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Preface

Endurance and strength create the foundation of sports performance and are considered as basic elements of physical fitness and health. In addition, global exercise
recommendations strongly recommend both aerobic and strength training for
improvements of physical fitness and health as well as the prevention of chronic
diseases across the life span. However, aerobic and strength training induce dissimilar biological adaptations, which may in combination result in compromised training adaptations. Thus, designing concurrent aerobic and strength training programs
for various populations requires special consideration.
Typically, exercise and health professionals as well as sport practitioners are
similarly concerned about the optimal concurrent training mode in an attempt to
maximize both aerobic and muscular adaptations. Most frequently, questions such
as whether concurrent aerobic and strength training should be performed on the
same day or separated onto different days or whether endurance training performed
first in a training session may negatively affect the quality of a subsequent strength
training session and, thus, compromises long-term adaptations are controversially
discussed. Furthermore, the importance of strength training for athletic performance
of both team and individual sports has not yet received thorough acceptance among
coaches and athletes.
While concurrent training has been practically applied in exercise training and
sports coaching for multiple decades, it has been of scientific interest for a much
shorter time. In fact, it was not until 1980 when Robert C Hickson found that
strength but not endurance development may be compromised when intensive running and strength training were performed concurrently [1]. Ever since his pioneering study this phenomenon is known as the “interference effect” and has been of
extensive scientific interest.
Interestingly, in contrast to these early observations, more recent studies have
actually shown that concurrent training may not necessarily compromise neuromuscular adaptations to the extent that was initially suggested. Much rather, it was
shown that the magnitude of blunted neural and muscular adaptations appears to be
depending on a complex interplay of training program variables and biological predispositions. This was also underlined by scientific studies in which strength training was shown to be beneficial for endurance athletes by enhancing aerobic
performance.

v

vi

Preface

Nearly four decades after the appearance of the initial studies on concurrent aerobic and strength training, a large body of scientific studies on this topic is available.
Nevertheless, numerous myths and false assumptions exist in fitness and health
communities but also among top-level sports coaches and athletes, much of which
is fueled by non-evidence-based knowledge. Concurrent Aerobic and Strength
Training: Scientific Basics and Practical Applications aims to elucidate the concept
of concurrent training for physical fitness and sports performance by providing a
comprehensive overview on the latest stand of research.
Divided into 5 parts and 27 chapters, this book provides an extensive guide for
exercise and health professionals, students, scientists, sport coaches, athletes of
various sports, and those with a general interest in concurrent aerobic and strength
training. Following a brief historical overview of the past decades of research on
concurrent training, in Part I the physiological and neuromuscular differences of
endurance and strength training are discussed. Thereafter, Part II aims at providing
an up-to-date analysis of existing explanations for the interference phenomenon,
while in Part III the training-methodological difficulties of combined aerobic and
strength training are elucidated. In Parts IV and V the theoretical considerations
reviewed in the previous parts are then practically applied to specific populations,
ranging from children and elderly to athletes of various sports.
With Concurrent Aerobic and Strength Training: Scientific Basics and Practical
Applications, we were privileged to work together with leading scientists and
coaches from across the world to provide a novel book on one of the “hot topics” of
exercise training. Our highest priority was to make this book an easily understandable and at the same time scientifically supported guide for the daily practice. We
sincerely hope you will share our joy when reading this book.
Cologne, Germany
Lillehammer, Norway

Moritz Schumann
Bent R. Rønnestad
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A Brief Historical Overview
on the Science of Concurrent Aerobic
and Strength Training
Moritz Schumann and Bent R. Rønnestad

Introduction
The history of our humankind is characterized by pioneers such as Marco Polo,
Christopher Columbus, and Sir Edmund Hillary, all of whom have attempted to
explore the limits of human existence. Also exercise scientists are driven by the
desire to expand the boundaries of biological factors limiting physical performance.
However, even though exercise has been part of humanity since the antiquity, it was
not until the early twentieth century, that the first attempts were made to scientifically explore the biological processes underlying the adaptations induced by regular
physical exercise. As a pioneer in exercise science, between 1910 and 1920 August
Krogh developed the first devices to study in depth the physiology of physical activity. Among those were for example an electromagnetic bicycle ergometer and an
apparatus for gas analysis, both of which allowed him to study the relative contribution of carbohydrates and fat as sources for energy of muscular contractions [1].
Krogh was also the first to show that capillaries are the drive for oxygenation during
physical exercise [2], for which he was awarded the Nobel Prize in medicine and
physiology a few years later. These first discoveries did also set off a number of
other ground-breaking explorations, such as the Nobel Prize of A.V. Hill of England
for his findings related to the production of heat in muscles in 1922 and the later
work of Roger Bannister in the 1950s and Bengt Saltin in 1960 [3, 4], all of which
are nowadays considered as the foundation of exercise science research.
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Also the science of progressive resistance training is a development of the twentieth century. Actually during World War II, most physicians still believed that
strength training may be adverse to health and well-being, by sharing views of a
well-known newspaper columnist stating that “extreme effort is not desirable in any
kind of physical training nor is it good for the heart” [5]. However, only a few years
later the first scientific papers of progressive overload resistance training were published by Thomas L. Delorme, who utilized progressive resistance training (defined
as lifting multiple sets of the individual 10 repetition maximum) for the rehabilitation of injured servicemen [5]. Delorme’s book “Progressive Resistance Exercise:
Technic and Medical Application” and his academic publications are nowadays
understood as the foundation for the science of strength training and his research
continued way beyond the official end of World War II. Apparently, the first publication utilizing strength training for fitness purposes appeared in 1946 in “The
Physiotherapy Review” and showed that young women training 5 days a week
would more than double their maximal strength within only 4 weeks—a finding
which was truly ground-breaking at that time [6]. Thus, also during the subsequent
years, research on strength training gained further popularity throughout the 1970s
and 1980s, for example through pioneering research by Paavo Komi [7], as well as
Michael H Stone, William J Kraemer, and Keijo Häkkinen in the 1980s [8, 9].

Concurrent Training and the “Interference Effect”
Interestingly, it was not until 1980 when the first studies of combining aerobic and
strength training were published. Robert C Hickson discovered that the strength but
not endurance development may be compromised when a high frequency of intensive running and strength training sessions (11 weekly sessions in previously
untrained persons!) were performed concurrently for more than 6–8 weeks [10]. In
fact, the conclusion of this study reads that it might be deleterious for strength athletes to perform strenuous endurance activities simultaneously. Even more remarking, Hickson also concluded that the compromised strength adaptations were not
attributed to residual fatigue, despite the high volume of aerobic and strength training but the possible mechanisms behind these findings remained to be elucidated.
Ever since his pioneering study, this phenomenon is known as the “interference
effect.”
Already 5 years later, in 1985 Dudley and Djamil revisited the initial observations by Hickson by performing a study with a much lower training frequency (i.e.,
3 weekly sessions of aerobic and resistance training, respectively) but also a much
shorter training duration of only 7 weeks [11]. The main findings of this study were
that the “interference effect” was only observed at high but not low angular velocities. While it was concluded that rapid force development might be more susceptible for concurrent aerobic training, it needs to be acknowledged that the duration of
7 weeks may have also been too short to show impaired maximal strength development because in the study of Hickson strength improvements started to plateau after
6–8 weeks in the concurrent training group [10].
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The early conclusions on the incompatibility of aerobic and strength training
were challenged about 10 years later, when the first papers on the effects of different
concurrent training modes where published. It was hypothesized that residual
fatigue induced by aerobic exercise may compromise the ability to develop tension
during the subsequent strength loading [12, 13], when both exercises are performed
in close proximity. In fact, it was speculated that the resulting compromised “quality” of the strength training (indicated by a lower absolute lifted load) may lead to
impaired chronic neuromuscular adaptations, as observed in the initial study by
Hickson [12]. Interestingly, in this study only minor lower body strength gains in
previously untrained students were observed when running was consistently performed prior to strength training but no impairments were found in upper body
strength, indicating the “interference effect” to be a local rather than a central
phenomenon.
Around the same time, Sale and colleagues comprehensively investigated the
effects of concurrent training performed on the same day compared to concurrent
training carried out on alternating days by including muscle tissue sampling [14]. In
their study, young men performed concurrent training twice a week for a duration of
20 weeks. While the magnitude of improvements in maximal strength was much
larger in the group training on alternating days, no differences between the groups
were observed for muscle hypertrophy and improvements in aerobic capacity.
However, training on alternating days increased citrate synthase activity which
might be beneficial for the total aerobic capacity and fractional utilization of maximal oxygen uptake (VO2max).
In 1993, Collins and Snow [15] expanded on the findings of these earlier studies
by comparing the physiological adaptations to two different exercise orders (i.e.,
aerobic followed by strength training and vice versa), which is nowadays understood as the “order effect” [16, 17]. In this study, both men and women performed
either of the two exercise orders three times weekly, over a period of 7 weeks. It was
found that both neuromuscular and cardiorespiratory adaptations appeared to having occurred independent of the exercise order following short-term training.
Moreover, Collins and Snow actually did not observe differences in the training
intensities (i.e., “quality”) of aerobic and strength exercises, irrespective of the
training sequence [15].
A further development in the history of concurrent training was set only a few
years later by a study of Häkkinen et al. [18], who confirmed the assumption that the
training volume might be a crucial mediator in the magnitude of interference over a
training period of 21 weeks [18]. While in this study no impaired maximal strength
development was observed, the adaptations in rapid force development commenced
to plateau already after 7 weeks of training, indeed confirming the observation from
Dudley and Djamil in 1985 that explosive strength might possibly be more prone to
the aerobic exercise-induced interference than maximal strength development [11].
In fact, this phenomenon remains a scientific interest until today [18, 19].
Yet another milestone was set concomitantly with the advances in the molecular
science and the possibilities to look closer at the mechanisms underlying the potential interference in the signaling pathways during concurrent training. Among the
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first proposed mechanisms behind the interference effect was the “AMPK-PKB
switch” hypothesis presented by Atherton and colleagues [20]. This hypothesis was
based on a model where rodents were electrically stimulated to mimic endurance
and strength training. They proposed that AMPK activation by the endurance stimulus could ultimately inhibit mTOR activation and thereby reduce translation initiation and elongation [20]. This hypothesis was further developed in subsequent
review papers, e.g., by Coffey and Hawley [21] and Hawley [22] and still remains
one of the hypothesis being investigated, although evidence is emerging for this
explanation representing an oversimplification [23].

