (Tulppo et al. 1998). The present data also
showed that overall the correlations between the training-induced changes in
HR dynamics and VOzpeak Were negligible. Thus, the rather weak associations
between cardiorespiratory endurance and HRV further emphasise the impor-
tance of HR dynamics as independent measures of cardiovascular adaptations
to physical training.

6.4 Methodological considerations and limitations

Experimental design and subject group

The present randomised controlled study design primarily aimed to compare
the development of muscular strength, cardiorespiratory endurance and cardiac
autonomic function in the combined strength and endurance training group
compared to strength or endurance training alone. Therefore, the training
mode-specific volume was similar in all training groups, resulting in four
weekly training sessions in the combined group compared to two sessions in
the endurance training and strength training groups. Therefore, it cannot be
determined whether the combination of the two divergent training modes as
such or the higher training volume in the combined group led to differences in
the training adaptations. Even in the case of matched training frequency in all
groups, however, it is problematic to make direct comparisons between the
volume of endurance and strength training due to the training mode-specific
construction of the prescription.

Four weekly training sessions in the combined training group was consid-
ered as a reasonable upper limit of the training volume for untrained ageing
subjects over the present fully supervised training period of 21 weeks. There-
fore, the training volume was rather low in the groups performing either en-
durance or strength training. The prolonged length of the supervised training
intervention together with the older age of the present subjects compared to
earlier studies are, however, important strengths of the present study. A limita-
tion related to the prolonged training period is a possible seasonal variation in
physiological variables and physical activity. The intervention was initiated in
winter and completed in summer. The statistically significant but small increase
observed in maximal strength in the control group may be explained, for exam-
ple, by increased physical activity during spring and summer compared to that
during winter time.

This study covers a wide age range of the middle-aged population (40-67
years old) that is still at a working age and starting to show notable age-related
decreases in physical performance. Although most studies have shown that
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relative training adaptations are similar in older compared to younger subjects,
the broad age span might impact the responses to training at least in absolute
terms. Significant correlations were not, however, found between age and the
improvements in the variables examined suggesting that age was not a signifi-
cant contributor to the present training adaptations within the subject group.

In the present study, men and women were mainly analyzed separately
due to the gender-specific nature of physiological variables. Genders were also
investigated in consecutive years and using partly different analysis methods in
terms of HRV, which weaken the reliability of directly comparing the training
adaptations between genders. Some suggestive differences between men and
women were, however, observed that may be of interest in future studies exam-
ining optimal training prescriptions for men and women.

The present sample size was rather large compared to similar training
studies and most likely large enough for performance outcome measures. It is
possible, however, that the sample size was not large enough to show training-
induced changes in HR dynamics due to the large interindividual variation in
the HRV indices. The number of subjects for the muscle biopsies was consid-
erably smaller than for the other measurements, which decreases the statistical
power to detect changes in response to training. The subjects selected for mus-
cle biopsies were randomly selected, however, and showed similar adaptations
in physical performance compared to the total groups.

It should also be pointed out that the participants were volunteers from
the Jyvéskyld city region and thus, did not represent the average middle-aged
population of the area. Furthermore, subjects with diabetes, or cardiovascular,
musculoskeletal, or other problems preventing high intensity training were ex-
cluded. Therefore, the subjects were probably healthier, leaner and physically
more fit than Finnish middle-aged people on average. Thus, the present results
can be generalised to healthy, previously untrained ageing adults.

Measurements

The present subjects were examined before, in the middle of and after the inter-
vention by diverse physiological measurements, and thus, reproducibility is
essential for obtaining reliable results. Some but not all measurements were re-
peated twice at baseline allowing the evaluation of reproducibility of only part
of the present measurements. Reproducibility of short-term recordings of HRV
may, for example, be rather poor in some conditions. Overall, the present re-
producibility values of HRV were fairly similar to those reported earlier. It was
not possible to determine the reproducibility during exercise, however, since
HRYV during exercise was recorded only once at baseline. The effect of respira-
tory frequency on spectral measures of HRV should also be acknowledged. The
breathing frequency was spontaneous in the present study in order to maintain
a high comparability between measurements at rest and during exercise. How-
ever, based on earlier studies, the reproducibility of HRV indices may vary in-
dependently of the control of breathing.
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Special attention was paid to standardising the measurements in terms of
the time of day, and subject instructions, preparation and encouragement.
There are, however, possible sources of error in the present physiological meas-
urements. Dual-energy x-ray absorptiometry (DXA) is considered as a valid
technique for assessment of lean tissue mass (Mazess et al. 1990). There are
some methodological considerations in measuring muscle thickness by ultra-
sonography, even though the measurements were standardised. Ultrasonogra-
phy may produce a larger error than, for example, magnetic resonance imaging
(MRI) (Miyatani et al. 2002). In our laboratory, the ultrasonography method has
been recently shown to accurately detect training-induced changes in muscle
thickness compared to the MRI method (Ahtiainen et al. 2010).

Furthermore, the electrical activity of the muscle was recorded with sur-
face EMG electrodes with careful skin preparation and electrode positioning.
With surface EMG recordings the interpretations should be done with caution,
since the central nervous system adaptations resulting in increased motor unit
recruitment cannot be separated from the possible changes in the peripheral
factors such as changes in the amplitude of a single fibre or the altered electrical
conductivity around the muscle fibres and between the electrodes. Furthermore,
several factors may affect the action potential of a muscle fibre, such as changes
in fibre type (Gandevia 2001).

