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“Beyond the very extremes of fatique and distress, we may find amounts of ease and
power we never dreamed ourselves to own; sources of strength never taxed at all because
we never push through the obstruction”

Willam James



ABSTRACT

Walker, Simon

Acute Neuromuscular and Hormonal Responses and Long-term Adaptations to
Hypertrophic Resistance Training: with Special Reference to Constant Versus
Variable Resistance

Jyviaskyla: University of Jyviaskyld, 2012, 113 p.

(Studies in Sport, Physical Education and Health

ISSN 0356-1070; 188)

ISBN 978-951-39-4977-8 (nid.)

ISBN 978-951-39-4978-5 (PDF)

Yhteenveto: Akuutit hermolihasjirjestelmén ja seerumin hormonivasteet sekd
krooniset adaptaatiot vakio- ja muuttuvavastuslaitteilla toteutetussa voimahar-
joittelussa

The aim of the present study was to investigate the effect of constant vs. variable
external resistance on: 1) acute neuromuscular, hormonal, and molecular responses
before and after a prolonged period of hypertrophic training, and 2) chronic
adaptations in neuromuscular performance and muscle hypertrophy in young and
older men. Sixty seven young (20-35 yrs) and 50 older (60-72 yrs) physically active
men, but not experienced in resistance training, took part in the present study.
Maximal strength (15 sets of 1 repetition maximum) and hypertrophic (5 sets of 10
repetition maximum) resistance loadings were performed before a 20-week
hypertrophic training period using constant and variable resistance devices for the
lower limbs. Variable external resistance caused greater force and muscle activity
during single-repetition leg press actions compared to constant external resistance.
During maximal strength loadings before training, variable resistance led to greater
decreases in force production and muscle activation, and increases in serum
growth hormone concentration. During hypertrophic loadings before training,
variable resistance led to greater decreases in force production and muscle
activation, and greater increases in serum hormone concentrations and
phosphorylation of mitogen-activated protein kinases, particularly ERK 1/2. These
differences were also observed during hypertrophic loadings after training with the
exception of ERK 1/2 phosphorylation. The 20-week hypertrophic training
program of the present study induced large improvements in maximum force
production and muscle hypertrophy of the lower limbs in both constant and
variable resistance training groups and in both young and older men. However,
only the young and older men that trained using variable resistance improved
fatigue-resistance performance, assessed by a repetition to failure test. The present
study provides a broad evaluation of the effects of constant and variable resistance
in both young and older men. The results suggest that variable resistance may be
beneficial during periods of high volume, medium intensity training with a large
number of repetitions per set, especially to improve fatigue-resistance.

Keywords: lower limbs, force production, fatigue-resistance, hypertrophy, muscle
activation, serum hormones, muscle signalling



Author’s address

Supervisors

Reviewers

Opponent

Simon Walker

Department of Biology of Physical Activity
Neuromuscular Research Center

P.O. Box 35

FI1-40014 University of Jyvéaskyld, Finland
simon.walker@jyu.fi

Professor Keijo Hakkinen, PhD
Department of Biology of Physical Activity
University of Jyvéskyld, Finland

Professor Janne Avela, PhD
Department of Biology of Physical Activity
University of Jyvaskyld, Finland

Professor Per Aagaard, PhD
Institute of Sports Science and Clinical Biomechanics
University of Southern Denmark, Odense, Denmark

Professor Michael R. Deschenes, PhD
Kinesiology Department
College of William & Mary, Williamsburg, USA

Professor Andrew C. Fry, PhD

School of Education

Health, Sport and Exercise Sciences

Director, Research and Coaching Performance Team
University of Kansas, Lawrence, USA



To those who have gone before and showed us the way,
may we be worthy guides for those to come.



ACKNOWLEDGEMENTS

I wish to sincerely thank Prof. Keijo Hakkinen, PhD. Although I have learned
many lessons from Keijo, I could still learn so much more. As many Finns speak
of their time in the armed forces as conscripts, it is perhaps appropriate that I
mention something of my time in the British Army. I was once told by an officer
that a good leader “will never ask someone to do something that they are not
prepared to do themselves”. By his definition, Keijo is the ultimate leader. To
match that with vast knowledge and experience tells how rich my experience,
and consequently the potential for my own improvement, has been over the
past 6 years I have known Keijo. It has been inspiring. Through the process of
writing this thesis I have been humbled at the gulf between us, and also some-
what hardened with a determination to close that gap.

I also wish to warmly thank my co-supervisor, Prof. Janne Avela, PhD. It
has been an extremely enriching experience to work with Janne. He has given
me a different perspective and focussed my attention to a more basic science
approach. This study is of a much higher standard than it would have been
without your valuable insights.

I was extremely fortunate to have two of the world’s leading researchers
review my thesis. I am grateful to Prof. Michael Deschenes, PhD and Prof. Per
Aagaard, PhD for their time, effort, and valuable comments that have improved
the final version of this thesis.

It has been a pleasure to work with Prof. William Kraemer, PhD, a leader
in the field of exercise endocrinology. Prof. Kraemer has had a profound impact
beyond the articles we have produced together. I acknowledge the influence of
Dr. Mathias Wernbom, PhD who has shown me the true meaning of “well-
read”. Dr. Kai Nyman, MD has been very generous in donating his time and
without whom a large portion of this work would not have been possible.

I acknowledge the valuable influence of Dr. Juha Ahtiainen, PhD and Dr.
Juha Hulmi, PhD. I have been guided and encouraged through our discussions,
and I believe my own practice has been improved by observing your own
methods of the academic process.

I am indebted to the financial support provided by the Department of Bi-
ology of Physical Activity, the National Doctoral Programme of Musculoskele-
tal Disorders and Biomaterials, and Ellen ja Artturi Nyyssosen foundation.

I wish to sincerely thank all the staff of the Department of Biology of Phys-
ical Activity. This work has truly been a team effort. We are very fortunate to
work in an environment that is intellectually stimulating, professionally dedi-
cated, and perhaps most distinguishably from other institutes, socially support-
ive. In particular, I wish to note the contribution of Pirkko Puttonen whose as-
sistance in data analysis was essential for timely manuscript preparation. One
major reason we are able to produce high quality research is the level of sup-
port we receive from Markku Ruuskanen and Sirpa Roivas. Finally, I was Mrs.
Puurtinen’s most unpopular person of 2009-2010 as this study meant that her
husband, Risto Puurtinen, was consistently late home and weekends were spent



in the lab. Without your hard work, dedication, and unwavering good spirit,
data collection would have been a much more difficult time Risto.

Perhaps one of the most difficult parts of a researcher’s career is dealing
with administrative duties. We are, therefore, very fortunate to have the best
staff in the University working in the department. Minna Herpola and Katja
Pylkkénen have made my time as a PhD student a lot easier, and a lot more en-
joyable, than it would have been had I needed to take care of all the “little” jobs
on my own.

I have been very fortunate to have worked with a wide variety of talented
Master students that have put in a lot of hours so that the large projects are able
to be performed. I wish them all the best for their future careers. I also
acknowledge the tremendous effort of the subjects who volunteered for this
study.

It should not be understated just how important my cohort of peers has
been in my development during these last 4 years. I have learned a great deal
through observing, discussing science and planning studies with, and even ad-
vising my fellow PhD students. I have had an immensely enjoyable time out-
side of the workplace with all of you. Our group has formed a great bond that
will outlast the time we work together and I will cherish my memories of this
period in my life. I wish to give special mention to three PhD students from this
great bunch. Ritva Taipale has had to suffer my sense of humour for long time.
She has done this with good grace and has been great company on this journey
we have undertaken. Heikki Peltonen has been rather unfortunate to have his
PhD work so closely intertwined with my own. I have been extremely lucky to
have had such a great partner throughout this study. He is one of the most self-
less and hardest working people I know. Jouni Kallio started as a more senior
PhD student who quickly became an important source of information/advice,
this led to his office being a magnificent substitute for the blue couch outside of
Keijo’'s room, our discussions began to stray from science towards a host of oth-
er topics, and ultimately he has become a very good friend of mine.

The house is only as good as its foundations. I could not have wished for a
better family than the one I have left behind on my world travels. You have
made me what I am today, I love you all dearly. The person who has had the
greatest influence on me is Mam. She is the epitome of parenthood. I have been
encouraged to follow my dreams, supported to achieve my goals, taught how to
deal with adversity, and shown the importance of helping others. My greatest
achievement will be to match your level with my own son, Nooa.

Finally, my deepest thanks go to my wife and soul-mate. Martta has had
to endure a lot during our time together, particularly due to the demands of
PhD studies and my desire to always do “just a little bit more”. Nevertheless,
she has been an immense support and encouragement throughout, not to men-
tion a great personal graphics designer and proof reader. I am extremely grate-
ful and fortunate to have you as my companion on our life’s journey.

Jyvéaskyld, November 2012
Simon Walker



LIST OF ORIGINAL PUBLICATIONS

This thesis is based on the following original articles, which are referred to in
the text by their Roman numerals.

II

I

v

Walker, S., Peltonen, H., Avela, J. & Hikkinen, K. 2011. Kinetic and
electromyographic analysis of single repetition constant and varia-
ble leg press actions. Journal of Electromyography and Kinesiology 21
(2), 262-269.

Walker, S., Taipale, R. S., Nyman, K., Kraemer, W. ]. & Hakkinen, K.
2011. Neuromuscular and hormonal responses to constant and var-
iable resistance loadings. Medicine and Science in Sports and Exercise
43 (1), 26-33.

Walker, S., Peltonen, H., Avela, J. & Hikkinen, K. 2012. Neuromus-
cular fatigue in young and old men using constant or variable re-
sistance. European Journal of Applied Physiology DOI:10.1007/s00421-
012-2526-2

Walker, S., Hulmi, J. J., Wernbom, M., Nyman, K., Kraemer, W. J,,
Ahtiainen, J. P. & Hikkinen, K. Variable resistance training pro-
motes greater fatigue-resistance but not hypertrophy vs. constant
resistance training. (submitted for publication).

Walker, S., Peltonen, H., Sautel, J., Scaramello, C., Kraemer, W. J.,
Avela, ]. & Hikkinen, K. Neuromuscular adaptations to constant vs.
variable resistance training in older men. (submitted for publica-
tion).



ABBREVIATIONS

rep

RM

1RM
VAR or V
CONor C
Co

LP

BP

KE

EF

S

CMJ]

Fw

VL

VM

RF

CSA
DXA
MRI

TT

GH

kDa

mTOR

Akt

rpS6K

p70S6K

eEF2

MAPK

ERK 1/2
MAPKAPK-2
CV%

SD

SE
ANOVA/ANCOVA

repetition

repetition maximum

one repetition maximum

variable

constant

control

leg press

bench press

knee extension

elbow flexion

squat

countermovement jump

free weight

vastus lateralis

vastus medialis

rectus femoris

cross-sectional area

dual-energy x-ray absorptiometry
magnetic resonance imaging
computer tomography

kilogram

newton

newton metre

electromyogram

root mean square electromyogram
integrated electromyogram

total testosterone

growth hormone

kilo dalton

mechanistic target of rapamycin
protein kinase B

ribosomal protein S6

ribosomal protein S6 kinase (size 70 kDa)
eukaryotic elongation factor 2
mitogen-activated protein kinase
extracellular signal-regulated kinase
MAPK activated protein kinase 2
coefficient of variation %
standard deviation

standard error

analysis of variance/ analysis of covariance



CONTENTS

ABSTRACT
ACKNOWLEDGEMENTS
LIST OF ORIGINAL PUBLICATIONS
ABBREVIATIONS
CONTENTS
1 INTRODUCTION ....cccooiiiiiiiiiiiiniiicsisic s 15
2 REVIEW OF THE LITERATURE ......ccccccoiiiiiiiiiiiiiiiiccieeeeceeeeeaes 17
21 Background of modern resistance training............c.c.coceeeverrrririnicnen. 17
2.2 Acute responses to resistance loading..........c.c.cocovvrrinnnnnnnnnene. 18
2.2.1 Neuromuscular T€SPONSES ........ccvueveueereruereririnreriirineereeeereeneneenes 18
2.2.1.1 Neuromuscular responses to constant and variable
resistance single-repetition actions.........c.ccccceeevvvcrcenee. 21
2.2.1.2 Neuromuscular responses to constant and variable
resistance during repetition to failure tests....................... 22
2.2.2 Hormonal TESPONSES .......ccovveueuireririereiiriciceineeeietseeeeveeeneeaeneenes 22
2.2.2.1 Resistance loading protocol affects the magnitude of
acute hormone increase ..., 23
2.2.2.2 Influence of age and training status on the magnitude of
acute hormone increase ............ccooecevvivicciniiincccciicnes 24
2.2.2.3 Role of acute hormone responses on chronic adaptation
to resistance training ... 25
2.2.3 Molecular TESPONSES .......ccevvvverururiririeieieieieeeieieeeeeteeeeeaeeeesseseneeeeenens 26
2.2.3.1 Acute loading-induced responses in proteins of the
MTOR pathway.........cccooeiiiiiiiiccce 27
2.2.3.2 Acute loading-induced responses in proteins of the
MAPK pathway .......ccoviiiiiiiiiiicce 28
2.3 Long-term adaptations to resistance training............cccoceceueeeerurueucnnes 29
2.3.1 Neural adaptations.........cccceeeeruererrrierereeeeieeeeeeeeeeeeeeeees 29
2.3.2 Muscular adaptations ..........ccceeuevurueuerieieieeieieeeeeeeeeeeeenens 32
2.3.3 Hormonal and molecular adaptations ...........ccccceveveeenneerccnnnes 34
2.4 Long-term gains in force production to constant vs. variable
resistance traiNing.........ccocoviiiiiiiiiicnii s 36
3 PURPOSE OF THE STUDY .....ccccoiciiiiiniiiiciniiicieiriiceeieiece s 41
4 METHODS ......cciiiiiiiiiic s 43
41 SUDJECES ...t 43
4.2  Experimental design.........ccccoiviuiiiiiiiiiiiiiiiccceceeeeeeas 44
4.3 Data collection and analyses............cccccceeeiiiiiiiiiiiieieeccenes 46
4.3.1 Anthropometric and muscle mass measurements..................... 46

4.3.1.1 Whole body composition and lean body mass................ 46



4.3.1.2 Muscle cross-sectional area...........ccoceeeveveveieeeeeeeeeeeeeennenn 47

4.3.2 Neuromuscular performance ............ococeeeeeeeererereererirererereesenen. 48
4.3.2.1 Isometric performance...........c.cococovevvvrrrinnnnisrrsenes 48
4.3.2.2 Dynamic performance...........c.cococovvvvnririnnnnsnnneenns 49
4.3.2.3 Muscle activity and electrical stimulation
MEASUTEINENES ... 51
4.3.3 Blood sampling and analyses...........c.ccoevririnrrnennininenrnieenen. 53
4.3.4 Muscle biopsy procedures and analyses ..........ccccoevirerrrinecnee. 53
4.4 Resistance loading procedures ..., 55
4.4.1 Maximal strength loading protocol..............ccccceiviiiiiiinninnnn. 55
4.4.2 Hypertrophic loading protocol ............ccccccvviciinnccnnnccnes 56
4.5 Resistance training Program .........ccocoeeiviiiniiiniiiniiieiecneseeeas 56
4.6 Statistical aNAlYSES ........ccoeeuiuiuiiiuiiiiiiiiiececee e 57
RESULTS ...ttt 58
5.1 Effects of variable resistance on single-repetition
Characteristics (I) ...cocvvveererrieieirecc s 58
5.1.1 Kinetic and kinematic variables.............ccccccooeirniniiiiinnn, 58
5.1.2 Muscle actiVity .......cocovviviviririiiririiinc s 60
5.2 Total work performed during resistance loadings (II, IV).................. 61
53 Acute neuromuscular fatigue during loadings before and after
training (I-IV) e 62
5.3.1 Force production ..........ccoceeueveireeeeiienenieieeeeeeeeeeeeeeeneenes 62
5.3.1.1 Knee extension loadings............c.cccevvvvvvnnnnnnnnnnenes 62
5.3.1.2 Leg press loadings..........ccccceeuvvvvinnnnininniicinns 63
5.3.2 Changes in muscle activity .........ccccccoeevrcinnnciiiniccrcccne 65
5.3.2.1 Knee extension loadings...........ccccccceeuvueeicnnccninnecinnnnns 65
5.3.2.2 Leg press 1oadings..........cccevvevuruvvvernirnrrcrccceeees 66
5.3.3 Responses to electrical stimulation..........cccccoeeeennecccnnnecne. 67
5.4 Acute hormonal and molecular responses during loadings before
and after training (II, IV).....cccccoviiiiiii 69
5.4.1 Acute hormonal TeSPONSES..........ccovvuruevrereeeererrieieiereeeeeseereeeeenens 69
5.4.2 Acute molecular TeSPONSES .........ccovvuvvevevreererereeerereieeeeeeereenenens 71
5.5 Blood lactate responses during loadings..........c.cccoevrrrerrrnrrncenee. 72
5.6 Long-term adaptations to constant versus variable resistance
training (IV, V) oo 73
5.6.1 Neuromuscular performance ............cocoveeeeerereeeeeneneeneeneseereneeenenes 73
5.6.1.1 Maximum force production..........c.cecevevererrerererrrerereneenes 73
5.6.1.2 Fatigue resistance during a repetition to failure test ......74
5.6.2 Changes in muscle activity and voluntary activation................ 75
5.6.3 Changes in lean mass and muscle cross-sectional area.............. 77
DISCUSSION ..ot 79
6.1 Acute responses during constant and variable resistance
loadings (I-IV) ..o 79

6.1.1 Neuromuscular TeSPONSES ..........coueueuerrreriererirniereirriereeeereeeeneens 79



6.1.2 Hormonal and molecular reSponses............cccceceeueverereevuerereennenen 82

6.2 Long-term adaptations to constant and variable resistance
training (IV, V) s 84
6.3 Possible mechanisms for greater fatigue-resistance after variable
resistance traiNing.........cocoviiiiiiiiiini s 87
6.4 Methodological considerations..........c.ceceoceeeveeueuininnccoinnccenreeene 88
6.4.1 Strengths of the study .......cccecevvveirvveieccecceee 88
6.4.2 Weaknesses of the study ........cccecevevevvivvvievircecceeeeen 89
7 MAIN FINDINGS AND CONCLUSIONS..........cccccoviimirniiniieeieicies 90
YHTEENVETO (FINNISH SUMMARY).......cooiiiiiniiniincscscc e, 93

REFERENCES ..ot 95



1 INTRODUCTION

Attempts to improve physical abilities and performance have been practiced
throughout history. Resistance training is thought to have occurred in ancient
Greece where the concept of progressive resistance training is credited to Milo
of Crotona, a multi-Olympic champion, who carried a newborn calf on his back
until it was fully grown (Atha 1981). The Romans adopted the Greek methods
and applied them to more military aims and, although there appears to have
been a void after the Roman Empire, 16" Century literature shows a resurgence
of interest in resistance training where it is noted to have improved running
and jumping ability - as well as a means of keeping men away from alcohol and
women (Todd 1995).

Over the last century, resistance training has developed to comprise free
weights, resistance devices, and of course using one’s own body weight. Re-
sistance training has also become an increasing subject of scientific study, and
has resulted in training recommendations (Pollock et al. 1998). Furthermore,
resistance training is no longer perceived as a method solely used by athletes.
Scientific studies have shown the benefits of resistance training on increased
strength and muscle mass after injury (e.g. Gerber et al. 2009), functional capaci-
ty in the elderly (e.g. Skelton et al. 1995) and patients with neuromuscular dis-
eases (e.g. Dodd et al. 2003), and improved body composition in overweight
and obese (e.g. McGuigan et al. 2009) subject groups. Consequently, a thorough
understanding of the training strategies, biomechanical and physiological
mechanisms, and potential performance/health outcomes is an essential scien-
tific endeavour.

Perhaps as a consequence of scientific interest, investigators have sought
to improve on current resistance training practices and optimise training-
induced adaptations. One such example where scientific knowledge may be
used to improve resistance training practices is the in vivo force-angle relation-
ship. In other words, the maximum force that can be produced is dependent
upon joint angle. Multi-joint exercises, such as the leg press, typically display a
linearly increasing force-angle curve from more flexed to extended knee angles
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whereas single-joint actions, such as knee extension, typically display an invert-
ed U-shaped force-angle curve, as reviewed by Kulig et al. (1984).

Theoretically, training using free weights or any equipment that provide
constant external resistance (i.e. the resistance remains the same throughout the
range of motion) will require certain joint-angles to produce force closer to their
maximum than others. Therefore, it may be hypothesised that training using
variable external resistance (i.e. greater resistance during parts of the range of
motion capable of producing larger force) may challenge the neuromuscular
system to a greater extent and result in greater training-induced adaptations.

To the author’s knowledge, the first scientifically documented variable-
resistance device was produced in 1954 (Noland & Kuckhoff) for use during
rehabilitation. This relatively crude device has been improved in commercially
available resistance devices that utilise cams or pulleys to manipulate the lever
arm distance. Early intervention studies have shown that constant resistance
induced greater improvements in maximum strength (Stone et al. 1979), varia-
ble resistance induced greater improvements in maximum strength (Ariel 1976),
and similar improvements in both groups (Coleman 1977, Silvester & Bryce
1981, Manning et al. 1990). Additionally, some studies have found that the
greatest improvements occurred in the training-specific device (Pipes 1978,
Boyer et al. 1990), in other words, the group that performed constant resistance
training improved constant resistance force production more than the variable
group and vice versa. However, scientific interest in this topic has somewhat
faded in recent years, perhaps due to difficulties in matching the in vivo force-
angle relationships of humans (Harman 1983, Johnson et al. 1990, Folland &
Morris 2008) and the largely similar improvements in maximum strength ob-
served in those early scientific studies. Therefore, training intervention studies
using the latest scientific methodologies have not been performed. However,
two studies have shown that acute fatigue is greater during resistance loading
using variable resistance devices compared to constant resistance devices (Hak-
kinen et al. 1988a, Garcia-Lopez et al. 2010), which may lead to different magni-
tudes or types of adaptation when long-term training is performed with these
devices.

The present study was designed to investigate the acute responses and
long-term adaptations to resistance training using constant vs. variable external
resistance devices. The present study was designed to obtain new scientific in-
formation of the effect of variable external resistance on; 1) single-repetition
performance and muscle activation, 2) acute loading-induced neuromuscular
fatigue, serum hormone concentration and intra-muscular protein kinase phos-
phorylation responses, and 3) chronic adaptations in neuromuscular perfor-
mance, muscle activation, and muscle hypertrophy of the lower limbs. The ob-
tained information can be applied to testing and designing training programs
for athletes, as well as in healthy young and older individuals.



2 REVIEW OF THE LITERATURE

2.1 Background of modern resistance training

De Lorme’s (1945) seminal paper on the use of resistance training during reha-
bilitation has shaped the ideas currently used today. Notably, De Lorme (1945)
used a combination of methods emphasising “power-building” (the maximum
load that can be lifted for one repetition - 1IRM) and “endurance-building” (lift-
ing a submaximal load for a total of 100 repetitions - 10 x 10) for the quadriceps
muscles. Modern design of a single-session resistance training program (re-
ferred to in the present study as “resistance loading”) is made up of several
acute program variables identified by Fleck & Kraemer (1987). These variables
are: choice of exercise, order of the exercises, intensity of the exercise, number of
repetitions/sets, duration of rest between sets/exercises. As can be appreciated,
there can be almost an infinite number of combinations that can make up re-
sistance loading, which exert influence on, for example, muscular activation
patterns, energy demand, magnitude and duration of fatigue etc.

The choice of exercise and order of exercises are outside of the scope and
interest of the present study and, thus, will not be discussed. For further infor-
mation on these variables, the reader is directed to a review by Kraemer &
Ratamess (2004). Quantifying the load (i.e. intensity of the exercise) has general-
ly been done in one of two ways. The first uses the same terminology as De
Lorme (1945), in that intensity is the number of repetitions (reps) that the load
can be lifted to failure (e.g. 6 repetition maximum or 6RM). The second de-
scribes the load as a percentage of 1RM (e.g. 75 % 1RM). In both cases, as inten-
sity increases closer to 1RM, the number of repetitions decreases. In his review,
Fry (2004) suggested that 18-35 % of the variance in hypertrophy was account-
ed for by intensity, and so this may be viewed as a particularly important vari-
able to stimulate adaptation.

It has been proposed that a continuum exists whereby adaptations move
from maximal strength and/or power using 1-6 reps per set towards strength
endurance using more than 14 reps per set (Stone et al. 1982), while rep ranges
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of 8-12 are considered to be primarily aimed to promote muscle hypertrophy.
In addition to reps, training volume can be increased through the number of
sets performed during resistance loading. Intervention studies have shown
clear differences in improvements in force production (Schlumberger et al. 2001,
Rhea et al. 2002) and/or hypertrophy (Ronnestad et al. 2007) between 1 set and
3 sets per exercise.

Rest between sets, and also exercises, is an important consideration in
terms of the number of reps achieved in subsequent sets. Shorter rest periods
(e.g. 60-90 s vs. > 180 s) can change the primary stimulus of the loading through
inducing greater blood lactate and hormonal responses (Kraemer et al. 1990).
Finally, training frequency for beginners is usually twice per week, increasing
to 3-4 and then 4-5 times per week as training experience progresses (Fleck &
Kraemer 1987). In experienced resistance trainers, additional benefit may be
gained through performing 2 sessions per day during a short training period,
although this probably requires the overall volume of each session to be greatly
reduced to prevent over-reaching (Hékkinen & Kallinen 1994).

Many resistance training programs used in diverse subject populations
have been designed to develop maximal strength and hypertrophy (e.g. De
Lorme 1945, Skelton et al. 1995, Dodd et al. 2003, Gerber et al 2009), and so the
focus of the present study is on these two main outcomes. Therefore, the follow-
ing review of the literature includes studies with rep ranges of 1-12 per set and
an intensity of 60-100 % 1RM.

2.2 Acute responses to resistance loading

221 Neuromuscular responses

Not only is it important to understand why a human cannot continue perform-
ing muscular actions to the same level of force or work (i.e. fatigue), from a
training perspective, it is important to understand the mechanisms of fatigue
during a specific condition (i.e. loading) in order to understand the specificity of
training-induced adaptations (Enoka & Duchateau 2008). A great deal of scien-
tific investigation has focussed on acute neuromuscular fatigue, however, only
a limited number of studies have used isotonic resistance loading protocols
(Hakkinen 1993, Hakkinen 1994, Ahtiainen & Hékkinen 2009, Izquierdo et al.
2009a, McCaulley et al. 2009, Gonzalez-Izal et al. 2010, Smilios et al. 2010, Walk-
er et al. 2012). Within these studies, the most common resistance loading proto-
cols may be categorised as medium intensity (quantified as 50-85 % 1RM, or
10-12RM if not defined relative to 1RM), high volume (total of 40-100 reps)
with short inter-set rest intervals (1.5-2 min), otherwise known as “hyper-
trophic loading protocols”. During a very strenuous 10 x 10 using 70 % 1RM
squat loading protocol, a ~47 % reduction in maximum bilateral isometric leg
extension force was observed in men with a resistance training (~8 years) back-
ground (Hakkinen 1994). Furthermore, electromyography (EMG) amplitude of
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the vastus lateralis and vastus medialis muscles was significantly lower follow-
ing loading. Blood lactate was significantly increased post-loading (~15
mmol.L-1) and this was negatively related to isometric force decreases for men
and women combined. A ~27 % reduction in maximum isometric squat force
was observed following 4 x 10 using 75 % 1RM squats with an increase in blood
lactate to ~13 mmol.L-1 (McCaulley et al. 2009, Fig. 1), however, this was not
accompanied by decreased vastus medialis EMG amplitude. In agreement with
these findings, Smilios et al. (2010) observed no changes in EMG amplitude for
the superficial vastii and rectus femoris muscles during isometric knee exten-
sion after 4 x 20 using 50 % 1RM squat loading despite a ~19 % decrease in iso-
metric force.

One possible explanation for the discrepancy in muscle activity results
may be the training status of the subjects, as Ahtiainen & Hikkinen (2009)
showed that only strength athletes had decreased concentric EMG amplitude
during the forced rep protocol. These findings may indicate that several years
of training may lead to greater neural/central fatigue during acute resistance
loadings. Indeed, even short-term training programs (7-11 weeks) have led to
observations of greater neuromuscular fatigue following the same loading pro-
tocol after training (Izquierdo et al. 2009a, Walker et al. 2010).

Alternatively, the lack of change in EMG amplitude may be due to inher-
ent features of the EMG signal. Some recent studies have assessed the concen-
tric actions during hypertrophic loadings (Gonzalez-Izal et al. 2010, Smilios et al.
2010, Walker et al. 2012), in contrast with the aforementioned studies that pri-
marily assessed changes in maximum isometric force production. As the set
progresses from rep 1 towards the final reps (10 or 20 in these studies) there is
an increase in EMG amplitude and a concomitant decrease in EMG median fre-
quency. These observations led to the authors of these studies suggesting that
increased drive to the agonists occurred (initial increases in EMG amplitude),
but once the absolute load was reduced there would likely be no further possi-
ble increases. The combination of increasing EMG amplitude with decreasing
EMG median frequency might suggest greater motor unit synchronisation
(Gonzalez-Izal et al. 2010, Walker et al. 2012). Increased motor unit synchronisa-
tion would likely increase EMG amplitude through reduced signal cancellation
thereby masking indications of reduced muscle activity (Yao et al. 2000). This
seems a plausible phenomenon given the observed decrease in EMG median
frequency (Walker et al. 2012) and typically maintained (Ahtiainen & Héakkinen
2009, McCaulley et al. 2009, Smilios et al. 2010) or even increased (Izquierdo et
al. 2009a) EMG amplitude during post-loading isometric actions.
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FIGURE1  Acute decreases in maximal isometric squat force (a), maximal isometric
squat rate of force development (b), and vastus medialis muscle activity (c)
following hypertrophic (H), maximal strength (S), and power (P) loadings
matched for total work and during a rest (R) condition (McCaulley et al.
2009). Copyright 2009 by Springer Publishing, reproduced with permission.

In comparison to hypertrophic loading protocols, three studies have investigat-
ed acute neuromuscular responses to loading protocols with high intensity
(quantified as 90-100 % 1RM), low volume (total of 15-33 reps) with relatively
long inter-set rest intervals (3-5 min), otherwise known as “maximal strength
loadings”. In men, Hakkinen (1993) observed a ~24 % reduction in bilateral
isometric leg extension force following 20 x 1RM squats. Significant reductions
in EMG amplitude of the quadriceps accompanied the loss in force production
leading the author to suggest that neural fatigue had occurred. McCaulley and
colleagues (2009) observed a ~17 % decrease in isometric squat force following
11 x 3 using 90 % 1RM squats (Fig. 1). Significant recovery took place 60 min
post-loading and gradually returned to baseline over a 48-hour period in a simi-
lar manner to that observed by Hikkinen (1993). Another consistent finding
was that EMG amplitude of the vastus medialis was significantly reduced im-
mediately post-loading and recovered towards baseline over the recovery peri-
od. Following 15 x 1RM leg press loading, Walker and colleagues (2012) ob-
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served a ~15 % decrease in bilateral isometric leg extension force and a ~12 %
decrease in average vastus lateralis and vastus medialis (VL+VM/2) EMG am-
plitude. There were no changes in EMG median frequency during loading and
the authors suggested that reduced firing frequency, rather than motor unit re-
cruitment, may have accounted for the decrease in EMG amplitude. These pre-
vious studies observed statistically significant but moderate (4-7 mmol.L1) in-
creases in blood lactate (Hakkinen 1994, McCaulley et al. 2009, Walker et al.
2012), which may explain part of the decreased neuromuscular efficiency
(Walker et al. 2012) - calculated as the Force:EMG ratio.

2.21.1 Neuromuscular responses to constant and variable resistance during
single-repetition actions

Quantification of single-repetition performance of constant and variable re-
sistance actions has been studied for a variety of exercises (Harman 1983, John-
son et al. 1990, Cabell & Zebas 1999, Folland & Morris 2008). During single-joint
knee extension actions, a variety of commercially available devices have been
shown to create resistance at more extended knee angle positions that exceed
the in vivo torque-angle relationship (Harman 1983, Johnson et al. 1990, Folland
& Morris 2008). The practical implications of these studies would lead to sub-
jects needing to use a lower load in order to complete full range of motion.
However, the same may be said for constant resistance devices at the lowest
and highest joint angles during single-joint actions. Cabell & Zebas (1999) inves-
tigated a reportedly variable resistance biceps curl device and observed that,
not only did it produce little variation in resistance throughout the range of mo-
tion, but that at < 15° and > 105° of flexion the device produced greater re-
sistance than the subjects could voluntarily produce torque (i.e. human torque
capabilities).