Strength Training and Aerobic Performance
In his initial study, Hickson also concluded that there is little or no benefit for endurance athletes to strength train at the same time [10]. However, already in a paper
published in the same year, the same group showed that untrained men nearly doubled time to exhaustion on the cycle ergometer after 10 weeks of pure strength training, without presenting significant changes in VO2max [24]. Because the effects were
much smaller during treadmill running, it was concluded that improvements in
cycling performance were predominantly attributed to increased maximal strength
rather than changes in oxidative capacity. Moreover, the participants in this study
were previously untrained and, thus, any type of training would have probably
induced performance benefits.
In 1988, again Hickson expanded on his previous studies by incorporating
strength exercise into the training routine of endurance athletes and concluded that
at least endurance performance requiring fast-twitch fiber recruitment (i.e., shortterm, anaerobic endurance performance) may actually be improved by strength
training supplementation [25]. Moreover, no indications for impaired endurance
performance were apparent and body mass and thigh girth were maintained
(although this study lacked a control group performing endurance training only in
the intervention period). Despite a lack of evidence for excessive increases in muscle mass, especially muscle hypertrophy is nowadays still of concern for endurance
athletes and coaches, as increased bodyweight might hinder performance in weightbearing disciplines, such as endurance running.
Throughout the subsequent years, the effects of strength training for aerobic performance were of minor research interest. However, in 1999 studies by Paavolainen
et al. [26] and Hoff et al. [27] provided evidence for improved exercise economy
and consequently overall endurance performance in cross-country skiers. Similarly
to the early study by Hickson, also these studies showed that performance improvements occurred independent of improvements in VO2max and were much rather
related to changes in neuromuscular characteristics. This is because in the study by
Paavolainen et al. the improvements in 5 km running time were actually associated
with a shorter ground contact times and, thus, a more economic running pattern.
Interestingly, even though only a few studies had investigated the effects of
strength training for endurance athletes by the end of the last century, the majority
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of these studies pointed towards favorable changes of endurance performance.
However, in a textbook focusing on training and nutritional strategies for sport [28],
this was reflected quite controversially. In the chapter “Training techniques for successful endurance performance,” the effects of strength training for sports such as
swimming, rowing, cross-country-skiing, and endurance cycling were discussed.
The conclusion for all of these endurance sports was that regular resistance training
does not beneficially affect performance of endurance athletes but much rather may
restrict the volume of “beneficial,” sport-specific training. Moreover, “The evidence
against well-trained endurance athletes incorporating resistance training into their
normal workouts to improve their endurance performance appears to be strong”
([28], pp. 136). While the early studies of Hickson and others were acknowledged,
it was further suggested that “[…] for highly-trained athletes who are already capable
of generating high power outputs in their chosen discipline, further improvements in
strength are a less important factor in enhanced endurance performance. At the highest level of competition, increases in strength and power per se are not as critical to
successful performance as the development of correct technique. The bottom line is
that modern training studies do not support the use of resistance training programs for
improving the performance of highly-trained athletes” ([28], pp. 137–138).
While this view is still shared by numerous coaches and athletes, about 20 years
later a large number of studies have accumulated to provide evidence for strength
training being an integral part of successful sports performance, also in endurance
sports. Thus, it is about time to summarize the potential of regular strength training
to improve athletic performance, thereby discussing the “does” and “don’t’s” of
concurrent training prescription in order to convince sport practitioners, coaches,
and athletes of the importance of combining aerobic and resistance training for
optimal sports performance and health.
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The Functional Genome in Physical
Exercise
Wilhelm Bloch

Introduction
Different kinds of physical exercise such as aerobic, anaerobic, and resistance training
as well as the combination of these trainings essentially contribute to an enhancement
of physical performance in elite and recreational sports. Furthermore, physical activity leads to a risk reduction, better prognosis, and decrease of specific medical treatment side effects of several common diseases, including cancer, cardio-vascular-,
metabolic-, and neurodegenerative disorders [1–3]. Recent research suggests that
exercise acts as a potent regulator of the functional genome through epigenetic modifications. The functional genome may explain short and long-lasting variations in
health and performance in relation to the physical activity and training. Moreover, the
functional genome is a product of the genome, including polymorphisms, and epigenetic modulations of gene availability. Therefore, it is necessary to consider gene polymorphisms and epigenetic modifications as well as the combination of both in order
to understand the functional genome underlying the individual performance.

Polymorphisms/Genome
The genome is derived from the blueprint of the human organism in the form of the
deoxyribonucleic acid (DNA) sequence of the 23 pairs of chromosomes found in
every nucleated cell and the genes encoded in the mitochondrial DNA. A chromosome is formed by two complementary strands of DNA. DNA molecules are large
polypeptides in which the backbone of the molecule is composed of five-carbon
sugar residues, i.e., deoxyribose. The genetic information of each chromosome is
W. Bloch
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stored in a long string of the four DNA bases: adenine (A), cytosine (C), guanine
(G), and thymine (T). The order and number of the bases determine the information
content of each gene, coding the blueprint for specific proteins. Every gene consists
of coding sequences (exons), noncoding regions (introns), and regulatory sequences.
The genes can reveal variations in the base sequence of the DNA [4]. DNA sequence
variations that are common in the population are called polymorphisms, as opposed
to rare gene variations that are called mutations. The less common base must have a
frequency of at least 1% in the population. The most common type of genetic variations among individuals is a single nucleotide polymorphism, mostly described as
SNPs (pronounced “snips”). Single bases are replaced by another base leading to a
change of the genetic sequence. Such variations of the DNA sequence can affect the
expression of the gene and alter the products coded by this gene. Furthermore, these
gene variants may explain differences in the individual phenotype. The SNPs may
reveal differences in physical capabilities and training-induced effects between subjects. Therefore, research has focused for more than 20 years on recognizing polymorphisms relevant for the prediction of physical capacity and exercise engagement
[4], even though it is obvious that such polymorphisms cannot sufficiently explain
the human phenotype or the exercise-related individual variants.