6.5 Perspectives

The most recent guidelines for exercise prescription by American College of
Sports Medicine recommend three or more endurance training sessions per
week with intensities equal to or above 60 % of maximal heart rate for older
adults (Chodzko-Zajko et al. 2009) and two to three resistance training sessions
per week with fatiguing or near fatiguing intensity (Ratamess et al. 2009). Com-
bining endurance and strength training modalities may ideally also combine
the training-specific positive effects on ageing muscle, cardiorespiratory endur-
ance and cardiac autonomic function of middle-aged and older adults.

Based on previous studies in young subjects, the combination of these two
different training modes may interfere with optimal neuromuscular adaptation,
depending on the training design variables, such as intensity, frequency and
duration. However, information from younger subjects may not be directly ap-
plicable to older subjects. The present results showed that combined strength
and endurance training for 21 weeks in previously untrained 40-67 year old
men and women may improve muscular strength to the same extent as strength
training alone when both strength and endurance training modes are per-
formed twice a week. Furthermore, combined endurance and strength training
for a total of four sessions per week did not compromise the improvements in
concentric power or aerobic capacity. However, the significant changes in mus-
cle fibre size only found in the strength training group and not in the combined
training group may indicate diminished muscle hypertrophy when strength
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and endurance training are combined over a prolonged period. Furthermore,
individual data showed that only approximately half of the subjects in the com-
bined endurance and strength training group were able to simultaneously im-
prove both endurance and strength. Therefore, when designing combined train-
ing programs for middle-aged and older adults to delay the age related loss of
skeletal muscle mass, the possible interference of muscular adaptation, particu-
larly in type II fibres, should be taken into account. Training prescription for
optimal muscle hypertrophy may require more subtle individualisation or peri-
odization.

Previous studies have shown that endurance training may have positive
effects on cardiac autonomic function as determined by HR dynamics if the
training intensity and volume are sufficient. Strength training has also been
previously shown to produce some positive effects on nonlinear, but not on
traditional linear indices of HRV. In the present study the training-induced
changes in the healthy ageing adults were minor and mostly evident only when
determined during exercise. It may be, therefore, that the present minor
changes in HRV resulted from the rather low endurance training volume. In-
creasing the training volume by added strength training did not, however, pro-
duce significant gains at least in women. Even in men, HR complexity was only
increased in the endurance training group. Based on the present study it cannot
be concluded, however, whether the combination of these two different training
modes or the larger training volume is responsible for the disparate cardiac
autonomic adaptations.



7 MAIN FINDINGS AND CONCLUSIONS

Combined endurance and strength training with a total of four training sessions
per week led to significant gains in maximal strength that were as large as with
strength training alone. Furthermore, peak oxygen uptake increased with two
weekly endurance training sessions, and the increases were similar when en-
durance training was performed simultaneously with strength training com-
pared to those of endurance training alone. However, the CSA of type Il muscle
fibres only increased with strength training, but not with combined training.
Large individual variation in VOzpeak and MVC responses to combined endur-
ance and strength training was observed, which was similar to endurance or
strength training alone, respectively. Moreover, the combined training group
did not show a significant correlation between the individual changes in
VOzpeak and MVC. This finding suggests that the same subjects were not sys-
tematically low or high responders to both endurance and strength training
when these training modes were performed concurrently for a prolonged pe-
riod. In terms of HR dynamics, endurance training led to the most prominent
training-induced changes, whereas combining endurance training with strength
training seemed to produce somewhat insignificant changes. Furthermore, the
training-induced changes in HR dynamics with the present short-term re-
cordings were mainly observed during exercise but not at rest.

The conclusions of the present study are as follows:

1) Previously untrained ageing men and women may be able to improve mus-
cular strength by combining two weekly endurance and two weekly strength
training sessions for a prolonged period to the same extent as with strength
training alone.

2) Combined endurance and strength training seems to induce similar cardio-
respiratory adaptations compared to endurance training. Even though strength
training also led to small improvements in endurance performance, combined
training did not produce any synergistic gains.
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3) Muscle hypertrophy may be compromised by combined endurance and
strength training compared to that of strength training alone, despite the similar
strength gains.

4) A large individual variation in the training response was observed after
combined endurance and strength training, which was similar to that of endur-
ance or strength training only.

5) Examination of individual responses revealed that the apparent goal of com-
bined endurance and strength training - increasing both cardiorespiratory en-
durance and muscular strength simultaneously - was only achieved by ap-
proximately half of the ageing subjects. The interference effect of combined en-
durance and strength training may thus be individually determined.

6) In contrast to the similar changes in cardiorespiratory endurance, combined
endurance and strength training seems to produce cardiac autonomic adapta-
tions measured by changes in heart rate dynamics that differ somewhat from
the endurance training adaptations. It is not evident, however, whether the lack
of significant changes in the combined training group results from strength
training as such or the larger training volume of combined training in previ-
ously untrained ageing adults.
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YHTEENVETO (FINNISH SUMMARY)

Yhdistetyn kestdvyys- ja voimaharjoittelun vaikutukset hengitys- ja veren-
kiertoelimiston sekd hermo-lihasjdrjestelmdn toimintaan ja syddmen au-
tonomiseen sditelyyn ikddntyvilld miehilld ja naisilla

Ikddntymisen aikaansaamat muutokset fyysisessd suorituskyvyssd ja syddmen
toiminnassa etenevit yksilolliselld nopeudella, johon vaikuttavat huomattavasti
monet tekijdt, kuten fyysinen aktiivisuus. Sdaannolliselld liikuntaharjoittelulla
voidaankin parantaa suorituskykyd ja terveyttd ikddntyessd, mutta myos har-
joitteluvaikutuksissa on suuria yksilollisid eroja. Liséksi erilaisilla harjoittelu-
muodoilla on hyvin erilaisia fysiologisia vaikutuksia, joten yhdistamalld kesta-
vyys- ja voimaharjoittelu voitaisiin periaatteessa saavuttaa monipuolisimmat
hyodyt. Aiemmat tutkimukset ovat kuitenkin osoittaneet, ettd kestivyyden ja
voiman samanaikainen harjoittaminen saattaa joissakin tapauksissa huomatta-
vasti heikentdd ndiden ominaisuuksien kehittymista. Liikuntaharjoittelun opti-
maalista annos-vastesuhdetta ei siten tunneta riittdvan tarkasti. Taméan véitos-
kirjatutkimuksen tarkoituksena oli selvittdd yhdistetyn kestdvyys- ja voimahar-
joittelun vaikutuksia hengitys- ja verenkiertoelimiston sekd hermo-
lihasjédrjestelmdn toimintaan ja syddmen autonomiseen sddtelyyn 40-67-
vuotiailla miehilld ja naisilla.