In addition to resistance devices, free weight actions have been manipu-
lated by the addition of either chains or rubber bands (Wallace et al. 2006, Baker
& Newton 2009, Israetel et al. 2010, Stevenson et al. 2010). Naturally, different
combinations of free weight-band tension relationships makes comparison be-
tween studies difficult, however, some general trends for the squat and bench
press exercises may be summarised as follows; greater average force and power
with the addition of rubber bands when using 85 % 1RM (Wallace et al. 2006),
greater force and quadriceps EMG amplitude during phases of high rubber
band tension (i.e. extended knee angles) (Israetel et al. 2010). Greater concentric
velocity was observed when the free weight plus chain resistance was equiva-
lent to free weight only (Baker & Newton 2009), however, concentric velocity
was greater during free weight actions when the rubber band produced 20 %
additional resistance (Stevenson et al. 2010). Therefore, the training stimulus
may be very different depending on the distribution of free-weight load:rubber
band resistance, and it should also be pointed out that this type of linearly in-
creasing variable resistance would theoretically suit the in vivo force-angle rela-
tionship of multi-joint actions, such as the squat, deadlift, and bench press.
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2.21.2 Neuromuscular responses to constant and variable resistance during
repetition to failure tests

Given that the mechanisms of acute neuromuscular fatigue may indicate the
specificity of training-induced adaptations (Enoka & Duchateau 2008), it is sur-
prising that limited scientific investigation of constant vs. variable resistance
loading has been performed. Hakkinen and colleagues (1988a) performed a
repetition to failure test using 60 % 1RM with a constant and a variable re-
sistance knee extension device. The authors observed that the strength trained
subjects could perform significantly fewer reps with the variable compared to
the constant resistance device (16.7 £ 3.5 vs. 20.5 £ 4.5 reps, respectively). In-
creases in EMG amplitude of the superficial vastii muscles was observed
throughout the test using both devices, however, only testing using the variable
resistance device led to significant increases in rectus femoris EMG amplitude.
These results may suggest that variable resistance knee extension loading may
fatigue the rectus femoris muscle to a greater extent than constant resistance
and lead to impaired neuromuscular performance over fewer repetitions. Using
a similar methodology, Garciz-Lopez and colleagues (2010) performed a repeti-
tion to failure test using 70 % 1RM with a pulley cable or a pulley cable with a
rubber band attached. A significant difference was found for the number of
repetitions performed and concentric acceleration was also lower using the
rubber band attachment (p < 0.05) (Garcia-Lopez et al. 2010). The observed low-
er accelerations would arguably result in longer contractions times/time under
tension, and this may have influenced the development of fatigue during the
test. Finally, similar post-loading changes in isometric force production and
markers of muscle damage were observed when comparing two types (linearly
increasing vs. inverted-U shaped force-angle curve) of variable resistance dur-
ing knee extension loadings (Aboodarda et al. 2011).

2.2.2 Hormonal responses

Endocrine hormones respond to resistance loading and act as acute signals,
which are part of several interactive systems that cause/aid muscle hypertro-
phy (Spiering et al. 2008). Three of the most studied hormones are testosterone,
22kDa growth hormone, and cortisol. Testosterone has been shown to influence
muscle hypertrophy through exerting an influence on protein synthesis (Fer-
rando et al. 1998) and satellite cells (Sinha-Hikim et al. 2003). Over 100 forms of
growth hormone have been identified with the 22kDa isoform being the most
common in blood (Baumann 1991). Growth hormone stimulates insulin-like
growth factor-1 expression in circulation and in skeletal muscle (Florini et al.
1996), initiates phosphorylation of muscle protein kinases through Janus kinase
2 (Campbell 1997), and also influences tendon collagen synthesis rates (Doess-
ing et al. 2010). Cortisol, a glucocorticoid hormone, increases protein break-
down in muscle cells and stimulates lipolysis in adipose cells (Hickson &
Marone 1993), possibly to meet the metabolic demands of exercise (Viru et al.
1994). Cortisol also affects inflammation responses, observed in increased leu-
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kocyte and cytokine concentrations, which is a characteristic of the recovery
process after resistance loading (Paulsen et al. 2012). Consequently, it may be
hypothesised that changes in acute serum hormone concentrations during re-
sistance loading may aid chronic changes in muscle mass and, directly or indi-
rectly, force production.

2.2.2.1 Resistance loading protocol affects the magnitude of acute hormone
increase

Kraemer and colleagues (1990) were among the first to demonstrate that chang-
es to the acute program variables of resistance loading can influence serum
hormone responses. Total testosterone concentration was significantly in-
creased following both high intensity (5RM) and high volume (10RM) loading
protocols, whereas growth hormone and blood lactate responded to a greater
extent following a high volume protocol with short inter-set rest interval (10RM
with 1 min rest vs. 10RM with 3 min rest) (Kraemer et al. 1990, Fig. 2). This was
also observed after performing 10 x 5 squats explosively using 70 % 1RM in
resistance trained men (Fry & Lohnes 2010). There may be, however, a thresh-
old on the volume required to increase testosterone concentration during high
intensity resistance loadings as Hékkinen & Pakarinen (1993) observed no
change during 20 x 1RM squats with 3 min inter-set rest interval. This was in
stark contrast to the large responses observed following 10 x 10 using 70 % 1RM
protocol (Fig. 2).
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FIGURE2  Acute loading-induced responses in serum total testosterone during 10 x
10RM vs. 20 x 1RM loading and recovery (A, Hikkinen & Pakarinen 1993)
and 22 kDa growth hormone during 10RM with 1 min rest vs. 5RM with 1
min rest vs. 10RM with 3 min rest (B, Kraemer et al. 1990). Copyright 1993
and 1990 respectively by the American Physiological Society, reproduced
with permission.
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Acute increases in testosterone, growth hormone, and cortisol have been shown
to be greater following 3 sets compared to 1 set during multi-exercise resistance
loading (Gotshalk et al. 1997). Furthermore, the acute growth hormone re-
sponse has been shown to increase when comparing 2 vs. 4 sets of 10RM, how-
ever, no additional increase was observed when comparing 4 vs. 6 sets (Smilios
et al. 2003). The additional number of sets did not affect the acute cortisol re-
sponse. A final confirmation that loadings consisting of medium intensity, high
volume and short inter-set rest intervals produced the greatest acute serum
hormone responses was provided by McCaulley et al. (2009). Matching loading
protocols for total work, the 4 x 10 using 75 % 1RM squat protocol induced
greater testosterone and cortisol responses compared to the 11 x 3 using 90 %
1RM protocol (McCaulley et al. 2009).

These acute elevations in serum hormones have been shown to last from
15 min to 2 hours in various hormones during recovery following medium in-
tensity, high volume loading protocols. Increases in total testosterone dissipate
quickly during recovery with most studies showing that concentrations return
to baseline levels within 15 min (Kraemer et al. 1990, Hékkinen et al. 2002, Ahti-
ainen et al. 2003), although one study observed significantly increased total tes-
tosterone for up to 60 min post-loading (Gotshalk et al. 1997). Growth hormone
appears to remain elevated for approx. 30-60 min post-loading (Kraemer et al.
1990, Hakkinen & Pakarinen 1993, Izquierdo et al. 2009b). Cortisol can be ele-
vated during recovery for up to 2 hours post-loading (Hikkinen & Pakarinen
1993), which is usually longer than the testing period of most studies (Kraemer
et al. 1990, Ahtiainen et al. 2003, Izquierdo et al. 2009). However, some studies
observe a return to baseline within 60 min (e.g. McCaulley et al. 2009). The du-
ration of elevated concentrations of these serum hormones may be related to the
severity of the loading protocol, the training status and/or the age of the sub-
jects (Hékkinen & Pakarinen 1995, Kraemer et al. 1999). In addition to immedi-
ate responses, it has also been shown that basal serum testosterone concentra-
tions may be reduced for 2 days by very demanding resistance loading, even
when force production capabilities have recovered (Hakkinen & Pakarinen 1993,
Fig. 2).

2.2.2.2 Influence of age and training status on the magnitude of acute hor-
mone increase

In addition to the effect of resistance loading protocol on acute serum hormone
responses, studies have also demonstrated differences when examining the in-
fluence of age (Hakkinen & Pakarinen 1995, Kraemer et al. 1999) and training
experience (Ahtiainen et al. 2003, Cadore et al. 2008). In previously untrained
subjects, leg press loadings (5 x 10RM with 3 min inter-set rest interval) induced
significant elevations in total testosterone and growth hormone in young and
middle-aged men but not older men leading to statistically significant differ-
ences between the groups (Hédkkinen & Pakarinen 1995). Similarly, Kraemer et
al. (1999) showed that the testosterone and growth hormone response following
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4 x 10RM squats in young men was greater than older men with significant be-
tween group differences observed in free testosterone.

Leg press loading (5 x 10RM) in strength athletes was shown to induce
greater growth hormone, but not total testosterone or cortisol, responses com-
pared to untrained subjects (Ahtiainen et al. 2003). Cadore and colleagues (2008)
compared acute hormone responses of middle-aged trained and untrained sub-
jects using a multi-exercise protocol of 65-75 % 1RM loads. The trained subjects
demonstrated clearly attenuated total testosterone and cortisol responses, while
response in free testosterone was similar between groups. However, to the au-
thor’s knowledge, the evaluation of age/training status on acute hormone re-
sponses has not been separated from the possible influences of greater total
work performed by the young and/or trained individuals, which makes com-
parisons difficult.

2.2.2.3 Role of acute hormone responses on chronic adaptation to resistance
training

When examining the influence of acute increases in serum hormone concentra-
tions and chronic adaptations to resistance training, elbow flexor force produc-
tion has improved to a greater extent when training was performed with acute-
ly elevated serum hormone concentrations (Hansen et al. 2001, Ronnestad et al.
2011). Specifically, cross-sectional area (CSA) significantly increased at distal
parts of the elbow flexors when hormone concentration was elevated, but not in
the group without prior elevation of serum hormone concentrations (Ronnestad
et al. 2011). In support of these findings, some studies have observed associa-
tions between the magnitude of acute increases in growth hormone and testos-
terone and muscle hypertrophy (McCall et al. 1999, Ahtiainen et al. 2003, re-
spectively). However, it must be acknowledged that muscle hypertrophy has
also been observed from training programs that have not increased serum hor-
mones acutely (Wilkinson et al. 2006, West et al. 2010). One possibility is that
intra-muscular hormones, such as Insulin-like Growth Factor-1 (Bamman et al.
2001), acting in an autocrine/paracrine manner may contribute to muscle hy-
pertrophy in the absence of acute elevations in serum concentrations. Therefore,
it seems that other (perhaps intra-muscular) mechanisms, in addition to acute
increases in serum hormone concentrations, contribute to improved
strength/hypertrophy and should be investigated. Nevertheless, acute increas-
es in serum hormone concentration may be important in potentiating training-
induced adaptations.

In the context of the present study, greater serum hormone responses to
resistance loading (constant vs. variable resistance) may indicate a greater po-
tential for chronic adaptation. However, neither acute hormonal responses, nor
their influence on training-induced adaptation, to constant and variable re-
sistance has been previously investigated.
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2.2.3 Molecular responses

The aim of this chapter is to provide an overview of resistance loading-induced
phosphorylation of protein kinases of the mechanistic target of rapamycin
(mTOR) and mitogen-activated protein kinase (MAPK) signalling pathways
(Fig. 3), which have been identified to play an important role in protein synthe-
sis and overall muscle hypertrophy (Baar & Esser 1999, Bodine et al. 2001, Had-
dad & Adams 2004, Norrby & Tagerud 2010). Detailed investigation on the
many different intra-muscular effectors of skeletal muscle adaptation is beyond
the scope of the present study, and the interested reader is directed to detailed
reviews on these topics (Roux & Blenis 2004, Goldspink 2005, Bodine 2006,
Burkholder 2008, Cuadrado & Nebreda 2010).

The mTOR and MAPK signalling pathways are made up of many proteins
that are activated, or sometimes inactivated, via phosphorylation in a cascading
manner. Figure 3 shows some of the frequently studied proteins in these signal-
ling pathways and the potential effects of their activation. Following acute “hy-
pertrophic” resistance loadings (consisting of 4-8 sets x 6-10 reps), studies have
shown that several proteins of the mTOR and MAPK pathways have increased
levels of phosphorylation lasting approx. 10-360 min post-loading.
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FIGURE3  Cascading signalling of muscle protein kinases in the mTOR and MAPK
pathways. Solid lines represent direct effects, dashed lines represent indirect ef-
fects.
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2.2.3.1 Acute loading-induced responses in proteins of the mTOR pathway

Upstream to mTOR, protein kinase B (Akt) phosphorylation at Ser*”3 has been
shown to initially decrease (Terzis et al. 2008a, Hulmi et al. 2009a) and then in-
crease from 180-360 min post-loading (Dreyer et al. 2006, Drummond et al.
2008). Although there have been conflicting data in the early responses of Akt,
one reason may be the use of combined resistance loading and nutrient intake
as different responses have been observed when comparing protein supplemen-
tation with placebo (Hulmi et al. 2009a, Reitelseder et al. 2011). Conflicting find-
ings have been observed in the phosphorylation of mTOR at Ser?#48 and Ser248!
with increases 15-120 min (Dreyer et al. 2006, Mascher et al. 2008, Terzis et al.
2008a, Terzis et al. 2010) and no change 360 min (Glover et al. 2008) occurring
after hypertrophic resistance loadings. Furthermore, increasing the number of
sets during resistance loading from 1 to 5 did not influence the magnitude of
mTOR phosphorylation at Ser?#8 30 min post-loading (Terzis et al. 2010). These
mixed findings make interpretation of the importance of post-loading phos-
phorylation of Akt and mTOR on muscular adaptation difficult.

One protein that has been highlighted as playing an important role in
muscle hypertrophy is p705¢K. The magnitude of muscle hypertrophy has been
shown to be positively related to phosphorylation of p705¢Kin both rats (Baar &
Esser 1999) and humans (Terzis et al. 2008a). Increased phosphorylation post-
loading has been observed in a large number of studies (Dreyer et al. 2006,
Drummond et al. 2008, Mascher et al. 2008, Terzis et al. 2008a, Hulmi et al,
2009a, West et al. 2009, Reitelseder et al. 2011, Hulmi et al. 2012). Quite interest-
ingly, Hulmi and colleagues (2012) showed that p70S6K at Ser#?*/Thr#?! in-
creased after both 15 x 1RM and 5 x 10RM leg press loadings, but p705¢K at
Ser3? phosphorylation increased only following the 5 x 10RM loading protocol
(Fig. 4). This suggests volume and/or metabolic demand influence phosphory-
lation of p705°K at Ser3® and not intensity /muscle tension, at least immediately
following resistance loading. Furthermore, Terzis et al. (2010) showed that the
magnitude of phosphorylation at this binding site is highly dependent on total
work performed during loading.

As can be seen from Figure 3, ribosomal protein S6 (rpS6) is downstream
to p705¢K, Increased phosphorylation of rpS6 at Ser? is also dependent on the
volume performed during resistance loading (Terzis et al. 2010, Hulmi et al.
2012). Another protein downstream to p705°K, Eukaryotic elongation factor 2
(eEF2), appears not to change in the early stages of recovery (Hulmi et al. 2009a)
and is more active (decreased phosphorylation) 180-360 min post-loading
(Drummond et al. 2008, West et al. 2009), which may indicate that it is im-
portant during the late recovery phase after resistance loading.
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FIGURE4  Acute loading-induced responses in p705°K and rpS6 during maximal
strength and hypertrophic leg press loadings (Hulmi et al. 2012). Copyright
2010 by John Wiley and Sons, reproduced with permission.

2.2.3.2 Acute loading-induced responses in proteins of the MAPK pathway

In addition to mTOR proteins, MAPKSs have also been studied during acute re-
sistance loadings. Presently, there is some debate as to the exact effects of
MAPK proteins as results from animal studies have shown a vast range of in-
fluences on different tissues (Roux & Blenis 2004). However, it may be that
phosphorylation of MAPK proteins induce adaptations in skeletal muscle that
promote increased muscle mass and/ or increased muscle endurance capacity.

ERK 1/2 phosphorylation at Thr202/204 has been shown to increase imme-
diately following 4-5 x 10RM leg press loading (Karlsson et al. 2004, Hulmi et al.
2012) and 8 x 10 knee extension loading in young men (Drummond et al. 2008).
This response was clearly attenuated when performing 1 repetition per set
(Hulmi et al. 2012) and no change in phosphorylation was observed with 6 reps
per set (Terzis et al. 2010) suggesting that perhaps ERK 1/2 responds to the
metabolic demand created by ~10 reps per set. However, it should be noted that
increases have been observed following 15 x 3RM power clean pulls (Galpin et
al. 2012). Therefore, a low number of reps per set may stimulate ERK 1/2 phos-
phorylation if performed with maximum velocity (i.e. explosively).
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In general, loading protocols that induce increases in ERK 1/2 phosphory-
lation also increase p38 phosphorylation (Karlsson et al. 2004, Hulmi et al. 2012,
Galpin et al. 2012). However, when separating the purported a/p and y bands,
Hulmi et al. (2012) observed increased phosphorylation of the a/ band follow-
ing 15 x 1RM leg press loading. This suggests that high intensity /muscle ten-
sion may be necessary to stimulate p38 a/p phosphorylation. One protein that
has not received much scientific attention is MAPK-activated protein kinase 2
(MAPKAPK-2). Its phosphorylation has been shown to increase following en-
durance exercise (Krook et al. 2000) possibly indicating that high metabolic de-
mand stimulates MAPKAPK-2 through p38y activation but, to the author’s
knowledge, this protein has yet to be investigated during resistance loading.

As noted for serum hormones, no scientific investigation has studied the
phosphorylation responses of protein kinases in the context of constant vs. vari-
able resistance loadings. However, evaluation of the acute responses in these,
and other, protein kinases may improve our understanding of the impact of
acute resistance loading protocols, and consequently potential mechanisms in-
volved in muscular adaptations to resistance training.

2.3 Long-term adaptations to resistance training

2.3.1 Neural adaptations

Theoretically, neural adaptations could occur due to improved agonist and/or
synergist activation, as well as reduced coactivation of antagonists. Increased
agonist activation has been the focus of most scientific studies and will be dis-
cussed here. Agonist activation could improve through greater motor unit re-
cruitment or firing frequency through greater descending drive from su-
praspinal centres, greater motor unit synchronisation, greater spinal motor neu-
ron excitability, and/or reduced spinal inhibition of descending drive (Aagaard
& Thorstensson 2003).

The classic study by Moritani & de Vries (1979) described that in previous-
ly untrained subjects the initial improvements in force production could be ac-
counted for by neural adaptations and that hypertrophy would progressively
account for improvements following approx. 4 weeks of training. Some studies
have suggested that neural adaptations had occurred based on the observations
of disproportionate increases in force production and muscle hypertrophy
(Dons et al. 1979, Jones & Rutherford 1987, Sale et al. 1992). Other previous
studies have attempted to more directly describe changes in muscle activation
via measurements such as surface and intramuscular EMG (Hékkinen & Komi
1983, Keen et al. 1994, Hakkinen et al. 1998a, Héakkinen et al. 2001a, Aagaard et
al. 2002b, Kamen & Knight 2004, Christie & Kamen 2010, Vila-Cha et al. 2010),
superimposed twitch during maximum isometric contraction (Ramsay et al.
1990, Harridge et al. 1999, Knight & Kamen 2001), assessment of M-wave, V-
wave and Hoffman (H)-reflex properties (Aagaard et al. 2002a, Fimland et al.
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2010), and also transcranial magnetic stimulation (TMS) (Lee et al. 2009, Latella
et al. 2012). Figure 5 shows early increases (4-8 weeks) in isometric force ac-
companied by increased quadriceps EMG activity with minor increases in mus-
cle fibre cross-sectional area of the vastus lateralis muscle (Hédkkinen et al. 1981,
Hakkinen et al. 1983).
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FIGURE5  The effect of resistance training on maximal bilateral isometric leg extension
force (Force), averaged quadriceps muscle activity (EMG), and averaged
muscle fibre area of the vastus lateralis (Fibre area) in young men (modified
from Hakkinen et al. 1981 and Hikkinen et al. 1983). Copyright 1981 and
1983 by John Wiley and Sons and Lippincott Williams and Wilkins respec-
tively, reproduced with permission.

Increased surface EMG amplitude has been observed following resistance train-
ing in healthy young subjects (Hakkinen & Komi 1983, Narici et al. 1989, Aa-
gaard et al. 2002b), and in middle-aged and older subjects (Hdkkinen et al.
2001a, Suetta et al. 2004, Karavirta et al. 2011) following training periods of 8-21
weeks. Although interpretations of neural adaptation based solely on EMG am-
plitude should be made with caution due to methodological constraints and
confounding factors (Farina et al. 2004), increased amplitude could be due to
greater motor unit recruitment, firing frequency, or synchronisation. Studies on
the tibialis anterior (Van Cutsem et al. 1997) and soleus (Oya et al. 2009) mus-
cles have shown that recruitment of motor units occurs until approx. 90 % and
95 % of maximum isometric force respectively. Unfortunately, recruitment pat-
terns of the quadriceps have not been quantified, nevertheless, based on these
observations, it seems likely that greater motor unit recruitment does not ac-
count for neural adaptations (and increased EMG amplitude) following re-
sistance training.

Kamen & Knight (2004) showed increased firing frequency of the vastus
lateralis muscle following 6 weeks of knee extension training with 3 x 10 using
85 % 1RM in both young and older subjects. In this study, the increased firing
frequency occurred largely in the early weeks of training, even in the control
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period before the training intervention. Furthermore, the inclusion of 3 maxi-
mum isometric knee extensions during training does not allow the reader to
assess the origin of the training-induced improvements. In another study from
this laboratory (Christie & Kamen 2010) 5 weeks of isometric training of the
dorsiflexor muscles showed significant training-induced increases in firing fre-
quency during maximum isometric force in both young and older subjects. In
addition to potentially influencing maximum force production, increased firing
frequency has been shown to accompany improved rate of force development
since the seminal findings of Van Cutsem and colleagues (1998). Finally, 6
weeks of strength training increased firing frequency, while no change was ob-
served following endurance training (Vila-Cha et al. 2010).

Motor unit synchronisation has been shown to increase EMG amplitude
(Yao et al. 2000, Arabadzhiev et al. 2010). Furthermore, increased synchronisa-
tion has been shown following 6 weeks of isometric training (Milner-Brown et
al. 1975) and in strength-trained athletes compared to untrained controls
(Milner-Brown et al. 1975, Semmler & Nordstrom 1998). However, data indicat-
ing that motor unit synchronisation does not aid force production has been
shown (Yao et al. 2000, Kidgell et al. 2006).

Peripheral nerve stimulation has been used to quantify motor neuron ex-
citability originally in upper limb muscles (Sale et al. 1983) and, thereafter, in
the soleus muscle (Aagaard et al. 2002a, Fimland et al. 2010). The V wave is the
voluntary contraction equivalent of the more commonly known H-reflex. When
expressed relative to the M-wave, the V-wave gives information regarding
changes in descending drive, motor neuron excitability, and/or pre-synaptic
inhibition as voluntary action potentials collide with, and clear, the antidromic
impulses (Aagaard & Thorstensson 2003). Aagaard et al. (2002a) observed in-
creased V-wave amplitude after 14 weeks of seated calf raises using 4-5 sets of
3-10 reps. The authors attributed this increase to increased descending drive
and/or increased motor neuron excitability, but specifically discussed the pos-
sibility of increased descending drive through greater firing frequency. These
findings were also observed in multiple sclerosis patients following 3 weeks of
4 x 4 seated calf raises (Fimland et al. 2010).

Electrical stimulation has also been used to assess voluntary activation
level (i.e. the proportion of “true maximum” activation during maximum vol-
untary effort). By superimposing a twitch during maximum isometric contrac-
tion (Merton 1954) comparison to a subsequent resting twitch (Bellemare &
Bigland-Ritchie 1984) yields voluntary activation level as a percentage of maxi-
mum activation achieved. Increased voluntary activation level following train-
ing is purported to represent improved motor unit recruitment and/or firing
frequency. Some studies have observed increased voluntary activation level in
young and older subjects (Knight & Kamen 2001), while others have failed to
demonstrate statistically significant increases (Ramsay et al. 1990, Harridge et al.
1999). This may be indicative of the methodology to detect changes of sufficient
magnitude to reach statistical significance and it has been suggested that small
increases represent a physiologically significant improvement in muscle activa-
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tion (Herbert & Gandevia 1999). Furthermore, individual increases in voluntary
activation level have been associated with improved force production (Harridge
et al. 1999).

More recently, the use of TMS to describe training-induced neural adapta-
tions has been used and showed mixed findings. Motor evoked potentials from
TMS stimulation increased in parallel with improved force production (Kidgell
et al. 2010), indicating increased descending drive. Lee et al. (2010) on the other
hand observed no changes in either voluntary activation level or response to
TMS stimulation following 4 weeks of 4 x 8 (70-85 % 1RM) wrist abduction
training. This data suggests that increased descending drive did not account for
the observed improved (~11 %) forced production. Support for this finding was
provided by Latella and colleagues (2012). Subjects performed unilateral leg
press actions 3 times per week for 8§ weeks (3 sets of 4-8 reps) and demonstrated
no changes in EMG amplitude. However, a reduced silent period observed in
both the trained and untrained rectus femoris muscle suggests reduced cortico-
spinal inhibition (Latella et al. 2012).

Taken together, the results of scientific investigation seem to suggest that
neural adaptation does occur due to resistance training. However, due to a
complex and interactive system of excitatory and inhibitory influences, as well
as methodological constraints, it is very difficult to identify the exact mecha-
nism of neural adaptation that leads to improved force production.

2.3.2 Muscular adaptations

Muscle fibres have been classified according to their histochemical staining
properties, as well as twitch characteristics. Most studies focus on three types;
Type I (slow twitch), Type Ila (Fast twitch, oxidative), and Type IIx (Fast twitch,
glycolytic) - referred to as Type Ilb in earlier studies. Previous studies have
identified changes in muscle fibre subtype due to resistance training (Staron et
al. 1994, Hékkinen et al. 1998b, Campos et al. 2002). It appears that, through
maximal strength and hypertrophic resistance training, there is a shift in fibre
type distribution away from Type IIx towards Type Ila (Staron et al. 1994, Hak-
kinen et al. 1998b, Andersen & Aagaard 2000, Campos et al. 2002), however, it
seems that no exchange takes place between Type I and Type Il fibres.

In addition to changes in muscle “quality”, resistance training induces in-
creases in muscle “quantity”. Although hyperplasia (the increased number of
muscle fibres) is theoretically possible, supported by evidence from animal
studies, this seems to have been dismissed as a possibility of post-natal skeletal
muscle hypertrophy in humans. Therefore, only muscle hypertrophy (the in-
crease in size of existing muscle fibres) will be discussed. Early animal studies
suggested that micro-trauma is a prerequisite for muscle hypertrophy (Gold-
spink 1971). However, little is known about the exact resistance training stimuli
needed to induce hypertrophy, and several requirements have been proposed
recently, such as muscle damage, mechanical tension, and metabolic stress (for
review see Schoenfeld 2010).
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Studies have analysed muscle hypertrophy by, for example, muscle fibre
CSA from biopsy samples (Hékkinen et al. 1981, Aagaard et al. 2001, Campos et
al. 2002, Héakkinen et al. 2002, Mero et al. 2012), as well as whole muscle volume
and muscle CSA with magnetic resonance imaging (MRI) (Narici et al. 1989,
Narici et al. 1996, Hékkinen et al. 1998b, Kraemer et al. 1999, Aagaard et al. 2001,
Ahtiainen et al. 2003) or computer tomography (CT) scanning (Sale et al. 1992).
These studies have observed robust increases in quadriceps muscle fibre and
whole muscle size as a consequence of resistance training.

In previously untrained young men, the separation of training into low
rep (3-5RM), intermediate rep (9-11RM), and high rep (20-28RM) training
groups led to increases in cross-sectional area of Type I (~13 %), Ila (~20 %), and
IIx (~26 %) fibres in the low and intermediate groups after 8 weeks of training
(Campos et al. 2002). These results suggest that, when training is matched for
total work, high or medium intensity is needed to induce hypertrophy in previ-
ously untrained subjects. In a study by Aagaard and colleagues (2001), signifi-
cantly increased CSA of Type II (~18 %) but not Type I (~9 %) fibres was ob-
served. Taken together, it appears that Type II fibres increase size more readily
than Type I fibres, at least in young subjects.

At the whole muscle level, Narici et al. (1989) observed an ~8.5 % increase
in quadriceps CSA following 60 days of isokinetic knee extension training.
Slightly greater increases (~10-11 %) were observed following 19 weeks of leg
press training with 7-20 reps per set (Sale et al. 1992) and 14 weeks of combined
low (4-6) and intermediate (10-12) rep training of the lower limbs (Aagaard et
al. 2001). It also appears that hypertrophy is non-uniform along the muscle
length and that specific regions of the quadriceps are more susceptible to hyper-
trophy than others (Narici et al. 1996, Hakkinen et al. 2001b, Ahtiainen et al.
2003). Distal and proximal regions of the quadriceps increased CSA by ~19 %
while the central region increased by ~7 % after 21 weeks using 6 x 8 with 80 %
1RM (Narici et al. 1996), although all regions increased significantly before vs.
after training.

In older men, a 10 week resistance training period increased quadriceps
CSA by ~8.5 %, which was similar to the increases in young men as assessed by
MRI (Hékkinen et al. 1998b). Furthermore, large increases in VL fibre CSA was
observed in Type I (~50 %), Ila (~48 %), and IIx (~46 %) fibres following 24
weeks of linearly periodised, progressive resistance training (Hékkinen et al.
2002). Conversely, in another study by Hakkinen et al. (1998a) of similar train-
ing duration, there were no changes observed for older men in whole muscle
CSA (~2 +2 %) and modest, but significant, increases in middle-aged men (~5 *
3 %). These results may be partly due to the accuracy/sensitivity to detect
changes of the ultrasound measurements of that time. Alternatively, some stud-
ies have observed differences a lower magnitude of hypertrophy in older vs.
young subjects (Kraemer et al. 1999, Mero et al. 2012), and one factor that has
been identified as a possible explanation is a lower protein intake during train-
ing in the older subjects (Mero et al. 2012).
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Finally, changes in pennation angle have been observed during to re-
sistance training (e.g. Aagaard et al. 2001). This could increase muscle force
production by allowing a greater fibres area per given volume of muscle. Inter-
estingly, increased pennation angle and muscle thickness has been observed
during hypertrophic resistance training, while decreased pennation angle has
been accompanied by increased muscle thickness in the group performing
plyometric training (Blazevich et al. 2003). These results suggest that training-
specific adaptations in muscle architecture are in-line with proposed theory for
improved force production or shortening velocity of muscle fascicles.

2.3.3 Hormonal and molecular adaptations

Basal hormone concentrations after resistance training have been shown to re-
main unchanged (Craig et al. 1989, McCall et al. 1999, Ahtiainen et al. 2003),
increase (Hakkinen et al. 1985a, Sallinen et al. 2007, Sillanpad et al. 2010), or de-
crease (Fry et al. 1993, Rankin et al. 2004) following resistance training lasting
10-24 weeks. An increase in basal testosterone would seem to be advantageous
in promoting training-induced adaptations (Hékkinen et al. 1985a, Hiakkinen et
al. 1988). However, it is difficult to attribute any observed change in basal tes-
tosterone concentrations to short-term training per se, as it has been shown that
the seasonal variation (Svartberg et al. 2003) and dietary intake (Anderson et al.
1987, Bishop et al. 1988) influence androgen concentrations. Perhaps the strong-
est scientific evidence that resistance training can increase basal serum hormone
concentrations comes from a study where weightlifters were assessed over 2
years (Hakkinen et al. 1988). The results of this study suggest that chronic and
frequent high-intensity resistance training can influence the endocrine system,
which may be important in promoting further adaptation once significant in-
creases in strength and muscle mass have been achieved (Hédkkinen et al. 1988).
Regarding adaptations in the responsiveness of serum hormones to acute
resistance loading, short-term resistance training studies (7-12 weeks) in young
subjects have shown mixed findings. Acute total testosterone (Kraemer et al.
1998) and growth hormone (Craig et al. 1989, Izquierdo et al. 2009b) response
can be greater following a training period, although similar responses have also
been observed for testosterone (Craig et al. 1989) and growth hormone (McCall
et al. 1999). It is difficult to discern, based on these studies, whether greater re-
sponsiveness in growth hormone is due to alterations within the endocrine sys-
tem or due to an greater total work performed during loading, as the magni-
tude of growth hormone response has been shown to be related to greater vol-
ume and intensity during loadings (Kraemer et al. 1990, Hakkinen & Pakarinen
1993, Smilios et al. 2003). However, a larger/longer growth hormone response
seems to be observed in most short-term training studies. A lower magnitude of
acute growth hormone response 30 min post-loading in young men has also
been observed, which was accompanied by lower blood lactate response (Kra-
emer et al. 1999). As growth hormone response has been shown to be related to
blood lactate response (Hakkinen & Pakarinen 1993, Gordon et al. 1994), it may
be that training-induced adaptations led to a reduced reliance on anaerobic me-
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tabolism in response to the same loading protocol. This interpretation is sup-
ported by the findings that acute cortisol response was lower in the same study
(Kraemer et al. 1999).
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FIGURE6  Serum total testosterone in young men (A, Kraemer et al. 1998) and cortisol
in young and older men (B, Kraemer et al. 1999) during recovery from acute
resistance loadings before and after a period of resistance training. Copyright
1998 by Springer Publishing and 1999 by the American Physiological Society
respectively, reproduced with permission.