Epigenetics/Functional Genome
The basis for understanding the relevance of the functional genome was provided by
Conrad Waddington. He defined it as “The branch of biology which studies the causal
interactions between genes and their products, which bring the phenotype into being”
[5]. Today, we know that the epigenetic mechanisms behind the regulation of the
functional genome are “causal interactions” consisting of three major mechanisms:
1. DNA modifications by methylation of bases which do not affect the base
sequence
2. Posttranslational modifications of histone proteins by different mechanisms such
as acetylation, methylation, and phosphorylation
3. Expression of small RNA molecules, also known as micro (mi) RNAs.
The cytosine methylation within the DNA is the leading mechanism for longtime
changes of the functional genome. Such modifications can alter the functional genome
for different time periods, from short (minutes to days) to long (weeks to years).
Furthermore, it becomes obvious that these changes are partially stable throughout the
lifetime and also across generations. A hypermethylation in cytosine-rich regions (i.e.,
called CpG islands) correlates with gene suppression and modulation of the transcriptional activity of the gene, depending on the localization of the methylated gene side.
Methylation of CpG islands in the promotor region makes the DNA inaccessible for
transcriptional-relevant factors. Furthermore, it can lead to recruitment of enzymes,
provoking further inhibitory epigenetic modifications. DNA-methyltranferases
(DNMTs) are the enzymes which perform the DNA-methylation [6].

2

The Functional Genome in Physical Exercise

11

A second mechanism regulating the activity of gene availability is the histone
packing of the DNA-strand. This mechanism is essential to condense the DNA-
strand in a relatively small nucleus without a loss of DNA availability. Histone
proteins and the adjacent DNA are called chromatin. The histone isoforms 2A, 2B,
3, and 4 build an octameric structure where the DNA is recoiled on with 2.5 turns
each. The DNA part (Linker DNA) which connects two of those complexes is stabilized by histone 1 proteins. Electrostatic attraction forces of the negatively charged
DNA-backbone and positively charged amino-acid side-chains in the N-terminus of
histone proteins are responsible for the DNA/histone protein connection. The connection can be prevented by neutralization of the binding force through positive
charges between these amino-acid side-chains. Neutralization of binding force
leads to a less compact and better accessible DNA and/or produce recruiting sites
for gene-activating and silencing proteins. The modifications are performed by specific enzymes such as histone acetyl transferases (HATs) and histone deacetylases
(HDACs) [7, 8]. HATs and HDACs are mediating the modulation of the acetylation
stage of the histones.
The third epigenetic mechanism underlying the DNA-methylation and histone
modifications is the expression of miRNAs which does not regulate the DNA availability but the stability of the transcription products, i.e., the messenger mRNAs.
MicroRNAs are short RNA molecules (21 bases on average) which can bind to complementary messenger (m)RNA, thereby inhibiting the translation and inducing
mRNA degradation [9]. In addition to the classic role suggested for miRNAs, new
research revealed that they are also capable of activating translational processes [10].
The first descriptions of epigenetic alterations were in context of imprinting and
X-chromosome silencing. Epigenetic regulations were primarily understood as
static and long-lasting alterations. Today, the understanding changed towards a
modulation of the functional genome by epigenetic mechanisms. Depending on the
type of epigenetic alterations, these were considered roughly dynamic. Especially
histone modifications and expression of miRNAs are rather dynamic processes.
They are highly sensitive to intrinsic and extrinsic factors leading to short up to
long-lasting alterations of gene and gene product availability. It is, however, important to bear in mind that epigenetic modifications are mainly gene- and tissue-
specific alterations with different time courses [11]. Therefore, it is not surprising
that epigenetic modifications by different types of stimuli (i.e., different training
stimuli) are mainly shown for all organs, tissues, and cells in the mammalian organism. Furthermore, changes of the functional genome by epigenetic modifications
are important for physical performance and several chronic diseases which can be
modulated by physical exercise [12].

Interaction of Polymorphisms and Epigenetic Modulations
Changes in the DNA sequence, e.g., by polymorphism are the major cause for gene
regulations. On the other hand, chromatin structure regulates gene activity at the
epigenetic level. If polymorphism results in punctual depletion of a methylable site
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and this has spreading effects on adjacent sequences, one would expect to observe
an association between the DNA-methylation state and proximal DNA sequence. In
addition, histone-dependent epigenetic regulations are influenced by polymorphism
showing the complex interaction between genome and epigenome. A further layer
of complexity in the interplay between both genome and epigenome exists in the
miRNA. It is indicated that polymorphisms can impact on miRNA function [13].
Therefore, it can be assumed that the functional genome can only be understood if
epigenetic modulations are related to the structural genome including the polymorphisms and vice versa.

 hysical Exercise Changes the Functional Genome Dependent
P
on Polymorphisms and Epigenetic Modulations
The discussion on the relevance of genome and epigenome in physical performance
may be easier and understood if the focus is set on the ACE gene. The ACE I/D
polymorphism (i.e., insertion/deletion polymorphism) is related to endurance performance. However, consistent with studies in which genetic associations between
the ACE gene and the corresponding I/D polymorphism were shown; it appears that
epigenetic modulations also affect ACE gene activity, both with and without the
ACE polymorphism. It is speculated that the epigenetic regulation of the ACE gene
is as relevant to human endurance performance as the I/D polymorphism [14]. On
the other hand, physical activity affects health and physical fitness/performance by
epigenetic modulation of the functional genome, which may aid explaining longlasting effects of physical activity.
About 10 years ago, Pedersen and colleagues [15] revealed that acute physical
exercise leads to a short inflammatory-like cytokine pattern (particularly an increase
in Interleukin (IL)-6) which is followed by mid-term anti-inflammatory response
(i.e., an increase in IL-10, depression of TNF-α production, and expression of soluble receptors of pro-inflammatory cytokines). Therefore, they proposed a model
which stated that regular exercise has a chronic anti-inflammatory effect, possibly
explaining the preventive effects of exercise against several chronic diseases.
Furthermore, numerous studies reported decreased serum levels of the inflammatory acute phase protein C-reactive protein (CRP) after different kind of exercise
interventions [16]. Such mid- and long-term alterations of the inflammatory status
could be related to epigenetic modifications [12]. Therefore, it is not surprising that
the group of Nakajima et al. [17] showed that the ASC gene (a gene which encodes
for pro-inflammatory cytokines) reveals an age-dependent loss of methylation in the
promotor region. The consequence of this hypomethylation is an increased expression of pro-inflammatory cytokines in older subjects and can be partially restored by
a 6-month interval endurance exercise program Nakajima et al. [17]. The higher
levels of methylation in the promotor region of the ASC gene compared to sedentary
controls can lead to a decreased expression of pro-inflammatory cytokines. Despite
these examples, several exercise-induced alterations of the functional genome by
epigenetic mechanisms are reported.
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Skeletal Muscle
Epigenetic regulation, such as DNA-methylation, histone modifications, and
microRNAs, are believed to be crucial to morphological changes. DNA-methylation
affects the expression of many genes that are critical to skeletal muscle development, such as the homeobox genes, T-box genes, and sine oculis-related homeobox
1, which is strongly hypermethylated, whereas contractile fiber genes are hypomethylated. Furthermore, exercise induces a whole genome hypomethylation in
human skeletal muscle and a dose-dependent expression of the pyruvate dehydrogenase kinase isozyme 4, of the peroxisome proliferator activator receptor delta and of
the glucose transporter GLUT4, which counteracts age and diseases-dependent
hypermethylation [18]. Beside several further examples for histone modifications
by exercise, McGee and colleagues [19] detected HDAC-specific inhibition patterns
and changes in histone acetylation after a single bout of exercise. While HDAC4
was translocated from the nucleus to the cytosol, HDAC5 showed elevated ubiqitination levels through exercise. Furthermore, high blood lactate levels induced by
exercise may alter histone acetylation and affect p38 MAPK signaling, gene expression, and thereby cell differentiation and adaptation in myoblasts and skeletal muscle in vitro and likely in vivo [20]. Safdar et al. [21] showed increased levels of
miRNA 1 as well as a decreased expression of its target HDAC4 in exercising mice.
Since HDAC4 is known to be a transcriptional repressor for muscle-specific differentiation factors (e.g., MyoD), this study illustrates the complexity of epigenetic
modifications and its own epigenetic regulation. Further studies aimed at providing
a better understanding of DNA-methylation, histone modulation, and miRNA regulation in muscle development and homeostasis may help to better understand the
role of physical exercise for skeletal muscle maintenance, growth, adaptation, and
repair.