Tutkimukseen osallistui yhteensa 206 vapaaehtoista, joilla ei ollut saanndl-
lista liikuntaharjoittelutaustaa. Tutkimusjakson suoritti loppuun 100 miestd ja
96 naista, joiden keski-ikd oli 53 (keskihajonta 8) vuotta. Tutkimusmittaukset
suoritettiin ennen 21 viikon harjoittelujaksoa, jakson puolivilissd sekd harjoitte-
lujakson jédlkeen. Tutkittavat satunnaistettiin neljadn ryhmaan: kestavyysharjoit-
telu-, voimaharjoittelu-, yhdistettyyn kestavyys- ja voimaharjoittelu- sekd kont-
rolliryhmaan. Kestdvyysryhmaé ja voimaryhma harjoittelivat kahdesti viikossa,
ja yhdistelmé&harjoitteluryhmaé suoritti samat kestdvyys- ja voimaharjoitteluoh-
jelmat harjoitellen yhteensd neljdsti viikossa. Kontrolliryhméa ohjeistettiin s&i-
lyttdmddn fyysinen aktiivisuutensa tutkimusta edeltdvélld tasolla. Kestd-
vyysharjoittelu suoritettiin ohjatusti polkupyordegometrilld ja se sisdlsi seka
matalaintensiteettistd harjoittelua ettd kovatehoisia intervalleja. Harjoitusten
kesto ja intensiteetti nousivat asteittain, ja harjoittelun intensiteettid valvottiin
sykemittareiden avulla. Voimaharjoitteluohjelma sisélsi harjoitteita kaikille ke-
hon péélihasryhmille. Kuormia nostettiin progressiivisesti harjoittelun edetessa
ja samalla toistojen madrdd vahennettiin.

Hengitys- ja verenkiertoelimiston suorituskyky (maksimaalinen hapenot-
tokyky) parani merkitsevasti kahdesti viikossa toteutetulla kestdvyysharjoitte-
lulla ja maksimivoima parani voimaharjoittelulla. Harjoittelun aikaansaama
muutos maksimaalisessa hapenottokyvyssd ja voimassa vaihteli kuitenkin
huomattavasti yksildiden vélilld. Yhdistetyn voima- ja kestdvyysharjoittelu-
ryhmén ja voimaharjoitteluryhman vililld ei havaittu tilastollisesti merkitsevaa
eroa maksimivoiman kehittymisessa. Lisdksi yhdistelméaharjoittelun vaikutuk-
set maksimaaliseen hapenottokykyyn ja kestdvyyssuorituskykyyn olivat sa-
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manlaiset kuin pelkédd kestdvyyttd harjoiteltaessa. Yksilollisid harjoitteluvasteita
tutkittaessa havaittiin kuitenkin, ettd vain noin puolet yhdistelméaharjoittelu-
ryhmén miehistd ja naisista paransi sekd kestdvyyttd ettd voimaa verrattuna
kontrolliryhman vastaaviin muutoksiin. Yhdistelm&harjoittelun aikaansaamien
muutosten suuruus vaihteli yksilollisesti —10:std 40 prosenttiin maksimaalisessa
hapenottokyvyssid ja jopa 80 prosenttiin maksimivoimassa. Lisdksi voimahar-
joittelun aikaansaama lihassolujen kasvu ndytti heikentyneen osalla miehistd ja
naisista samanaikaisen kestdvyysharjoittelun takia, koska vain pelkkd voima-
harjoittelu johti merkitsevaan lihassolujen kasvuun.

Syddmen autonomisessa sddtelyssd, jota médritettiin sykevaihtelun avulla,
havaittiin positiivisia muutoksia erityisesti kestdvyysharjoittelun jilkeen, kun
taas voimaharjoittelun tai yhdistelm&harjoittelun vaikutukset eivit padosin ol-
leet merkitsevid. Voimaharjoittelu sindnsd ei kuitenkaan vélttimattd heikenna
kestdvyysharjoittelun positiivisia vaikutuksia syddmen autonomiseen sdételyyn,
vaan yhdistelmé&harjoittelun erilaiset harjoitteluvasteet saattavat johtua myos
suuremmasta harjoittelumddrastd kestdvyysharjoitteluryhméan verrattuna.
Harjoittelun aikaansaamat muutokset sykevaihtelussa eivét olleet yhteydessi
suorituskyvyssd tapahtuneisiin muutoksiin, mikd korostaa sykevaihtelun itse-
nédistd merkitystd syddmen ja verenkiertoelimiston harjoitteluvasteiden tarkas-
telussa.