Acute cortisol response can be attenuated (Hickson et al. 1994, Kraemer et al.
1999) or remain similar (Kraemer et al. 1998, Izquierdo et al. 2009b) after a re-
sistance training period. A reduction in serum cortisol response to resistance
loading may be viewed as a marker of training-induced adaptation. As cortisol
responds to psycho-physiological stress, it is possible that the subjects have be-
come accustomed to the physical challenge of the resistance loading protocol
due to training in addition to the potential for lower metabolic stress discussed
above. Regarding those studies that observed no change in acute cortisol re-
sponse (Kraemer et al. 1998, Izquierdo et al. 2009b), it may be that training
needs to be longer than 8 weeks duration to induce these adaptations.

In older men, it appears that adaptations in the magnitude of acute endo-
crine responses due to resistance training may be clearly observed. In subjects
demonstrating signs of andropause and somatopause, training-induced adapta-
tions in acute hormone responses have been readily observed, despite fewer
studies investigating this phenomenon. Greater acute total testosterone re-
sponses have been observed after 10 weeks (Kraemer et al. 1999) and 24 weeks
(Hakkinen et al. 2002) of resistance training. Significant elevations in growth
hormone have been observed after 24 weeks of training (Hakkinen et al. 2002)
in older men and 21 weeks in older women (Hikkinen et al. 2001b). Further-
more, it appears that particularly low responders are able to increase their acute
growth hormone response to resistance loading, as reduced inter-individual
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variability led to statistically significant increases in older women following 24
weeks of training (Hakkinen et al. 2002).

One area of study that has received very little scientific attention is chang-
es in acute molecular responses after a period of resistance training. Resting
phosphorylation levels of Akt, elF4E, FAK, and GSK3-3 were significantly ele-
vated after the training period (Wilkinson et al. 2008), which agreed with previ-
ous work by Leger et al. (2006). The authors proposed that higher resting levels
indicate a “heightened state of responsiveness” and may lead to greater poten-
tial for muscle hypertrophy (Wilkinson et al. 2008).

Wilkinson and colleagues (2008) showed that, in response to 5 x 8-10 knee
extension loading, phosphorylation of Akt at Ser#”? and elF4E at Ser?®” immedi-
ately post-loading was greater than before the training period (10 weeks) sug-
gesting greater responsiveness in anabolic signalling. However, phosphoryla-
tion of rpS6 at Ser?> was significantly lower 240 min post-loading compared to
before training. Unfortunately, loadings were performed in the fed state and so
the enhanced phosphorylation of some protein kinases, especially Akt, could be
attributed to either the effect of loading or nutrition as discussed above (Hulmi
et al. 2009a, Reitelseder et al. 2011). Mayhew and colleagues (2011) found indi-
cations that, at least in high responders to resistance training, the acute p70 and
elF2Be responses were blunted after 16 weeks of 3 x 8-12 lower limb resistance
training 3 times per week. This matches the lower rpS6 phosphorylation ob-
served by Wilkinson et al. (2008) and perhaps seems logical that the same re-
sistance loading stimulus would induce lower responses as training and train-
ing-induced adaptations progress.

2.4 Long-term gains in force production to constant vs. variable
resistance training

Several studies have investigated training-induced adaptations to training us-
ing resistance devices that produce either constant or variable external re-
sistance, the results of which are summarised in Table 1. These devices have
manipulated the lever arm distance by the use of cams or pulleys. Ariel (1976)
showed that training for 4 weeks (4 x 3—-8RM) significantly improved force
production by 4 % in the variable resistance group and 1 % in the constant re-
sistance group. This indicates greater benefit from training with variable exter-
nal resistance. However, the overall gains in both groups are low and this study
has been criticised as the author helped to design the equipment. Alternatively,
Stone et al. (1979) observed greater improvements in the group training with
power cleans compared to the group training with variable resistance knee ex-
tension. The test in this study was non-specific (jump squat) and perhaps fa-
voured the group training with a similar movement pattern. Similarly, Silvester
& Bryce (1981) compared variable resistance devices for the lower limbs vs. free
weight box squats. Both training modes were equally effective in improving
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jump squat performance, an action not performed in training but more closely
matching the movement pattern of box squat training of the constant group.

Two training studies have investigated the effect of testing on the training-
specific device, which highlight the importance of test selection to make conclu-
sions on the effectiveness of either training mode. Pipes (1978) used a multi-
exercise 3 x 8 training program for 10 weeks. For the leg press exercise, greater
improvements were observed in the constant group when testing was per-
formed using a constant resistance device and greater improvements were ob-
served in the variable group when testing was performed using a variable re-
sistance device. Similar device-specific training improvements were found for
the pull-down, military press, and biceps curl exercises (Pipes 1978). The study
by Boyer (1990) corroborated these findings for the leg press exercise in that
testing on the constant resistance device revealed ~16 % and ~11 % improve-
ments in the constant and variable training groups, respectively. Testing on a
variable resistance device, conversely, revealed ~17 % and ~29 % improvements
in the constant and variable training groups, respectively.

Coleman and colleagues (1977) used the same resistance devices as Pipes
(1978) and observed similar improvements in force production from both train-
ing modes. For the biceps curl exercise, Silvester & Bryce (1981) observed simi-
lar improvements in isometric force production from variable resistance device
vs. free weights biceps curl training over 13 weeks with different training pro-
grams for the groups. In agreement, Manning and colleagues (1990) compared
constant vs. variable resistance knee extension training (10 weeks, 2-3 days per
week, 1 x 8-12) and observed equivalent improvements in isometric torque
throughout the range of motion. Although the relative improvements in dy-
namic (device-specific) load used during training improved more in the varia-
ble group (~46 % vs. ~24 %), the authors dismissed this as evidence of greater
improvements due to variable resistance training as the variable group was
weaker than the constant training group at the beginning of training.
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TABLE 1 Summary of training intervention studies comparing constant and variable
external resistance.
Study Training mode (n) Training Training program  Main findings
duration
Ariel 1976 CON vs. VAR 4 wk 5d wk1,4x3-8RM 1RM:1vs.4 %
Coleman LP, CONvs. VAR 10wk 3d wk, 2 x LP1RM :16.5vs. 16 %
etal. 1977  (total = 60), young 8-12RM
men untrained
Pipes 1978 LP, CONvs. VAR 10 wk 3d wk1, 3 x8using CON LP 1IRM:* 29 vs.
(total = 36), young 75 % 1RM 8 %, VAR LP 1RM:* 8
men untrained vs. 27 %,
estimated lean body
mass: 4 vs. 5 %
Stone et FW power clean 5wk 3d wk't, FW multi-  jump height:* FW >
al. 1979 (16) vs. VAR KE ple sets vs. VAR VAR
(16) trained men 1 set to failure
Silvester EF, FW vs. VAR, EF8wk  3dwk?, FW multi- FW =VAR
& Bryce FWSvs VARKE  S13wk  plesets vs. VAR
1981 1 set to failure
Boyer LP,CONvs. VAR 12wk 3d wk, 3 x CON LP 1RM:* 16 vs.
1990 (total = 32) young 6—10RM 11 %, VAR LP 1RM:* 17
women untrained vs. 29 %,
Manning  KE, CON (17) vs. 10 wk 2-3d wk1,1 x peak isometric torque:
etal. 1990 VAR (17), young 8-12RM 16 vs. 17 %,
untrained training load: 24 vs.
46 %
Anderson Sand BP,FWvs.B 7wk 3d wkl,3-6 x 2-10  estimated S TRM:* 6 vs.
etal. 2008  (total = 39), young using 72-98 % 1IRM 16 %,
athletes estimated BP:* 1RM 4
vs. 8 %
Ghigiarelli BP,FW (12) vs. B 7wk 1d wk, 6 x 3RM estimated 1RM: 5 vs. 7
etal. 2009  (12) vs. C (12), vs. 8 %
young athletes
McCurdy  BP,FW vs. C (total 9wk 2d wk1,5-9x1-8  FW1RM: 6 vs. 6 %,
etal. 2009 = 27), young ath- using 60-95 % IRM ~ C1RM:7 vs. 15 %
letes
Bellar et BP, cross-over FW 3 wkvs.  2dwk?,5x5using 1RM:*7vs.10 %
al. 2011 vs. B (11), young 3 wk 85 % 1RM
untrained
Shoepeet Sand BP, FW (10) 24 wk 3d wk, 67-95 % S1RM: 9 vs. 20%,
al. 2011 vs. B (10), young 1RM (sets x reps BP 1RM: 32 vs. 33 %

active

not specified)

LP = leg press, KE = knee extension, EF = elbow flexion, S = squat, BP = bench press, CMJ =
coutermovement jump, CON = constant resistance device, VAR = variable resistance device,
FW = free weight, B = rubber band + free weight, C = chain + free weight, wk = weeks. * = sig-

nificant difference between groups.
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Recently, studies have investigated training free weight exercises with the addi-
tion of either rubber bands or chains to provide linearly increasing resistance.
Typical use of this equipment is focussed on the exercises used in powerlifting,
namely the squat, bench press, and deadlift exercises. These multi-joint actions
would theoretically be well-suited to this form of variable resistance, however,
results of studies have also been mixed. Methodological considerations when
evaluating these studies is that; 1) all testing was performed with free weights
only (i.e. constant resistance), and 2) the free weight resistance has been substi-
tuted for the variable resistance (i.e. the resistance was equal between groups
only at full extension).

Anderson et al. (2008) showed that college athletes improved maximum
force production during dynamic bench press and squat exercises to a greater
extent over 7 weeks using combined free weight and rubber bands than free
weight resistance only. It should be noted, however, that the subjects performed
1-3RM during testing and the 1RM scores were calculated based on standard-
ised conversion factors. Using a randomised cross-over design, Bellar and col-
leagues (2011) observed significantly greater improvements in the group train-
ing with combined free weight and rubber bands for 3 weeks with 5 x 5 using
85 % 1RM.

Conversely, estimated 1RM (5-7RM testing) bench press improved simi-
larly by in rubber band + free weight, chain + free weight, and free weight only
training groups, respectively, following low rep resistance training (3 reps per
set) incorporated only once per week into a 7-week program (Ghigiarelli et al.
2009). In the longest training study of 24 weeks, Shoepe et al. (2011) observed
no statistical differences in 1RM bench press and squat improvements when
comparing combined rubber band + free weight vs. free weights only. However,
it is noticeable that the improvements in the bench press were twice as great in
the free weight only group (Table 1).

In the only study using training-specific, as well as non training-specific
bench press tests, identical improvements in free weight bench press were ob-
served between the groups but the group training with variable resistance im-
proved combined chain and free weight bench press performance by ~15 % vs.
~6 % of the free weight only group (McCurdy et al. 2009). The authors did not
observe statistically significant differences between the two training groups,
although the training-specific improvements following chain + free weight
training was more than twice that observed in the free weight only group.

It is noticeable that these studies have assessed only maximum force pro-
duction, in which improvements in previously untrained subjects could be ex-
pected to similar. There is a clear gap in scientific research investigating other
parameters, such as muscle hypertrophy, when comparing constant and varia-
ble resistance training. Collectively, the studies that have investigated constant
and variable resistance have contained elements within their methodologies,
such as test selection, lower resistance at small joint angles in the variable re-
sistance mode, initial strength of the groups, and especially varying training
program variables, which may either not allow accurate comparisons or bias
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the results towards one training mode or the other. These considerations have
perhaps led to inconsistent findings and, consequently, scientifically-supported
practical application of these training modes has not been possible.



3 PURPOSE OF THE STUDY

Muscular contraction in vivo has been shown to produce distinct force-angle
relationships. Single-joint contractions tend to produce inverted U-shaped
force-angle curves with peak force produced during the mid range of motion,
while multi-joint contractions produce either linearly increasing or decreasing
force-angle curves. Typical resistance training is characterised by constant ex-
ternal resistance (i.e. the external resistance remains the same throughout the
whole range of motion). Therefore, theoretically, the load that is lifted during
resistance training is limited to the weakest parts of the range of motion. Varia-
ble external resistance gives potential for muscular contractions that more close-
ly resemble their maximum force-angle capabilities by using. It is possible that
training with variable external resistance may lead to greater improvements in
neuromuscular performance, muscle activation, and/or muscle hypertrophy.

The specific aims of the present experiments were:

1) To describe the effects of cam-based variable external resistance devices
on kinetic, kinematic, and muscle activation variables in comparison to
constant external resistance in the lower limbs (original paper I).

2) To evaluate the acute effects of constant and variable external resistance
loading on neuromuscular fatigue, blood lactate, serum hormone, and
phosphorylation of muscle protein kinases before and after a period of
resistance training (original papers II-1V).

3) To evaluate chronic adaptations to resistance training using either con-
stant or variable external resistance devices in the lower limbs (original
papers IV and V).

4) To determine whether similar acute and chronic responses to constant
versus variable external resistance occur in young and older subjects
(original papers Il and V).
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The primary hypothesis was that variable external resistance causes great-
er force during parts of the range of motion that are capable of producing larger
force, which is accompanied by greater muscle activation compared to constant
external resistance. This will lead to greater acute neuromuscular fatigue, in-
creases in serum hormone concentration and protein kinase phosphorylation
during loading, which will promote greater training-induced adaptations in
neuromuscular performance, as well as muscle activation and/or hypertrophy
when using variable external resistance.



4 METHODS

4.1 Subjects

A total of 125 subjects volunteered to participate in the present study, which
included 73 young (age range 20-35 yrs) and 52 older men (age range 60-72 yrs).
During the course of the study, 6 young men dropped out due to personal rea-
sons, not completing all study criteria, and musculoskeletal injuries. Two older
men dropped out due to pre-existing musculoskeletal injuries (1 in paper III
and 1 in paper V). Therefore, a total of 117 subjects (67 young and 50 older men)
completed all study requirements and were considered in analyses. All subjects
were healthy and physically active, participating in low-intensity, endurance-
type exercise, such as jogging, cycling, and cross-country skiing, however, none
of the subjects had regularly performed resistance training at a frequency great-
er than once per week for the previous 12 months. Some of the young subject
also participated in ball games (e.g. football, floorball, volleyball etc) at a fre-
quency of 1-2 times per week. All subjects were instructed to continue wioth
their habitual physical activity habits during the study. Exclusion criteria in-
cluded cardiovascular diseases, diabetes, musculoskeletal dysfunctions, im-
paired endocrine function, or any other condition that may have hindered per-
forming the training or testing protocols. All subjects were recruited through
advertisement and email lists. Physical characteristics of the subjects that com-
pleted each part of the study are presented in Table 2.
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TABLE 2 Physical characteristics of the subjects (mean + SD).

Original Subjects Age Height Body mass  Body fat
paper (years) (cm) (kg) (%)
I Y,n=9 29+4 179+£5 79+7 12+£3
I Y, n=13 28+4 180+ 4 79+£10 15+£3
I Y, n=12 28+£5 181+4 79 +10 17£6
O,n=13 65+4 176 +5 799 22+6
v YV,n=11 27 +5 177 £ 6 71£8 19+10
YC, n=12 295 1816 79+11 18+7
YCo,n=10 30%4 180+ 6 84+ 14 19+6
Vv OoV,n=13 65+4 177 +6 827 25+8
OoC,n=13 65+4 176 £ 4 808 24 +£5
OCo,n=11 65%3 178 +7 78 +13 226

Y = young, O = older, V = variable resistance training, C = constant resistance training, Co
= control

The subjects were carefully informed of the study design and all potential risks
and discomfort before the commencement of the study, after which all subjects
provided written consent. The older men were then examined by a physician,
including electrocardiogram assessment and were proclaimed healthy to per-
form rigorous exercise. None of the subjects were taking medication that may
influence the neuromuscular or endocrine systems. The study was conducted
according to the Declaration of Helsinki, and was approved by the Ethics
Committees of the University of Jyvaskyld and the Central Hospital, Jyvaskyld,
Finland.

4.2 Experimental design

In order to study the effect of variable versus constant resistance training, the
present study comprised evaluation of single-repetition performance, acute
maximal strength and hypertrophic loadings, and long-term training (Fig. 7).
Also, to examine whether the effects of variable versus constant resistance are
similar in different groups, subjects in this study were young (20-35 yrs) and
older (60-72 yrs) men. The experimental designs used in each of the original
papers are summarised in Table 3 and Figure 7.
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Paper |
Single-repetition
performance using
four resistance settings;
leg press

Paper Il

Constant vs. variable
acute resistance loadings;
leg press

Paper Il

Constant vs. variable
acute resistance loadings;
knee extension

T
Paper IV '
Constant vs. variable | 20-week constant vs. variable hypertrophic | Constant vs. variable
H acute resistance loadings;
i
'

leg press.

acute resistance loadings; resistance training period
leg press leg press, knee extension, knee flexion

Paper V

20-week constant vs. variable hypertrophic
resistance training period

leg press, knee extension, knee flexion

Time

FIGURE7  Overall study design, which includes three cross-sectional and two longitu-
dinal experiments.

During the single-repetitions, concentric performance was evaluated during
both steady-paced (paper I), and were assessed by kinetic variables and surface
electromyography (EMG). Measurements pre-, immediately post-, and up to 30
min post- acute loading protocols assessed the impact of the constant and vari-
able resistance loadings. Measurements included concentric force and EMG, as
well as isometric force and EMG (II-IV), blood samples (II, IV) and muscle bi-
opsy samples (IV). The effects of training with either constant or variable re-
sistance were measured before, after 10 weeks of training (“mid”-training), and
after 20 weeks of training (IV, V). Training was performed twice per week, and
both the training and control groups were instructed to maintain their habitual
physical activity throughout the training period. Non-training, age-matched
control groups were examined during the longitudinal design before and after
the 20-week period (IV, V). The testing sessions for individual subjects were
performed at the same time of day during the study to control for diurnal varia-
tion (Sedliak et al. 2007).
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TABLE 3

Summary of the experimental designs of each original paper and primary
variables measured.

Original Subjects

Experimental design

Primary variables

paper
I Young Cross-sectional (single- 1) Concentric force and velocity
repetition performance; 2y Concentric muscle activity
leg press)
II Young Cross-sectional (acute 1) Concentric and isometric leg
loadings 15 x IRM and 5  extension force production
*10RM; leg press) 2) Concentric and isometric
muscle activity
3) Serum hormone responses
I Young and Cross-sectional (acute 1) Concentric and isometric leg
Older loadings 15 x 1IRM and 5  extension force production
*x10RM; knee extension) ) Concentric and isometric
muscle activity
3) Responses to electrical stimu-
lation
v Young Longitudinal (20-week 1) Force production and fa-
hypertrophic training tigue-resistance performance
program with acute hy- 2) Muscle hypertrophy
pertrophic loadings be-
fore and after training; 3) Serum hormone responses
leg press) 4) Muscle protein kinase re-
sponses
Vv Older Longitudinal (20-week 1) Force production and fa-

hypertrophic training
program)

tigue-resistance performance

2) Muscle hypertrophy

4.3 Data collection and analyses

4.3.1 Anthropometric and muscle mass measurements

Body mass was measured by a calibrated scale during familiarisation testing (I-
III) or after a 12 hour, overnight fast (IV, V). Height was measured by a wall-
mounted scale. All anthropometric measurements were made after 48 hours
abstinence from exercise.

4.3.1.1 Whole body composition and lean body mass
Bioelectrical impedance. Whole body fat percentage and total muscle mass was

measured by an eight-polar bioelectrical impedance device (InBody 720 body
composition analyzer, Biospace Co. Ltd, South Korea) and used to describe the
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subjects” physical characteristics (Table 2). The subjects were upright with the
arms abducted by approx. 20° to ensure that the arms and trunk were not in
contact.

Dual-energy X-ray Absorptiometry (DXA). Whole body composition was
measured by DXA (LUNAR Prodigy Advance, GE Medical Systems, Madison,
USA), which was used to describe changes during the training period (IV, V).
The device measures lean tissue, including muscle, as well as connective tissue,
and excludes fat and bone. The legs and arms were isolated from the trunk us-
ing software generated regions (enCORE 2005, version 9.3). The automatic re-
gion for the legs was adjusted manually, so that the proximal region dissected
the pelvis from the lateral portion of Ilium to the sacral promontory (Fig. 8), to
ensure that the hamstrings and the gluteal muscles were included in the meas-
urement. The legs were secured by non-elastic straps and the arms secured by
rice bags to prevent movement during the measurement.

Before both bioelectrical impedance and DXA measurements, the subjects
were advised to drink 2 dI (one cup) of water to standardise hydration status
(Thompson et al. 1991). All metal objects were removed from the subject prior
to measurement and the same investigator performed all measurements and a
separate investigator performed all analyses (including region adjustments).

FIGURE8  Assessment of whole body composition by DXA (left) and a software gener-
ated image with adjusted regions used in the analysis (right).

4.3.1.2 Muscle cross-sectional area

Cross-sectional area (CSA) of the vastus lateralis was assessed by B-mode axial-
plane ultrasound (model SSD-a10, Aloka Co Ltd, Japan) using a 10 MHz linear-
array probes (60 mm width) with the extended field of view mode. The validity
(Ahtiainen et al. 2010) and reliability (Noorkoiv et al. 2010) of this method has
been reported. Subjects lay supine with the legs strapped securely to polysty-
rene moulds. A specially crafted convex probe support was used to assure a
perpendicular angle and divide pressure evenly on the skin. Oriented in the
axial-plane, the probe was moved manually with a slow and continuous
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movement from the lateral to medial along a marked line on the skin (Fig. 9).
Great care was taken to diminish compression of the muscle tissue. Images are
obtained throughout the movement and, due to a higher frame rate of the soft-
ware, a large amount of overlap from one image to the next occurs. As the ori-
entation of each image relative to adjacent images is known, the software builds
a composite image. Three panoramic CSA images were taken at 50 % femur
length, from the lateral aspect of the distal diaphysis to the greater trochanter,
and 3 images were taken 2 cm distally of this point. CSA was determined by
manually tracing along the border of the vastus lateralis muscle using Image-J
software (version 1.37, National Institute of Health, USA). The mean of the two
closest values were taken as the CSA result for each level (50 % femur length
and 2 cm distally) and then the mean of the two levels was used in further anal-
ysis. The same investigator performed all measurements and analyses.

FIGUREY9  Assessment of cross-sectional area with axial plane ultrasound (left) and a
composite image of the quadriceps muscles with the vastus lateralis borders
highlighted (right).

4.3.2 Neuromuscular performance

4.3.2.1 Isometric performance

Leg extension. Maximal bilateral leg press (hip, knee, ankle extension) was
measured on an electromechanical dynamometer (Department of Biology of
Physical Activity, University of Jyvaskyld, Finland) with a knee angle of 107°
(180° = full extension) and a hip angle of 110°. The subjects were instructed to
push “as fast and as hard as possible” and maintain their maximum force for
approx. 3 sec. Three contractions were performed pre-loadings (II, IV) and be-
fore, mid-, and after the training period (IV, V), and 2 contractions were per-
formed immediately post-loadings (II, IV) and also 15 min and 30 min post-
loadings (II). Isometric leg extension contractions were sampled at 2000 Hz and
filtered by a 10 Hz low-pass (4th order Butterworth) filter. A customized script
(Signal 4.04, CED, UK) was used to analyse force data from a time window of
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500-1500 ms after the onset of contraction (defined as a 4 % increase in baseline
force).

Knee extension. A modified David 200 knee extension device (David Health
Solutions Ltd, Helsinki, Finland), with locking system and strain gauges (Hak-
kinen et al. 1987), allowed assessment of maximal unilateral isometric knee ex-
tension. Subjects were secured by a non-elastic strap at the hip and a pad across
the knee to prevent extraneous movement with a knee angle of 107° and hip
angle of 110°. Subjects were instructed to perform 3 maximal isometric contrac-
tions by gradually increasing force over a 3-5 s period. This was performed pre-
loading (III) and before, mid-, and after training (V). A superimposed twitch
(see Quadriceps muscle and femoral nerve electrical stimulation for details) was
evoked at the peak force to assess voluntary activation. After loading (III), a
further 3 knee extension contractions with superimposed twitch were per-
formed. Maximal unilateral isometric torque (sampled at 2000 Hz, and filtered
by a 20 Hz low-pass 4th order Butterworth filter) was considered as the greatest
torque prior to the superimposed twitch. Verbal encouragement and visual
feedback was provided during all contractions.

4.3.2.2 Dynamic performance

Maximal force production. Maximal bilateral concentric one repetition maximum
(IRM) was measured during the leg press (David 210, David Health Solutions
Ltd, Helsinki, Finland, papers II, IV, V: David M16, David Health Solutions Ltd,
I) and knee extension (David 200, David Health Solutions Ltd, Helsinki, Finland,
II) actions. Subjects were required to lift the load to a fully extended position
(i.e. 180° knee angle) from a beginning knee angle of approx. 60°. Subjects per-
formed sets of progressively increasing load (1 x 10 x 70 % estimated 1RM, 1 x
7 x 75 % estimated 1RM, 1 x 5 x 80 % estimated 1RM, 1 x 1 x 90 % estimated
1RM) in order to fully prepare for maximal contractions. Thereafter, single repe-
titions using 5 kg increments were performed until the subject could no longer
lift the load to full extension. Three to four single repetitions were needed to
determine each subject’s 1IRM. The 1RM load was used to calculate submaximal
loads (I-IV) and also assess training-induced changes in maximal bilateral con-
centric 1IRM (1V, V).

Repetition to failure test. Subjects were required to lift a load corresponding
to 75 % of their 1RM for as many repetitions as possible until they could no
longer voluntarily fully extend the legs (full extension = 180° knee angle). This
test was performed on a David 210 leg press device (David Health Solutions
Ltd, Helsinki, Finland), which increased the resistance by ~6 % between 120-
180° knee angles. A lifting tempo of 2 s concentric and 2 s eccentric phase was
encouraged and supervised by an experienced trainer to ensure that repetition
speed did not change during the test or during training. The repetitions were
counted and recorded, and the load was multiplied by the number of repeti-
tions to give total work performed during the test (i.e. load x reps = volume
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load). Subjects were verbally encouraged throughout the test, and especially as
fatigue progressed, to give maximum effort.

Submaximal steady-paced contractions. Using a modified David M16 leg
press device (David Health Solutions Ltd, Helsinki, Finland, Fig. 10), random-
ised single contractions of 40 % 1RM, 60 % 1RM, and 80 % 1RM were performed
with 2 min between trials. The device was modified to provide either constant
resistance (i.e. the same resistance throughout the range of motion) or variable
resistance (i.e. the resistance changed with increasing knee angle). The contrac-
tion time was instructed to be 2 s and this tempo was encouraged by the re-
searcher with the aid of a metronome, and the subject was given 2 attempts at
each intensity for each of the 4 resistance settings.

FIGURE 10 Modified M16 leg press device with mounted force plate and infra-red dis-
placement sensor.

Raw concentric leg press data was recorded (2000 Hz sampling frequency), and
then manually filtered and analysed (Signal 2.16, CED, UK). A 4th order Butter-
worth low-pass filter was used for force (20 Hz), seat displacement and angle
data (75 Hz). Force was determined for each 20° knee angle segment and the
whole concentric phase (~60°-180°). Concentric velocity was determined from
the seat’s linear displacement (v = d/t) for each 20° segment and whole concen-
tric phase. Thereafter, concentric power was determined from force, linear dis-
placement, and time (P = F x d/t).

Two different resistance settings were tested during each session. The four
resistance settings were; 1) Constant resistance, 2) Variable resistance with
small increases in force (classified as conservative CAM), 3) Variable resistance
with large increases in force (classified as exponential CAM) and 4) Variable
resistance with decreases in force (classified as drop off CAM). Each test session
was separated by at least 2 days of rest, but no more than 5 days passed be-
tween test sessions. Selection of resistance setting was randomized. Thirty min
rest was given before the same single-repetition contraction procedures were
repeated using the second resistance setting of the session.
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4.3.2.3 Muscle activity and electrical stimulation measurements

Surface electromyography. Bipolar Ag/AgCl electrodes (5 mm diameter, 20 mm
inter-electrode distance, common mode rejection ratio > 100 dB, input imped-
ance > 100 MQ, baseline noise < 1 uV rms; Department of Biology of Physical
Activity, University of Jyvéskyld, Finland) were positioned, following shaving
and abrasion, on the vastus lateralis (VL), vastus medialis (VM), rectus femoris
(RF, 1, II), and biceps femoris (BF) of the right leg according to SENIAM guide-
lines (Hermens et al. 1999). Raw signals were amplified (500 gain) at a band-
width of 10-500 Hz (2000 Hz sampling frequency) and were passed from a
transportable pack to the receiving box (Telemyo 2400R, Noraxon, Scottsdale,
USA), which were then relayed to an AD converter (Micro1401, Cambridge
Electronic Design, UK) and recorded by Signal 4.04 software (Cambridge Elec-
tronic Design, UK). The signal delay from the transportable pack to the receiv-
ing box was 150 ms and was accounted for during analysis (signals were passed
in real time in paper I1I). After testing, EMG signals were band-pass filtered (20-
350 Hz).

Bilateral dynamic concentric leg press action EMG signals were converted
to root mean square (rms) for the whole range of motion (60°-~180° knee angle),
first half of the range of motion (60-120° knee angle), and also in 20° segments
(e.g. 60°-80° etc). The rmsEMG of the 20° segments was also analysed by area
under the curve for 60°-120°, and 120°-180°. This data was either normalized (I)
based on each muscle’s maximum rmsEMG (% of isometric max EMG) or re-
mained as absolute values (II, IV). Data are presented for each muscle and aver-
aged for the quadriceps muscles (e.g. VL+VM+RF/3). Median frequency was
determined from 60° to 120° knee angle.

Bilateral isometric leg extension action EMG signals were analysed by a
customized script with maximum values obtained from the contraction time
period of 500-1500 ms (Signal 2.16, CED, UK). Data are presented for each mus-
cle and averaged for the quadriceps muscles (e.g. VL+VM+RF/3). Median fre-
quency was calculated from isometric iEMG over the force plateau’s most stable
1 s time window by fast fourier transformation (Hanning windowing, 2048 data
points).

Unilateral isometric knee extension EMG signals were converted to root
mean square (rms) for EMG amplitude or analysed by fast fourier transfor-
mation (Hanning windowing, 1024 data points) for EMG median frequency
over a 500 ms epoche immediately before the superimposed twitch.

Quadriceps muscle and femoral nerve electrical stimulation. Muscle stimulation
was performed by placing four, galvanically paired, self-adhesive electrodes
(6.98 cm V-trodes, Mettler Electronics Corp, USA) on the proximal and mid re-
gions of the quadriceps muscle belly (Fig. 11). Single 1ms rectangular pulses
were delivered by a constant-current stimulator (Model DS7AH, Digitimer Ltd,
UK) until a torque plateau was observed. An additional 25 % of stimulation
current was added to the current identified to produce maximum torque. Dur-
ing the unilateral maximum isometric knee extension trials, the same single-
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pulse stimulation was delivered during the plateau of peak torque and then one
more pulse 2 sec after contraction cessation to assess voluntary activation (Mer-
ton 1954). Voluntary activation was assessed from the additional torque pro-
duced by the superimposed twitch and the maximum torque of the subsequent
resting twitch using the formula of Bellemare and Bigland-Ritchie (1984); acti-
vation % = [1 - (Pts/Pt)] x 100. Resting twitches were analysed for maximum
torque, maximum rate of twitch torque production (10 ms epoche) and half-
relaxation time. BF EMG showed that our methods did not stimulate antagonist
muscles. These measurements were performed pre- and post-loadings (III) and
before, mid, and after training (V).