Vascular System
The functioning and health of the vascular system is dependent on vascular smooth
muscle cell (SMC), and endothelial cell (EC) structure and function as well as on
extra cellular matrix (ECM). The phenotype of the SMCs and ECs as well as the
composition of ECM plays a key role in the protection against atherosclerosis and
other vascular diseases. SMCs and their products contribute to almost 70% of the
mass of lesions in atherosclerotic events [22, 23]. They are highly adaptive in
response to environmental alterations [24]. Epigenetic modifications are involved in
the adaptation of SMCs phenotypes [25]. Several examples can be given for the
epigenetic regulations of the vascular system, all of which are relevant for the explanation of changes of the functional genome. For example: (1) Specific histone modifications, like the acetylation of H3K9 and deacetylation at different lysine-residues
in H4 induce the binding of SRF to its DNA binding-site leading to alteration of
proliferation of SMCs. (2) Myocardin (a SRF-co-activator protein) recruits different
types of HATs and HDACs which may lead to the modifications mentioned above
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[26, 27]. (3) Epigenetic modifications in the superoxide dismutase gene lead to
SMC proliferation and a decreased apoptosis rate [28, 29]. (4) Increased oxidative
stress levels are associated with an altered activity of HDACs and HATs [30]. (5)
Matrix-metallo-proteinases (MMPs) which have the potential to reorganize the
extra cellular matrix (ECM). Besides MMP-2 and -9 the expression of other MMPs
-1, -3, -13 also underlies an epigenetic regulation [31]. In addition to exemplary
described DNA- and histone modifications, miRNAs are critically involved in
hypertensive-induced pathological changes of SMCs [32]. Although it is well
known that exercise can influence all of the described mechanisms, less is known
about the impact of exercise on epigenetic modifications of the vascular system in
humans. Exercising mice revealed altered endothelial function, leading to significantly lower levels of angiotensin 2, endothelin 1, plaques, and foam cells compared
to sedentary animals in a high-fat diet atherosclerosis model. These modulations
were associated with changes of miRNA expression (miRNA 155 up-regulation;
miRNA 146, and miRNA 126 down-regulation) in trained animals [33]. Interestingly,
the expression of vasodilatory eNOS is known to be inhibited by miRNA 155 [34]
providing evidence for an exercise-induced epigenetic regulation of endothelial
function with regard to NO production. A down-regulation of miRNA 126 leads to
endothelial dysfunction and suppresses the expression of integrins which is followed by impaired properties for leukocyte extravasation [35]. Therefore, the
exercise-triggered increase in miRNA 126 might also be a positive epigenetic effect.
It seems interesting for further studies to relate exercise-mediated shear stress with
epigenetic regulation of eNOS as well as further epigenetic gene modulations by
exercise stimuli in endothelial cells [36]. Furthermore, exercising mice revealed
decreased levels of miRNA 16 and 126 which are both known to suppress the
expression of VEGF [37] and thereby vascular growth, repair, and remodeling.
Regarding endothelial and vascular repair, recent studies demonstrated that epigenetic mechanisms are important transcriptional regulators of angiogenic genes in
endothelial cells (including modifications of DNA and histones as well as noncoding RNA) [12]. Additionally, they play an important role in the regulation of endothelial stem/progenitor cell function [38] but up to now, a direct link between
epigenetic modulations of endothelial cells and endothelial stem/progenitor cells is
missing.

Heart
The functional genome plays an important role in the physiological and pathophysiological development and adaption of cardiomyocytes in the context of adaptive and
maladaptive cardiac-hypertrophy and function/dysfunction. Epigenetic mechanisms
seem crucial for the determination of the functional genome in cardiomyocytes.
Animal studies indicate that the inhibition of HDAC3 leads to the development of
cardiomyopathies in a time point and nutrition-dependent manner [39]. The cardiomyopathy may develop more severe, if HDAC are early inhibited and a high-fat diet
is given, ultimately leading to increased lethality. Furthermore, the inhibition of
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HDAC4 promotes cardiac-stem-cell-induced regeneration and repair [40]. A miRNAmediated induction of cardiac-hypertrophy is also reported in numerous studies [41].
On the chromatin level, human studies have not investigated the impact of exercise
on cardiomyocytes, while first evidence for epigenetic regulation of chromatin is
recently given in mice. It has been demonstrated that exercise can alter the HDAC4
level influencing the occurrence of heart failure and cardiac fatigue [42]. With regard
to miRNAs, it has been reported that exercise decreased cardiac miRNA 208a expression in mice [43]. Further speculation for an exercise-dependent regulation of cardiomyocytes by miRNA is given for miRNA208a, which leads to a reversion of
pathological changes in myosin heavy chain (MHC) expression [44]. The pathological changes are characterized by an overexpression of the fetal βMHC, leading to
slow ATPase activity as well as a down-regulation of the adult αMHC (fast ATPase
activity). The fact that exercise improves the balance of αMHC and βMHC was
already described earlier but the results of these studies reveal that the underlying
mechanism is potentially based on epigenetic alterations.

Extracellular Matrix, Adipocytes, and Immune Cells
Beside maladaptation of cardiomyocytes, pathophysiological alterations of the ECM
are a hallmark of several diseases including cardiac diseases. Changes of the ECM
are mostly characterized by an accumulation of collagen, induced by either an overexpression or decrease in collagen degradation through MMPs and an altered function of fibroblasts (e.g., cytokine production, such as TNF-α and TGF-β). Furthermore,
changes of DNA-methylation are related to these mechanisms [45] and numerous
miRNAs were also described to be involved in these fibrotic processes. Exercise is
known to directly impact the ECM in different tissues and may alter the collagen
pattern (e.g., in the heart of exercising rats by down-regulation of several active
MMPs), while it seems to counteract an age-dependent increase in TGF-β [46].
Furthermore, exercise induces an up-regulation of miRNA 29c, which has been recognized to be involved in fibrotic alterations. Since this increased miRNA 29 c
expression was accompanied by a decreased expression of collagen I and III, further
evidence for a positive exercise-induced epigenetic regulation is provided [47].
Besides fibroblasts, other mesenchymal derived cell types, such as adipocytes
are also epigenetically regulated. In adipoctyes a 6-month exercise program can
induce an increased hypermethylation of HDAC4 and a reduced expression of
HDAC4. This could counteract obesity by reduction of lipogenesis in adipocytes
[48]. Furthermore, other bone marrow-derived non-mesenchymal cell types are targets for exercise-induced epigenetic regulation. It has been suggested that a 4-week
high intensity exercise program in young healthy adults has a sensitive impact on
the methylome of leukocytes. In addition, the demethylation of numerous CpG
islands by exercise leads to an epigenetic activation of lymphocytes [49]. Actually,
the same group also showed that resistance exercise training improves muscular
strength is associated with reprogramming of the leukocyte DNA methylome and
transcriptome [50]. These results support the findings from other studies, which
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described an exercise-induced epigenetic regulation of leukocytes [17, 51, 52].
These findings reveal a distinct influence of exercise for the functional genome on
bone marrow-derived mesenchymal and hematopoietic cell lines.

Summary
As mentioned above, both the genome and epigenome are interacting to determine
the individual human phenotype including characteristics of physical fitness, performance, and health. However, the knowledge about this interplay and the underlying mechanisms are still sparse. In particular, the knowledge about the regulation of
the functional genome by the type of physical exercise is rare. Most epigenetic
studies do not differentiate between types of physical exercise, although it is well
known that aerobic and strength training induces different mechanisms and signaling, potentially relevant for the determination of the functional genome. Furthermore
also the predictive value of the functional genome including polymorphism and
epigenetics for aerobic and strength performance and trainability is not yet sufficiently deciphered. Nevertheless, distinct evidence suggests that besides epigenetic
drugs, physical activity has the potential to regulate the human phenotype by altering the functional genome as well as the product of the genome and epigenome. As
such it becomes evident that the functional genome builds the foundation for biological adaptations to exercise training. Sophisticated research strategies are needed
to transfer study results from bench to practice. These strategies must respect the
type and mode of exercise, as well as the underlying mechanisms and signaling.
Acknowledgments The author would like to thank Mrs. Christine Koliamitra for editorial
support.
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Molecular and Physiological
Adaptations to Endurance Training
Anthony C. Hackney

Introduction
The purpose of this chapter is to provide an overview of the research addressing the
molecular and physiological adaptations to endurance exercise training. The history
of research examining the adaptive responses of the human organism to endurance
exercise training is lengthy. One can argue the historical reports of the physical
training by Greek Olympians or Roman military units in ancient civilizations may
be some of the first recorded information. More contemporary reports based upon
the use of the “scientific method” and empirical evidence begin in the eighteenth
century and span to the present day [1]. The progression and details of this latter
work over the last four centuries is fascinating and provide a contextual framework
for the understanding of the scientific investigations done in our present, contemporary times. The historical context and insights of this prior research provides the
organization constructs of the topics covered in this chapter. Specifically, these
topics are
•
•
•
•
•

Molecular adaptations
Cardiovascular adaptations
Metabolic adaptations
Skeletal muscle, tendon, and bone adaptations
Hormonal-endocrine adaptations
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Each one of these topics warrants and deserves a chapter unto themselves, as a
simple PubMed and Scopus search on these topics results in nearly 100,000 publications suggesting there is ample evidence to discuss; but, space limitations herein
necessitate addressing these topics in a concise and succinct fashion only. The
reader is directed to some of the key literature cited within this chapter if they desire
more extensive discussions on elements of any of the select topics.