Viitoskirjatutkimus tukee aiempia havaintoja suurista yksilcllisistd eroista
kestdvyys- ja voimaharjoitteluvasteissa, vaikka harjoittelu on tarkasti kontrol-
loitua ja yksilolliset erot ldhtdtasossa on huomioitu harjoitteluintensiteettia
médritettdessd. Samanlaista suurta yksilollistd vaihtelua harjoitteluvasteessa
havaittiin nyt myo6s yhdistetyn kestdvyys- ja voimaharjoittelun jdlkeen. Kesta-
vyyden ja voiman yhtédaikainen harjoittaminen saattaakin yksil6llisesti parantaa
vain joko kestdvyys- tai hermo-lihasjdrjestelman ominaisuuksia. Liséksi voima-
harjoittelun aikaansaama lihaskasvu voi estyd, kun voimaharjoitteluun yhdiste-
tddn kestdvyysharjoittelua, mikd on tdrkedd huomioida erityisesti ikdantyvilld
lihasmassan véhentyessd. Toisaalta kuitenkin erityisesti kestdvyysharjoittelun
avulla voidaan positiivisesti vaikuttaa syddmen autonomiseen sditelyyn. Har-
joitteluohjelmien laatimisessa tulisi siten entistd enemmadn painottaa tavoittei-
den asettelua ja yksilollisyyttd optimaalisten harjoitteluvaikutusten aikaansaa-
miseksi ikdantyvalla vdestolla.
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KirjoNEN, JuHANIJA Rusko, Heikki, Liikkeen
kinemaattisista ominaispiirteistd, niiden
psykofyysisistd selitysyhteyksisté ja ndiden
muutoksista psykomotorisen kuormituksen ja
kestdvyysharjoittelun vaikutuksesta. - On the
kinematic charac-teristics and psychophysical
correlates of a human movement and their
changes during psychomotor loading and
endurace conditioning. 156 p. 1971.
SARVIHARJU, PEKKA ], Effects of psycho-physical
loading and progressive endurance
conditioning on selected biochemical
correlates of adaptive responses in man. 95 p.
1973.

KiviaHo, PEkka, Sport organizations and the
structure of society. 54 p. 1973.

Kowmr, Paavo V., NELsoN, RicHARD C. anp PuLL,
MarTi, Biomechanics of skijumping. 53 p.
1974.

METELI, Tyoolot, terveys ja liikuntakayttay-
tyminen metallitehtaissa. Kartoittavan kyselyn
aineistot ja toteuttaminen. 178 p. 1974.
TIAINEN, JorMA M., Increasing physical
education students’ creative thinking. 53 p.
1976.

Rusko, Heikky, Physical performance
characteristics in Finnish athletes. 40 p. 1976.
KuskiNeN, ANja, Adaptation of connective
tissues to physical training in young mice.

43 p. 1976.

VuoLLE, PauLl, Urheilu elimansisaltona.
Menestyneiden urheilijoiden elaménura
kilpailuvuosina - Top sport as content of life.
227 p. 1977.

SuomINEN, HarRri, Effects of physical training in
middle-aged and elderly people with special
regard to skeletal muscle, connective tissue,
and functional aging. 40 p. 1978.

ViTasaLo, Jukka, Neuromuscular performance
in voluntary and reflex contraction with
special reference to muscle structure and
fatigue. 59 p. 1980.

LunTANEN, PEKKA, On the mechanics of human
movement with special reference to walking,
running and jumping. 58 p. 1980.

Laakso, Laury, Lapsuuden ja nuoruuden
kasvuympiéristo aikuisidn liikuntaharrastus-
ten selittdjana: retrospektiivinen tutkimus. -
Socialization environment in childhood and
youth as determinant of adult-age sport
involvement: a retrospective study. 295 p.
1981.

Bosco, CARMELO, Stretch-schortening cycle
inskeletal muscle function with special
reference to elastic energy and potentiation of
myoelectrical activity. 64 p. 1982.

OLIN, KaLEvl, Pddtoksentekijdiden viiteryhméit
kaupunkien liikuntapolitiikassa. - Reference
groups of decision-makers in the sport
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24

25

26
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28

29

politics of cities. 155 p. 1982.

Kannas, Lassg, Tupakointia koskeva terveys-
kasvatus peruskoulussa. - Health education
on smoking in the Finnish comprehensive
school. 251 p. 1983.

Contribution of sociology to the study of sport.
Festschrift Book in Honour of Professor Kalevi
Heinila. Ed. by OLin, K. 243 p. 1984.

ALEN, MARKKU, Effects of self-administered,
high-dose testosterone and anabolic steroids
on serum hormones, lipids, enzymes and on
spermatogenesis in power athletes. 75 p. 1985.
HAKKINEN, Keyjo, Training and detraining
adaptations in electromyographic, muscle
fibre and force production characteristics of
human leg extensor muscles with special
reference to prolonged heavy resistance and
explosive type strength training. 106 p. 1986.
LaHTINEN, ULLA, Begdvningshandikappad
ungdom i utveckling. En uppféljningstudie av
funktionsférmaga och fysisk aktivitet hos
begavningshandikappade ungdomar i olika
livsmiljcer. 300 p. 1986.

SILVENNOINEN, MARTTI, Koululainen liikun-
nanharrastajana: liikkuntaharrastusten ja
liikuntamotiivien sekd ndiden yhteyksien
muuttuminen i&n mukana peruskoululaisilla
ja lukiolaisilla. - Schoolchildren and
physically active interests: The changes in
interests in and motives for physical exercise
related to age in Finnish comprehensive and
upper secondary schools. 226 p. 1987.
PonjoLAINEN, PerTTI, Toimintakykyisyys,
terveydentila ja elaméntyyli 71-75-vuotiailla
miehilld. - Functional capacity, health status
and life-style among 71-75 year-old men.

249 p. Summary 13 p. 1987.