FIGURE 11 Direct muscle stimulation electrodes placed on the proximal and mid regions
of the muscle belly and surface EMG electrodes placed on the vastus lateralis
and medialis muscles.

M-wave properties of the VL and VM muscles were assessed by femoral nerve
stimulation (III). Subjects were instructed to stand fully upright with their bod-
yweight balanced equally between both legs, feet hip width apart. A standing
position was chosen to determine M-wave properties because, during pilot test-
ing, our measurements in a seated position did not achieve an acceptable level
of reliability (possibly due to changes in cathode pressure and position relative
to the nerve). The stimulating cathode (1 cm diameter) was placed firmly into
the femoral triangle at the point that gave the strongest response to a weak
stimulation current, which was marked on the skin for replacement. The anode
(6.98 cm V-trode) was placed on the greater trochanter. Current was increased
in 10 mA stages (1ms single-pulse, 400 V) until there were clear plateaus in the
M-wave amplitude of both VL and VM muscles. Thereafter, an additional 25 %
of stimulation current was applied. Maximum M-wave properties were ana-
lysed for peak-to-peak amplitude and peak-to-peak duration.
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4.3.3 Blood sampling and analyses

Venous blood samples were collected from an antecubital vein (Fig. 12) pre-,
post-, 15 min post-, and 30 min post-loadings (II, IV) using sterile techniques
with the blood transferred into serum tubes (Venosafe, Terumo, Belgium). In
addition to the loading blood samples, resting serum blood samples (control
condition) were obtained at the same time of day as the loadings (paper II). The
samples were held for 15min at room temperature before being centrifuged for
10min at 3500 rpm (Megafuge 1.0R, Heraeus, Germany). Once the serum had
been separated from red blood cells, it was pipetted into tubes and stored in the
refrigerator (-80°C) for future analysis. Serum samples were analysed for total
testosterone (TT), 22kDa growth hormone (GH), and cortisol (Analytical sensi-
tivity; total testosterone = 0.5 nmol/L, growth hormone 22kDa = 0.01 pg/L, cor-
tisol = 5.5 nmol/L) by immunomeric chemiluminescence techniques using the
Immulite 1000 and hormone-specific immunoassay kits (Immulite, Siemens,
Illinois, USA). Intra- and Inter-assay reliability were within acceptable limits,
CV %; total testosterone = 5.7 and 8.3 %, 22kDa growth hormone = 5.8 and
3.6 %, cortisol = 4.6 and 6.1 %. Data presented are uncorrected for plasma vol-
ume changes. Greater plasma volume change (-15+3 % vs. -8 £3 %, P < 0.01)
was observed in the cross-sectional study (II) between variable and constant
resistance loadings but not in the longitudinal training study (IV).

Fingertip blood lactate samples (20 uL) were collected immediately pre-,
post-, and 15 min post-loadings (II-IV) into capillary tubes, which were placed
in a 1 mL hemolyzing solution and analysed according to the manufacturer’s
instructions (EKF diagnostic, Biosen, Germany).

FIGURE 12 Blood draw from an antecubital vein (left) and vastus lateralis muscle biopsy
sampling (right).

4.3.4 Muscle biopsy procedures and analyses

Muscle biopsies were obtained 30 min pre- and 30 min post-loading. Biopsies
were taken from the VL with a 5 mm Bergstrom biopsy needle together with
suction (Fig. 12), midway between the patella and greater trochanter. Muscle
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depth was kept constant through markings on the needle. The pre-loading bi-
opsy was always from the right leg and post-loading biopsy from the left leg.
To avoid any residual effects of the previous biopsies, the biopsies during sub-
sequent loadings were obtained ~2 cm from the previous biopsy location. The
muscle sample was cleaned of any visible connective and adipose tissue as well
as blood and frozen immediately in liquid nitrogen (-180°C) and stored at -
80°C.

Biopsy specimens were hand-homogenised in ice-cold buffer (20 mM
HEPES pH 74, 1 mM EDTA, 5 mM EGTA, 10 mM MgCh, 100 mM -
glycerophosphate, 1 mM Na3;VOs, 2 mM DTT, 1 % Triton X-100, 0.2 % sodium
deoxycholate, 30 pg/mL leupeptin, 30 pg/mL aprotinin, 60 ng/mL PMSF, and
1 % phosphatise inhibitor cocktail [P 2850; Sigma, St. Louis, Missouri, USA]) at
a dilution of 15 uL/mg of wet weight muscle. Homogenates were rotated for 30
min at 4 °C, centrifuged at 10 000 g for 10 min at 4 °C to remove cell debris, and
stored at -80 °C. Total protein content was determined using the biinchroninic
acid protein assay (Pierce Biotechnology, Rockford, Illinois, USA).

Western immunoblot analyses. Aliquots of muscle lysate, containing 30 pug of
total protein, were solubilised in Laemmli sample buffer and heated at 95 C° for
10 min, and were then separated by SDS-PAGE for 60-90 min at 200 V using 4-
20 % gradient gels on Criterion electrophoresis cell (Bio-Rad Laboratories,
Richmond, CA). All samples from each subject were run on the same 18-sample
gel. Proteins were transferred to PVDF membranes at 350 mA constant current
for 3h on ice at 4°C. Membranes were blocked in TBS with 0.1% Tween 20 (TBS-
T) containing 5 % non-fat dry milk for 1h and thenincubated overnight at 4°C
with rabbit polyclonal primary antibodies. Antibodies recognized phosphory-
lated eEF2 at Thr®0, Akt at Ser473, mTOR at Ser?481, p705¢K at Thr38, p38 MAPK at
Thr180/Tyr182, ERK1/2 (p44/p42) at Thr202/Tyr204, and MAPKAPK-2 at Thr3+,
and rpS6 at both Ser?35/23¢ and at Ser?40/24 (Cell Signaling Technology, Beverly,
MA). Additionally, total proteins of mTOR, Akt, p705¢K (Santa Cruz Biotechnol-
ogy, USA), ERK1/2 and rpS6 (Cell Signaling Technology) with respective anti-
bodies were analysed to verify that the total protein content of part of the phos-
phospecific proteins analysed of signalling proteins does not significantly
change during loading or due to training. The uniformity of protein loading
was confirmed by staining the membrane with Ponceau S and by re-probing the
membrane with an antibody against a-actin (Sigma, Saint Louis).

All the primary antibodies were diluted 1:2 000 in TBS-T containing 2.5 %
non-fat dry milk except against o-actin which was diluted 1:20 000. Membranes
were then washed (5 x 5 min) in TBS-T, incubated with secondary antibody
(horseradish peroxidase-conjugated anti-rabbit IgG; Cell Signaling Technology,
USA) diluted 1:25 000 in TBS-T with 2.5 % milk for 1h followed by washing in
TBS-T. Phosphorylated proteins were visualized by ECL according to the man-
ufacturer's protocol (SuperSignal west femto maximum sensitivity substrate,
Pierce Biotechnology, Rockford, USA) and quantified (band intensity x volume)
using a ChemiDoc XRS in combination with Quantity One software (version
4.6.3. Bio-Rad Laboratories, USA). Quantification of p38 was based on the aver-
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age of two visible bands at 42 and 44 kDa, purportedly a/p and y respectively,
and the 47 kDa band was used to quantify MAPKAPK-2 (Ronkina et al. 2007).

4.4 Resistance loading procedures

Acute resistance loadings were performed using a leg press (M16, David Health
Solutions Ltd, Helsinki, Finland, II, IV) and a knee extension (David 200, David
Health Solutions, Helsinki, Finland, III) device. The specifically tailored M16 leg
press device used a CAM to alter the resistance at large knee angles, and pro-
vided ~30 % (paper II) and ~70 % (paper IV) greater resistance at knee angles of
120-180°, whereas the David 200 knee extension device provided the greatest
resistance at 100-140° (III). The starting knee angle for all loadings was approx-
imately 60° and subjects were required to perform each contraction to full knee
extension (180° knee angle). Concentric force was recorded during the loadings
by a force plate (I, II, IV) installed onto the leg press (vertical force) and strain
gauges (III) on the knee extension device (Department of Biology of Physical
Activity, University of Jyvaskyld, Finland).

To control for diurnal variation, individual subjects” loading tests took
place at the same time of day (+ 1 hour) throughout the study. Each loading test
was separated by 7 days and subjects refrained from exercise and alcohol con-
sumption for 48 hours, and caffeine products for 24 hours prior to loadings.
Young and older subjects arrived at the laboratory in alternating fashion to en-
sure no between-group time differences occurred (III). To control for the effects
of pre-loading nutrition (Hulmi et al. 2005, Hulmi et al. 2009a) and hydration
status (Judelson et al. 2007, Judelson et al. 2008), subjects fasted for 3 hours and
consumed 0.5 litres of water 1 hour before loading. Additionally, dietary intake
was recorded in diaries for one day before and on the day of the first loading.
The subjects were given a photocopy of this record and instructed to replicate
their diet as closely as possible before the subsequent loading days.

A total of four loadings were completed in a randomized order: 1) Con-
stant resistance maximal strength loading, 2) Variable resistance maximal
strength loading, 3) Constant resistance hypertrophic loading, and 4) Variable
resistance hypertrophic loading (The longitudinal study, IV, investigated con-
stant and variable hypertrophic loadings before and after training). Subjects
were verbally encouraged throughout the loadings to give maximum effort.
Loadings were preceded and followed (0 min, 15 min, and 30 min post-loadings)
by isometric contractions, blood collection, electrical stimulation, and muscle
biopsy measurements.

441 Maximal strength loading protocol
Warm up consisted of 5 dynamic contractions using a 50 % 1RM load and sev-

eral submaximal isometric contractions of increasing intensity at the subject’s
own discretion. Following the initial set up (e.g. electrode placement etc) and
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testing (e.g. blood collection, isometric tests etc), subjects performed 15 sets of 1
repetition beginning with the pre-determined 1RM load. Each set was separated
by 3 min of rest. If the load was successfully lifted to full knee extension, an at-
tempt was made at a slightly (2.5-5 kg) higher load during the subsequent set.
If the subject could not voluntarily perform the concentric phase to full knee
extension, the subject was assisted by an experienced trainer so that the repeti-
tion was completed and the load was reduced for the subsequent set.

4.4.2 Hypertrophic loading protocol

Following initial set up and testing, subjects completed 5 sets of 10 repetitions
to failure beginning with 80 % of the pre-determined 1RM load. Two minutes
rest was given between sets. If the subjects could complete 10 repetitions with-
out the need for assistance, then the load was increased for the next set. How-
ever, if the subjects could not voluntarily complete 10 repetitions, some assis-
tance was provided and the load was reduced for the next set. Subjects were
instructed to maintain a lifting tempo of 2 sec concentric and 2 sec eccentric con-
tractions with the aid of a metronome and verbal feedback from the tester.

In the longitudinal training study (IV), during testing of acute fatigue re-
sponses, the subjects from the variable training group performed variable re-
sistance loading on day 1 and constant resistance loading on day 2 following 7
days rest. The subjects from the constant training group performed constant
resistance loading on day 1 and variable resistance loading on day 2 following 7
days rest. This order was maintained after the training intervention.

4.5 Resistance training program

Eleven young subjects performed training using variable resistance devices and
12 young subjects performed training using constant resistance devices for the
lower limbs. In the older subjects, 13 performed training using variable re-
sistance devices and 13 subjects performed training using constant resistance
devices for the lower limbs. Lower limb exercises were leg press, knee extension
and knee flexion. Both groups trained the upper limbs and torso with constant
resistance devices for the following exercises: bench press, shoulder press, lat
pulldown, seated row, bicep curl, triceps pushdown, abdominal crunches and
back raises. Training was performed twice per week and all major muscle
groups were performed in one training session using a combination of 8-9 exer-
cises per session. Lower limb exercises were performed before other muscle
groups and all limb exercises were performed bilaterally. Furthermore, the
three lower limb exercises were performed in every training session. Training
was split into two identical 10-week periods, where the relative intensity re-
mained the same during the second 10-week period and absolute loads in-
creased in-line with subjects” individual improvements in strength. The subjects
performed 2-3 sets and 12-14 reps (60-70 % 1RM) per exercise in the first 4
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weeks, then 2-3 sets and 10-12 reps (70-80 % 1RM) per exercise in the next 3
weeks, and 3-4 sets per exercise and 8-10 reps (75-85 % 1RM) per exercise for
the final 3 weeks. One min rest was given between sets during the first 4 weeks
and then 2 min rest was given between sets during the remaining 6 weeks. This
was repeated in the second 10-week period. All subjects were required to com-
plete 18/36 from a total of 20/40 training sessions prior to testing after 10 and
20 weeks respectively. Subjects were given nutritional counselling during the
study to optimize the muscle hypertrophy response. Subjects in the age-
matched control groups (young, n = 10, older, n = 11) were instructed to main-
tain their normal physical activity levels and refrain from resistance training
throughout the intervention.

4.6 Statistical analyses

Conventional statistical methods were used to obtain means, standard devia-
tions, standard error, area under the curve, and correlation coefficients. Normal
distribution was determined through the Shapiro-Wilk test. Data that were not
normally distributed were either log transformed before applying parametric
tests (IV) or analysed using Friedman'’s test for multiple comparisons, and then
Wilcoxon matched pairs were used as post hoc tests (I, II). Dependent variables
were assessed by analysis of variance (ANOVA), or analysis of covariance
(ANCOVA) where appropriate, with repeated measures with Bonferroni ad-
justments as post hoc tests. Area under the curve analysis was analysed using a
paired t-test (II). Absolute EMG amplitude (III) was analysed by paired t-test
(within group; pre- vs. post-loading). Changes in relative values over time (i.e.
A %) were analysed using one way ANOVA. The alpha level was set at 0.05.



5 RESULTS

The main findings of the present series of experiments are presented below. For
more details the original articles (I-V) should be consulted.

5.1 Effects of variable resistance on single-repetition
characteristics (I)

5.1.1 Kinetic and kinematic variables

The CAM settings of the leg press device, that modify the lever arm distance
and consequently the external resistance, took effect during more extended
knee angles (Fig. 13). Beginning from the 100°-120° knee angle segment, force
was significantly greater using the exponential CAM compared to all other re-
sistance settings (Fig. 14A and 14B). However, during 80 % 1RM contractions,
the change in velocity was clear between 100°-140° using exponential and drop
off CAMs. This led to significant differences between the exponential CAM
compared to drop off CAM and constant resistance setting using 80 % 1RM (P <
0.01, Fig. 14C), as well as drop off CAM compared to conservative and expo-
nential CAMs using 40 % 1RM (P < 0.05, Fig. 14D) (similar observations were
made during 60 % 1RM).

Despite no individual 20° knee angle differences, area under the curve
analysis revealed that the force at larger knee angles (120°-180°) was signifi-
cantly greater using the conservative CAM during 80 % and 40 % 1RM loads
compared to constant resistance (P < 0.001 and P < 0.05 respectively). There
were no differences in force at more flexed knee angles (60°-120°) between the
conservative CAM and constant resistance settings.
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FIGURE 14

Drop off CAM

Exponential CAM
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Drop off CAM Exponential CAM

Experimental leg press set up at small and large knee angles showing the

corresponding exponential and drop off CAM block positions. The dashed
lines represent the path of the weight-stack belt. The arrows denote the dif-
ference in lever arm distance between these two CAMs. Note: Constant re-
sistance used a wheel of equal radius distance, while conservative CAM used
a smaller block compared to the exponential CAM.
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to exponential CAM only. § = P < 0.05 compared to drop off CAM only.
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Table 4 shows that contraction time during the repetitions was approximately
the intended 2 seconds for all resistance settings. However, the contraction time
of the drop off CAM was significantly shorter than conservative CAM during
60 % and 40 % 1RM, and exponential CAM during 80 % and 40 % 1RM (P <
0.05).

TABLE 4 Mean contraction time (+ SD) for each resistance setting from 60°-180° knee

angle.
Resistance setting Contraction time (s)
80 % 1RM 60 % 1RM 40 % 1RM
Constant resistance 204+03 1.91+£0.3 1.8+02
Conservative CAM 203+04 214 +£0.1* 1.99 £ 0.4*
Exponential CAM 245 +0.4* 214+023 1.97 £0.3*
Drop off CAM 191+03 1.85+0.3 1.69+0.3

* =P < 0.05 compared to drop off CAM only. N.B. Only comparisons between resistance
settings are highlighted in this Table.

5.1.2 Muscle activity

Significant differences were observed in EMG amplitude between the different
resistance settings (Fig. 15). During all loading intensities, there was a consistent
difference in quadriceps EMG amplitude between exponential and drop off
CAMs beginning from 100°-120° knee angle (P < 0.05). Also, at several knee
angles, there were differences between the exponential CAM and constant re-
sistance (Figure 15A-D). Additionally, area under the curve analysis revealed
significantly greater VL and average knee extensor ((VL+VM)/2) EMG ampli-
tude between conservative CAM and constant resistance using 80% 1RM (P <
0.05).
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FIGURE 15 Normalised muscle activity (+ SE) of the VL (A), VM (B), and averaged ex-

tensor (C) muscles during steady-paced 80 % 1RM contractions, and of the
VL (D), VM (E), and averaged extensor (F) muscles during steady-paced 60 %
1RM contractions. * = P < 0.05 compared to all other resistance settings. 1 = P
< 0.05 both constant resistance and drop off CAM compared to exponential
CAM. § = P < 0.05 compared to drop off CAM only.

5.2 Total work performed during resistance loadings (II, I'V)

Total work (assessed by repetitions X sets x average concentric force) was simi-
lar between variable and constant resistance loadings during both maximal

strength (25625 + 4041 N vs. 26155 +
loadings (80154 + 12882 N vs. 81953 +

4529 N, respectively) and hypertrophic
11666 N, respectively) when using the

conservative CAM (II). However, total work during hypertrophic loadings was

greater (P < 0.01) during variable vs.

constant resistance loading both before
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(73674 £ 15635 N vs. 64578 £ 12564 N, respectively) and after the training inter-
vention (89101 £ 18281 N vs. 78310 + 13063 N, respectively) when using the ex-
ponential CAM (IV).

5.3 Acute neuromuscular fatigue during loadings before and
after training (II-IV)

5.3.1 Force production
5.3.1.1 Knee extension loadings

The relative change in concentric torque between variable vs. constant loading
in young men was statistically significant during 15 x 1RM (P < 0.05, Table 5).
Also, young men produced significantly greater concentric torque compared to
older men during 15 x 1RM loadings (P < 0.05, Table 5).

TABLE 5 Average concentric torque (Nm) over 60°~180° knee angles during each load-
ing session (mean * SD).

Resistance setting Young Older

Baseline  Last set A% Baseline Lastset A%
15 x IRM constant 254 +19§ 239+21§ -6+4 %*  195+35 182+29  -6+4 %
15 x 1RM variable 292+31§ 262+32§ -11+7%  212+36 194+32  -8+6%
5 x 10RM constant 191 £ 29 169+23  -11+13 % 145+33 131+20 -6+25%
5 x 10RM variable 205 + 31 180+44  -13+12% 159+37 137+33 -11+16 %

* =P <0.05 compared to variable resistance loading, § = P < 0.05 compared to older men.

Significant decreases in maximal isometric torque were observed after all four
loadings (P < 0.05). Furthermore, there was a trend that hypertrophic variable
resistance loading caused a greater decrease in isometric torque in young men
(-44 £11 % vs. -50 £ 15 %, P = 0.058, Fig. 16). Age influenced the magnitude of
loading-induced fatigue in that older men maintained a higher percentage of
their pre-loading performance compared to the young men during all loadings
(P <0.05, Fig. 16).
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FIGURE 16  Relative changes (mean * SD) pre- to post-loading in unilateral maximum
isometric torque in young and older men. Symbols inside the bars depict sig-
nificant within-group difference from pre-loading, * =P < 0.05, ** = P < 0.01.
O depicts significant difference compared to older men, P < 0.05. T = trend
between constant and variable resistance loading, P = 0.058.

5.3.1.2 Leg press loadings

In the untrained state (II), concentric load increased from set 1 to set 3 during
both constant and variable resistance hypertrophic loadings (P < 0.01), and then
plateaued from set 3 to 4 (Table 6). The load decreased from set 3 to set 5 during
variable loading with the conservative CAM (P < 0.05). During constant re-
sistance maximal strength loadings, the load increased from set 1 to set 3 (P <
0.01), and then decreased thereafter (P < 0.05, Table 6). Only decreases were ob-
served from set 5 to set 15 during variable resistance maximal strength loadings
(P < 0.01, Table 6). During variable resistance loading with the exponential
CAM before training (IV), the load decreased from set 1 to set 5 (P < 0.05, Table
6). During constant resistance loading before training and both loadings after
training, the load was maintained.
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TABLE 6 Mean (£ SD) concentric load (kg) during maximal strength and hypertrophic
leg press loadings in the cross-sectional (I, n = 13) and longitudinal training
(IV, n = 14) studies.

Resistance Before Training After Training
setting
Set1 Set 3 Set5 Set 15 Set1 Set 3 Set5
(Study II)
Constant ~ 195+£31  202* % 198§ £28 190§ 28
15 x 1RM 27
Conserv. 192+£33  194+33 191+33  180*§£29
15 x 1RM
Constant 158 +25  173*+ 171* £ 32
5 x 10RM 29
Conserv. 152 £25 162* + 156§ + 27
5 x 10RM 26
(Study 1V)
Constant ~ 135+25  140+33 130+32 187+ +£32 1971+ 185t +
5 x 10RM 31 37
Exponen. 130+29  120+25 108*+29 1661 £33 1711+ 159t +
5 x 10RM 37 40

Conserv. = Conservative CAM setting, Exponen. = Exponential CAM setting, * = P < 0.05 com-
pared to set 1, § = P < 0.05 compared to previous time point, T = P < 0.05 compared to before
training.

Large reductions in maximal bilateral isometric leg extension force were ob-
served following all loadings (P < 0.01, Table 7). In the untrained state (II), re-
ductions during hypertrophic loadings (constant resistance: -50 % and variable
resistance: -52 %) were greater than maximal strength loadings (constant re-
sistance: -27 % and variable resistance: -29 %) (P < 0.01, Table 7). Following
both hypertrophic loadings, force recovered during 15 min. However, 15-30
min after constant resistance hypertrophic loading, maximum isometric force
continued to recover (P < 0.05) whereas there were no further regains following
variable resistance loading (Table 7). Following variable resistance loading after
the training intervention (IV), reductions were greater than both constant re-
sistance loading after training and variable resistance loading before training (P
< 0.05, Table 7).
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TABLE 7 Mean (+ SD) maximal bilateral isometric leg extension force (N) pre- and
post-loading, and during 30 min recovery during maximal strength and hy-
pertrophic leg press loadings in the cross-sectional (II, n = 13) and longitudi-
nal training (IV, n = 14) studies.

Resistance Before Training After Training
setting

Pre Post 15 min Post 30 min Post | Pre Post
(Study 1II)
Constant 2684 + 1960** £ 2062**§ £ 2208** + 528
15 x 1IRM 544 370 370
Conserv.15 2703 + 1947+ +  2123**§ + 2109** +422
x 1RM 506 418 444
Constant 2745 + 1410** = 1880**§ £+ 2036**§ +
5 x 10RM 482 390 359 434
Conserv.5 2772+ 1406** £ 1946**§ £ 1990** +
x T0RM 609 394 543 508
(Study 1V)
Constant 2750 + 1678** + 2843 + 1850**f +
5 x 10RM 948 601 1109 817
Exponential 2709 1712%* £ 2789 + 1501**t £
5 x 10RM 844 676 716 535

Conserv. = Conservative CAM setting, ** = P < 0.01 compared to pre-loading, § = P < 0.05
compared to previous time point, T+ = P < 0.05 compared to before training, = P < 0.05
compared to variable resistance loading.

5.3.2 Changes in muscle activity
5.3.2.1 Knee extension loadings

During maximum unilateral isometric knee extension in older men, VM EMG
amplitude was reduced (-20 £ 24 %, P < 0.05, Fig. 17A) following maximal
strength variable resistance only. In young men (Fig. 17B), significant reduc-
tions in EMG amplitude were observed in both VL and VM muscles following
maximal strength variable resistance (P < 0.01) and constant resistance loading
(P < 0.05). Following hypertrophic variable resistance loading, EMG median
frequency was reduced in older (VL: -14.1 + 10.4 %, P < 0.01) and young men
(VM: -11.8 £ 12.7 %, P < 0.05). Also, this significant difference was observed in
both groups when the VL and VM muscles were combined and averaged (P <
0.05). There were no changes in EMG amplitude during hypertrophic knee ex-
tension loadings in either young or older men.
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FIGURE 17 Relative changes (mean * SD) pre- to post-loading in isometric EMG ampli-
tude of the vastus lateralis and medialis muscles in the older (A) and young
(B) men during hypertrophic loadings. Symbols inside the bars depict signif-
icant within-group difference from pre-loading, * =P < 0.05, ** = P < 0.01.

5.3.2.2 Leg press loadings

During variable resistance hypertrophic loadings (II), average knee extensor
(VL+VM+RF/3) concentric EMG amplitude (60°-180° knee angle) increased
significantly following repetition 2 in each set (P < 0.05). Furthermore, the mag-
nitude of the EMG signal was greater for repetition 2 (P < 0.05) and repetition 8
(P = 0.06, Effect size = 0.49) during set 5 compared to set 4 despite decreased
load (P < 0.01). During constant resistance hypertrophic loadings (II), increases
in average extensor concentric EMG were observed in set 3-5. There was no
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change in average extensor concentric EMG amplitude during maximal
strength loadings using either constant or variable resistance. Reductions in
vastus lateralis EMG median frequency between repetition 2 and 8 occurred in
set3 (57 £ 14 Hz vs. 47 £ 9 Hz, P < 0.05) and set 5 (53 £ 11 Hz vs. 47+ 6 Hz, P <
0.05) during variable resistance loading before training only (IV). No changes
were observed for the BF muscle during any loading.

In the untrained state (II), maximum isometric EMG amplitude
(VL+VM+REF/3) decreased during both maximal strength loadings (-15 % pre-
to post-loading during both loadings) and remained lower than pre-loading
throughout recovery (P < 0.05). During both hypertrophic loadings, maximum
isometric EMG amplitude decreased pre- to post-loading (constant resistance: -
14 %, P < 0.05 and variable resistance: -19 %, P < 0.01), increased during 15min
recovery and plateaued thereafter. However, during loadings of the longitudi-
nal training study (IV), there were no changes observed in maximum isometric
EMG amplitude.

During variable resistance hypertrophic loadings in the untrained state (II),
as well as before and after training (IV), reduced vastus lateralis EMG median
frequency occurred. Furthermore, the relative changes after training were sig-
nificantly different compared to constant resistance loadings (P < 0.05, Table 8).
No changes were observed for the BF muscle during any loading.

TABLE 8 Mean (£ SD) pre- and post-loading median frequency (Hz) during hyper-
trophic leg press loadings in the cross-sectional (II, n = 13) and longitudinal
training (IV, n = 14) studies.

Resistance Before Training After Training
setting
Pre Post A% Pre Post A%
(I)
Constant 73+£9 67+9 -7+12
Conservative 75+13 66 +13* -11+£11
(IV)
Constant 62+16 59+12 -3+10 61 +11 57+8 -6 + 14t
Exponential 64 +14 57 +10* 9+13 63+12 52 +10* -14+12

*=P <0.01 compared to pre-loading, 3 = P < 0.05 compared to variable resistance loading.
5.3.3 Responses to electrical stimulation

In the untrained state (IlI), both maximal strength loadings caused decreased
voluntary activation levels in young men (constant and variable resistance, Fig.
18A and 18B respectively). However, only variable resistance loading caused
changes in older men (Fig. 18B). Following hypertrophic loadings, only young
men showed significant decreases in voluntary activation level when using var-
iable resistance (Fig. 18D, P < 0.05).



68

A Voluntary activation 15 x 1 constant B  Voluntary activation 15 x 1 variable

105 (%) 105 (%)
100 100
Oolder Oolder
95 95
Wyoung mYoung
20 90
T *k
0’r o T
Pre-loading Post-loading Pre-loading Post-loading
C Voluntary activation 5 x 10 constant
105 (%) D Voluntary activation 5 x 10 variable
105 (%)

100
100
old
Bt DI Older DOlder
95
mYoung mYoung
90

0 T
Pre-loading Post-loading Pre-loading Post-loading

FIGURE 18 Voluntary activation level (mean * SD) in young and older men during max-
imal strength loading with constant resistance (A), maximal strength loading
with variable resistance (B), hypertrophic loading with constant resistance
(C), and hypertrophic loading with variable resistance (D). Symbols inside
the bars depict significant within-group difference from pre-loading, * =P <
0.05, ** =P < 0.01.

Maximum twitch torque was reduced in both young and older men following
maximal strength variable resistance loading (young: -15 + 15 %, P < 0.01, older:
-11+16 %, P < 0.05) and following both hypertrophic resistance settings (young
variable: -69 £ 12 %, P < 0.01, older variable: -54 £ 19 %, P < 0.01, young con-
stant: -65 + 16 %, P < 0.01, older constant: -51 + 26 %). Comparing young and
older men, there were greater reductions in maximum twitch torque following
hypertrophic variable resistance in the young men (P < 0.05). Results were simi-
lar for maximum rate of twitch torque development but no changes were ob-
served for half-relaxation time.

A significant increase was observed in VL peak-to-peak M-wave duration
in older men following hypertrophic variable resistance loading only (Fig. 19A).
In young men, both the VL and VM muscles showed increased M-wave dura-
tion following hypertrophic variable resistance, while the VL muscle had in-
creased M-wave duration following hypertrophic constant resistance loading
(Fig. 19B). There were no loading-induced changes in M-wave amplitude for
the VL and VM muscles.
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FIGURE19 Peak-to-peak M-wave duration (mean + SD) during hypertrophic loadings in
older (A) and young (B) men. Symbols inside the bars depict significant with-
in-group difference from pre-loading. Values within the bars depict the mean
relative change from pre- to post-loading, * =P < 0.05.

5.4 Acute hormonal and molecular responses during loadings
before and after training (II, IV)

54.1 Acute hormonal responses

During maximal strength variable resistance loading (II), GH concentration was
increased immediately post-loading (P < 0.05) in young men. No changes were
observed for TT or COR during either maximal strength loadings.

During all hypertrophic variable resistance loadings (II, IV), serum TT was
significantly increased immediately post-loading (P < 0.05, Fig. 20). These eleva-
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tions dissipated throughout recovery with the exception of 15 min post-loading
after the training period. The difference in relative changes 15 min post-loading
between variable and constant resistance was significant (P < 0.05). Significant
increases in TT were observed immediately post-loading (P < 0.05, Fig. 20) dur-
ing constant resistance loading after the training period only.

Total testosterone (A%) A
5 - OPost-loading
@15 min Post-
20 A 030 min Post-

15 4

élum *

Variable Constant Variable Constant Variable Constant
(Study 1) Before Training After Training  (Study IV)

FIGURE 20  Relative loading-induced changes (mean # SE) in serum total testosterone
during the cross-sectional study (left, study II, n = 13) and longitudinal train-
ing study (right, study IV, n = 14). Values within the bars depict pre- to post-
loading difference, * = P < 0.05.

Serum COR was increased at 15 and 30 min post-loading following all loadings,
with the exception of constant resistance loading after training (Fig. 21, II, IV).
However, in the cross-sectional study (II), COR was significantly increased im-
mediately post-loading during variable resistance loading only (P < 0.05, Fig.
21). Also, in the training study (IV), area under the curve analysis showed that
the before training COR response following variable resistance loading was
significantly greater than constant resistance loading (1524 + 271 nmolL 30min!
vs. 1369 + 229 nmolL 30min-! respectively, P < 0.05).
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FIGURE 21 Mean (+ SD) serum cortisol concentrations during the cross-sectional study
(left, study II, n = 13) and the longitudinal training study (right, study IV, n =
14). * = P < 0.05 compared to pre-loading. ** = P < 0.01 compared to pre-
loading.

Serum GH was significantly increased post-loading and throughout 30 min re-
covery to a similar magnitude following both variable and constant resistance
loadings (II, IV). However, the increase immediately post-loading following
constant resistance loading was at the level of a trend in the untrained state (P =
0.051, II).