Adaptive Responses to Endurance Exercise Training
Molecular Adaptations
Molecular mechanisms are critical in allowing organisms to adapt to and survive
diverse environmental challenges—whether imposed or selected by the organism—
hence understanding these mechanism provides great insight to the physiological
capacity. In recent years, genomic and proteomic approaches have been key drivers
of advancement in the field of biological sciences, e.g., providing knowledge about
gene and protein expression, regulation of signal transduction pathways, and functional control of enzymes/proteins by reversible protein phosphorylation. These scientific advances have been evident in exercise physiology and sports performance
as well as other of the biological life sciences.
Research evidence strongly supports that the repetitive muscular contractions
with endurance exercise training generates specific mechanic stimuli which result in
and promote adaptation. That is, there are a series of primary mechano-sensor stimuli
“switching on” this adaptive response at the molecular level. Some of the key stimuli
involved with this mechanism include muscular stretch, intracellular calcium flux,
fuel substrate utilization, overall stored energy status, and oxygen stress within the
organism [2–4]. Furthermore, it is important to recognize the necessity for exercise
training to be performed at appropriate levels (e.g., intensity, duration, frequency) in
order to invoke stimuli-driven perturbations of a magnitude to induce adaptation.
The molecular adaptation response(s) invoked by these exercise stimuli center
on taking a sequence of the genetic code from DNA for a specific cell protein and
generating functional gene products—termed gene expression—for critical
endurance-related physiological processes such as mitochondrial respiration and
biogenesis, signaling and catalytic enzymes, and transporter proteins. To this end,
it is well-recognized exercise-induced increase in skeletal muscle mitochondrial
content—specifically termed mitochondrial biogenesis—is fundamental to endurance training adaptation and a key regulator of this process is the transcription
co-activator PGC-1α (peroxisome proliferator-activated receptor gamma co-activator 1-alpha). Figure 3.1 depicts the basic aspects of the PGC-1α pathway through
which this process is activated with exercise training and the critical outcomes
from activation [4, 5].
Additionally, endurance training mediates molecular-based changes in substrate
availability and utilization. For example, the capacity to transport glucose and fatty
acids into and from the blood into the muscle cells are enhanced by increasing the
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CaMK-K
p38γ MAPK
CaMK-II

AMPK
PGC-1α

Mitochondrial
Biogenesis

Angiogenesis

Fig. 3.1 Proposed signaling pathways involved in exercise-induced peroxisome-proliferator-
activated receptor-γ co-activator-1α (PGC-1α) regulation in skeletal muscle. Current evidence suggests roles for calcium (Ca2+), calcineurin (CnA), Ca2+/calmodulin-dependent protein kinases
(CaMK), AMP-activated protein kinase (AMPK), and p38 γ mitogen-activated kinase (p38γMAPK)
in PGC-1α regulation. ROS reactive oxygen species

level of the substrate transporters GLUT4 and FAT/CD36. Glucose transporter type
4 (GLUT4) is critical in their metabolic role as an insulin-regulated facilitator of
glucose uptake in a resting state and their ability to be insulin independent during
exercise. FAT/CD36 (fatty acid translocase) is equally important as a membrane
transporter increasing the uptake of fatty acids into the muscle for use in lipolysis-
based metabolism-respiration (i.e., β-oxidation). As mitochondrial biogenesis is
augmented, there is an enhanced capacity for β-oxidation and the Citric Acid Cycle
(CAC; frequently referred to as the Krebs Cycle) ATP production. This leads to a
greater potential utilization of these key substrates during exercise as uptake capacity increases (see later section—Metabolic Adaptation) [4, 6].
A key extra-cellular response is angiogenesis, the physiological process through
which new blood vessels are formed. This development results in an improved capillary to fiber ratio at the skeletal muscle, leading to an enhanced blood flow and
oxygen delivery to the muscle (see next section). The vascular endothelial growth
factor (VEGF) protein has been identified as a central regulator of angiogenesis that
is released by the skeletal muscle to stimulate vascular growth. Interestingly, the
expression of VEGF in muscle appears to be one of the genes whose expression is
also regulated by the PGC-1α pathway (Fig. 3.1) [4, 6, 7].
The maximal activation of the molecular adaptation response and the increase in
the functional proteins in skeletal muscle by exercise training is rapid. In fact, this
is achieved within hours to days of repeated endurance exercise exposure (Fig. 3.2).
In time, however, with the repeated exposure the stimulus is deemed maximal and
plateaus (shortly thereafter) as exercise training exposure continues (i.e., unless
there is a progression to higher levels of stimulus—“progressive overload”) [4].
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Change from baseline

• Exercise performance
• Whole muscle metabolism

• Protein content
• Enzyme function

• mRNA
Acute
exercise

Chronic exercise training
Hours

Days
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Fig. 3.2 Diagram depicting changes in gene (mRNA) expression (bottom panel) and protein content
(middle panel) over time as a consequence of acute exercise and chronic (repetitive) exercise training.
With gene upregulated by exercise and training, an individual exercise session elicits a rapid, but
transient, increase in relative mRNA expression of a given gene during recovery. Alterations in
mRNA expression are typically greatest at 3–12 h after cessation of exercise and return to basal levels
within 24 h. Translational processing and an elevated rate of post-exercise protein synthesis result in
the same-directional change in protein content. Chronic exercise session exposure results in the gradual accumulation of protein in response to repeated, pulsed increases in relative mRNA expression.
Long-term adaptation to training is due to the cumulative effects of each acute exercise session
leading to a new functional threshold. Training-induced changes in protein content/enzyme function
lead to altered metabolic responses to exercise (e.g., substrate metabolism), resulting in improved
exercise performance (upper panel). Used with permission; Egan B, Zierath JR. Exercise metabolism
and molecular regulation of skeletal muscle adaptation. Cell Metabolism. 2013; 17(2): 162–184