MEro, AnTTl, Electromyographic acticity, force
and anaerobic energy production in sprint
running; with special reference to different
constant speeds ranging from submaximal to
supramaximal. 112 p. Tiivistelma 5 p. 1987.
PArkaATTI, TERTTU, Self-rated and clinically
measured functional capacity among women
and men in two age groups in metal industry.
131 p. Tiivistelmé 2 p. 1990.

HovroraINeN, SINIkkA, Koululaisten liikunta-
taidot. - The motor skills of schoolboys and
girls. 217 p. Summary 6 p. 1990.

NumMINEN, Pirkko, The role of imagery in
physical education. 131 p. Tiivistelma 10 p.
1991.

Tarvitig, ULLa, Aktiivisuuden ja omatoimi-
vuuden kehittiminen fysioterapian tavoittee-
na. Kehittavan tyontutkimuksen sovellus
laakintdvoimistelijan tyohon. - The
development of activity and self-motivation as
the aim of physiotherapy. The application of
developmental work research in physio-
therapy. 212 p. Summary 8 p. 1991.

KaHILA, SINIKKA, Opetusmenetelmén merkitys
prososiaalisessa oppimisessa - auttamis-
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kayttaytymisen edistaminen
yhteistyoskentelyn avulla koululiikunnassa. -
The role of teaching method in prosocial
learning - developing helping behavior by
means of the cooperative teaching method in
physical education. 132 p. Summary 2 p. 1993.
LiMATAINEN-LAMBERG, ANNA-ESTER, Changes in
student smoking habits at the vocational
institutions and senior secondary schools and
health education. 195 p. Yhteenveto 5 p. 1993.
KEskINEN, Kart Lassk, Stroking characteristics
of front crawl swimming. 77 p. Yhteenveto 2 p.
1993.

RANTANEN, TAINA, Maximal isometric strength
in older adults. Cross-national comparisons,
background factors and association with
Mobility. 87 p. Yhteenveto 4 p. 1994.

Lusa, SirpA, Job demands and assessment of
the physical work capacity of fire fighters.

91 p. Yhteenveto 4 p. 1994.

CHENG, SULIN, Bone mineral density and
quality in older people. A study in relation to
exercise and fracture occurrence, and the
assessment of mechanical properties. 81 p.
Tiivistelma 1 p. 1994.

Koski, Pasi, Litkuntaseura toimintaymparistos-
sddn. - Sports club in its organizational
environment. 220 p. Summary 6 p. 1994.

Juppy, JoEL, Suomen julkinen litkuntapolitiikka
valtionhallinnon nékokulmasta vuosina 1917-
1994. - Public sport policy in Finland from the
viewpoint of state administration in 1917-
1994. 358 p. Summary 7 p. 1995.

KyrROLAINEN, HEIkkT, Neuromuscular
performance among power- and endurance-
trained athletes. 82 p. Tiivistelma 3 p. 1995.
NyaNDINDI, URSULINE S., Evaluation of a school
oral health education programme in
Tanzania: An ecological perspective. 88 p.
Tiivistelma 2 p. 1995.

HEIKINARO-JOHANSSON, PILvIKKI, Including
students with special needs in physical
education. 81 p. Yhteenveto 4 p. 1995.

SARLIN, EEva-Lisa, Mindkokemuksen merkitys
litkkuntamotivaatiotekijana. - The significance
of self perception in the motivational
orientation of physical education. 157 p.
Summary 4 p. 1995.

LINTUNEN, TARU, Self-perceptions, fitness, and
exercise in early adolescence: a four-year
follow-up study. 87 p. Yhteenveto 5 p.1995.
SIPILA, SARIANNA, Physical training and skeletal
muscle in elderly women. A study

of muscle mass, composition, fiber
characteristics and isometric strength. 62 p.
Tiivistelm& 3 p. 1996.

ILmANEN, KaLErRVO, Kunnat liikkeelld. Kunnalli-
nen liikuntahallinto suomalaisen yhteiskun-
nan muutoksessa 1919-1994. - Municipalities
in motion. Municipal sport administration in
the changing Finnish society 1919-1994.

285 p. Summary 3 p. 1996.
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53
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NUMMELA, AR, A new laboratory test method
for estimating anaerobic performance
characteristics with special reference to sprint
running. 80 p. Yhteenveto 4 p. 1996.
VARSTALA, VAINO, Opettajan toiminta ja oppilai-
den liikunta-aktiivisuus koulun litkunta-
tunnilla. - Teacher behaviour and students’
motor engagement time in school physical
education classes. 138 p. Summary 4 p. 1996.
PoskipARTA, MARITA, Terveysneuvonta, oppi-
maan oppimista. Videotallenteet hoitajien
terveysneuvonnan ilmentéjin ja vuoro-
vaikutustaitojen kehittimismenetelména. -
Health counselling, learning to learn. Video-
tapes expressing and developing nurses”
communication skills. 159 p. Summary 6 p.
1997.

SIMONEN, Rurta, Determinants of adult
psychomotor speed. A study of monozygotic
twins. - Psykomotorisen nopeuden
determinantit identtisilla kaksosilla. 49 p.
Yhteenveto 2 p. 1997.

NEvALA-PURANEN, NINA, Physical work and
ergonomics in dairy farming. Effects of occu-
pationally oriented medical rehabilitaton and
environmental measures. 80 p. (132 p.) 1997.
HEemoNEN, Ar, Exercise as an Osteogenic
Stimulus. 69 p. (160 p.) Tiivistelma 1 p. 1997.
VuoLLg, PauLl (Ed.) Sport in social context by
Kalevi Heinild. Commemorative book in
Honour of Professor Kalevi Heinila. 200 p.
1997.

Tuowmt, Jount, Suomalainen hoitotiede-
keskustelu. - The genesis of nursing and
caring science in Finland. 218 p. Summary 7 p.
1997.