5.4.2 Acute molecular responses

Following both variable and constant resistance hypertrophic loadings, phos-
phorylation of p705K, rpS6 at both Ser?3/23¢ and at Ser240/244, MAPKAPK-2, and
p38 were increased (P < 0.05, Fig. 22). Increased phosphorylation of ERK1/2
occurred before training only, and the level of phosphorylation was significant-
ly greater following variable resistance loading compared to constant resistance
loading (P < 0.05, Fig. 22D). The level of phosphorylation of p38 was greater
following variable resistance loading before training compared to after training
(Fig. 22E).The phosphorylation of Akt decreased following both loadings before
training and constant resistance loading after training (P < 0.05-0.01). There
were no statistically significant changes in phosphorylation of mTOR or eEF2
(data not shown) following any loading. There were no changes in total protein
or baseline phosphorylation values during loadings (apart from ERK 1/2 phos-
phorylation after the training intervention; P < 0.05, Fig. 22D).
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FIGURE 22 Mean (+ SE) phosphorylation of p70S6K at Thr3%° (A), rpS6 at Ser? (B), rpS6
at Ser24 (C), ERK 1/2 at Thr202 (D), p38 at Thr% (E), MAPKAPK-2 at Thr3
(F), in the combined training groups (n = 14). * = P <0.05, ** = P < 0.01, *** =
P <0.001 compared to pre-loading. T = P< 0.05 compared to the same time-
point before training. Representative western blot images for signaling pro-
teins, phosphorylation sites, and a-actin and ponceau staining are shown fol-
lowing the same loading order as the bars in the figures. The two p38 bands
(42 and 44 kDa) were averaged. The arrow depicts the MAPKAPK (47 kDa)
band that was used for analysis.

Relative changes in post-loading ERK phosphorylation (A%) were associated
with post-loading serum cortisol response (r = 0.36, P = 0.059, n = 28) and also
increased volume load during the repetition to failure test (r = 0.35, P = 0.069, n
= 28) at the level of a trend.

5.5 Blood lactate responses during loadings

During all leg press loadings, pre- to post-loading increases in blood lactate
concentration were significant (P < 0.01), and blood lactate levels reduced fol-
lowing 15 min recovery (P < 0.05). Following hypertrophic loadings, blood lac-
tate levels were greater than following maximal strength loadings (P < 0.01, II).
Furthermore, post-loading blood lactate levels were significantly higher follow-
ing hypertrophic variable resistance loading compared to constant resistance
hypertrophic loading (P < 0.05) in the cross-sectional study only (II). Loading-
induced blood lactate concentrations were higher (P < 0.05) after the training
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intervention (variable = 15.2 + 2.9 mmol L}, constant = 14.9 + 4.2 mmol ‘L)
compared to loadings before training (variable = 12.4 + 2.9 mmol L1, constant =
12.8 £ 2.4 mmol ‘L1) with no differences between variable vs. constant resistance
loadings (IV). During knee extension loadings, blood lactate concentration was
increased in both young and older men after both hypertrophic loadings only.
There were no differences when comparing variable vs. constant resistance
loadings. However, young men had higher blood lactate concentrations than
older men post-loading (P < 0.01).

5.6 Long-term adaptations to constant versus variable resistance
training (IV, V)

5.6.1 Neuromuscular performance
5.6.1.1 Maximum force production

Bilateral concentric force production of the leg extensors (1IRM) increased (P <
0.01) in all training groups at mid-training and the increase was maintained af-
ter training (Fig. 23). The relative increases were significantly greater than in the
age-matched control groups after the training period (young variable: 14 £5 %
and constant: 20 + 9 % vs. control: 6 + 6 %, P < 0.01, older variable: 19 + 14 %
and constant: 24 £ 11 % vs. control: 2 £ 4 %, P <0.01).

240 Leg press 1RM (kg) W Before training
x O"Mid"-training
* %k * %k
200 A *ok l l * % *% O After training
160 - l
120 -
80 A
40
0 1 T T - T T 1
Variable Constant  Control Variable Constant  Control
Young subjects (1V) Older subjects (V)

FIGURE 23 Mean (+ SD) maximum bilateral concentric force production of the leg exten-
sors (one repetition maximum) before, after 10 weeks (“Mid”-training), and
after 20 weeks of training in young (left, study IV, n = 33) and older men
(right, study V, n =37). * =P < 0.05 compared to before training, ** = P < 0.01
compared to before training.
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Similarly, maximum isometric force production of the leg extensors increased
(P < 0.05) at mid-training except in young men using constant resistance (young
variable: 19 + 20 %, young constant: 16 + 24 %, older variable: 19 + 12 %, older
constant: 15 + 15 %), but the plateau and slight decrease thereafter led to non-
significant improvements after training in all training groups.

5.6.1.2 Fatigue-resistance during a repetition to failure test

In young men (IV), significant improvements in the repetition to failure test
were observed only in the variable resistance training group as assessed either
by the total number of repetitions (P < 0.05, Fig. 24A) or volume load (P < 0.05,
Fig. 24B). Furthermore, the relative changes in the number of repetitions and
volume load were significantly greater in the variable compared to the control
group (reps: 41 + 46 % vs. -4 £ 40 %, volume load: 54 + 37 % vs. 1 £40 %, P <
0.05).

In older men (V), only the variable resistance training group improved the
volume load performed during the repetitions to failure test (variable before:
2977 + 848 kg vs. after: 3681 * 1068 kg, P < 0.05). Relative improvements in both
training groups were greater than the control group after training (variable: 28
139 % and constant: 33 £ 54 % vs. control: 1 £ 50 %, P < 0.01).
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FIGURE 24 Mean (+ SD) number of repetitions (A) and volume load (B) performed using
75 % 1RM in young men before, after 10 weeks (“Mid”-training), and after 20
weeks training. * = P < 0.05 compared to before training.

5.6.2 Changes in muscle activity and voluntary activation

In older men (V), there were no statistically significant changes in EMG ampli-
tude during maximum bilateral concentric leg extension when the VL and VM
muscles were assessed separately. However, when the VL and VM were aver-
aged (VL+VM/2), increases were observed in the constant group (P < 0.01) at
post-training and trends were observed in the variable group at mid-training (P
= 0.054, Effect size = 0.39, power = 0.71) and post-training (P = 0.057, Effect size
= 0.38, power = 0.70) during maximum concentric leg extension (Fig. 25). Also,
during maximum bilateral isometric leg extension, EMG amplitude increased in
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both training groups at mid-training and in the constant group at post-training.
At mid-training, the relative changes in isometric leg extension force production
and average VL + VM EMG amplitude were significantly related (r = 0.49, P =
0.016, n = 24). There were no changes in biceps femoris activity or co-activation
ratio. In young men (IV), no significant changes were observed in surface EMG
amplitude or voluntary activation over the training period.

Leg Press 1IRM EMG (mV)

0.6 (VL+VM/2) m Before training

O"Mid"-training

0.5 - O After training
0.4 A l l l

0.1 -

0' T T T T 1
Variable Constant  Control Variable Constant  Control

Young subjects (1V) Older subjects (V)

FIGURE 25 Mean (+ SD) muscle activity of the vastus lateralis and vastus medialis dur-
ing maximum bilateral concentric leg extension before, after 10 weeks
(“Mid”-training), and after 20 weeks of training in young (left, study IV, n =
33) and older men (right, study V, n =37). + = P = 0.054 compared to before
training, § = P = 0.057 compared to before training, * =P < 0.05 compared to
before training.

There were no changes in voluntary activation within individual groups. How-
ever, when the variable and constant resistance training groups were combined,
voluntary activation was significantly increased at mid-training in older men
only (from 90.9+ 6.4 % to 93.1 +5.7 %, P < 0.01, Fig. 26).
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FIGURE 26 Mean (+ SD) voluntary activation level of the knee extensors assessed by
superimposed twitch before, after 10 weeks (“Mid”-training), and after 20
weeks of training in young (n = 23) and older men (n = 26) when the variable
and constant training groups were combined. * = P < 0.05 compared to before
training.

5.6.3 Changes in lean mass and muscle cross-sectional area

In young men (IV), VL cross-sectional area and lean mass of the legs increased
in both training groups after 10 weeks of training and then plateued (P < 0.05,
Fig. 27A and 27B, respectively). The relative changes in lean leg mass (variable:
3+ 24 %, constant: 2.8 £ 1.8 %) and VL cross-sectional area (variable: 17.3 +
16.6 %, constant: 17 + 12.3 %) in both training groups were greater than in the
control group (lean mass of the legs: -0.1 £ 2.6 %, VL CSA: 3.2 £5 %, P < 0.05)
after training. In older men, whole body fat mass and fat percentage decreased
in all groups over the study period (P < 0.05). There were no significant changes
in lean mass of the legs (variable: 1.7 + 2.5 %, constant: 0.9 £ 2.9 %) but VL CSA
increased (P < 0.05, Fig. 27A) at mid-training (variable: 15.3 + 16.2 %, constant:
16.9 £ 10.6 %) and after training in both training groups (variable: 9.8 + 10.8 %,
constant: 14.5 £ 11 %).
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FIGURE 27 Mean (*+ SD) vastus lateralis cross-sectional area (A) and lean mass of the legs

(B) in young (left, study IV, n = 33) and older men (right, study V, n = 37) be-
fore, after 10 weeks (“Mid”-training), and after 20 weeks of training. * = P <
0.05 compared to before training.



6 DISCUSSION

The present study investigated the effect of constant vs. variable resistance on
acute responses and chronic training adaptations in young and older men. The
results showed that increased resistance at specific joint angles, which more
closely resembles the in vivo force-angle relationship, is accompanied by greater
quadriceps muscle activity during single-repetition performance. Consequently,
the greater need for force and muscle activation led to a greater magnitude of
acute neuromuscular fatigue, greater acute serum testosterone and cortisol re-
sponses, and phosphorylation of mitogen-activated protein kinases (MAPKSs)
compared to constant external resistance loading. In both young and older men,
training for 20 weeks using variable external resistance resulted in greater im-
provements in a repetition to failure test compared to groups training with con-
stant external resistance. Maximum strength and muscle mass increased signifi-
cantly during training but did not differ between constant and variable re-
sistance training groups or between young and older men.

6.1 Acute responses during constant and variable resistance
loadings (I-1IV)

6.1.1 Neuromuscular responses

During single-repetition leg press actions (I, II), the variable resistance (i.e.
CAM) settings used in the present study induced greater EMG amplitude at
large knee angles (120°-180°). This is likely a direct consequence of greater re-
sistance at those knee angles (Alkner et al. 2000) and suggests that the gross ac-
tivation of the quadriceps is greater. However, multi-joint leg press actions have
been shown to result in decreasing EMG amplitude from small to large knee
angles (Eloranta & Komi 1980, Escamilla et al. 1998) and this pattern occurred in
the present study using all resistance settings, despite variable resistance pro-
longing the level of muscle activity. It is currently unclear as to the cause of de-
creased quadriceps EMG activity during multi-joint leg press actions. Some au-
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thors have proposed that the decrease in EMG amplitude is due to mechanical
advantage (Eloranta & Komi 1980) or coordination of hip and knee extensor
muscles (Escamilla 2001), whereas the influence of increased hip and knee joint
angle per se has showed conflicting results (Maffiuletti & Lepers 2003, Azegami
et al. 2007). Alternatively, changes in EMG amplitude throughout dynamic con-
tractions may be a consequence of EMG methodology itself. For example, ana-
tomical changes throughout the range of motion, such as electrode proximity to
innervation zones and tendons (Rainoldi et al. 2000, Piitulainen et al. 2009), and
changes in fascicle length (Mesin et al. 2006) and pennation angle (Farina et al.
2002) throughout the range of motion can affect EMG amplitude. Nevertheless,
given that the same joint angles were analysed for all resistance settings, this is
not likely to be the major cause of the observed differences between resistance
settings.

Following all loadings, significant reductions in maximal isometric force
production were observed in both young and older men. Hypertrophic load-
ings (5 x 10RM) caused greater decreases in force production than maximal
strength loadings (15 x 1RM), as would be expected based on previous findings
(Hékkinen 1993, Hakkinen 1994). In addition to a greater magnitude of fatigue,
it may be expected that differing causes/sites of fatigue would exist between
hypertrophic and maximal strength loadings (Cairns et al. 2005), as chronic
training adaptations have been shown to be specific to the training protocol
(Berger 1962, Campos et al. 2002). In regard to the specific aims of the study,
reductions in isometric force production were greater and the rate of recovery
was slower following variable vs. constant hypertrophic resistance loadings
(II-1V).

Maximal strength loadings consistently showed decreased post-loading
isometric EMG amplitude of the knee extensor muscles. However, reduced vol-
untary activation level was observed in young and older men following varia-
ble resistance loading only (III). These results suggest that central fatigue oc-
curred during maximal strength loadings (Bigland-Ritchie et al. 1983, Woods et
al. 1987, Hakkinen 1993, Todd et al. 2007), and was perhaps at a greater magni-
tude during variable resistance loadings. Given that no changes in EMG median
frequency were observed, which represents average conduction velocity of the
active motor units (Solomonow et al. 1990), it may be that the reduced ability to
activate the muscles was related to impaired firing frequency (Woods et al. 1987,
de Ruiter et al. 2005) rather than an inability to activate all motor units. This
cannot be confirmed by the measurements of the present study, but support for
this interpretation may be provided by findings of increased firing frequency
following 2 weeks of training with maximum isometric contractions (Christie &
Kamen 2010).

During hypertrophic loadings, large reductions in maximum resting
twitch torque in response to both constant and variable resistance were ob-
served representing peripheral fatigue (Nordlund et al. 2004, Babault et al.
2006). Large increases in blood lactate and partial recovery 15 min post-loading
in both isometric force and blood lactate were observed, suggesting that lactate
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accumulation/lower intra-muscular pH (Duchateau et al. 1987), and perhaps
also depleted ATP-PC stores (Gorostiaga et al. 2010), affected muscular force
following hypertrophic loadings to some extent. Similar increases in blood lac-
tate were observed between constant and variable resistance loadings. These
findings may indicate that greater decreases in post-loading maximum force
production during variable resistance loadings were due to factors other than
anaerobic metabolism and by-product accumulation.

As indicated by the M-wave duration data, action potential propagation
was reduced more systematically and to a greater magnitude following variable
resistance loading in both young and older men (III). Although lactate accumu-
lation has been shown to reduce median frequency and conduction velocity
(Brody et al. 1991), the present study observed similar increases in blood lactate
between constant and variable resistance loadings. Recent studies have sug-
gested that muscle damage may interfere with action potential propagation
along the sarcolemma (Piitulainen et al. 2011), perhaps through changes in
stretch-activated Na*/K* pumps (McBride et al. 2000), and that this is more
readily observed following eccentric rather than concentric actions where the
force production/resistance is greater. Furthermore, the findings of Dartnell et
al. (2008) suggested that muscle damage alters discharge behaviour leading to
greater motor unit synchronisation. Therefore, it could be suggested that the
observed decreases in median frequency and prolonged M-wave duration fol-
lowing variable but not constant resistance loadings may be due to greater
muscle damage. The increased contraction force when using variable resistance
gives the potential for greater muscle damage, and it has been suggested that
microtrauma is a prerequisite for muscle hypertrophy (Goldspink 1971).

Concentric EMG amplitude during hypertrophic variable resistance load-
ing increased from rep 2 to rep 8 already in set 1 (II), and may arguably be an
indication of more increased muscle activation (i.e. activation of larger motor
units/higher firing frequency of active motor units) due to fatigue of the active
motor units developed within the set. This phenomenon was not observed until
set 3 during constant resistance loadings. Reductions in concentric EMG medi-
an frequency were also observed in set 3-5 during variable resistance loadings
only (IV). The absolute load was lower than in set 1 and, suggesting that the
subjects were already maximally activating their quadriceps, and may indicate
that motor unit synchronisation had developed during the loading. Motor unit
synchronisation would increase EMG amplitude (Yao et al. 2000) and decrease
EMG median frequency (Weytjens & van Steenberghe 1984). Although the ef-
fect of motor unit synchronisation on force production is debateable, trained
individuals have shown greater synchronisation compared to untrained indi-
viduals (Milner-Brown et al. 1975).

The present study was in agreement with previous studies that have ob-
served age-related differences in the magnitude of acute neuromuscular fatigue
(Hakkinen & Pakarinen 1995, Hunter et al. 2008). It is possible that, as a conse-
quence of this lower overall fatigue, differences between constant and variable
resistance loading would be smaller in older subjects compared to young sub-
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jects. However, it must be pointed out that older subjects demonstrated reduced
EMG amplitude and voluntary activation following variable resistance loading
only (III). It may be that a greater stimulus is needed to induce central fatigue in
older subjects than 15 sets of 1 RM using constant resistance knee extension
used in the present study.

6.1.2 Hormonal and molecular responses

The findings of Ju (1999) suggest that there is a neuro-humoral connection,
which may induce growth hormone release. In this regard, it may be possible
that the demand on the neural system during maximal strength variable re-
sistance loading was sufficient to cause the observed increase in growth hor-
mone concentration (II). In support of this, increased growth hormone concen-
tration occurred in the absence of increased blood lactate concentration. These
findings are in agreement with the observed greater neuromuscular fatigue
during maximal strength loading in the young (IIl), and may support greater
long-term adaptations (McCall et al. 1999, West and Phillips 2012). However,
the training program of the present study did not focus on maximal strength
training (i.e. high intensity, low volume, low number of repetitions per set), and
may be one possible reason why differences in either maximum strength or
muscle hypertrophy were not observed between groups training using constant
vs. variable resistance.

All hypertrophic loadings caused large increases in serum growth hor-
mone concentrations that remained elevated throughout 30 min of recovery.
The magnitude of increases in growth hormone concentration has been shown
to be influenced by the loading volume (Kraemer et al. 1990, Hékkinen & Pakar-
inen 1993, Gotshalk et al. 1997, Smilios et al. 2003). In the present study, similar
growth hormone responses were observed following constant and variable re-
sistance loadings, even though total work was greater during variable re-
sistance loading (IV). It may be that the difference in total work was not of suf-
ficient magnitude to cause further increases to growth hormone concentrations,
or that there is a threshold whereby no further increases would be induced de-
spite increased volume. Alternatively, as the magnitude of growth hormone has
been associated with the magnitude of blood lactate response (Hdkkinen & Pa-
karinen 1993, Gordon et al. 1994), this similarity may be explained by the find-
ing of similar blood lactate responses following constant and variable resistance
loadings. The only exception that was observed in the present study occurred
immediately post-loading in the untrained state (II), which may be explained by
a greater change in fluid volume.

These findings may be important indicators of potentially similar training-
induced adaptations in muscle due to the influence of growth hormone on sev-
eral anabolic signalling cascades through the activation of Janus kinase 2
(Campbell 1997). This may help to explain the previously observed positive as-
sociation between acute growth hormone response and growth of type I and II
muscle fibres (McCall et al. 1999, West and Phillips 2012). Alternatively, in-
creased serum growth hormone concentration has been shown to influence
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muscle collagen synthesis with no effect on protein synthesis rates (Doessing et
al. 2010) indicating possible improvements to force transmission of contracting
fibres. Nevertheless, caution should be used when interpreting the impact of 22
kDa GH concentrations, a single member of a much larger family of GH poly-
peptides, in addition to consideration of the pulsatile secretion of GH.

During hypertrophic leg press loadings (I, IV), significant increases in se-
rum total testosterone (TT) concentration occurred in the untrained state follow-
ing variable resistance loading only. After training, both constant and variable
resistance loadings led to increased TT concentration immediately post-loading
but the elevations remained 15 min into recovery following variable resistance
loading (IV). Acute TT response has been shown to be influenced by muscle
mass/exercise (Kraemer 1988, Volek et al. 1997), volume (Gotshalk et al. 1997),
intensity (Jezova et al. 1985, Raastad et al. 2000), and inter-set rest interval (Kra-
emer et al. 1990), so that larger muscle group exercise, greater volume, greater
intensity, and/or shorter rest interval lead to greater acute TT increase. Conse-
quently, greater serum TT responses in the present study may be representative
of the greater resistance/muscle activation and perhaps also greater total work
during variable resistance loadings. Recent studies have questioned the im-
portance of acute TT increases in mediating training adaptations (West et al.
2009, West et al. 2010), and this may be plausible given that androgen receptor
content has been shown to be acutely down-regulated post-loading (Ratamess
et al. 2005, Vingren et al. 2009). However, it should be noted that that the find-
ings have been refuted when serum hormone concentrations were elevated pri-
or to performing elbow flexion actions (Ronnestad et al. 2011). Therefore, great-
er serum TT responses during hypertrophic variable resistance loadings both
before and after training may be physiologically meaningful in terms of long-
term adaptation to resistance training.

As with TT, greater acute serum cortisol responses were observed follow-
ing variable resistance loadings before and after training (II, IV). Although cor-
tisol has been typically considered as a catabolic hormone, the magnitude of
acute elevations has been related to increased lean body mass and growth of
muscle fibre cross-sectional area (West & Phillips 2011). As discussed by Uchida
et al. (2009), it may be that cortisol provides amino acids for remodelling pro-
cesses in combination with muscle damage, and may explain the strong rela-
tionship between cortisol and creatine kinase responses (Kraemer et al. 1998)
and the attenuating effect of energy drink supplementation on cortisol respons-
es (Tarpenning et al. 2001, Baty et al. 2007). Therefore, it may be that muscle
damage (perhaps indicated by the M-wave results of the present study) stimu-
lated the greater cortisol response as part of cortisol’s inflammatory function.
Secondly, while cortisol has also been shown to respond to metabolic stress
(Viru et al. 1994), similar blood lactate responses between constant and variable
resistance loadings (III, IV) suggest that this was not the cause for greater corti-
sol response following variable resistance loading.

In addition to the growth hormone responses discussed above, support for
a potentially similar magnitude of training-induced muscle hypertrophy was
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also observed in the phosphorylation of protein kinases. The mechanistic target
of rapamycin (mTOR) pathway has been widely studied in both animal and
human experiments and shown to be a key regulator of protein synthesis (Baar
& Esser 1999, Bodine et al. 2001, Drummond et al. 2009, Mayhew et al. 2009).
Downstream targets of mTOR, including p705¢K and rpS6, have been shown to
respond to resistance loading (Drummond et al. 2009, Hulmi et al. 2009, May-
hew et al. 2009). Indeed, positive associations have been observed between
p70%°K and hypertrophy in both rats (Baar & Esser 1999) and humans (Terzis et
al. 2008a). Furthermore, elongation factor 2 (eEF2) mediates the translocation
step of elongation (Drummond et al. 2009). It should be noted that the results of
the present study, and their interpretations, are limited to early responses (30
min post-loading). Nevertheless, in all of the studied mTOR pathway proteins,
the magnitude of response was similar between constant and variable resistance
loadings both before and after the 20-week training period.

The present study observed greater responses in proteins of the mitogen-
activated protein kinase (MAPK) pathway during variable resistance loadings.
Before training, in addition to the statistically greater ERK 1/2 phosphorylation,
variable resistance loading resulted in approx. 100 % greater response in p38
and approx. 30 % greater response in MAPKAPK-2. These greater responses
may have physiological significance to either muscle hypertrophy (e.g. Baar &
Esser 1999, Terzis et al. 2008a) and/or muscle “endurance capacity” (e.g. Nader
& Esser 2001, Pogozelski et al. 2009). In particular, it may be that the greater
phosphorylation of MAPKs may help to explain the greater fatigue-resistance
after training with variable external resistance in the present study.

6.2 Long-term adaptations to constant and variable resistance
training (IV, V)

In the present study, improvements in maximum bilateral concentric leg exten-
sion performance (i.e. 1RM) were statistically significant in all training groups.
Furthermore, improvements in young vs. older men and constant vs. variable
resistance were of a similar magnitude (mean increases of 14-24 % in the train-
ing groups). Maximum bilateral isometric force also increase significantly after
10 weeks of training (mean increases of 15-19 %) in the training groups, but
were no longer statistically significant after the training period due to larger
inter-individual differences compared to dynamic force production. The train-
ing-induced improvements in maximum force production are in agreement
with previous studies in young and older men over a similar duration of train-
ing (Hékkinen et al. 1998a, Aagaard et al. 2001, Ahtiainen et al. 2003, Karavirta
et al. 2011). The training program used in the present study (i.e. high volume,
medium intensity with short inter-set rest intervals) consisted of a large number
of repetitions per set, which primarily aimed to promote muscle hypertrophy.
This training program did not focus on improving maximum force production
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compared to other training programs with higher intensity, lower number of
repetitions per set, and longer inter-set rest intervals (Berger 1962, Campos et al.
2002). Also, the training frequency of twice per week was less than other studies
that have not focussed solely on hypertrophic training, and was necessary
based on the large magnitude of acute fatigue and longer recovery expected
due to this type of resistance training. Nevertheless, the large training-induced
improvements in maximum force production of the lower limbs, especially over
the first 10 weeks of training, shows the robust responsiveness of previously
untrained subjects to hypertrophic resistance training.

In the present study, no training-induced changes in maximum EMG am-
plitude occurred in young men during maximum concentric and isometric leg
press actions. Despite general scientific acceptance that neural adaptations oc-
cur early upon initiation of resistance training (Moritani & de Vries 1979), this is
not an unprecedented finding (Garfinkel & Cafarelli 1992, Narici et al. 1996,
Aagaard et al. 2002b). There are many possible explanations for a lack of in-
creased EMG amplitude; Rabita et al (2000) found increases in only the rectus
femoris muscle after 4 weeks of knee extension training, therefore, it may be
that muscle-specific adaptations have occurred. Alternatively, testing after 10
weeks of training may have missed possible increases in EMG amplitude, as
some studies have observed an initial increase followed by a decrease in EMG
amplitude (Hidkkinen & Komi 1983, Keen et al 1994, Karavirta et al. 2011). Per-
haps more likely, it may be that the present training program did not provide
enough of a stimulus to increase muscle activation, for example, the present
training program used medium intensity that did not exceed 85 % 1RM and did
not include explosive contractions, as in some studies (Hédkkinen et al. 1998b,
Karavirta et al, 2011). In subjects accustomed to resistance training, Hakkinen et
al. (1985b) observed reduced maximum muscle activity during training using
medium loads of only 70-80 % 1RM and increased maximum muscle activity
during training using high loads of 80-110 % 1RM. As the subjects of the pre-
sent study were physical activity, taking part in ball sports including explosive
actions (e.g. jumping), this may have reduced their responsiveness to training
using 60-85 % 1RM.

In older men, on the other hand, significant increases in quadriceps EMG
amplitude that have typically been observed (Moritani & deVries 1980, Hak-
kinen et al. 1998a, Hékkinen et al. 1998b, Hékkinen et al. 2001) during dynamic
and isometric actions occurred in the present study. Furthermore, the present
study observed significant increases in voluntary activation in the combined
training groups using a method that is difficult to observe statistically signifi-
cant changes (Herbert & Gandevia 1999, Harridge et al. 1999). The improved
muscle activation was associated with improved maximum force production
and suggests that the present study’s training program is capable of improving
central, as well as peripheral parts of the neuromuscular system in older sub-
jects. It may be speculated that the older men in the present study had higher
firing frequencies after the training intervention, as firing frequency has been
associated with voluntary activation level (Knight & Kamen 2008) and that
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short-term training had been shown to increase firing frequency especially in
older individuals (Christie & Kamen 2010).

The present training program induced robust increases in muscle mass of
the lower limbs in both young and older men. Of particular note is the magni-
tude of increase in VL CSA. When the constant and variable resistance training
groups were combined, increases of ~17 % in young and ~15 % in older men
were observed over the first 10 weeks of training. These are some of the largest
improvements in muscle CSA reported (Wernbom et al. 2007). Although in-
creases in muscle size were more readily observed in young men in the present
study (i.e. in both DXA and ultrasound measurements), there were no signifi-
cant differences found between the age groups. Discrepancies between the DXA
and ultrasound data in the older men may be due to a difference in adaptability
between the quadriceps and hamstring muscles in older subjects (Kraemer et al.
1999). The present findings are, therefore, in agreement with previous studies
that show similar relative increases in quadriceps muscle mass between young
and older men (Hékkinen et al. 1998b, Mayhew et al. 2009). Similarly, hypertro-
phy of the lower limbs was equivalent between groups performing constant
resistance and groups performing variable resistance training.

In addition to the similar acute responses of several purported anabolic ef-

fectors discussed previously, one finding that may have influenced the magni-
tude of muscle hypertrophy relates to consistent muscle tension throughout the
repetition. It is noteworthy that the point where force increased (100°-120° knee
angle) coincided with decreased velocity when using the exponential CAM,
which probably accounts for the prolonged contraction time with 80 % 1RM. As
maintained/consistent muscle tension throughout the contraction has been as-
sociated with hypertrophy mechanisms (Martineau & Gardiner 2002, Frey et al.
2009), it is conceivable that too large increases in force - leading to changes in
absolute/rate of muscle tension - may affect muscle hypertrophy.
However, it should be remembered that the training program of the present
study consisted of two similar mesocycles of 10-week duration. Although the
absolute loads used in training during the second 10-week period were greater
than during the first period (due to increased strength), the relative intensity
and number of reps/sets did not differ. This training program allowed the
evaluation of a prolonged hypertrophic training period on the dependent vari-
ables. It is possible that, based on the results from maximal strength loadings,
differences between groups may have begun to be realised during the second
mesocycle if relative intensity had increased. Therefore, the question regarding
the effect of constant vs. variable resistance training on maximum force produc-
tion and hypertrophy during a linearly periodised training program remains
open.



87

6.3 Possible mechanisms for greater fatigue-resistance after
variable resistance training

The novel finding of the present study was that greater chronic improvements
in fatigue-resistance during a leg press repetition to failure test were observed
after training with variable external resistance only. Unfortunately, it was not
practical to measure muscle activity, serum hormone, or protein phosphoryla-
tion responses during the repetition to failure test itself. In particular, muscle
activity measures may have provided data concerning differing muscle activa-
tion patterns as fatigue develops between the constant and variable training
groups. However, data from the resistance loadings may provide evidence that
support this variable resistance training-induced adaptation.

Activation of the MAPK pathway may influence many different adaptive
mechanisms in skeletal muscle (for review, see Roux & Blenis 2004 and Cuad-
rado & Nebreda 2010). The present study observed greater phosphorylation of
muscle protein kinases of the MAPK pathway during variable resistance load-
ing, especially before training. ERK 1/2, p38, and MAPKAPK-2 are responsive
to both resistance and endurance exercise and are thought to be related to a
stress response to exercise, as discussed by Nader & Esser (2001). This is sup-
ported by the association of acute ERK and cortisol responses to loading found
in the present study, and also by the greater increases in serum testosterone
during variable resistance loadings before and after training.

ERK 1/2 has been shown to (Echave et al. 2009) activate neuregulin, which
is involved in mitochondrial biogenesis, and increase cytochrome ¢, a mito-
chondrial protein. Furthermore, phosphorylation of ERK 1/2 has been shown to
be involved in angiogensis (Zhou et al. 2007). These adaptations would promote
the “endurance capacity” of muscle and likely prolong fatigue in a repetition to
failure test lasting approx. 2 min (2 s concentric and 2 s eccentric actions for ~30
reps in all groups). The present study’s finding of a relationship, at the level of a
trend (r = 0.35, p = 0.069), between acute ERK 1/2 response before training and
training-induced improvement in a repetition to failure test may be indicative
of the upstream/indirect influence of these MAPK proteins.

Another possible explanation is that ERK 1/2 has been shown to modify
myosin heavy chain expression away from Type IIx towards more oxidative
fibres- Type Ila and I (Murgia et al. 2000, Higginson et al. 2002), which may be
suggested to influence fatigue-resistance properties. Fibre type conversions in
this direction have been observed following resistance training (Staron et al.
1994, Andersen & Aagaard 2000, Campos et al. 2002). However, as there were
no observable differences when comparing low repetition vs. high repetition
training (Campos et al. 2002), it may be unlikely that this caused the group dif-
ferences in fatigue-resistance in the present study. Support for this hypothesis
comes from the finding of a strong association (r = 0.7, p < 0.01) between capil-
lary density and number of repetitions to failure using 70 % 1RM, but no asso-
ciation with fibre type and performance (Terzis et al. 2008b).
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It should be noted that long-term bodybuilding has been shown to in-
crease muscle glycogen, ATP, phosphocreatine, and creatine concentrations
(MacDougall et al. 1977), increase mitochondrial enzyme activity (Tang et al.
2006), improve buffering capacity (Tallon et al. 2005), and induce capillarisation
(Campos et al. 2002). These collective findings suggest that the long-term out-
come of medium intensity, high volume resistance training favoured by body-
builders is improved fatigue-resistance (i.e. muscle “endurance capacity”) in
addition to muscle hypertrophy. The results of the present study suggest that
training using variable external resistance provides additional benefit compared
to traditional constant external resistance training in this component of neuro-
muscular performance.