Cardiovascular Adaptations
Cardiovascular response to exercise revolves around the classic physiological elements of heart rate, stroke volume, cardiac output, mean arterial pressure, and total
peripheral resistance. These determinants of cardiovascular function influence the
primary physiological factors associated with success in endurance exercise events:
maximal oxygen uptake (VO2max), the ability to work at a high fractional utilization
of VO2max, and overall work economy (N.B., the terms “economy” and “efficiency”
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are sometimes used synonymously. However, economy refers to the relationship
between oxygen consumption and movement speed [e.g., running velocity], while
efficiency is the ratio between the mechanical energy produced during exercise and
the energy cost of the exercise.).
These three factors associated with endurance exercise success are influenced by
cardiovascular function through its central role in oxygen delivery—a well-
documented key determinant of aerobic capacity and performance in endurance
athletes [3]. An efficacious endurance exercise training program will result in an
athlete developing an augmented VO2max, the ability to work at a higher fractional
utilization of VO2max, and an improved work economy [3, 8].
Enhancement of cardiac output plays a central role in the determination of the
improvement in VO2max. While VO2max has a strong heredity component to potential
genotypic expression, the ability to facilitate the cardiac output (CO) through training is a powerful effecter of VO2max phenotype expression as maximal CO can be
20–50% greater in endurance-trained versus untrained, matched individuals [8–10].
The major cardiac adaptations to improve CO from endurance training is the
enhanced capacity for ventricular filling (↑ end-diastolic volume [EDV] parameters) and the ability to use the Frank-Starling mechanism during exercise to increase
the ejection fraction. Collectively, these changes result in an improved capacity to
increase stroke volume. Key factors responsible for increased EDV capacity after
training include enhancement in left ventricle (LV) compliance, increased cardiac
dimensions (i.e., pre-load LV hypertrophy), increased rate of LV pressure decline,
reduced pericardium-mediated diastolic ventricular interactions, enhanced diastolic
suction, increased rate of calcium uptake within myocardial sarcoplasmic reticulum, and increased changes in vascular volume. Taken together, these changes result
in a greatly improved pumping capacity (CO) for the heart [8–10]. Also, coupled to
these changes are training-induced blood hypervolemia and erythropoiesis leading
to greater hemoglobin content and, therefore, oxygen carrying capacity and arterial-
venous oxygen differential (a-v O2 difference) [3, 8, 9]. In short, essentially all those
factors driving the VO2max capacity changes as determined by the Fick equations are
enhanced (see following equation [3]).
Fick Equation : VO2 = CO × a －v O2 difference
Relative to the lactate threshold, endurance exercise training results in a shifting
of the “break point” for accelerated anaerobic energy contributions during an exercise session to a higher exercise intensity [2]. Such representations are typically
depicted and quantified by examination of the lactate threshold profile responses in
athletes [3]. This occurrence is driven to a large extent by the increases in mitochondrial biogenesis (noted earlier) leading to a greater mitochondrial density. This biogenesis coupled with the improved oxygen delivery capacity of the cardiovascular
system leads to reduced lactate production and accumulation due to increased pyruvate oxidation. Metabolically, this adaptation also means increased ability of muscle
cells to uptake and oxidize fat and reduce carbohydrate oxidation through glycolysis
(i.e., reduced pyruvate formation, see the following section). Furthermore, the
increased CO ability following training translates into increased blood lactate
removal during exercise [2, 3]. These events allowing for a shift of the lactate
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Table 3.1 Summary of the cardiovascular adaptation resulting from an exercise training program
(i.e., specifically one focusing upon aerobic endurance-based physical activities)
Measurement
Heart rate
Stroke volume
Cardiac output
a-v O2 diff
VO2
Systolic BP
Diastolic BP
MAP
TPR
Blood volume
Plasma volume
Erythrocyte mass
Heart volume

Resting
↓
↑
↓, NC
↑, NC
NC
↓, NC
↓, NC
↓, NC
NC
↑
↑
↑
↑

Submaximal exercise
↓
↑
↓, NC
↑
↓, NC
↓, NC
↓, NC
↓, NC
↓, NC
–
–
–
–

Maximal exercise
↓, NC
↑
↑
↑
↑
NC
↓, NC
NC
NC
–
–
–
–

Symbols: ↑ increase, ↓ decrease, NC no change, – not applicable
Abbreviations: a-v O2 diff arterial-venous oxygen difference, VO2 oxygen uptake, BP blood pressure, MAP mean arterial pressure, TPR total peripheral resistance

breakpoint to a higher intensity helps the athlete to perform at higher intense efforts
with reduced likelihood of muscular fatigue [2]. Finally, the enhanced metabolic
capacity-efficiency from training combined with an improved biomechanical efficiency through adaptation to chronic repetitive movement patterns yields an improved
exercise economy (i.e., less energy required for any given level of movement) [3, 8].
Table 3.1 summarizes the adaptive responses in the critical cardiovascular components in response to an endurance exercise training program [2, 3, 8, 9].

Metabolic Adaptations
This section focuses on the metabolic changes within skeletal muscle that are associated with the improved capacity and performance from endurance exercise training. In general, the key metabolic adaptive component of endurance training is the
increased capacity for skeletal muscle to oxidize fuel for energy production. In light
of the fact that a marque endurance event such as a running marathon (42.2 km) can
have a total energy cost greater than 10,000 kJ in a roughly 2 h period, an increased
capacity and rate for fuel oxidation is critical to improving performance (N.B., long
course triathlons, cycling races, or certain Nordic ski events can exceed even this
value for energy cost!) [2, 3].
The increased fuel utilization capacity is a direct result of increased mitochondrial
content (see earlier biogenesis discussion) and the associated enzyme activity profile
from that content change; in particular, those enzymes associated with β-oxidation
and the CAC energy pathways of aerobic metabolism [2]. Essentially an increased
metabolic flux of both energy pathways results in a greater production of electrons
for the electron transport chain and, hence, enhanced and ultimately upregulated
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mitochondrial oxidative phosphorylation (aerobic metabolism) (N.B., metabolic flux
is the rate of turnover of molecules through a metabolic pathway). The up-regulation
of oxidative phosphorylation enables a more efficient energy production and reduces
the glycolytic pathway flux and therefore the accumulation of cytosolic waste products that contribute to muscle fatigue associated with that pathway [11–13].
Additional consequences of the metabolic adaptation to training are an increased
utilization of fats as fuel and a subsequent decrease in the utilization of carbohydrate as a fuel at any given submaximal exercise intensity. This shifting of fuel use
results in a muscle glycogen sparing, thereby attenuating muscle glycogen use and
depletion during prolonged submaximal exercise and abating another potential
fatigue factor (i.e., muscle glycogen depletion is a critical factor in an endurance
event of sufficient duration [~60–90 min, >60% VO2max]). Along these lines, following training, there is an increased level of resting muscle glycogen stores and intra-
muscular triglycerides, resulting in a more efficient use of fuels due to proximity to
the exercising muscle tissue. Additionally, the availability of extra-muscular fuel
sources is also enhanced due to transporter changes noted and discussed earlier in
the Molecular Adaptations section [11–14].
In brief, endurance exercise training shifts the metabolic energy production
towards a greater reliance on fats as a fuel, leading to a stored carbohydrate sparing.
Figure 3.3 conveys this change in fuel utilization with training, as a shifting in the
“cross-over” point to higher exercise intensities. At the same time, these are an
enhancement of carbohydrate stores (i.e., glycogen). Coupled with the molecular
adaptation noted earlier, this leads to a greatly improved ability in the rate and yield
of ATP production during exercise, thereby, increasing the capacity for physical
work, overall and at higher intensities.