ToLvaNeN, Kapa, Terveyttd edistdvian organi-
saation kehittdminen oppivaksi organisaati-
oksi. Kehitysnaytokset ja kehittdmistehtavit
terveyskeskuksen muutoksen virittdjana. -
Application of a learning organisation model
to improve services in a community health
centre. Development examples and
development tasks are the key to converting a
health care. 197 p. Summary 3 p. 1998.

Oksa, JuHa, Cooling and neuromuscular
performance in man. 61 p. (121 p.) Yhteenveto
2 p. 1998.

GiBBoNs, LAURA, Back function testing and
paraspinal muscle magnetic resonance image
parameters: their associations and determi-
nants. A study on male, monozygotic twins.
67 p (128 p.) Yhteenveto 1p. 1998.

NIEMINEN, Pirsa, Four dances subcultures. A
study of non-professional dancers” sociali-
zation, participation motives, attitudes and
stereotypes. - Neljd tanssin alakulttuuria.
Tutkimus tanssinharrastajien tanssiin
sosiaalistumisesta, osallistumismotiiveista,
asenteista ja stereotypioista. 165 p. Yhteenveto
4 p.1998.

LAUKKANEN, P14, Idkkdiden henkiloiden selviy-
tyminen péivittdisistd toiminnoista. - Carrying
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out the activities of daily living among elderly
people. 130 p. (189 p.). Summary 3 p. 1998.
AVELA, JANNE, Stretch-reflex adaptation in man.
Interaction between load, fatigue and muscle
stiffness. 87 p. Yhteenveto 3 p. 1998.

Suomt, Kimmo, Litkunnan yhteissuunnittelu-
metodi. Metodin toimivuuden arviointi
Jyviskyldn Huhtasuon lahigssa. - Collabo-
rative planning method of sports culture.
Evaluation of the method in the Huhtasuo
suburb of the city of Jyvéaskyla. 190 p.
Summary 8 p. 1998.

PotsoNEN, Rikka, Naiseksi, mieheksi, tietoisek-
si. Koululaisten seksuaalinen kokeneisuus,
HIV/ AIDS-tiedot, -asenteet ja tiedonlédhteet. -
Growing as a woman, growing as a man,
growing as a conscious citizen. 93 p. (171 p.).
Summary 3 p. 1998.

HAKKINEN, ARja, Resistance training in patients
with early inflammatory rheumatic diseases.
Special reference to neuromuscular function,
bone mineral density and disease activity. -
Dynaamisen voimaharjoittelun vaikutukset
nivelreumaa sairastavien potilaiden lihas-
voimaan, luutiheyteen ja taudin aktiivisuu-
teen. 62 p. (119 p.) Yhteenveto 1 p. 1999.
TYNJALA, JorMA, Sleep habits, perceived sleep
quality and tiredness among adolescents. A
health behavioural approach. - Nuorten
nukkumistottumukset, koettu unen laatu ja
véasyneisyys. 104 p. (167 p.) Yhteenveto 3 p.
1999.

PONKKO, ANNELI, Vanhemmat ja lastentarhan-
opettajat paivakotilasten mindkasityksen
tukena. - Parents” and teachers” role in self-
perception of children in kindergartens. 138 p.
Summary 4 p. 1999.

PaavoLAINEN, LEENA, Neuromuscular charac-
teristics and muscle power as determinants of
running performance in endurance athletes
with special reference to explosive-strength
training. - Hermolihasjérjestelméan toiminta-
kapasiteetti kestdvyyssuorituskykya rajoitta-
vana tekijana. 88 p. (138 p.) Yhteenveto 4 p.
1999.

VIRTANEN, PAuLA, Effects of physical activity
and experimental diabetes on carbonic an-
hydrace IIT and markers of collagen synthesis
in skeletal muscle and serum. 77 p. (123 p.)
Yhteenveto 2 p. 1999.

KEepLER, Ka1L, Nuorten koettu terveys,
terveyskadyttaytyminen ja
sosiaalistumisymparisto Virossa. -
Adolescents’ perceived health, health
behaviour and socialisation enviroment in
Estonia. - Eesti noorte tervis, tervisekditumine
ja sotsiaalne keskkond. 203 p. Summary 4p.
Kokkuvote 4 p. 1999.

Suni, Jaana, Health-related fitness test battery
for middle-aged adults with emphasis on
musculoskeletal and motor tests. 96 p. (165 p.)
Yhteenveto 2 p. 2000.
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SyYRrJA, Past, Performance-related emotions in
highly skilled soccer players. A longitudinal
study based on the IZOF model. 158 p.
Summary 3 p. 2000.

ViLivaa, RaiL, Nuorten koettu terveys kysely-
aineistojen ja ryhméhaastattelujen valossa. -
Adolescents’ perceived health based on
surveys and focus group discussions. 208 p.
Summary 4 p. 2000.

KETTUNEN, JYRKI, Physical loading and later
lower-limb function and findings . A study
among male former elite athletes. - Fyysisen
kuormituksen yhteydet alaraajojen toimintaan
ja loydoksiin entisilla huippu-urhelijamiehil-
14. 68 p. (108 p.) Yhteenveto 2 p. 2000.
Horita, Tomok, Stiffness regulation during
stretch-shortening cycle exercise. 82 p. (170 p.)
2000.

HELIN, SaTu, ldkkdiden henkildiden toiminta-
kyvyn heikkeneminen ja sen kompensaatio-
prosessi. - Functional decline and the process
of compensation in elderly people. 226 p.
Summary 10 p. 2000.

KuukkaneN, TiNa, Therapeutic exercise
programs and subjects with low back pain.