6.4 Methodological considerations

6.4.1 Strengths of the study

Some variable external resistance devices increase the resistance beyond the
natural force-angle curve of the exercise (Harman 1983, Johnson et al. 1990, Fol-
land & Morris 2008). However, during the leg press exercise of the present
study, the force increased by ~70 % and ~30 % using the exponential CAM and
conservative CAM, respectively. Maximal force production during isometric leg
press actions may increase force up to ~200 % during isokinetic (Eloranta 1989)
and ~100 % during concentric actions from 80°-150° knee angle (Eloranta &
Komi 1980). Therefore, the leg press settings used in the present study did not
exceed the limits of the force-angle curve.

Subjects in the training study were randomised, all cross-sectional studies
used a balanced, cross-over design and no physical training was performed 48
hours pre-loading. The effects of time-of-day (Sedliak et al. 2007) were con-
trolled, and instructions and strong verbal encouragement to the subjects were
standardised and maintained throughout the study. The same investigator per-
formed all measurements and/or all analyses to eliminate differences in meas-
urement/analysis technique between researchers.

All training sessions were supervised by researchers from the Department
of Biology of Physical Activity. Supervised training ensured that exercise tech-
nique, inter-set rest interval, and completion of training goals (i.e. reps and sets)
were standardised and adhered. Furthermore, the present study included strict
loading and training adherence conditions (90 % completion rate).

Nutritional counselling was given to all subjects in an attempt to standard-
ise nutritional habits, especially protein consumption, which contribute to long-
term adaptations (Hulmi et al. 2009b). Furthermore, hydration status, which
may influence acute loadings (Judelson et al. 2007) and body composition tests
(Thompson et al. 1991), was accounted for through the consumption of a stand-
ard quantity of water and 12 hour fasting prior to body composition measure-
ments.
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Muscle hypertrophy was assessed by two different methods. DXA may be
considered as the gold standard in body composition assessment (van der Ploeg
et al. 2003). For more detailed evaluation of the vastus lateralis muscle CSA, the
latest technological technique based on ultrasound was used (i.e. composite
image by extended-field-of-view). The same site was used in the ultrasound
and biopsy measurements. This is important for the evaluation of molecular
responses and parallel assessment of training-induced muscle hypertrophy, as
studies have shown that hypertrophy is non-uniform along the quadriceps
muscle length (Narici et al. 1989).

The present study has examined the effects of constant and variable exter-
nal resistance using a combined cross-sectional and longitudinal study design
with a variety of methods related to neural, muscular, hormonal, and molecular
mechanisms. The present study provides new information that can be used in
the design and implementation of resistance training programs for different
subject populations.

6.4.2 Weaknesses of the study

The subjects were selected by convenience sampling from the local area, which
may have resulted in volunteers that are not representative of the entire popula-
tion, particularly in the case of the older men in the present study. The physical-
ly active background of these subjects ensured that they were healthy and ca-
pable of strenuous training. However, their neuromuscular properties may not
have deteriorated as would have been expected in this age group (Deschenes
2004). Consequently, the young and older men were likely to be more homoge-
nous than may have been expected at the onset of the study.

The subjects were unaccustomed to resistance training. The untrained
state likely diluted the effect of training with different forms of resistance on
between-group differences. However, this may also be viewed as a strength of
the study, in that differences were identified even though the power to detect
between group differences was likely to be low.

Dynamic concentric performance before and after training was performed
using a leg press that may be considered as a constant external resistance device
(producing only ~6 % increase in force between 120°-180°). However, this
would, if anything, bias the results in favour of constant resistance training.

All results and conclusions are specific to the loading and training proto-
cols that were used, and differences between constant and variable resistance
should not be generalised to all forms of resistance training. Also, the present
study cannot determine the outcome had the training program been linearly
periodised, as is common practice.



7 MAIN FINDINGS AND CONCLUSIONS

The present study showed that the resistance training program using both con-
stant and variable external resistance was effective in increasing maximum
force production and muscle hypertrophy of the lower limbs in young and old-
er men. Furthermore, the changes in muscle activation observed in older men
were similar between these resistance settings. However, the present results
show that training using variable external resistance induced greater adapta-
tions in fatigue-resistance in both young and older men, as assessed by a repeti-
tion to failure test. Results from the acute resistance loadings indicate that the
observed adaptations to long-term training may have been due to greater acute
neuromuscular fatigue and supported by greater serum hormone and muscle
protein kinase phosphorylation responses following variable resistance load-
ings.

The specific findings and conclusions of the present study are as follows:

1) The greater force requirement beyond ~100° knee angle using the varia-
ble resistance settings led to prolonged high muscle activity level of the
quadriceps. Although this did not change the typically observed de-
crease in muscle activity level from small to large knee angles during the
leg press action, it may indicate a greater muscle activation requirement
during each repetition with submaximal loads (I).

It appears that variable resistance settings impact the level of muscle ac-
tivation to a greater extent than constant resistance during submaximal
single-repetition actions. This may have altered the acute responses dur-
ing constant vs. variable resistance loadings.

2) Variable resistance loadings before and after training resulted in greater
acute neuromuscular fatigue, serum total testosterone and cortisol re-
sponses, and phosphorylation of MAPK proteins, in particular ERK 1/2.
These greater acute responses may help to explain the greater improve-
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ment in fatigue-resistance during a repetition to failure test in both
young and older men that trained using variable external resistance (IV,
V).

Collectively, the neuromuscular, hormonal, and molecular data of the
present study suggest that variable resistance loadings were more
“stressful” than constant resistance loadings, which may have led to
training-specific adaptations in performance of a repetition to failure test.
The results of the present study suggest that it may be beneficial to train
using variable external resistance during periods of high volume, medi-
um intensity, with a large number of repetitions per set, especially if the
aim is to improve fatigue-resistance performance.

Only the variable resistance training groups improved performance in a
repetition to failure test as a consequence of training. Large increases in
maximum force production and muscle hypertrophy occurred during
the first 10 weeks of training in both young and older men. This was ac-
companied by similar acute loading-induced increases in serum growth
hormone concentration and phosphorylation of purportedly anabolic
protein kinases before and after training (IV, V).

It appears that the training program of the present study did not differ
sufficiently between constant and variable resistance to induce different
magnitudes of adaptation in maximum force production and muscle hy-
pertrophy of the lower limbs in previously untrained subjects. The read-
er should note that, while it was our intention to perform a prolonged
period of hypertrophic resistance training, this is not typical practice
within a linearly periodised training program. The results of the present
study show the robust increases obtainable during the initial stages of re-
sistance training. It is perhaps also important to properly periodise fu-
ture intervention studies in order to distinguish between constant and
variable resistance training in the development of maximum force pro-
duction and hypertrophy.

Acute loading-induced reductions in force production were lower in
older men compared to young men (III). This perhaps also reduced the
effect of variable resistance loading to induce greater neuromuscular fa-
tigue in older men, although differences in voluntary activation level and
M-wave duration between constant and variable resistance loadings
were observed, as was observed in young men. In addition, similar adap-
tations in maximum force production and hypertrophy to resistance
training were observed in both age-groups (IV, V).

Variable resistance loadings led to greater neuromuscular fatigue in old-
er men, in-line with young men. However, the magnitude of the differ-
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ences between constant and variable resistance loading was lower. Fur-
thermore, the differences in training-induced improvement in fatigue-
resistance between constant and variable resistance was not to the same
extent as in young men. These findings perhaps indicate that the addi-
tional benefit of variable resistance training is lower in older men com-
pared to young men.
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YHTEENVETO (Finnish summary)

Akuutit hermolihasjirjestelmidn ja seerumin hormonivasteet sekd krooniset
adaptaatiot vakio- ja muuttuvavastuslaitteilla toteutetussa voimaharjoittelussa.

Aiemmat tutkimukset ovat osoittaneet, ettd voimaharjoittelusta on hyotyd
muun muassa urheilusuorituksissa, voimantuotto- ja toimintakyvyn ylldpidos-
sa ikddntyessd, lihasten koon kasvattamisessa sekd ikddntymisen aiheuttaman
lihaskadon minimoimisessa. Lisdksi voimaharjoittelun avulla voidaan optimoi-
da kehon koostumusta. Voimantuottokyvyn paraneminen johtuu muutoksista
hermolihasjarjestelméssd kuten paremmasta lihasaktiivisuudesta tai suurem-
masta lihasmassasta. Spesifiset akuutit vasteet voimakuormituksessa vaikutta-
vat ndihin muutoksiin, ja seerumin hormonipitoisuuksien akuutit muutokset
tukevat nditd muutosprosesseja. Perinteisessd voimaharjoittelussa vastus pysyy
samana koko harjoitusliikkeen aikana, vaikka maksimivoimantuotto muuttuu
nivelkulman mukaan. Tamén viitoskirjatutkimuksen tarkoituksena oli selvittaa
hermolihasjérjestelmén ja seerumin hormonipitoisuuksien akuutit vasteet seka
krooniset adaptaatiot vakio- ja muuttuvavastuslaitteilla toteutetussa voimahar-
joittelussa eri-ikdisilla miehilla.

Tutkimuksen suoritti loppuun kuormitusten osalta 47 koehenkilod (34
nuorta ja 13 vanhaa) sekd voimaharjoitusjakson osalta 70 koehenkil6d (33 nuor-
ta ja 37 vanhaa), joilla ei ollut sddnnollistd voimaharjoittelutaustaa. Voima-
kuormitukset sisdlsivit kaksi erilaista protokollaa sekd jalkaprassi- ettd pol-
venojennuslaitteilla: maksimivoimakuormituksessa suoritettiin viisitoista sarjaa
yhden toiston maksimipainolla ja lihaskasvukuormituksella koehenkil6t suorit-
tivat viisi sarjaa kymmenen toistoina 80 %:lla yhden toiston maksimipainosta.
Kuormituksen aikana seurattiin isometrista voimantuottoa, lihasaktiivisuutta
(EMG:1ld sekd sdhkostimulaatiolla hermostoon ja lihaksiin), seerumin hor-
monipitoisuuksia (testosteroni, kasvuhormoni ja kortisoli), ja proteiinisynteesin
sadtelyreittien aktivoitumista fosforyloinnin avulla (Akt-mTOR ja MAPK reitit).
Voimaharjoittelu painottui lihaskasvua edistdviin kuormituksiin, eli 2-5 sarjaa
8-14 toistoa lyhyelld palautuksella sarjojen vilissé (1-2 min). Koehenkil6t satun-
naistettiin neljadan harjoitteluryhmédan (nuori vakiovastus- ja muuttuvavastus-
ryhmd, vanha vakiovastus- ja muuttuvavastusryhmad) ja kahteen kontrolliryh-
méén (nuori ja vanha kontrolliryhmd). Harjoitteluryhmét harjoittelivat kahdesti
viikossa. Kontrolliryhmaa ohjeistettiin sdilyttdimaan fyysinen aktiivisuus tutki-
musta edeltdvélld tasolla. Tutkimusmittaukset (maksimivoimantuotto jalka-
préssissd ja maksimitoistotesti 75 %:1la yhden toiston maksimipainosta, lihasak-
tiivisuus, reisilihaksen poikkipinta-alan mittaus ultraddnelld, alaraajojen lihas-
massan mittaus DXA:lla) suoritettiin ennen 20 viikon harjoittelujaksoa, jakson
puolivalissd sekd harjoittelujakson jalkeen.

Tutkimuksen paddtulokset osoittavat, ettd muuttuvavastuslaitteet vaikutta-
vat enemmaén sentraaliseen ja periferaaliseen vasymykseen kuin vakiovastus-
laitteet lihaskasvukuormituksessa. Lisdksi akuutit seerumin hormonipitoisuus-
vasteet olivat suurempia (kortisoli) ja/tai pidempikestoisia (testosteroni, kas-
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vuhormoni ja kortisoli) muuttuvalla vastuksella suoritetussa lihaskasvukuormi-
tuksessa nuorilla miehilld. ERK 1/2-proteiinin fosforylaatiota lisddntyi vain tds-
sd kuormituksessa ennen voimaharjoittelujaksoa. Maksimivoimakuormitukses-
sa akuutit hermolihasjdrjestelman vasteet olivat pienempid vanhoilla kuin nuo-
rilla miehilld. Maksimivoimantuotto jalkapréssissa parani merkitsevasti kahdes-
ti viikossa toteutetulla vakio- ja muuttuvavastusvoimaharjoittelulla sekd nuoril-
la ettd vanhoilla miehilld. Voimantuoton muutosten lisdksi harjoittelu aiheutti
reisilihaksen poikkipinta-alan sekd alaraajojen lihasmassan kasvun nuorilla
miehill4 ja lihasaktiivisuuden kasvun vanhoilla miehilld. Kuitenkin vain muut-
tuvavastusharjoitusryhmien koehenkil6t paransivat maksimitoistotestin tulos-
taan.

Tutkimuksen tulokset osoittavat, ettd voimaharjoituksissa kéytettavilld
muuttuvavastuslaiteilla on enemmin vaikutusta kuin vakiovastuslaiteilla
akuuttiin hermolihasjdrjestelméan vasymykseen, suurempiin akuuteihin seeru-
min hormonipitoisuuksiin ja ERK 1/2- fosforyloinnin vasteisiin. Kumpikin
voimaharjoittelutapa aiheuttaa samanlaisen maksimivoimantuoton, lihasaktii-
visuuden ja lihasmassan kasvun molemmissa ikdryhmissd. Muutuvavastus-
voimaharjoittelu johti sen sijaan suurempaan muutokseen vasymyksen sietoky-
vyssd, mikd todettiin tdmadn tutkimuksen maksimitoistotestissd. Taman tutki-
muksen tuloksia voidaan hyodyntdad kdytannossa voimaharjoittelun ohjelmoin-
nissa spesifisten voimaharjoitustarpeiden suunnassa useilla eri kohderyhmilla.



95

REFERENCES

Aagaard, P., Andersen, J. L., Dyhre-Poulsen, P., Leffers, A-M., Wagner, A,
Magnusson, P. S., Halkjaer-Kristensen, J. & Simonsen, E. B. 2001. A
mechanism for increased contractile strength of human pennate muscle in
response to strength training: changes in muscle architecture. Journal of
Physiology 534 (2), 613-623.

Aagaard, P., Simonsen, E. B., Andersen, ]J. L., Magnusson, P. & Dyhre-Poulsen,
P. 2002a. Neural adaptation to resistance training: changes in evoked V-
wave and H-reflex responses. Journal of Applied Physiology 92 (6), 2309-
2318.

Aagaard, P., Simonsen, E. B., Andersen, J. L., Magnusson, P. & Dyhre-Poulsen,
P. 2002b. Increased rate of force development and neural drive of human
skeletal muscle following resistance training. Journal of Applied
Physiology 93 (4), 1318-1326.

Aagaard, P. & Thorstensson, A. 2003. Neuromuscular aspects of exercise-
adaptive responses evoked by strength training. pp. 70-106. In: Kjaer, M.,
Krosgaard, M. & Magnusson, P. (ed), Text book of Sports Medicine: basic
science and clinical aspects of sports injury and physical activity. Wiley
publishers, Chichester, England.

Ahtiainen, J. P., Pakarinen, A., Alen, M., Kraemer, W. J. & Hikkinen, K. 2003.
Muscle hypertrophy, hormonal adaptations and strength development
during strength training in strength-trained and untrained men. European
Journal of Applied Physiology. 89 (6), 555-563.

Ahtiainen, ]. P. & Hékkinen, K. 2009. Strength athletes are capable to produce
greater muscle activation and neural fatigue during high-intensity
resistance exercise than nonathletes. Journal of Strength and Conditioning
Research 23 (4), 1129-1134.

Ahtiainen, J. P., Hoffren, M., Hulmi, J. J., Pietikdinen, M., Mero, A. A., Avela, J.
& Hakkinen, K. 2010. Panoramic ultrasonography is a valid method to
measure changes in skeletal muscle cross-sectional area. European Journal
of Applied Physiology 108 (2), 273-279.

Alkner, B. A., Tesch, P. A. & Berg, H. E. 2000. Quadriceps EMG/force
relationship in knee extension and leg press. Medicine and Science in
Sports and Exercise 32 (2), 459-463.

Andersen, J. L. & Aagaard, P. 2000. Myosin heavy chain IIx overshoot in human
skeletal muscle. Muscle and Nerve 23 (7), 1095-1104.

Anderson, K. E.,, Rosner, W., Khan, M. S, New, M. I, Pang, S., Wissel, P. S. &
Kappas, A. 1987. Diet-hormone interactions: protein/carbohydrate ratio
alters reciprocally the plasma levels of testosterone and cortisol and their
respective binding globulins in man. Life Sciences 40 (18), 1761-1768.

Anderson, C. E,, Sforzo, G. A. & Sigg, J. A. 2008. The effects of combining elastic
and free weight resistance on strength and power in athletes. Journal of
Strength and Conditioning Research 22 (2), 567-574.



96

Arabadzhiev, T. 1., Dimitrov, V. G., Dimitrova, N. A. & Dimitrov, G. V. 2010.
Influence of motor unit synchronization on amplitude characteristics of
surface and intramuscularly recorded EMG signals. European Journal of
Applied Physiology 108 (2), 227-237.

Ariel, G. B. 1976. The effect of dynamic variable resistance (DVR) on muscle
strength. Research report, Computerized Biomechanical Analyses Inc,
Ambherst, USA.

Atha, J. 1981. Strengthening muscle. Exercise and Sport Sciences Reviews 9 (1),
1-73.

Azegami, M., Yanagihashi, R., Miyoshi, K., Akahane, K., Ohira, M. & Sadoyama,
T. 2007. Effects of multi-joint angle changes on EMG activity and force of
lower extremity muscles during maximum isometric leg press exercises.
Journal of Physical Therapy Science 19, 65-72.

Baar, K. & Esser, K. 1999. Phosphorylation of p70(S6k) correlates with increased
skeletal muscle mass following resistance exercise. The American journal
of Physiology 276 (1), C120-C127.

Babault, N., Debrosses, K., Fabre, M-S., Michaut, A. & Pousson, M. 2006.
Neuromuscular fatigue development during maximal concentric and
isometric knee extensions. Journal of Applied Physiology 100 (3), 780-785.

Bamman, M. M., Shipp, J. R, Jiang, J., Gower, B. A., Hunter, G. R., Goodman, A.,
McLafferty Jr, C. L. & Urban, R. J. 2001. Mechanical load increases muscle
IGF-1 and androgen receptor mRNA concentrations in humans. American
Journal of Physiology. Endorinology and Metabolism 280 (3), E383-E390.

Baty, J. J., Hwang, H., Ding, Z., Bernard, J. R.,, Wang, B., Kwon, B. & Ivy, J. L.
2007. The effect of a carbohydrate and protein supplement on resistance
exercise performance, hormonal response, and muscle damage. Journal of
Strength and Conditioning Research 21 (2), 321-329.

Baumann, G. 1991. Growth hormone heterogeneity: genes, isohormones,
variants, and binding proteins. Endocrine Reviews 12 (4), 424-449.

Bellar, D. M., Muller, M. D., Barkley, J. E., Kim, C. H., Ida, K., Ryan, E. ], Bliss,
M. V. & Glickman, E. L. 2011. The effects of combined elastic- and free-
weight tension vs. free-weight tension on one-repetition maximum
strength in the bench press. Journal of Strength and Conditioning
Research 25 (2), 459-463.

Bellemare, F. & Bigland-Ritchie, B. 1984. Assessment of human diaphragm
strength and activation using phrenic nerve stimulation. Respiration
Physiology 58 (3), 263-277.

Berger, R. 1962. Effect of varied weight training programs on strength. Research
Quarterly 33, 168-181.

Bigland-Ritchie, B., Johansson, R., Lippold, O. C. & Woods, J. J. 1983. Contractile
speed and EMG changes during fatigue of sustained maximal voluntary
contractions. Journal of Neurophysiology 50 (1), 313-324.

Bishop, T. D., Meikle, W. A., Slattery, M. L., Stringham, J. D., Ford, M. H. &
West, D. W. 1988. The effect of nutritional factors on sex hormone levels in
male twins. Genetic Epidemiology 5 (1), 43-59.



97

Blazevich, A. J., Gill, N. D., Bronks, R. & Newton R. U. 2003. Training-specific
muscle architecture adaptation after 5-wk training in athletes. Medicine
and Science in Sports and Exercise 35 (12), 2013-2022.

Bodine, S. C,, Stitt, T. N., Gonzalez, M., Kline, W. O., Stover, G. L., Bauerlein, R,,
Zlotchenko, E., Scrimgeour, A., Lawrence, J. C., Glass, D. J. & Yancopoulos,
G. D. 2001. Akt/mTOR pathway is a crucial regulator of skeletal muscle
hypertrophy and can prevent muscle atrophy in vivo. Nature Cell Biology
3 (11), 1014-1019.

Bodine, S. C. 2006. mTOR signaling and the molecular adaptation to resistance
exercise. Medicine and Science in Sports and Exercise 38 (11), 1950-1957.

Boyer, B. T. 1990. A comparison of the effects of three strength training
programs on women. Journal of Applied Sport Science Research 4 (3), 88-
94.

Brody, L. R., Pollock, M. T., Roy, S. H., De Luca, C. J. & Celli, B. 1991. pH-
induced effects of median frequency and conduction velocity of the
myoelectric signal. Journal of Applied Physiology 71 (5), 1878-1885.

Burkholder, T. J. 2008. Mechanotransduction in skeletal muscle. Frontiers in
Bioscience 12, 174-191.

Cadore, E. L., Lhullier, F. L., Brentano, M. A., da Silva, E. M., Ambrosini, M. B.,
Spinelli, R., Silva, R. F. & Kruel, L. F. 2008. Hormonal responses to
resistance exercise in long-term trained and untrained middle-aged men.
Journal of Strength and Conditioning Research 22 (5), 1617-1624.

Cairns, S. P., Knicker, A. J., Thompson, M. W & Sjogaard, G. 2005. Evaluation of
models used to study neuromuscular fatigue. Exercise and Sport Science
Reviews 33 (1), 9-16.

Campbell, G. S. 1997. Growth-hormone signal transduction. The Journal of
Pediatrics 131 (1) supplement, S42-544.

Campos, G. E., Luecke, T. ]J.,, Wendeln, H. K., Toma, K., Hagerman, F. C,
Murray, T. F., Ragg, K. E., Ratamess, N. A., Kraemer, W. J. & Staron, R. S.
2002. Muscular adaptations in response to three different resistance-
training regimens: specificity of repetition maximum training zones.
European Journal of Applied Physiology 88 (1-2), 50-60.

Christie, A. & Kamen, G. 2010. Short-term training adaptations in maximal
motor unit firing rates and afterhyperpolarization duration. Muscle and
Nerve 41 (5), 651-660.

Coleman, A. E. 1977. Nautilus vs. Universal gym strength training in adult
males. American Corrective Therapy Journal 31 (4), 103-107.

Craig, B. W.,, Brown, R. & Everhart, J. 1989. Effects of progressive resistance
training on growth hormone and testosterone levels in young and elderly
subjects. Mechanisms of Ageing and Development 49 (2), 159-169.

Cronin, J., McNair, P. J. & Marshall, R. N. 2003. The effects of bungy weight
training on muscle function and functional performance. Journal of Sports
Sciences 21 (1), 59-71.

Cuadrado, A. & Nebreda, A. R. 2010. Mechanisms and functions of p38 MAPK
signalling. Biochemical Journal 429, 403-417.



98

Dartnall, T., Nordstrom, M. A. & Semmler, J. G. 2008. Motor unit
synchronization is increased in biceps brachii after exercise-induced
damage to elbow flexor muscles. Journal of Neurophysiology 99 (2), 1008-
1019.

De Lorme, T. J. 1945. Restoration of muscle power by heavy-resistance exercises.
The Journal of Bone and Joint Surgery 27 (4), 645-667.

de Ruiter, C. C.,, Elzinga, M. J. H., Verdijk, P. W. L., van Mechelen, W. & de
Haan, A. 2005. Changes in force, surface and motor unit EMG during post-
exercise development of low frequency fatigue in vastus lateralis muscle.
European Journal of Applied Physiology 94 (5-6), 659-669.

Deschenes, M. 2004. Effects of aging on muscle fibre type and size. Sports
Medicine 34 (12), 809-824.

Dodd, K. J., Taylor, N. F. & Graham, H. K. 2003. A randomized clinical trial of
strength training in young people with cerebral palsy. Developmental
Medicine and Child Neurology 45 (10), 652-657.

Doessing, S. Heinemeier, K. M., Holm, L., Mackey, A. L., Scherling, P., Rennie,
M., Smith, K., Reitelseder, S., Kappelgaard, A-M., Rasmussen, M. H,,
Flyvberg, A. & Kjaer, M. 2010. Growth hormone stimulates the collagen
synthesis in human tendon and skeletal muscle without affecting
myofibrillar protein synthesis. Journal of Physiology 588 (2), 341-351.

Dons, B., Bollerup, K., Bonde-Petersen, F. & Hancke, S. 1979. The effect of
weight-lifting exercise related to muscle fiber composition and muscle
cross-sectional area in humans. European Journal of Applied Physiology
and Occupational Physiology 40 (2), 95-106.

Dreyer, H. C,, Fujita, S., Cadenas, J. G., Chinkes, D. L., Volpi, E. & Rasmussen, B.
B. 2006. Resistance exercise increases AMPK activity and reduces 4E-BP1
phosphorylation and protein synthesis in human skeletal muscle. Journal
of Physiology 576 (2), 613-624.

Drummond, M. J., Dreyer, H. C., Pennings, B., Fry, C. S., Dhanani, S., Dillon, E.
L., Sheffield-Moore, M., Volpi, E. & Rasmussen, B. B. 2008. Skeletal muscle
protein anabolic responses to resistance exercise and essential amino acids
is delayed with aging. Journal of Applied Physiology 104 (5), 1452-1461.

Drummond, M. J., Fry, C. S, Glynn, E. L., Dreyer, H. C., Dhanani, S,
Timmerman, K. L., Volpi, E. & Rasmussen, B. B. 2009. Rapamycin
administration in humans blocks the contraction-induced increase in
skeletal muscle protein synthesis. Journal of Physiology 587 (7), 1535-1546.

Duchateau, J. de Montigny, L. & Hainaut, K. 1987. Electro-mechanical failures
and lactate production during fatigue. European Journal of Applied
Physiology and Occupational Physiology 56 (3), 287-291.

Echave, P., Machado-da-Silva, G., Arkell, R. S., Duchen, M. R., Jacobson, J.,
Mitter, R. & Lloyd, A. C. 2009. Extracellular growth factors and mitogens
cooperate to drvie mitochondrial biogenesis. Journal of Cell Science 122
(24), 4516-4525.



99

Eloranta, V. & Komi, P. V. 1980. Function of the quadriceps femoris muscle
under maximal concentric and eccentric contractions. Electromyography
and Clinical Neurophysiology 20 (2), 159-174.

Enoka, R. M. & Duchateau, J. 2008. Muscle fatigue : what, why and how it
influences muscle function. Journal of Physiology 586 (1), 11-23.

Escamilla, R. F., Fleisig, G. S., Zheng, N., Barrentine, S. W., Wilk, K. E. &
Andrews, J. R. 1998. Biomechanics of the knee during closed kinetic chain
and open kinetic chain exercises. Medicine and Science in Sports and
Exercise 30 (4), 556-569.

Escamilla, R. F. 2001. Knee biomechanics of the dynamic squat exercise.
Medicine and Science in Sports and Exercise 33 (1), 127-141.

Farina, D., Cescon, C. & Merletti, R. 2002. Influence of anatomical, physical and
detection-system parameters on surface EMG. Biological Cybernetics 86
(6), 445-456.

Farina, D., Merletti, R. & Enoka, R. M. 2004. The extraction of neural strategies
from the surface EMG. Journal of Applied Physiology 96 (4), 1486-1495.

Ferrando, A. A., Tipton, K. D., Doyle, D., Phillips, S. M., Cortiella, J. & Wolfe, R.
R. 1998. Testosterone injection stimulates net protein synthesis but not
tissue amino acid transport. The American Journal of Physiology 275 (1),
E864-E871.

Fimland, M. S., Helgerud, J., Gruber, M., Leivseth, G. & Hoff, J. 2010. Enhanced
neural drive after maximal strength in multiple sclerosis patients.
European Journal of Applied Physiology 110 (2), 435-443.

Fleck, S.J. & Kraemer, W. J. 1987. Designing Resistance Training Programs. First
edn. Human Kinetics, Champaign, Illinois, USA.

Florini, J. R., Exton, D. Z. & Coolican, S. A. 1996. Growth hormone and the
insulin-like growth factor system in myogenesis. Endocrine Reviews 17 (5),
481-517.

Folland, J. P. & Morris, B. 2008. Variable-cam resistance training machines: do
they match the angle-torque relationship in humans? Journal of Sports
Science 26 (2), 163-169.

Frey, J. W,, Farley, E. E., O'Neil, T. K., Burkholder, T. J. & Hornberger, T. A.
2009. Evidence that mechanosensors with distinct biomechanical
properties for specificity in mechanotransduction. Biophysical Journal 97
(1), 347-356.

Fry, A. C., Kraemer, W. ], Stone, M. H., Warren, B. ]., Kearney, J. T., Maresh, C.
M., Weseman, C. A., & Fleck, S. J. 1993. Endocrine and performance
responses to high volume training and amino acid supplementation in
elite junior weightlifters. International Journal of Sport Nutrition 3 (3),
306-322.

Fry, A. C. 2004. The role of intensity of resistance exercise on muscle fibre
adaptations. Sports Medicine 34 (10), 663-679.

Fry, A. C. & Lohnes, C. A. 2010. Acute testosterone and cortisol responses to
high power resistance exercise. Human Physiology 36 (4), 457-461.



100

Galpin, A. ], Fry, A. C, Chiu, L. Z., Thomason, D. B. & Schilling, B. K. 2012.
High-power resistance exercise induces MAPK phosphorylation in
weightlifting trained men. Applied Physiology, Nutrition and Metabolism
37 (1), 80-87.

Garfinkel, S. & Cafarelli, E.1992. Relative changes in maximal force, emg, and
muscle cross-sectional area after isometric training. Medicine and Science
in Sports and Exercise 24 (11), 1220-1227.

Gerber, ]. P., Marcus, R. L., Dibble, L. E., Greis, P. E., Burks, R. T. & LaStayo, P.
C. 2009. Effects of early progressive eccentric exercise on muscle size and
function after anterior cruciate ligament reconstruction: a 1-year follow-up
study of a randomized clinical trial. Physical Therapy 89 (1), 51-59.

Ghigiarelli, J. J., Nagle, E. F., Gross, F. L., Robertson, R. J., Irrgang, J. J. &
Myslinski, T. 2009. The effects of a 7-week heavy elastic band and weight
chain program on upper-body strength and upper-body power in a
sample of division 1-AA football players. Journal of Strength and
Conditioning Research 23 (3), 756-764.

Glover, E. I, Oates, B. R., Tang, J. E.,, Moore, D. R., Tarnopolsky, M. A. &
Phillips, S. M. 2008. Resistance exercise decreases elF2Bepsilon
phosphorylation and potentiates the feeding-induced stimulation of
p70S6K1 and rpS6 in young men. American Journal of Physiology.
Regulatory, Integrative and Comparative Physiology 295 (2), R604-R610.

Goldspink, G. 1971. Changes in striated muscle fibres during contraction and
growth with particular reference to myofibril splitting. Journal of Cell
Science 9 (1), 123-137.

Goldspink, G. 2005. Mechanical signals, IGF-1 gene splicing, and muscle
adaptation. Physiology 20, 232-238.

Gonzalez-Izal, M., Malanda, A., Navarro-Amezqueta, 1., Gorostiaga, E. M.,
Mallor, F., Ibanez, J. & Izquierdo, M. EMG spectral indices and muscle
power fatigue during dynamic contractions. Journal of Electromyography
and Kinesiology 20 (2), 233-240.

Gordon, S. E., Kramer, W. ], Vos, N. H., Lynch, J. M. & Knuttgen, H. G. 1994.
Effect of acid-base balance on the growth hormone response to acute high-
intensity cycle exercise. Journal of Applied Physiology 76 (2), 821-829.

Gorostiaga, E. M., Navarro-Amezqueta, 1., Cusso, R., Hellsten, Y., Calbert, J. A.,
Guerrero, M., Granados, C., Gonzalez-1zal, M., Ibanez, J. & Izquierdo, M.
2010. Anaerobic energy expenditure and mechanical efficiency during
exhaustive leg press exercise. PLoS one 5 (10), €13486.