Skeletal Muscle, Tendon, and Bone Adaptations
The skeletal-musculotendinous unit is a remarkable organ system within the human
body and has a tremendous capacity to display plasticity. The positive adaptations
in this system due to its plasticity are significant contributors to the performance
enhancement associated with endurance training [1, 2, 15].
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Fig. 3.3 Cross-over
concept and the influence of
endurance exercise training.
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In skeletal muscle, the smallest functional unit to be activated (i.e., recruited)
and utilized in tension development is the motor unit and the muscle fibers within
that unit. Individual motor units have fibers of identical characteristics, but intact
whole skeletal muscle is comprised of three distinct and differing fiber types. The
nomenclature utilized to distinguish these fiber types have varied since their
identification some 50+ years ago, which can lead to confusion when reading
literature [2, 15, 16]. Here in the Roman numeral naming system is employed,
that being Type I, Type IIa, and Type IId/x. Type I are “slow-twitch” oxidative
fibers which are slow in force generation have a highly developed oxidative
capacity due to high mitochondrial content and oxidative enzyme expression and
a dense capillary supply. Type IIa are “fast-twitch” oxidative fibers which are
relatively fast in force generation but have similar oxidative profiles to Type I
fibers. Type IId/x are “fast-twitch” fibers with a highly developed glycolytic metabolic profile (i.e., rich in glycolytic enzymatic expression), poor mitochondrial
and capillary development, and fast force generation capacity. For these fibers,
the tension development capacity within twitch responses is IId/x > IIa > I (i.e.,
greater to lesser). Research studies where fiber-typing has been conducted supports that athletes in endurance sports tend to have a higher proportion of Type I
fibers in the musculature used in their sporting activity [17]. That said, though,
the evidence does not support that fiber type alone serves as a strong predictor of
performance capacity [15, 17].
Earlier it was noted that endurance training facilitates changes in mitochondrial
content, oxidative enzymatic expression, and capillary density within skeletal muscle fibers. These characteristics are components of the classification criteria for
muscle fiber-typing. Changes due to training in these characteristics beg the question—“Does exercise training result in fiber type transformation?” This has long
been a question in exercise research, with some contradictory findings when a variety of animal species were examined [1, 15]. Currently, there is no direct experimental evidence for fiber-type transformation in humans. It is important to remember
that the fiber type determined is a function of a multitude of neural, metabolic,
functional, histological, and morphological characteristics [3]. Nonetheless, chronic
endurance training does transform the biochemical characteristic phenotype of
muscle fibers towards the Type I metabolic profile, but the extent of such expressional change varies with individual fiber types [1, 16]. Moreover, there is at least
some evidence that regular endurance training (cycling) may also induce muscle
hypertrophy in previously untrained subjects [18].
In a related fashion, resistance training is associated with neural and hypertrophic adaptation which leads to improved muscular strength-power capacities. For
years, it was postulated resistance training and endurance training interfered with
the adaptive responses of each individual form of training. Recent work, however,
supports when endurance and resistance training are applied concurrently there can
be some degree of an optimization of the magnitude of muscle hypertrophy, maximal strength, and endurance capacity development [18]. These effects have been
observed in untrained as well as trained runners and translate into improved high-
intensity running characteristics with obvious implications to performance [19].
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Nonetheless, this line of research work is not entirely conclusive and is in need of
much further exploration.
Tendon and bone are instrumental to the health and functionality of the endurance athlete, yet relative to some of the other adaptive components discussed in
research literature they are seldom addressed as extensively [20–22]. Frequently,
the available related discussions focus upon injury, damage, or maladaptation
with health-related comorbidities such as the osteoarthritis or the female athlete
triad [22–24].
Tendons display good ability to adapt to different states of loading through
movements encountered in endurance activities; that is, provided the timeframe for
adaptation is sufficiently long enough and gradual in loading (e.g., weeks, months,
and years) [20] although the longitude effect of chronic exercise training on tendon
health status over a lifetime seems inadequately addressed in research. Similar to a
tendon, bone show comparable positive responsiveness to endurance exercise, as
regular and varied loading has constructive effects on bone health [21]. Consistent
exercise loading consisting of high-magnitude impacts is highly stimulatory to
osteogenic activity of the bone promoting thick cortical bone development.
Furthermore, endurance training is a good overall promoter for improvement of
bone strength through adaptation in geometric modeling. However, not all endurance training activities are universal in this effect. For example, running is associated with increased bone density, particularly in the legs, whereas cycling is
associated with a mild decrease in bone density in the spine; and, in athletes who do
both, running exerts a stronger influence than cycling [25]. These effect differences
being most likely do to weight bearing vs. non-weight bearing aspects of the
activities.
Collectively, these tendon-bone adaptive responses to endurance training result
in an improved resilience to injury from the chronic, repetitive nature of the exercise
activity although chronic over-use or overtraining exposure are counterproductive
and have negative effects and greatly increase the risk of injury (see Hormonal-
Endocrine Adaptation section) [20–26].

Hormonal-Endocrine Adaptations
In humans, there are a variety of hormones and hormone-acting substances that
exhibit endocrine, paracrine, and autocrine actions on a multitude of tissues. These
substances are involved in the regulation of many physiological processes such as
metabolism, growth and development, hydration, cardiovascular functions, immune
responses, and stress reactivity. A large number of research findings support that
endurance exercise training profoundly affects hormones, the endocrine glands/tissues responsible for their production, and thus the processes these substances regulate and control [2, 3].
Acute exercise is a powerful stimulant to the endocrine system and results in a
multitude of hormonal changes. Table 3.2 summarizes the effects of a single acute,
endurance exercise session (of various intensity, duration) on the major human
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hormones; in nuce, essentially exercise serves as a stressor provoking increases in
circulating levels of the hormones (exception → insulin↓)—the more demanding
the exercise stress, the greater the response. Table 3.2 also depicts how endurance
training (chronic) effects hormones response to subsequent exercise sessions—i.e.,
generalizing, the training responses is to lower the blood level of hormones at rest,
and in response to performing an acute exercise session post-training [26–29]. The
greater the overall training adaption incurred typically the greater the attenuation of
the hormonal response to exercise. The exception to this is maximal or supramaximal exercise. In these situations, the training adaptations allow for a greater level of
workload to be performed in maximal or supramaximal efforts and the greater
workload achieved produces a greater physiological stimulus and thus commonly a
greater hormonal response [26, 27].
In most situations, when endurance exercise training regimes are well constructed
and executed, the hormonal effects (adjustments) are highly positive and lead to
improved exercise capacity and through genomic and non-genomic means facilitate
many of the adaptation processes already noted in this chapter [26–28]. Regrettably,
however, poorly developed or implemented exercise training regimes can result in
counterproductive hormone responses and negative physiological consequences
(maladaptations).
The attenuated endocrine responses following endurance training come about
by a greater sensitivity of target tissue to the hormonal stimulus and diminished
levels of neural, humoral, and hormonal stimuli disturbances in the blood and
other body fluids regulating the various endocrine glands [29]. Relative to the
former point of sensitivity, in response to an exercise training program, many
target tissues increase the expression of functional hormone receptors, receptor
affinity for hormones becomes increased, and post-receptor amplification mechanisms in the cells of target tissues are typically increased. Essentially, all these
changes result in a target tissue needing less amount of a hormonal signal to bring
about a physiological outcome/change in “down-stream” events within cells
[29–31].

Hormonal-Endocrine Adaptations
If training regimes are excessive in the amount of intensive training or overall volume of training and, or an athlete has too many additional life stresses compounding
their situation while training, it is possible for maladaptive hormone response occurrences. Such responses are usually associated with overreaching or overtraining
scenarios [32]. In brief, normally, if an individual is subjected to gradual increases
of “training overload” stress followed by a period of time to rest and recovery they
will adapt in a positive fashion and promote adaptations leading to an improved
performance capacity. If the training overload stress is too much, or adequate rest is
not allowed, then the athlete may not be able to adapt and their performance declines
rather than improves. That is, they may progress from “normal” training to experiencing “overreaching” training and in due course “overtraining.” If not checked in

↑, ↔
↑
↑↑
↓
↑

↑
↑
↑
↓
↑

Reproductive
Glucoregulatory
Anabolic (e.g., myoplasticity, osteogenic)

Glucoregulatory
Calcium metabolism

↓
↑

↑
↓
(if excessive)
↑, ↓, ↔
↑↑
↑↑

↑

FSH–LH
Glucagon
Growth
hormone
Insulin
Parathyroid

↑↑

↑↑

↑
(>60% VO2max)
↑

Bone metabolism, catabolic (e.g., lipolysis),
reproductive

Cortisol

Estradiol-β-17

↑↑
↑↑

↑↑
↑↑

Hydration, fluids
Catabolic, (e.g., lipolysis, glycogenolysis),
cardio-regulatory
Catabolic (e.g., lipolysis, proteolysis), stress reactivity

Aldosterone
Catecholamines

(e.g., >60 min; <LT)
↑↑
↑↑

Adrenoregulatory
Hydration, fluids

ACTH
AVP

(e.g., ≫LT)
↑↑
↑↑

Principal physiological functiona

Hormone

Prolonged
submaximal

High
intensity

Exercise response
Acute
Short-term
submaximal
(e.g., <30min; ≈,
>LT)
↑
↑
(>50% VO2max)
↑
↑

Table 3.2 Generalized hormonal responses to “acute” endurance-type exercise of varying intensity and duration

(continued)

↓
↔

↓
↓
↔, ↑

↔, ↓

↔, ↓

↔
↔, ↓

↔, ↓
↔

Chronic
Endurance
training
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Immune, stress reactivity
Reproductive

Anabolic (e.g., myoplasticity, gluconeogenesis,
erythropoiesis)

Calorigenesis, endo-permissive
Thermoregulatory

Prolactin
Progesterone

Testosterone

T4–T3
TSH

↔
↔, ↑

↔
↑

(e.g., >60 min; <LT)
↑↑
↑
↓
(if excessive)
↑
↓
(if excessive)
↑, ↓
↔, ↑

(e.g., ≫LT)
↑↑
↑
↑

Prolonged
submaximal

High
intensity

↑

Exercise response
Acute
Short-term
submaximal
(e.g., <30min; ≈,
>LT)
↑
↑

↔, ↓
↔

↔, ↓

↑, ↓
↔, ↓

Chronic
Endurance
training

The influence of “chronic” endurance exercise training on hormonal response to subsequent exercise after training is also depicted [e.g., exercise ACTH still ↑s
after training, but the magnitude of the ↑ is either unaffected (↔) or slightly lessened (↓)]
Abbreviations/symbols: LT lactate threshold, ↑ increase, ↑↑ strong increase, ↓ decrease, ↔ no change, ACTH adrenocorticotrophic hormone, AVP arginine
vasopressin, FSH-LH follicle-stimulating hormone–luteinizing hormone, T4–T3 thyroxine–triiodothyronine, TSH thyroid-stimulating hormone
a
Principal role relative to exercise