A controlled study of changes in function,
activity and participation. 92 p. (154 p.)
Tiivistelma 2 p. 2000.

VIRMAVIRTA, MIKKO, Limiting factors in ski
jumping take-off. 64 p. (124 p.) Yhteenveto 2 p.
2000.

PeLTOKALLIO, Lisa, Nyt olisi pysahtymisen
paikka. Fysioterapian opettajien tyshon
liittyvid kokemuksia terveysalan ammatillises-
sa koulutuksessa. - Now it’s time to stop.
Physiotherapy teachers” work experiences in
vocational health care education. 162 p.
Summary 5 p. 2001.

KETTUNEN, TARJA, Neuvontakeskustelu. Tutki-
mus potilaan osallistumisesta ja sen tukemi-
sesta sairaalan terveysneuvonnassa.

- Health counseling conversation. A study

of patient participation and its support by
nurses during hospital counseling. 123 p. (222
p.) Summary 6 p. 2001.

PuLLINEN, TEEMU, Sympathoadrenal response
to resistance exercise in men, women and
pubescent boys. With special reference to
interaction with other hormones and
neuromuscular performance. 76 p. (141 p.)
Yhteenveto 2 p. 2001.

Bromqvist, MINNA, Game understanding

and game performance in badminton.
Development and validation of assessment
instruments and their application to games
teaching and coaching. 83 p. Yhteenveto

5 p. 2001.

Finng, Taga, Muscle mechanics during human
movement revealed by in vivo measurements
of tendon force and muscle length. 83 p. (161
p.) Yhteenveto 3 p. 2001.

KarmvAki, Ari, Sosiaalisten vaikutusten arvi-
ointi litkkuntarakentamisessa. Esimerkkina
Asnekosken uimahalli. - Social impact
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assessment method in sports planning. - The
case of Adnekoski leisure pool. 194 p.
Summary 3 p. 2001.

PELTONEN, JuHa, Effects of oxygen fraction in
inspired air on cardiorespiratory responses
and exercise performance. 86 p. (126 p.)
Yhteenveto 2 p. 2002.

HEeILA, Lisa, Analysis of interaction
processes in physical education. Development
of an observation instrument, its application
to teacher training and program evaluation.
406 p. Yhteenveto 11 p. 2002.

Linnamo, VEsa, Motor unit activation and force
production during eccentric, concentric and
isometric actions. - Motoristen yksikoiden
aktivointi ja lihasten voimantuotto
eksentrisessd, konsentrisessa ja isometrisessa
lihastyossa. 77 p. (150 p.)

Yhteenveto 2 p. 2002.

PERTTUNEN, JARMO, Foot loading in normal

and pathological walking. 86 p. (213 p.)
Yhteenveto 2 p. 2002.

LEINONEN, Ra1a, Self-rated health in old age.

A follow-up study of changes and
determinants. 65 p. (122 p.) Yhteenveto 2 p.
2002.

GRrETscHEL, ANU, Kunta nuorten osallisuus-
ympéristond. Nuorten ryhmén ja kunnan
vuorovaikutussuhteen tarkastelu kolmen
lilkuntarakentamisprojektin laadunarvioinnin
keinoin. - The municipality as an involvement
environment - an examination of the
interactive relationship between youth groups
and municipalities through the quality
assessment of three sports facilities
construction projects. 236 p. Summary 11 p.
2002.

PoYHONEN, TapaNI, Neuromuscular function
during knee exercises in water. With special
reference to hydrodynamics and therapy. 77 p.
(124 p.) Yhteenveto 2 p. 2002.

HirvENsaLO, MIR]A, Liikuntaharrastus
idkkdand. Yhteys kuolleisuuteen ja avun-
tarpeeseen seki terveydenhuolto liikunnan
edistdjana. - Physical activity in old age -
significance for public health and promotion
strategies. 106 p. (196 p.) Summary 4 p. 2002.
KONTULAINEN, SAjA, Training, detraining and
bone - Effect of exercise on bone mass and
structure with special reference to
maintenance of exercise induced bone gain.
70 p. (117 p.) Yhteenveto 2 p. 2002.

PrrkANEN, HANNU, Amino acid metabolism in
athletes and non-athletes. - With Special
reference to amino acid concentrations and
protein balance in exercise, training and
aging. 78 p. (167 p.) Yhteenveto 3 p. 2002.
LimMATAINEN, LEENA, Kokemuksellisen oppimi-
sen kautta kohti terveyden edistdmisen
asiantuntijuutta. Hoitotyon ammatti-
korkeakouluopiskelijoiden terveyden edista-
misen oppiminen hoitotyon harjoittelussa.

- Towards health promotion expertise
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through experiential learning. Student
nurses” health promotion learning during
clinical practice. 93 p. (164 p.) Summary

4 p. 2002.

StAHL, Timo, Litkunnan toimintapolitiikan
arviointia terveyden edistimisen kontekstissa.
Sosiaalisen tuen, fyysisen ympariston ja
poliittisen ympériston yhteys liikunta-aktiivi-
suuteen. - Evaluation of the Finnish sport
policy in the context of health promotion.
Relationships between social support,
physical environment, policy environment
and physical activity 102 p. (152 p.) Summary
3 p. 2003.

QOaiso, Kazuyuki, Stretch Reflex Modulation
during Exercise and Fatigue. 88 p. (170 p.)
Yhteenveto 1 p. 2003.

RauHasaLo, ANNELL, Hoitoaika lyhenee - koti
kutsuu. Lyhythoitoinen kirurginen toiminta
vanhusten itsensd kokemana. - Care-time
shortens - home beckons. Short term surgical
procedures as experienced by elderly patients.
194 p. Summary 12 p. 2003.