Gotshalk, L. A., Loebel, C. C., Nindl, B. C., Putukian, M., Sebastianelli, W. J.,
Newton, R. U., Hikkinen, K. & Kraemer, W. J. 1997. Hormonal responses
of multiset versus single-set heavy-resistance exercsie protocols. Canadian
Journal of Applied Physiology 22 (3), 244-255.

Haddad, F. & Adams, G. R. 2004. Inhibition of MAP/ERK kinase prevents IGF-
1-induced hypertrophy in rat muscles. Journal of Applied Physiology 96
(1), 203-210.



101

Hansen, S., Kvorning, T., Kjaer, M. & Sjogaard, G. 2001. The effect of short-term
strength training on human skeletal muscle: the importance of
physiologically elevated hormone levels. Scandinavian Journal of
Medicine and Science in Sports 11 (6), 347-354.

Harman, E. 1983. Resistive torque analysis of 5 Nautilus exercise machines.
(congress abstract) Medicine and Science in Sports and Exercise 15 (2), 113.

Harridge, S. D. R., Kryger, A. & Stensgaard, A. 1999. Knee extensor strength,
activation, and size in very elderly people following strength training.
Muscle and Nerve 22 (7), 831-839.

Herbert, R. D. & Gandevia, S. C. 1999. Twitch interpolation in human muscles:
mechanisms and implications for measurement of voluntary activation.
Journal of Applied Physiology 82 (5), 2271-2283.

Hermens, H. J., Freriks, B., Merletti, R., Stegeman, D., Blok, J., Rau, G. &
Disselhorst-Klug, C. 1999. European recommendations for surface
electromyography: result of the SENIAM project. Roessingh Research and
Development. Enschede, The Netherlands.

Hickson, R. C. & Marone, J. R. 1993. Exercise and inhibition of glucocorticoid-
induced muscle atrophy. Exercise and Sport Science Reviews 21, 135-167.

Hickson R. C., Hidaka, K., Foster, C., Falduto, M. T. & Chatterton jr, R. T. 1994.
Successive time course of strength development and steroid hormone
responses to heavy-resistance training. Journal of Applied Physiology 76
(2), 663-670.

Higginson, ]., Wackerhage, H., Woods, N., Schjerling, P., Ratkevicius, A.,
Grunnet, N. & Quistorff, B. 2002. Blockades of mitogen-activated protein
kinase and calcineurin both change fibre-type markers in skeletal muscle
culture. Pflugers Archive 445 (3), 437-443.

Hulmi, J. ], Volek, J. S., Selanne, H. & Mero, A. A. 2005. Protein ingestion prior
to strength exercise affects blood hormones and metabolism. Medicine and
Science in Sports and Exercise 37 (11), 1990-1997.

Hulmi, J. J., Tannerstedt, J., Selanne, H., Kainulainen, H., Kovanen, V. & Mero,
A. A.2009a. Resistance exercise with whey protein ingestion affects mTOR
signaling pathway and myostatin in men. Journal of Applied Physiology
106 (5), 1720-1729.

Hulmi, J. J., Kovanen, V., Seldnne, H., Kraemer, W. J., Hiakkinen, K. & Mero, A.
A. 2009b. Acute and long-term effects of resistance exercise with or
without protein ingestion on muscle hypertrophy and gene expression.
Amino Acids 37 (2), 297-308.

Hulmi, J. J., Walker, S., Ahtiainen, J. P., Nyman, K., Kraemer, W. J. & Hakkinen,
K. 2012. Molecular signaling in muscle is affected by the specificity of
resistance exercise protocol. Scandinavian Journal of Medicine and Science
in Sports 22 (2), 240-248.

Hikkinen, K., Komi, P. V. & Tesch, P. A. 1981. Effect of combined concentric
and eccentric strength training and detraining on force-time, muscle fibre
and metabolic characteristics of leg extensor muscles. Scandinavian
Journal of Sports Sciences 3 (2), 50-58.



102

Hakkinen, K. & Komi, P. V. 1983. Electromyographic changes during strength
training and detraining. Medicine and Science in Sports and Exercise 15
(6), 455-460.

Hikkinen, K., Pakarinen, A., Alen, M. & Komi, P. V. 1985a. Serum hormones
during prolonged training of neuromuscular performance. European
Journal of Applied Physiology and Occupational Physiology 53 (4), 287-
293.

Hakkinen, K., Alen, M. & Komi, P. V. 1985b. Changes in isometric force- and
relaxation-time, electromyographic and muscle fibre characteristics of
human skeletal muscle during strength training and detraining. Acta
Physiologica Scandinavica 125 (4), 573-585.

Hakkinen, K., Komi, P. V. & Kauhanen, H. 1987. Scientific evaluation of specific
loading of the knee extensors with variable resistance, “isokinetic” and
barbell exercises. Medicine and Sport Sciences 26, 224-237.

Hakkinen, K., Kauhanen, H., Komi, P.V. 1988a. Effects of fatiguing loading with
a variable resistance equipment on neural activation and force production
of the knee extensor muscles. Electromyography and Clinical
Neurophysiology 28 (2-3), 79 -87.

Hikkinen, K., Pakarinen, A., Alen, M., Kauhanen, H. & Komi, P. V. 1988b.
Neuromuscular and hormonal adaptations in athletes to strength training
in two years. Journal of Applied Physiology 65 (6), 2406-2412.

Hakkinen, K. 1993. Neuromuscular fatigue and recovery in male and female
athletes during heavy resistance exercise. International Journal of Sports
Medicine 14 (2), 53-59.

Hakkinen, K. & Pakarinen, A. 1993. Acute hormonal responses to two different
fatiguing heavy-resistance protocols in male athletes. Journal of Applied
Physiology 74 (2), 882-887.

Hakkinen, K & Kallinen, M. 1994. Distribution of strength training volume into
one or two daily sessions and neuromuscular adaptations in female
athletes. Electromyography and Clinical Neurophysiology 34 (2), 117-124.

Hakkinen, K. 1994. Neuromuscular fatigue in males and females during
strenuous heavy resistance loading. Electromyography and Clinical
Neurophysiology 34 (4), 205-214.

Hakkinen, K. & Pakarinen, A. 1995. Acute hormonal responses to heavy
resistance exercise in men and women at different ages. International
Journal of Sports Medicine 16 (8), 507-513.

Hakkinen, K., Kallinen, M., Izquierdo, M., Jokelainen, K., Lassila, H., Malkig, E.,
Kraemer, W. J., Newton, R. U. & Alen, M. 1998a. Changes in agonist-
antagonist EMG, muscle CSA, and force during strength training in
middle-aged and older people. Journal of Applied Physiology 84 (4), 1341-
1349.

Hiakkinen, K., Newton, R. U., Gordon, S. E., McCormick, M., Volek, J. S., Nind],
B. C., Gotshalk, L. A., Campbell, W. W., Evans, W. J., Hakkinen, A,
Humphries, B. J. & Kraemer, W. J. 1998b. Changes in muscle morphology,
electromyographic activity, and force production characteristics during



103

progressive strength training in young and older men. Journal of
Gerontology Biological Sciences 53 (6), B415-B423.

Hakkinen, K., Kraemer, W. J., Newton, R. U. & Alen, M. 2001a. Changes in
electromyographic activity, muscle fibre and force production
characteristics during heavy resistance/power strength training in
middle-aged and older men and women. Acta Physiologica Scandinavica
171 (1), 51-62.

Hiakkinen, K., Pakarinen, A., Kraemer, W. J., Hikkinen, A., Valkeinen, H. &
Alen, M. 2001b. Selective hypertrophy, changes in EMG and force, and
serum hormones during strength training in older women. Journal of
Applied Physiology 91 (2), 569-580.

Hakkinen, K., Kraemer, W. J., Pakarinen, A., Triplett-McBride, T., McBride, J. M.,
Hékkinen, A., Alen, M., McGuigan, M. R., Bronks, R. & Newton, R. U.
2002. Effects of heavy resistance/power training on maximal strength,
muscle morphology and hormonal responses in 60-75-year-old men and
women. Canadian Journal of Applied Physiology 27 (3), 213-231.

Izquierdo, M., Ibanez, J., Calbet, J. A., Gonzalez-1zal, M., Navarro-Amezqueta, 1.,
Granados, C., Malanda, A., Idoate, F., Gonzalez-Badillo, J. J., Hikkinen, K.,
Kraemer, W. J., Tirapu, I. & Gorostiaga, E. M. 2009a. Neuromuscular
fatigue after resistance training. International Journal of Sports Medicine
30 (8), 614-623.

Izquierdo, M., Ibanez, J., Calbet, J. A., Navarro-Amezqueta, ., Gonzalez-Izal, M.,
Idoate, F., Hikkinen, K., Kraemer, W. J., Palacios-Sarrasqueta, M., Almar,
M. & Gorostiaga, E. M. 2009b. Cytokine and hormone responses to
resistance training. European Journal of Applied Physiology 107 (4), 397-
400.

Jesova, D., Vigas, M., Tatar, P., Kvetnansky, R., Nazar, K., Kaciuba-Uscilko, H.
& Kozlowski, S. 1985. Plasma testosterone and catecholamine responses to
physical exercise of different intensities in men. European Journal of
Applied Physiology and Occupational Physiology 54 (1), 62-66.

Johnson, J. H., Colodny, S. & Jackson, D. 1990. Human torque capabilities
versus machine resistive torque for four Eagle resistance machines.
Journal of Applied Sport Science Research 4(3), 83-87.

Jones, D. A. & Rutherford, O. M. 1987. Human muscle strength training: the
effects of three different regimens and the nature of the resultant changes.
Journal of Physiology 391 (1), 1-11.

Judelson, D. A., Maresh, C. M., Farrell, M. J., Yamamoto, L. M., Armstrong, L. E.,
Kraemer, W. J., Volek, J. S., Spiering, B. A., Casa, D. ]. & Anderson, J]. M.
2007. Effect of hydration state on strength, power, and resistance exercise
performance. Medicine and Science in Sports and Exercise 39 (10), 1817-
1824.

Judelson, D. A., Maresh, C. M., Yamamoto, L. M., Farrell, M. ]., Armstrong, L. E.,
Kraemer, W. J., Volek, J. S., Spiering, B. A., Casa, D. ]. & Anderson, J]. M.
2008. Effect of hydration state on resistance exercise-induced endocrine



104

markers of anabolism, catabolism, and metabolism. Journal of Applied
Physiology 105 (3), 816-824.

Kamen, G. Knight, C. A. 2004. Training-induced adaptations in motor unit
discharge rate in young and older adults. Journal of Gerontology. Series A,
Biological Sciences and Medical Sciences 59 (12), 1334-1338.

Karavirta, L., Hdakkinen, A., Sillanp&dd, E., Garcia-Lopez, D., Kauhanen, A,
Haapasaari, A., Alen, M., Pakarinen, A., Kraemer, W. ]., Izquierdo, M.,
Gorostiaga, E. & Hakkinen, K. 2011. Effects of combined endurance and
strength, power and hypertrophy in 40-67-year-old men. Scandinavian
Journal of Medicine and Science in Sports 21 (3), 402-411.

Karlsson, H. K., Nilsson, P. A., Nilsson, J., Chibalin, A. V., Zierath, J. R. &
Blomstrand, E. 2004. Branched-chain amino acids increase p70S6k
phosphorylation in human skeletal muscle after resistance exercise.
American Journal of Physiology. Endocrinology and Metabolism 287 (1),
E1-E7.

Keen, D. A,, Yue, G. H. & Enoka, R. M. 1994. Training-related enhancement in
the control of motor output in elderly humans. Journal of Applied
Physiology 77 (6), 2648-2658.

Kidgell, D. J., Sale, M. V. & Semmler, ]. G. 2006. Motor unit synchronization
measured by cross-correlation is not influenced by short-term strength
training of a hand muscle. Experimental Brain Research 175 (4), 745-753.

Kidgell, D. J., Stokes, M. A. Castricum, T. J. & Pearce, A. ]. 2010.
Neurophysiological responses after short-term strength training of the
biceps brachii muscle. Journal of Strength and Conditioning Research 24
(11), 123-132.

Knight, C. A. & Kamen, G. 2008. Relationships between voluntary activation
and motor unit firing rate during maximal voluntary contractions in
young and older adults. European Journal of Applied Physiology 103 (6),
625-630.

Kraemer, W. J. 1988. Endocrine responses to resistance exercise. Medicine and
Science in Sports and Exercise 20 (5 suppl), S152-5157.

Kraemer, W. J., Marchitelli, L., Gordon, S. E., Harman, E., Dziados, J. E., Mello,
R., Frykman, P., McCurry, D. & Fleck, S. J. 1990. Hormonal and growth
factor responses to heavy resistance exercise protocols. Journal of Applied
Physiology 69 (4), 1442-1450.

Kraemer, W. J., Dziados, J. E., Marchitelli, L. J., Gordon, S. E.,, Harman, E. A,,
Mello, R., Fleck, S. J., Frykman, P. N. & Triplett, N. T. 1993. Effects of
different heavy-resistance exercise protocols on plasma beta-endorphin
concentrations. Journal of Applied Physiology 74 (1), 450-459.

Kraemer, W. ], Staron, R. S., Hagerman, F. C., Hikida, R. S., Fry, A. C., Gordon,
S. E.,, Nind], B. C,, Gotshalk, L .A., Volek, J. S., Marx, J. O., Newton, R. U. &
Hakkinen, K. 1998. The effects of short-term resistance training on
endocrine function in men and women. European Journal of Applied
Physiology 78 (1), 69-76.



105

Kraemer, W. ]J., Hikkinen, K., Newton. R. U., Nindl, B. C., Volek, J. S,
McCormick, M., Gotshalk, L. A., Gordon, S. E., Fleck, S. J., Campbell, W.
W., Putukian, M. & Evans, W. ]J. 1999. Effects of heavy-resistance training
on hormonal response patterns in younger vs. older men. Journal of
Applied Physiology 87 (3), 982-992.

Kraemer, W. J. & Ratamess, N. A. 2004. Fundamental of resistance training:
progression and exercise prescription. Medicine and Science in Sports and
Exercise 36 (4), 674-688.

Krook, A., Widegren, U., Jiang, X. J., Henriksson, J., Wallberg-Henriksson, H.,
Alessi, D. & Zierath, J. R. 2000. Effects of exercise on mitogen- and stress-
activated kinase signal transduction in human skeletal muscle. American
Journal of Physiology. Regulatory, Integrative and Comparative
physiology 279 (5), R1716-R1721.

Kulig, K., Andrews, J. G. & Hay, J. G. 1984. Human strength curves. Exercise
and Sport Sciences Reviews 12 (1), 417-466.

Latella, C., Kidgell, D. J. & Pearce, A. ]J. 2012. Reduction in corticospinal
inhibition in the trained and untrained limb following unilateral leg
strength training. European Journal of Applied Physiology 112 (8), 3097-
3107.

Lee, M., Gandevia, S. C. & Carroll, T. J. 2009. Short-term strength training does
not change cortical voluntary activation. Medicine and Science in Sports
and Exercise 41 (7), 1452-1460.

Leger, B., Cartoni, R., Praz, M., Lamon, S., Deriaz, O., Crettenand, A., Gobelet,
C., Rohmer, P., Konzelmann, M., Luhti, F. & Russell, A. P. 2006. Akt
signaling through GSK-33, mTOR and FOXOL1 is involved in human
skeletal muscle hypertrophy and atrophy. Journal of Physiology 576 (3),
923-933.

MacDougall, J. D., Ward, G. R., Sale, D. G. & Sutton, J. R. 1977. Biochemical
adaptation of human skeletal muscle to heavy resistance training and
immobilization. Journal of Applied Physiology 43 (3), 700-703.

Maffiuletti, N. A. & Lepers, R. 2003. Quadriceps femoris torque and EMG
activity in seated versus supine position. Medicine and Science in Sports
and Exercise 35 (9), 1511-1516.

Manning, R. J., Graves, J. E., Carpenter, D. M., Leggett, S. H. & Pollock, M. L.
1990. Constant vs variable resistance knee extension training. Medicine
and Science in Sports and Exercise 22(3), 397-401.

Martineau, L. C. & Gardiner, P. F. 2002. Skeletal muscle is sensitive to the
tension-time integral but not to the rate of change of tension, as assessed
by mechanically induced signaling. Journal of Biomechanics 35 (5), 657-
663.

Mascher, H., Tannerstedt, J., Brink-Elfegoun, T., Ekblom, B., Gustafsson, T. &
Blomstrand, E. 2008. Repeated resistance exercise training induces
different changes in mRNA expression of MAFbx and MuRF-1 in human
skeletal muscle. The American Journal of Physiology. Endocrinology and
Metabolism 294 (1), E43-E51.



106

Mayhew, D. L., Kim, J-S., Cross, J. M., Ferrando, A. A. & Bamman, M. M. 2009.
Translational signalling responses preceding resistance training-mediated
myofiber hypertrophy in young and old humans. Journal of Applied
Physiology 107 (5), 1655-1662.

Mayhew, D. L., Hornberger, T. A., Lincoln, H. C. & Bamman, M. M. 2011.
Eukaryotic initiation factor 2B epsilon induces cap-dependent translation
and skeletal muscle hypertrophy. Journal of Physiology 589 (12), 3023-
2037.

McBride, T. A., Stockert, B. W., Gorin F. A. & Carlsen, R. C. 2000. Stretch-
activated ion channels contribute to membrane depolarization after
eccentric contractions. Journal of Applied Physiology 88 (1), 91-101.

McCall, G. E., Byrnes, W. C,, Fleck, S. J., Dickinson, A. & Kraemer, W. J. 1999.
Acute and chronic hormonal responses to resistance training designed to
promote muscle hypertrophy. Canadian Journal of Applied Physiology 24
(1), 96-107.

McCaulley, G. O., McBride, J. M., Cormie, P., Hudson, M. B., Nuzzo, J. L,
Quindry, J. C. & Triplett, T. N. 2009. Acute hormonal and neuromuscular
responses to hypertrophy, strength and power type resistance exercise.
European Journal of Applied Physiology 105 (5), 695-704.

McCurdy, K., Langford, G., Ernest, J., Jenkerson, D. & Doscher, M. 2009.
Comparison of chain- and plate-loaded bench press training on strength,
joint pain, and muscle soreness in division II baseball players. Journal of
Strength and Conditioning Research 23 (1), 187-195.

McGuigan, M. R., Tatasciore, M., Newton, R. U. & Pettigrew, S. 2009. Eight
weeks of resistance training can significantly alter body composition in
children who are overweight or obese. Journal of Strength and
Conditioning Research 23 (1), 80-85.

Mero, A. A., Hulmi, J. J.,, Salmijirvi, H., Katajavuori, M., Haverinen, M.,
Holviala, J., Ridanpad, T., Hakkinen, K., Kovanen, V., Ahtiainen, J. P. &
Seldnne, H. 2012. Resistance training induced increases in muscle fiber size
in young and older men. European Journal of Applied Physiology
Epublished ahead of print DOI 10.1007/s00421-012-2466-x.

Merton, P. A. 1954. Voluntary strength and fatigue. Journal of Applied
Physiology 123 (3), 553-564.

Mesin, L., Joubert, M., Hanekom, T., Merletti, R. & Farina, D. 2006. A finite
element model for describing the effect of muscle shortening on surface
EMG. IEEE Transaction on Bio-medical Engineering 53 (4), 593-600.

Milner-Brown, H. S,, Stein, R. B. & Lee, R. G. 1975. Synchronization of human
motor units: possible roles of exercise and supraspinal reflexes.
Electroencephalography and Clinical Neurophysiology 38 (3), 245-254.

Moritani, T. & de Vries, H. A. 1979. Neural factors versus hypertrophy in time-
course of muscle strength gain. American Journal of Physical Medicine 58
(3), 115-130.

Moritani, T. & de Vries, H. A. 1980. Potential for gross muscle hypertrophy in
older men. Journal of Gerontology 35 (5), 672-682.



107

Murgia, M., Serrano, A. L., Calabria, E., Pallafacchina, G., Lomo, T. & Schiaffino,
S. 2000. Ras is involved in nerve-activity-dependent regulation of muscle
genes. Nature Cell Biology 2, 142-147.

Nadar, G. A. & Esser, K. A. 2001. Intracellular signaling specificity in skeletal
muscle in response to different modes of exercise. Journal of Applied
Physiology 90 (5), 1936-1942.

Narici, M. V., Roi, G. S., Landoni, L., Minetti, A. E. & Cerretelli, P. 1989.
Changes in force, cross-sectional area and neural activation during
strength training and detraining of the human quadriceps. European
Journal of Applied Physiology 59 (4), 310-319.

Narici, M. V., Hoppeler, H., Kayser, B., Landoni, L., Claassen, H., Gavardi, C.,
Conti, M. & Cerretelli, P. 1996. Human quadriceps cross-sectional area,
torque and neural activation during 6 months strength training. Acta
Physiologica Scandinavica 157 (2), 175-186.

Noland, R. P. & Kuckhoff. B. S. 1954. An adapted progressive resistance exercise
device. The Physical Therapy Review 34 (7), 333-338.

Noorkoiv, M., Nosaka, K. & Blazevich, A. J. 2010. Assessment of quadriceps
muscle cross-sectional area by ultrasound extended-field-of-view imaging.
European Journal of Applied Physiology 109 (4), 631-639.

Norlund, M. M., Thorstensson, A. & Cresswell, A. G. 2004. Central and
peripheral contributions to fatigue in relation to level of activation during
repeated maximal voluntary isometric plantar flexions. Journal of Applied
Physiology 96 (1), 218-225.

Norrby, M. & Tagerud, S. 2010. Mitogen-activated protein kinase-activated
protein kinase 2 (MK2) in skeletal muscle atrophy and hypertrophy.
Journal of Cellular Physiology 223 (1), 194-201.

Oya, T, Riek, S. & Cresswell, A. G. 2009. Recruitment and rate coding
organization for soleus motor units across entire range of voluntary
isometric plantar flexions. Journal of Physiology 587 (19), 4737-4748.

Paulsen, G., Mikkelsen, U. R., Raastad, T. & Peake, J. M. 2012. Leucocytes,
cytokines and satellite cells: what role do they play in muscle damage and
regeneration following eccentric exercise? Exercise Immunology Review
18 (1), 42-97.

Piitulainen, H., Rantalainen, T., Linnamo, V., Komi, P. V. & Avela, J. 2009.
Innervation zone shift at different levels of isometric contraction in the
biceps brachii muscle. Journal of Electromyography and Kinesiology 19 (4),
667-675.

Piitulainen, H., Botter, A., Merletti, R. & Avela, J. 2011. Muscle fiber conduction
velocity is more affected after eccentric than concentric exercise. European
Journal of Applied Physiology 111 (2), 261-273.

Pipes, T. V. 1978. Variable versus constant resistance strength training in adult
males. European Journal of Applied Physiology and Occupational
Physiology 39 (1), 27-35.



108

Pogozelski, A. R., Geng, T., Li, P., Yin, X,, Lira, V. A, Zhang, M., Chi, ]. T. & Yan,
Z. 2009. p38gamma mitogen-activated protein kinase is a key regulator in
skeletal muscle metabolic adaptation in mice. PLoS one 4 (11), e7934.

Pollock, M. L., Gaesser, G. A., Butcher, J. D., Despres, J-P., Dishman, R. K.,
Franklin, B. A. & Garber, C. E. 1998. ACSM position stand: The
recommended quantity and quality of exercise for developing and
maintaining cardiorespiratory and muscular fitness, and flexibility in
healthy adults. Medicine and Science in Sports and Exercise 30 (6), 975-991.

Raastad, T., Bjoro, T. & Hallen ]. 2000. Hormonal responses to high- and
moderate-intensity strength exercise. European Journal of Applied
Physiology 82 (1-2), 121-128.

Rabita, G., Perot, C. & Lensel-Corbeil, G. 2000. Differential effect of knee
extension isometric training on the different muscles of the quadriceps
femoris in humans. European Journal of Applied Physiology 83 (6), 531-
538.

Rainoldi, A., Nazzaro, M., Merletti, R., Farina, D., Caruso, I. & Gaudenti, S. 2000.
Geometrical factors in surface EMG of the vastus medialis and lateralis
muscles. Journal of Electromyography and Kinesiology 10 (5), 327-336.

Ramsay, J. A., Blimkie, C. J., Smith, K., Garner, S., MacDougall, J. D. & Sale, D.
G. 1990. Strength training effects in prepubescent boys. Medicine and
Science in Sports and Exercise 22 (5), 605-614.

Rankin, J. W, Goldman, L. P.,, Puglisi, M. ]J., Nickols-Richardson, S. M.,
Earthman, C. P. & Gwazdauskas, F. C. 2004. Effect of post-exercise
supplement consumption on adaptations to resistance training. Journal of
the American College of Nutrition 23 (4), 322-330.

Ratamess, N. A., Kraemer, W. J., Volek, ]J. S., Maresh, C. M., Vanheest, J. L.,
Sharman, M.]., Rubin, M. R., French, D. N., Vescovi, J. D., Silvestre, R.,
Hatfield, D. L., Fleck, S. J. & Deschenes, M. R. 2005. Androgen receptor
content following heavy resistance exercise in men. The Journal of Steroid
and Biochemistry and Molecular Biology 93 (1), 35-42.

Reitelseder, S., Agergaard, J., Doessing, S., Helmark, I. C., Lund, P., Kristensen,
N. B., Frystyk, J., Flyvbjerg, A., Scherling, P., van Hall, G., Kjaer, M. &
Holm, L. 2011. Whey and casein labaled with L-[1-13C]leucine and muscle
protein synthesis: effect of resistance exercise and protein ingestion. The
American Journal of Physiology. Endocrinology and Metabolism 300 (1),
E231-E242.

Rhea, M. R, Alvar, B. A,, Ball, S. D. & Burkett, L. N. 2002. Three sets of weight
training superior to 1 set with equal intensity for eliciting strength. Journal
of Strength and Conditioning Research 16 (4), 525-529.

Rhea, M. R., Kenn, J. G. & Dermody, B. M. Alterations in speed of squat
movement and the use of accommodated resistance among college
athletes training for power. Journal of Strength and Conditioning Research
23 (9), 2645-2650.

Ronkina, N., Kotlyyarov, A., Dittrich-Breiholz, O., Kracht, M., Hitti, E., Milarski,
K., Askew, R., Marusic, S., Lin, L. L., Gaestel, M. & Telliez, J. B. 2007. The



109

mitogen-activated protein kinase (MAPK)-activated protein kinases MK2
and MK3 cooperate in stimulation of tumor necrosis factor biosynthesis
and stabilization of p38 MAPK. Molecular and Cellular Biology 27 (1), 170-
181.

Ronnestad, B. R., Egeland, W., Kvamme, N. H., Refsnes, P. E., Kadi, F. &
Raastad, T. 2007. Dissimilar effects of one- and three-set strength on
strength and muscle mass gains in upper and lower body in untrained
subjects. Journal of Strength and Conditioning Research 21 (1), 157-163.

Ronnestad, B. R., Nygaard, H. & Raastad, T. 2011. Physiological elevation of
endogenous hormones results in superior strength training adaptation.
European Journal of Applied Physiology 111 (9), 2249-2259.

Roux, P. P. & Blenis, J. 2004. ERK and p38 MAPK-activated protein kinases: a
family of protein kinases with diverse biological functions. Microbiology
and Molecular Biology Reviews 68 (2), 320-344.

Sale, D. G., MacDougall, J. D., Upton, A. & McComas, A. 1983. Effect of strength
training upon motoneuron excitability in man. Medicine and Science in
Sports and Exercise 15 (1), 57-62.

Sale, D. G., Martin, J. E. & Moroz, D. E. 1992. Hypertrophy without increased
isometric strength after weight training. European Journal of Applied
Physiology and Occupational Physiology 64 (1), 51-55.

Sallinen, J., Pakarinen, A., Fogelholm, M., Alen, M., Volek, ].S., Kraemer, W.]. &
Hakkinen, K. 2007. Dietary intake, serum hormones, muscle mass and
strength during strength training in 49-73-year-old men. International
Journal of Sports Medicine 28 (12), 1070-1076.

Schlumberger, A., Stec, J. & Schmidtbleicher, D. 2001. Single- vs. multiple-set
strength training in women. Journal of Strength and Conditioning
Research 15 (3), 284-289.

Schoenfeld, B. J. 2010. The mechanisms of muscle hypertrophy and their
application to resistance training. Journal of Strength and Conditioning
Research 24 (10), 2857-2872.

Sedliak, M., Finni, T., Cheng, S., Kraemer, W. J. & Héakkinen, K. 2007. Effect of
time-of-day-specific strength training on serum hormone concentrations
and isometric strength in men. Chronobiology International 24 (6), 1159-
1177.

Semmler, J. G. & Nordstrom, M. A. 1998. Motor unit discharge and force tremor
in skill- and strength-trained individuals. Experimental Brain Research 119
(1), 27-38.

Shoepe, T. C., Ramirez, D. A., Rovetti, R. ]., Kohler, D. R. & Almstedt, H. C. The
effects of 24 weeks of resistance training with simultaneous elastic and
free weight loading on muscular performance of novice lifters. Journal of
Human Kinetics 29, 93-106.

Sillanpad, E., Hakkinen, A., Laaksonen, D. E., Karavirta, L., Kraemer, W. J. &
Hikkinen, K. 2010. Serum basal hormone concentrations, nutrition and
physical fitness during strength and/or endurance training in 39-64-year-
old women. International Journal of Sports Medicine 31 (2),110-117.



110

Silvester, J. L. & Bryce, R. G. 1981. The effect of variable resistance and free-
weight training programs on strength and vertical jump. National
Strength Coaches Association Journal 3 (6), 30-33.

Sinha-Hikim, I., Roth, S. M., Lee, M. 1. & Bhasin, S. 2003. Testosterone-induced
muscle hypertrophy is associated with an increase in satellite cell number
in healthy, young men. The American Journal of Physiology.
Endocrinology and Metabolism 285 (1), E197-E205.

Skelton, D. A., Young, A., Greig, C. A. & Malbut, K. E. 1995. Effects of resistance
training on strength, power, and selected functional abilities of women
aged 75 and older. Journal of the American Geriatrics Society 43 (10), 1081-
1087.

Smilios, I., Pilianidis, T., Karamouzis, M. & Tokmakidis, S. P. 2003. Hormonal
responses after various resistance exercise ptotocols. Medicine and Science
in Sports and Exercise 35 (4), 644-654.

Smilios, I, Hékkinen, K. & Tokmakidis, S. P. 2010. Power output and
electromyographic activity during and after a moderate load muscular
endurance session. Journal of Strength and Conditioning Research 24 (8),
2122-2131.

Solomonow, M., Baten, C., Smith, J., Baratta, R., Hermens, H., D’ Ambrosia, R. &
Shojji, H. 1990. Electromyogram power spectra frequencies associated
with motor unit recruitment strategies. Journal of Applied Physiology 68
(3), 1177-1185.

Spiering, B. A., Kraemer, W. J., Anderson, J. M., Armstrong, L. E., Nindl, B. C,,
Volek, J. S. & Maresh, C. M. 2008. Resistance exercise biology:
Manipulation of resistance exercise programme variables determines the
responses of cellular and molecular signaling pathways. Sports Medicine
38 (7), 527-540.

Staron, R. S., Karapondo, D. L., Kraemer, W. J., Fry, A. C.,, Gordon, S. E., Falkel,
J. E., Hagerman, F. C. Hikida, R. S. 1994. Skeletal muscle adaptations
during early phase of heavy-resistance training in men and women.
Journal of Applied Physiology 76 (3), 1247-1255.

Stone, M. H., Johnson, R. L. & Carter, D. R. 1979. A short term comparison of
two different methods of resistance training on leg strength and power.
Athletic Training 14 (3), 158-160.

Stone, M. H., O’Bryant, H. S., Garhammer, J., McMillan, J. & Rozenek, R. 1982.
A theoretical model of strength training. National Strength Coaches
Association Journal 4 (4), 36-39.

Svartberg, J., Jorde, R., Sundsfjord, J., Bonaa, K. H., & Barrett-Connor, E. 2003.
Seasonal variation of testosterone and waist to hip ratio in men: the
Tromso study. The Journal of Clinical Endocrinology and Metabolism 88
(7), 3099-3104.

Tallon, M. J., Harris, R. C., Boobis, L. H., Fallowfield, J. L. & Wise, J. A. 2005.
The carnosine content of vastus lateralis is elevated in resistance-trained
bodybuilders. Journal of Strength and Conditioning Research 19 (4), 725-
729.



111

Tang, J. E., Hartman, ]J. W. & Phillips, S. M. 2006. Increased muscle oxidative
potential following resistance training induced fibre hypertrophy in
young men. Applied Physiology, Nutrition, and Metabolism 31 (5), 495-
501.

Tarpenning, K. M., Wiswell, R. A., Hawkins, S. A. & Marcell, T. J. 2001.
Influence of weight training exercise and modification of hormonal
response on skeletal muscle growth. Journal of Science and Medicine in
Sport 4 (4), 431-446.

Terzis, G., Georgiadis, G., Stratakos, G., Vogiatzis, 1., Kavouras, S., Manta, P.,
Mascher, H. & Blomstrand, E. 2008a. Resistance exercise-induced increase
in muscle mass correlates with p70S6 kinase phosphorylation in human
subjects. European Journal of Applied Physiology 102 (2), 145-152.

Terzis, G., Spengos, K., Manta, P., Sarris, N. & Georgiadis, G. 2008b. Fiber type
composition and capillary density in relation to submaximal number of
repetitions in resistance exercise. Journal of Strength and Conditioning
Research 22 (3), 845-850.

Terzis, G., Spengos, K., Mascher, H., Georgiadis, G., Manta, P. & Blomstrand, E.
2010. The degree of p70 S6k and S6 phosphorylation in human skeletal
muscle in response to resistance exercise depends on the training volume.
European Journal of Applied Physiology 110 (4), 835-843.

Thompson, D. L., Thompson, W. R., Prestridge, T. J., Bailey, J. G., Bean, M. H.,
Brown, S. P. & McDaniel, J. B. 1991. Effects of hydration and dehydration
on body composition analysis: a comparative study of bioelectrical
impedance analysis and hydrodensitometry. Journal of Sports Medicine
and Physical Fitness 31 (4), 565-570.

Todd, G., Taylor, J. L. & Gandevia, S. C. 2007. Measurement of voluntary
activation of fresh and fatigued human muscles using transcranial
magnetic stimulation. Journal of Physiology 551 (2), 661-671.

Todd, J. 1995. From Milo to Milo: A history of barbells, dumbbells, and Indian
clubs. Iron Game History 3 (6), 4-16.

Uchida, M. C., Crewther, B. T., Ugrinowitsch, C., Bacurau, R. F. P., Moriscot, A.
S. & Aoki, M. S. 2009. Hormonal responses to different resistance exercise
schemes of similar total volume. Journal of Strength and Conditioning
Research 23 (7), 2003-2008.

Van Cutsem, M., Feiereisen, P., Duchateau, J. & Hainaut, K. 1997. Mechanical
properties and behaviour of motor units in the tibialis anterior during
voluntary contractions. Canadian Journal of Applied Physiology 22 (6),
585-597.

Van Cutsem, M., Duchateau, J. & Hainaut, K. 1998. Changes in single motor
unit behaviour contribute to the increase in contraction speed after
dynamic training in humans. Journal of Physiology 513 (1), 295-305.

van der Ploeg, G. E., Withers, R. T. & Laforgia, ]J. 2003. Percent body fat via
DEXA: comparison with a four-compartment model. Journal of Applied
Physiology 94 (2), 499-506.



112

Vila-Cha, C., Falla, D. & Farina, D. 2010. Motor unit behavior during
submaximal contractions following six weeks of either endurance or
strength training. Journal of Applied Physiology 109 (5), 1455-1466.

Vingren, J. K., Kraemer, W. J., Hatfield, D. L., Volek, J. S., Ratamess, N. A,,
Anderson, J. M., Hékkinen, K., Ahtiainen, J. P., Fragela, M. S., Thomas, G.
A., Ho, J. Y. & Maresh, C. M. 2009. Effect of resistance exercise on muscle
steroid receptor protein content in strength-trained men and women.
Steroids 74 (13-14), 1033-10309.

Viru, A., Litinova, L., Viru, M. & Smirnova, T. 1994. Glucocorticoids in
metabolic control during exercise: alanine metabolism. Journal of Applied
Physiology 76 (2), 801-805.

Volek, J. S., Kraemer, W. J., Bush, J. A, Incledon, T. & Boetes, M. 1997.
Testosterone and cortisol in relationship to dietary nutrients and
resistance exercise. Journal of Applied Physiology 81 (1), 49-54.

Walker, S., Ahtiainen, J. P. & Hikkinen, K. 2010. Acute neuromuscular and
hormonal responses during contrast loading: Effect of 11 weeks of contrast
training. Scandinavian Journal of Medicine and Science in Sports 20 (2),
226-234.

Walker, S., Davis, L., Avela, J. & Hikkinen, K. 2012. Neuromuscular fatigue
during dynamic maximal strength and hypertrophic resistance loadings.
Journal of Electromyography and Kinesiology 22 (3), 356-362.

Wernbom, M., Augustsson, J. & Thomee, R. 2007. The influence of frequency,
intensity, volume and mode of strength training on whole muscle cross-
sectional area in humans. Sports Medicine 37 (3), 225-264.

West, D. W., Kujbida, G. W., Moore, D. R., Atherton, P., Burd, N. A., Padzik, J.
P., De Lisio, M., Tang, ]. E., Parise, G., Rennie, M. J., Baker, S. K. & Phillips,
S. M. 2009. Resistance exercise-induced increases in putative anabolic
hormones do not enhance muscle protein synthesis or intracellular
signaling in young men. Journal of Physiology 587 (1), 5239-5247.

West D. W, Burd, N. A, Tang, ]J. E., Moore, D. R,, Staples, A. W., Holwerda, A.
M., Baker, S. K. & Phillips, S. M. 2010. Elevations in ostensibly anabolic
hormones with resistance exercise enhance neither training-induced
muscle hypertrophy nor strength of the elbow flexors. Journal of Applied
Physiology 108 (1), 60-67.

West, D. W. & Phillips, S. M. 2012. Associations of exercise-induced hormone
profile and gains in strength and hypertrophy in a large cohort after
weight training. European journal of applied physiology 112 (7), 2693-2702.

Weytjens, J. L. & van Steenberghe, D. 1984. The effects of motor unit
synchronization on the power spectrum of the electromyogram. Biological
Cybernetics 51 (2), 71-77.

Wilkinson, S. B., Tarnopolsky, M. A., Grant, E. ]., Correia, C. E. & Phillips, S. M.
2006. Hypertrophy with unilateral resistance exercise occurs without
increases in endogenous anabolic hormone concentration. European
Journal of Applied Physiology 98 (6), 546-555.



113

Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R., Yarasheski, K. E.,
Tarnopolsky, M. A. & Rennie, M. ]J. 2008. Differential effects of resistance
and endurance exercise in the fed state on signaling molecule
phosphorylation and protein synthesis in human muscle. Journal of
Physiology 586 (15), 3701-3717.

Woods, J. J., Furbush, F. & Bigland-Ritchie, B. 1987. Evidence for a fatigue-
induced reflex inhibition of motoneuron firing rates. Journal of
Neurophysiology 58 (1), 125-137.

Yao, W., Fuglevand, R. J. & Enoka, R. M. 2000. Motor-unit synchronization
increases EMG amplitude and decreases force steadiness of simulated
contractions. Journal of Neurophysiology 83 (1), 441-452.

Zhou, Q., Heinke, J., Vargas, A., Winnik, S., Krauss, T., Bode, C., Patterson, C. &
Moser, M. 2007. ERK signaling is a central regulator for BMP-4 dependent
capillary sprouting. Cardiovascular Research 76 (3), 390-399.



10

11

12

13

14

15

16

STUDIES IN SPORT, PHYSICAL EDUCATION AND HEALTH

KIRJONEN, JuHANI, On the description of a
human movement and its psychophysical
correlates under psychomotor loads. 48 p.
1971.

KirjoNEN, Junant ja Rusko, Heikki, Liikkeen
kinemaattisista ominaispiirteistd, niiden
psykofyysisistd selitysyhteyksista ja ndiden
muutoksista psykomotorisen kuormituksen
ja kestdvyysharjoittelun vaikutuksesta. - On
the kinematic characteristics and psycho-
physical correlates of a human movement
and their changes during psychomotor load-
ing and endurace conditioning. 156 p. 1971.
SARVIHARJU, PEKKA ]., Effects of psycho-physi-
cal loading and progressive endurance condi-
tioning on selected biochemical correlates of
adaptive responses in man. 95 p. 1973.
Kiviano, PEkkaA, Sport organizations and the
structure of society. 54 p. 1973.

Kowmi, Paavo V., NELsoN, RicHARD C. AND PuLLI,
MarrTi, Biomechanics of skijumping. 53 p.
1974.

Meteli, Tyoolot, terveys ja liitkuntakdyttayty-
minen metallitehtaissa. Kartoittavan kyselyn
aineistot ja toteuttaminen. 178 p. 1974.
TiAINEN, JorMA M., Increasing physical educa-
tion students’ creative thinking. 53 p. 1976.
Rusko, Heikki, Physical performance charac-
teristics in Finnish athletes. 40 p. 1976.
KuskiNEN, ANja, Adaptation of connective
tissues to physical training in young mice.

43 p. 1976.

VuoLLE, PauLl, Urheilu eldménsisiltona. Me-
nestyneiden urheilijoiden eldméanura kilpai-
luvuosina - Top sport as content of life. 227 p.
1977.

SuoMINEN, HaRrRrl, Effects of physical training
in middle-aged and elderly people with
special regard to skeletal muscle, connective
tissue, and functional aging. 40 p. 1978.
VirasaLo, Jukka, Neuromuscular perform-
ance in voluntary and reflex contraction with
special reference to muscle structure and
fatigue. 59 p. 1980.

LunTANEN, PEKKA, On the mechanics of hu-
man movement with special reference to
walking, running and jumping. 58 p. 1980.
Laakso, Laurl, Lapsuuden ja nuoruuden
kasvuympaéristo aikuisidn litkuntaharrastus-
ten selittdjana: retrospektiivinen tutkimus.

- Socialization environment in childhood and
youth as determinant of adult-age sport in-
volvement: a retrospective study. 295 p. 1981.
Bosco, CARMELO, Stretch-schortening cycle
inskeletal muscle function with special refer-
ence to elastic energy and potentiation of
myoelectrical activity. 64 p. 1982.

OLiN, KaLevl, Paatoksentekijoiden viiteryhmat
kaupunkien liikuntapolitiikassa. - Reference
groups of decision-makers in the sport
politics of cities. 155 p. 1982.

17

18

19

20

21

22

23

24

25

26

27

28

29

KannNas, Lasse, 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 Heinild. 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, KEgjo, 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, Begavningshandikappad
ungdom i utveckling. En uppfoljningstudie
av funktionsférmaga och fysisk aktivitet hos
begavningshandikappade ungdomar i olika
livsmiljoer. 300 p. 1986.

SILVENNOINEN, MaRrTTI, Koululainen liikun-
nanharrastajana: liikkuntaharrastusten ja
lilkuntamotiivien sekd nididen 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, AntTi, 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.
PARKATTI, 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.

HororaNeN, 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.

Tavvitig, ULLa, Aktiivisuuden ja omatoimi-
vuuden kehittdminen fysioterapian
tavoitteena. Kehittavan tyontutkimuksen
sovellus lddkintavoimistelijan 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, Opetusmenetelman
merkitys prososiaalisessa oppimisessa -
auttamiskayttaytymisen edistiminen



30

31

32

33

34

35

36

37

38

39

40

41

42

43

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.

LuMATAINEN-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, Kari 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, Pasy, Litkuntaseura toimintaymparis-
tossddn. - Sports club in its organizational
environment. 220 p. Summary 6 p. 1994.
Juppy, JoEL, Suomen julkinen liikuntapolitiikka
valtionhallinnon nikokulmasta vuosina 1917-
1994. - Public sport policy in Finland from the
viewpoint of state administration in 1917-
1994. 358 p. Summary 7 p. 1995.

KYROLAINEN, HEIkkl, Neuromuscular perfor-
mance among power- and endurance-trained
athletes. 82 p. Tiivistelméd 3 p. 1995.
NvyanpINDI, URSULINE S., Evaluation of a school
oral health education programme in Tanza-
nia: An ecological perspective. 88 p. Tiivistel-
ma 2 p. 1995.

HEIKINARO-JOHANSSON, PILvIKKI, Including stu-
dents with special needs in physical educati-
on. 81 p. Yhteenveto 4 p. 1995.

SARLIN, EEva-Liisa, Mindkokemuksen merki-
tys litkuntamotivaatiotekijana. - The signifi-
cance 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 ske-
letal muscle in elderly women. A study of
muscle mass, composition, fiber characteris-
tics and isometric strength. 62 p. Tiivistelma 3
p- 19%6.

ILmaNEN, KaLErRvO, Kunnat liikkeelld. Kunnal-
linen 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.

44

45

46

47

48

49

50

51

52

53

54

55

56

STUDIES IN SPORT, PHYSICAL EDUCATION AND HEALTH

NuMMELA, AR, A new laboratory test method
for estimating anaerobic performance cha-
racteristics with special reference to sprint
running. 80 p. Yhteenveto 4 p. 1996.
VarstaLa, VAINO, Opettajan toiminta ja oppi-
laiden liikunta-aktiivisuus koulun liikunta-
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 ter-
veysneuvonnan ilment&jind ja vuoro-vaiku-
tustaitojen kehittamismenetelmana. - Health
counselling, learning to learn. Video-tapes
expressing and developing nurses” communi-
cation skills. 159 p. Summary 6 p. 1997.
SIMONEN, Rurta, Determinants of adult
psychomotor speed. A study of monozygotic
twins. - Psykomotorisen nopeuden determi-
nantit identtisilld kaksosilla. 49 p. Yhteenveto
2 p.1997.

NEvVALA-PURANEN, NINA, Physical work and
ergonomics in dairy farming. Effects of occu-
pationally oriented medical rehabilitaton and
environmental measures. 80 p. (132 p.) 1997.
HEeNONEN, ARy, Exercise as an Osteogenic
Stimulus. 69 p. (160 p.) Tiivistelma 1 p. 1997.
VuoLLg, Pauti (Ed.) Sport in social context by
Kalevi Heinild. Commemorative book in Ho-
nour of Professor Kalevi Heinild. 200 p. 1997.
Tuowmi, Jouni, Suomalainen hoitotiedekes-
kustelu. - The genesis of nursing and caring
science in Finland. 218 p. Summary 7 p. 1997.
ToLvaneN, Kapa, Terveyttd edistavéan organi-
saation kehittiminen oppivaksi organisaati-
oksi. Kehitysndytokset ja kehittamistehtavét
terveyskeskuksen muutoksen virittgjana. -
Application of a learning organisation model
to improve services in a community health
centre. Development examples and develop-
ment tasks are the key to converting a health
care. 197 p. Summary 3 p. 1998.

Oksa, JuHa, Cooling and neuromuscular per-
formance 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, Pipsa, Four dances subcultures. A
study of non-professional dancers” sociali-
zation, participation motives, attitudes and
stereotypes. - Neljd tanssin alakulttuuria. Tut-
kimus tanssinharrastajien tanssiin sosiaalistu-
misesta, osallistumismotiiveista, asenteista ja
stereotypioista. 165 p. Yhteenveto 4 p. 1998.
LAUKKANEN, P14, Idkkdiden henkildiden sel-
viytyminen péivittdisistd toiminnoista. - Car-
rying out the activities of daily living among
elderly people. 130 p. (189 p.). Summary 3 p.
1998.
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AVELA, JANNE, Stretch-reflex adaptation in
man. Interaction between load, fatigue and
muscle stiffness. 87 p. Yhteenveto 3 p. 1998.
Suom, Kimmo, Liikunnan yhteissuunnittelu-
metodi. Metodin toimivuuden arviointi
Jyviskylan Huhtasuon 14hiossé. - Collabo-
rative planning method of sports culture.
Evaluation of the method in the Huhtasuo
suburb of the city of Jyvaskyla. 190 p.
Summary 8 p. 1998.

PoTsoNEN, Rikka, Naiseksi, mieheksi, tietoi-
seksi. Koululaisten seksuaalinen kokenei-
suus, HIV/ AIDS-tiedot, -asenteet ja tiedon-
ldhteet. - Growing as a woman, growing as

a man, growing as a conscious citizen. 93 p.
(171 p.). Summary 3 p. 1998.

HAKKINEN, ARrJA, Resistance training in pa-
tients with early inflammatory rheumatic
diseases. Special reference to neuromuscular
function, bone mineral density and disease
activity. - Dynaamisen voimaharjoittelun vai-
kutukset nivelreumaa sairastavien potilaiden
lihasvoimaan, luutiheyteen ja taudin aktiivi-
suuteen. 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
viasyneisyys. 104 p. (167 p.) Yhteenveto 3 p.
1999.

PoNKKO, ANNELL, 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. - Hermolihasjarjestelman toiminta-
kapasiteetti kestavyyssuorituskykyé rajoitta-
vana tekijana. 88 p. (138 p.) Yhteenveto 4 p.
1999.

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

KEPLER, KaILl, Nuorten koettu terveys,
terveyskadyttdytyminen ja sosiaalistumis-
ymparisto 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.

SYRrJA, Past, Performance-related emotions in
highly skilled soccer players. A longitudinal
study based on the IZOF model. 158 p.
Summary 3 p. 2000.
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ViALimaa, RaiLl, Nuorten koettu terveys
kyselyaineistojen 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 16ydoksiin entisilla huippu-
urhelijamiehil-1&. 68 p. (108 p.) Yhteenveto 2
Pp- 2000.

Horita, Tomoks, Stiffness regulation during
stretch-shortening cycle exercise. 82 p. (170
p-) 2000.

HELN, Saty, likkdiden 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, L1isa, Nyt olisi pysdhtymisen
paikka. Fysioterapian opettajien tychon
liittyvid kokemuksia terveysalan
ammatillisessa 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.
Tutkimus potilaan osallistumisesta ja sen
tukemisesta 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.

Bromaqvist, 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

5p. 2001.

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

KARMAKI, AR, Sosiaalisten vaikutusten
arviointi liikuntarakentamisessa. Esimerkkina
Adnekosken uimahalli. - Social impact
assessment method in sports planning. - The
case of Adnekoski leisure pool. 194 p. 2001.
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PELTONEN, JuHa, Effects of oxygen fraction in
inspired air on cardiorespiratory responses
and exercise performance. 86 p. (126 p.)
Yhteenveto 2 p. 2002.

HeniLA, Lusa, 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.

LiNnNAMO, VESA, Motor unit activation

and force production during eccentric,
concentric and isometric actions. - Motoristen
yksikoiden aktivointi ja lihasten voimantuotto
eksentrisessd, konsentrisessa ja isometrisessa
lihastyossd. 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 determ-
inants. 65 p. (122 p.) Yhteenveto 2 p. 2002.
GrEetscHEL, ANU, Kunta nuorten osallisuus-
ympéristond. Nuorten ryhmén ja kunnan
vuorovaikutussuhteen tarkastelu kolmen
liikuntarakentamisprojektin laadunarvioinnin
keinoin. - The municipality as an involve-
ment 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, TaraNi, Neuromuscular function
during knee exercises in water. With special
reference to hydrodynamics and therapy. 77 p.
(124 p.) Yhteenveto 2 p. 2002.

HirvensaLo, Mirja, Litkuntaharrastus idkkaéana.
Yhteys kuolleisuuteen ja avuntarpeeseen

seké terveydenhuolto litkunnan edistéjana. -
Physical activity in old age - significance for
public health and promotion strategies. 106 p.
(196 p.) Summary 4 p. 2002.

KONTULAINEN, SAljA, 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.

Ptk ANEN, 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.
LiuMATAINEN, LEENA, Kokemuksellisen
oppimisen kautta kohti terveyden edis-
tdmisen asiantuntijuutta. Hoitotyon am-
mattikorkeakouluopiskelijoiden terveyden
edistamisen oppiminen hoitotyon har-
joittelussa.- Towards health promotion
expertise through experiential learning.
Student nurses” health promotion learning
during clinical practice. 93 p. (164 p.) Summary
4 p. 2002.
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StanL, Timo, Liikunnan toimintapolitiikan
arviointia terveyden edistimisen kontekstissa.
Sosiaalisen tuen, fyysisen ympariston ja
poliittisen ympériston yhteys liikunta-
aktiivisuuteen. - 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, ANNELI, 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-L1isA, Suhde vanhenemiseen.
lakkaat naiset elaménsa 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 kehittdmistoimin-
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, Kirsi, Porilaisten yhdeksasluokkalaisten
ja kasvattajien kisityksid nuorten alkoholin-
kaytostd ja alkoholinkéyton 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,
harrastustoiminta ja litkkkumiskyky

idkkaiden ihmisten psyykkisen hyvinvoinnin
ennustajina. 65-84-vuotiaiden jyvaskylaladisten
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.

RANTA, SARI, Vanhenemismuutosten
eteneminen. 75-vuotiaiden henkil6iden
antropometristen ominaisuuksien, fyysisen
toimintakyvyn ja kognitiivisen kyvykkyyden
muutokset viiden ja kymmenen vuoden
seuranta-aikana. - The progress of aging
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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, AARrO, Back muscles and intensive
rehabilitation of patients with chronic low
back pain. Effects on back muscle structure
and function and patient disability. -
Selkalihakset ja pitkdaikaista selkdkipua
sairastavien potilaiden intensiivinen
kuntoutus. Vaikutukset selkélihasten
rakenteeseen ja toimintaan seké potilaiden
vajaakuntoisuuteen. 90 p. (124 p.) Yhteenveto 2
p. 2004.

KAaLLINEN, MAaUR|, Cardiovascular benefits

and potential hazards of physical exercise

in elderly people. - Liikunnan hyodylliset ja
mahdolliset haitalliset vaikutukset ikéddnty-
neiden verenkiertoelimistoon. 97 p. (135 p).
Yhteenveto 2 p. 2004.

SAAKSLAHTI, ARJA, Liikuntaintervention vaikutus
3-7-vuotiaiden lasten fyysiseen aktiivisuuteen

ja motorisiin taitoihin seké fyysisen aktiivi-
suuden yhteys sydan- ja verisuonitautien
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, Piia, 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.
Istikawa, Masaki, 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.

KAark1, 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 . - Rintasyopaleikat-
tujen toimintakyky ja sithen vaikuttaminen
fysioterapiassa ja harjoittelussa. 70 p. (138 p.)
Yhteenveto 3 p. 2005.
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RajaNieMl, VEsa, Liikuntapaikkarakentaminen
ja maankayton suunnittelu. Tutkimus eri va-
estoryhmit tasapuolisesti huomioon ottavasta
liikuntapaikkasuunnittelusta ja sen kytkemi-
sestd maankédytto- ja rakennuslain mukaiseen
kaavoitukseen. - Sports area construction

and land use planning - Study of sports area
planning that considers all the population
groups even-handedly and integrates sports
area planning with land use planning under
the land use and building act.

171 p. Summary 6 p. 2005.

WaNG, QINGJu, Bone growth in pubertal girls.
Cross-sectional and lingitudinal investigation
of the association of sex hormones, physical
activity, body composition and muscle st-
rength with bone mass and geometry. 75 p.
(117 p.) Tiivistelma 1 p. 2005.

RorPONEN, ANNINA, The role of heredity,

other constitutional structural and behavioral
factors in back function tests.- Perima, muut
synnynndiset rakenteelliset tekijit ja kdyttay-
tymistekijit seldn toimintakykytesteissa. 78 p.
(125 p.) Tiivistelma 1 p. 2006.
ARKELA-KAUTIAINEN, MAR]jA, Functioning and
quality of life as perspectives of health in pa-
tients with juvenile idiopathic arthritis in early
adulthood. Measurement and long-term out-
come. - Toimintakyky ja elaménlaatu tervey-
den nékokulmina lastenreumaa sairastaneilla
nuorilla aikuisilla. Mittaaminen ja pitkéaikais-
tulokset. 95 p. (134 p.) Tiivistelméd 2 p. 2006.
Rautio, NINA, Seuruu- ja vertailututkimus
sosioekonomisen aseman yhteydesta toimin-
takykyyn idkkailld henkiloilla. - A follow-

up and cross-country comparison study on
socio-economic position and its relationship
to functional capacity in elderly people. 114 p.
(187 p.) Summary 3 p. 2006.

TukkAINEN, PiRjo, Vanhuusiédn yksindisyys.
Seuruutukimus emotionaalista ja sosiaalista
yksindisyyttd maarittavista tekijoista. - Loneli-
ness in old age - a follow-up study of determi-
nants of emotional and social loneliness. 76 p.
(128 p.) Summary 2 p. 2006.

AHTIAINEN, JuHA, Neuromuscular, hormonal
and molecular responses to heavy resistance
training in strength trained men; with special
reference to various resistance exercise pro-
tocols, serum hormones and gene expression
of androgen receptor and insulin-like growth
factor-I. - Neuromuskulaariset, hormonaaliset
ja molekulaariset vasteet voimaharjoittelussa
voimaurheilijoilla. 119 p. (204 p.) Yhteenveto
2 p. 2006.

PajaLa, Satu, Postural balance and suscepti-
bility to falls in older women. Genetic and
environmental influences in single and dual
task situations. - Idkkdiden naisten tasapai-
nokyky yksinkertaisissa sekd huomion
jakamista vaativissa tilanteissa ja kaatumis-
riski-perimén merkitys yksiloiden viélisten
erojen selittdjind. 78 p. (120 p.) Yhteenveto 3
p. 2006.
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TiaNeN, Kristina, Genetics of skeletal muscle
characteristics and maximal walking speed
among older female twins. - Lihasvoiman ja
kdvelynopeuden periytyvyys idkkéilld nais-
kaksosilla. 77 p. (123 p.) Yhteenveto 2 p. 2006.
SjocreN, TuuLikkl, Effectiveness of a workpla-
ce physical exercise intervention on the
functioning, work ability, and subjective
well-being of office workers - a cluster
randomised controlled cross-over trial with
one-year follow-up. - Tydpaikalla tapahtuvan
fyysisen harjoitteluintervention vaikuttavuus
toimistotyontekijoiden toimintakykyyn,
tyokykyyn ja yleiseen subjektiiviseen elamén-
laatuun - ryhmatasolla satunnaistettu vaihto-
vuorokoe ja vuoden seuranta. 100 p. (139 p.)
Tiivistelma 3 p. 2006.

Lyyra, TuNa-Mari, Predictors of mortality

in old age. Contribution of self-rated health,
physical functions, life satisfaction and social
support on survival among older people.

- Kuolleisuuden ennustetekijit idkkadssa
vdestossd. Itsearvioidun terveyden, fyysis-
ten toimintojen, elamaan tyytyvaisyyden ja
sosiaalisen tuen yhteys idkkdiden ihmisten
eloonjddmiseen. 72 p. (106 p.) Tiivistelma 2 p.
2006.

Soint, Markus, Motivaatioilmaston yhteys yh-
deksiasluokkalaisten fyysiseen aktiivisuuteen
ja viihtymiseen koulun liikuntatunneilla.

- The relationship of motivational climate

to physical activity intensity and enjoyment
within ninth grade pupils in school physical
education lessons. 91 p. 2006.

VuoriMaa, TiMo, Neuromuscular, hormonal
and oxidative stress responses to endurance
running exercises in well trained runners.

- Neuromuskulaariset, hormonaaliset ja
hapettumisstressiin liittyvat vasteet kesta-
vyysjuoksuharjoituksiin hyvin harjoitelleilla
juoksijoilla. 93 p. (152 p.) Yhteenveto 3 p.
2007.

MonoNEN, Kaisu, The effects of augmented
feedback on motor skill learning in shooting.
A feedback training intervention among
inexperienced rifle shooters. - Ulkoisen
palautteen vaikutus motoriseen oppimiseen
ammunnassa: Harjoittelututkimus koke-
mattomilla kivadriampujilla. 63 p.
Yhteenveto 4 p. 2007.

SALLINEN, JANNE, Dietary Intake and Strength
Training Adaptation in 50-70 -year old Men
and Women. With special reference to mus-
cle mass, strength, serum anabolic hormone
concentrations, blood pressure, blood lipids
and lipoproteins and glycemic control.

- Ravinnon merkitys voimaharjoittelussa
50-70 -vuotiailla miehilld ja naisilla. 103 p.
(204 p.) Yhteenveto 3 p. 2007.

Kasira Kirsti, Schoolchildren’s oral health
counselling within the organisational context
of public oral health care. Applying and de-
veloping theoretical and empirical perspec-
tives. 96 p. (139 p.) Tiivistelma 3 p. 2007.
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128
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Pyori4, Ourl, Reliable clinical assessment of
stroke patients’ postural control and develop-
ment of physiotherapy in stroke rehabilitati-
on. - Aivoverenkiertohdiriopotilaiden toimin-
takyvyn luotettava kliininen mittaaminen ja
fysioterapian kehittiminen Itd-Savon sairaan-
hoitopiirin alueella. 94 p. (143 p.) Yhteenveto
6 p. 2007.

VALKEINEN, HELIL, Physical fitness, pain and
fatigue in postmenopausal women with fib-
romyalgia. Effects of strength training.

- Fyysinen kunto, kipu- ja vasymysoireet ja
sdannollisen voimaharjoittelun vaikutukset
menopaussi-idn ohittaneilla fibromyalgiaa
sairastavilla naisilla. 101 p. (132 p.)
Yhteenveto 2 p. 2007.

HAMALAINEN, Kirsl, Urheilija ja valmentaja
urheilun maailmassa. Eetokset, ihanteet ja
kasvatus urheilijoiden tarinoissa. - An athlete
and a coach in the world of sports. Ethos,
ideals and education in athletes” narratives.

176 p. Tiivistelma 2 p. 2008.

ArrtasaLo, MINNa, Promoting physical ac-
tivity of working aged adults with selected
personal approaches in primary health care.
Feasibility, effectiveness and an example

of nationwide dissemination. - Tydikéisten
litkkunnan edistiminen avoterveydenhuol-
lossa - tyotapojen toteuttamiskelpoisuus ja
vaikuttavuus sekd esimerkki yhden tyotavan
levittamisestd kaytantoon. 105 p. (161 p.)
Yhteenveto 3 p. 2008.

PortEGDs, ErjA, Asymmetrical lower-limb
muscle strength deficit in older people.

- Alaraajojen lihasvoiman puoliero idkkailla
ihmisilld. 105 p. (155 p.) Yhteenveto 3 p. 2008.
LAITINEN-VAANANEN, SIRPA, The construction of
supervision and physiotherapy expertise: A
qualitative study of physiotherapy students
learning sessions in clinical education.

- Opiskelijan ohjauksen ja fysioterapian
asiantuntijuuden rakentuminen: Laadullinen
tutkimus fysioterapiaopiskelijan oppimis-
tilanteista tyoharjoittelussa. 69 p. (118 p.)
Yhteenveto 3 p. 2008.

IIVONEN, SusaNNa, Early Steps -liikuntaohjel-
man yhteydet 4-5-vuotiaiden paivikotilasten
motoristen perustaitojen kehitykseen.

- The associations between an Early Steps
physical education curriculum and the
fundamental motor skills development of
4-5-year-old preschool children. 157 p. Sum-
mary 4 p. 2008.

ORTEGA-ALONSO, ALFREDO, Genetic effects on
mobility, obesity and their association in
older female twins. 87 p. 2009.

Huwwmi, Juna, Molecular and hormonal res-
ponses and adaptation to resistance exercise
and protein nutrition in young and older
men. - Voimaharjoittelun fysiologiset ja mole-
kyylibiologiset vaikutukset lihaskasvunsaate-
lyssé lisdproteiinia nautittaessa tai ilman. 109
p- (214 p.) Yhteenveto 2 p. 2009.
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MartinmAKl, Kaisu, Transient changes in
heart rate variability in response to orthos-
tatic task, endurance exercise and training.
With special reference to autonomic block-
ades and time-frequency analysis. - Syke-
vaihtelun muutokset ortostaattisessa testissé,
kestdvyysliikunnassa ja kestdvyysharjoitte-
lussa kdyttden hyviksi autonomisen saételyn
salpaus-kokeita ja aika-taajuusanalyysia.

99 p. (151 p.) Yhteenveto 2 p. 2009.

SEDLIAK, MILAN, Neuromuscular and hormo-
nal adaptations to resistance training. Special
effects of time of day of training. 84 p.

(175 p.) 2009.

NIKANDER, Riku, Exercise loading and bone
structure. 97 p. (141 p.) Yhteenveto 1 p. 2009.
KorHONEN, Marko T., Effects of aging and
training on sprint performance, muscle
structure and contractile function in athletes.
- Ikdantymisen ja harjoittelun vaikutukset
nopeussuorituskykyyn, lihasten raken-
teeseen ja voimantuotto-ominaisuuksiin
urheilijoilla. 123 p. (211 p.) Tiivistelma 5 p.
2009.

JAVANAINEN-LEVONEN, TARrjA, Terveydenhoita-
jat litkkunnanedist&jind lastenneuvolatydssa.
- Public Health Nurses as Physical Activity
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