PALOMAKI, SIRKKA-LI11sA, Suhde vanhenemiseen.
likkaadt naiset eldiménsé kertojina ja raken-
tajina. - Relation to aging. Elderly women as
narrators and constructors of their lives.

143 p. Summary 6 p. 2004.

SALMIKANGAS, ANNA-KATRIINA, Nakertamisesta
hanketoimintaan. Tapaustutkimus Nakertaja-
Hetteenméen asuinalueen kehittamistoimin-
nasta ja liikunnan osuudesta yhteissuun-
nittelussa. - From togetherness to project
activity. A case study on the development of a
neighbourhood in Kainuu and the role of
physical activity in joint planning. 269 p.
Summary 8 p. 2004.

YLONEN, MaariT E., Sanaton dialogi. Tanssi
ruumiillisena tietona. - Dialogue without
words. Dance as bodily knowledge. 45 p.

(135 p.) Summary 5 p. 2004.

TUMMAVUORI, MARGAREETTA, Long-term effects
of physical training on cardiac function and
structure in adolescent cross-country skiers.
A 6.5-year longitudinal echocardiographic
study. 151 p. Summary 1 p. 2004.

SiroLa, Kirsy, Porilaisten yhdeksésluokkalaisten
ja kasvattajien késityksid nuorten alkoholin-
kéytostd ja alkoholinkdyton ehkéisysta. -
Views of ninth graders, educators and parents
in Pori, Finland on adolescent alcohol use and
on preventing alcohol use. 189 p. Summary

3 p. 2004.

LampINEN, PArvi, Fyysinen aktiivisuus, harras-
tustoiminta ja liilkkumiskyky idkkaiden ihmis-
ten psyykkisen hyvinvoinnin ennustajina. 65-
84-vuotiaidenjyvaskylaldisten 8-vuotisseuruu-
tutkimus. - Activity and mobility as associates
and predictors of mental well-being among
older adults. 94 p. (165 p.) Summary 2 p. 2004.
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RANTA, SARI, Vanhenemismuutosten etenemi-
nen. 75-vuotiaiden henkiloiden antropo-
metristen ominaisuuksien, fyysisen toiminta-
kyvynja kognitiivisen kyvykkyyden muutok-
set viiden ja kymmenen vuoden seuranta-
aikana. - The progress of aging processes. A 5-
and 10-year follow-up study of the changes in
anthropometrical characteristics and physical
and cognitive capacities among 75-year-old
persons. 186 p. Summary 2 p. 2004.

SIHVONEN, SANNA, Postural balance and aging.
Cross-sectional comparative studies and a
balance training intervention. - Ikdantyminen
ja tasapaino. Eri ikdisten tasapaino ja tasa-
painoharjoittelun vaikuttavuus ikdantyneilld
palvelukodissa asuvilla naisilla. 65 p. (106 p.)
Yhteenveto 2 p. 2004.

RissaNEN, AARO, Back muscles and intensive
rehabilitation of patients with chronic low
back pain. Effects on back muscle structure
and function and patient disability. - Selké-
lihakset ja pitkdaikaista selkékipua sairasta-
vien potilaiden intensiivinen kuntoutus.
Vaikutukset selkilihasten rakenteeseen ja
toimintaan seké potilaiden vajaakuntoisuu-
teen. 90 p. (124 p.) Yhteenveto 2 p. 2004.
KALLINEN, MAURi, Cardiovascular benefits and
potential hazards of physical exercise in
elderly people. - Liikunnan hy6dylliset ja
mahdolliset haitalliset vaikutukset ikdanty-
neiden verenkiertoelimistoon. 97 p. (135 p).
Yhteenveto 2 p. 2004.

SAAKSLAHTI, ARJA, Liikuntaintervention vaiku-
tus 3-7-vuotiaiden lasten fyysiseen aktiivi-
suuteen ja motorisiin taitoihin seké fyysisen
aktiivisuuden yhteys sydén- ja verisuonitau-
tien riskitekijoihin. - Effects of physical
activity Intervention on physical activity and
motor skills and relationships between
physical activity and coronary heart disease
risk factors in 3-7-year-old children. 153 p.
Summary 3 p. 2005.

HAMALAINEN, P1iA, Oral health status as a
predictor of changes in general health among
elderly people. 76 p. (120 p.) Summary 2 p.
2005.

LiNnaMo, ArjA, Suomalaisnuorten seksuaali-
kasvatus ja seksuaaliterveystiedot oppilaan ja
koulun ndkokulmasta. Arviointia terveyden
edistamisen viitekehyksessa. - Sexual
education and sexual health knowledge
among Finnish adolescents at pupil and
school level. Evaluation from the point of view
of health promotion. 111 p. (176 p.) Summary
5 p. 2005.

IsHikawa, MasaKl, In vivo muscle mechanics
during human locomotion. Fascicle-tendinous
tissue interaction during stretch-shortening
cycle exercises. - Venytysrefleksin muutokset
liikkeessd ja vasymyksessa. 89 p. (228 p.)
Yhteenveto 1 p. 2005.
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K4Rrk1, ANNE, Physiotherapy for the functioning
of breast cancer patients. Studies of the
effectiveness of physiotherapy methods and
exercise, of the content and timing of post-
operative education and of the experienced
functioning and disability . - Rintasydpéleikat-
tujen toimintakyky ja sithen vaikuttaminen
fysioterapiassa ja harjoittelussa. 70 p. (138 p.)
Yhteenveto 3 p. 2005.

Rajaniemi, VEsa, Liikuntapaikkarakentaminen
ja maankdyton suunnittelu. Tutkimus eri
vdestoryhmit tasapuolisesti huomioon
ottavasta liikuntapaikkasuunnittelusta ja sen
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