Principal physiological functiona

Hormone

Table 3.2 (continued)
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this progression, the athlete may ultimately develop and display the clinical characteristics of the Overtraining Syndrome, a serious medical condition [32, 33].
The research in endurance athletes who are overreaching or overtraining suggests the endocrine system response is in two phases: an initial hyperactivity phase,
followed by a latter hypoactivity phase [33, 34]. In the hyperactivity phase, elevations in the circulating levels of hormones such as adrenocorticotrophic hormone,
cortisol, prolactin, and catecholamines have been reported at rest and/or in response
to an acute exercise session [33, 34]; although, these hormonal findings are not
completely universal [32]. This hyperactivity phase may be reflective of the “overreaching” status in the training continuum. Interestingly, it should be noted that in
some situations during “overreaching” if the athlete is given short-term rest and
recovery (~2 weeks) they may actually compensate with greater than normal adaptations and enhancements of performance (i.e., tapering) [32]. The hypoactivity
phase seems to more closely correspond to the classic “overtraining” status and, or
with the occurrence of the Overtraining Syndrome medical classification—i.e., a
state of chronic fatigue, lethargy, and underperformance. For this phase, certain
glucoregulatory and reproductive hormones are found to be suppressed [34, 35].
The development of the hypoactivity phase appears to be the more serious outcome
as it may require months of rest and recovery by the athlete in order to regain normal
endocrine function and performance capacity [34]. Whether this state and the
attenuated hormone responses associated with it represent an endocrine gland
exhaustion or regulatory axis dysregulation remains unclear.
The exact physiological mechanism that induces the Overtraining Syndrome is
unknown, but for many years it was thought to reflect some degree of the final stage
(exhaustion) of Selye’s General Adaptation Syndrome model [36]. However, Dr.
Lucille Lakier Smith [37] proposed in 2004 that overtraining causes too much
excessive musculoskeletal loading which becomes compounded by inadequate rest,
recovery, and poor nutrition resulting in tissue damage-related local and systemic
inflammation development. Pro-inflammatory cytokines such as IL-6, TNF-α, and
IL-1β become elevated and act upon multiple levels of the hypothalamic-pituitary-
adrenal (HPA) medullary-cortical axis, influencing the hormones of the axis which
are associated with impacting effective mood state, sexual function, metabolism,
and cardiovascular function [34, 37]. Furthermore, the cytokine changes noted may
facilitate a suppression of the cell-mediated aspects of the adaptive immune system.
This creates an increased risk for infection and the so-called sick response which is
associated with many of the characteristics found in overtrained athletes [38, 39].
This proposed mechanism, while not entirely encompassing of all symptomology,
does reconcile and connect many of the major pathogenic and clinical manifestations associated with the Overtraining Syndrome. Nonetheless, more experimental
research and empirical data are necessary on this topic.
A relative new terminology associated with exercise and endocrine-related maladaptation is “Relative Energy Deficiency in Sports” (RED-S). This was proposed by
an International Olympic Committee Medical Commission working-group as a new
language to apply to the reproductive endocrine disorders that affect female and male
athletes [40], typically in a high prevalence within endurance-related sports.
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Principally, these disorders are the “Female Athlete Triad” and the “Exercise-
Hypogonadal Male Condition” (EHMC) [41, 42]. RED-S was proposed as an omnibus gender inclusive term. There is some controversy whether this is entirely
appropriate for use with both genders. That is, the etiology of the female triad being
related to energy intake and availability (i.e., energy deficient) is well documented,
but relative to EHMC this point is not entirely conclusive and remains to be substantiated [42]. Nonetheless, both conditions are associated with endocrine disregulation
of the HPA and hypothalamic-pituitary-gonadal axes.

Summary
Endurance training has the ability to affect a multitude of bodily systems. The
effects manifest in changes in resting as well as in exercise responses for nearly all
physiological parameters. The net impact of these changes is to improve the ability
and efficiency of the body to perform prolonged aerobic activities. These adaptive
changes span the continuum of organizational structure for humans—molecular,
cellular, tissue, organ, organismal systems. To this end, the key endurance exercise
adaptive changes are:
•
•
•
•
•
•
•
•
•
•

↑ Mitochondrial biogenesis
↑ Angiogenesis
↑ Fat oxidation
↑ VO2max (via ↑ CO and a-v O2 difference)
↑ Ability to work at higher fractional utilization of VO2max
↑ Work economy
↑ Musculotendinous resiliency
↑ Bone mineral density (i.e., weight bearing activities)
↑ Hormone—target tissue sensitivity
↑ Endocrine “down-stream” actions

It is important to recognize that these adaptations are not only critical to the
endurance athlete, but equally important to improving the health and well-being of
the general public. Regrettably, the vast majority of the research conducted on exercise adaptive responses has centered on men, with the assumption that male findings
are directly transferable to females. In some parameters, this assumption is valid,
but not all, and far more research is necessary to understand the adaptive responses
of women to endurance exercise training [43].
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Neural Adaptations to Endurance
Training
Guillaume Y. Millet and John Temesi

Neural adaptations induced by strength training have been widely described
although recent technical developments (e.g., transcranial magnetic stimulation)
have provided new insights. Neural adaptations to endurance training are not as
well-known and usually considered to be much smaller than those observed following strength training. In this chapter, we will not use the real definition of endurance, that is the ability to sustain a high percentage of maximal oxygen uptake
(V̇O2max). Instead, we will use common usage of the word endurance, i.e., prolonged, low-intensity exercise, usually with large muscle mass such as cycling, running, and cross-country skiing. The theory behind chronic adaptations is related to
acute deleterious effects and recovery. In the first part of this chapter, the tools used
to assess neural adaptations will be briefly described. Then, we will focus on the
acute neural responses induced by a single endurance training session. Special consideration will be given to the difference between endurance running and cycling/
cross-country skiing at the end of this second section. The third part of this chapter
will be dedicated to chronic adaptations to the neural command induced by endurance training.

Tools Used to Assess Neural Adaptations
The tools used to assess neural adaptations are described in Fig. 4.1. The outcome
measures used to assess neuromuscular fatigue and training adaptations are force and
(usually surface) electromyographic activity (EMG). EMG involves the placement of
electrodes on the muscle(s) of interest (agonist and antagonist muscles) to measure
electrical activity (i.e., sum of the action potentials) within the muscles. Force is
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Transcranial Magnetic Stimulation

[VATMS , MEP, SP]
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Motor Cortex
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Thoracic Stimulation
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Sensory Ia afferent
axone

Muscle

Force/Movement
[MVC, Power, Speed]

-Mn
axone
EMG
[RMS, iEMG]

[CMEP, TMEP]
Peripheral Nerve
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[M wave, H reflex
VANS , Pt, Db, Tetanus]

Muscle
Stimulation
[Pt, Db, Tetanus]

Fig. 4.1 Neuromuscular function: how to measure it? Adapted from [3]. The main outcomes are
presented in italics. CMEP cervicomedullary motor-evoked potential, Db doublet, H-reflex
Hoffmann reflex, iEMG integrated EMG, MEP motor-evoked potential, MVC maximal voluntary
contraction, M wave compound muscle action potential, NS nerve stimulation, Pt peak twitch,
RMS root mean square, SP silent period, TMEP thoracic motor-evoked potential, TMS transcranial
magnetic stimulation, VA maximal voluntary activation

generally assessed isometrically via force transducer in line with the applied force.
The gold standard for assessing central drive and central fatigue development is voluntary activation (VA) measured with the interpolated twitch technique. During a
maximal voluntary contraction (MVC), a supramaximal stimulus is delivered to the
peripheral nerve or muscle at maximal voluntary force and the resulting superimposed twitch (i.e., additional force elicited by the stimulus) is compared to a twitch
(the evoked mechanical response to a supramaximal stimulus) elicited by supramaximal stimulation immediately afterwards in the relaxed muscle [4]. This provides a
comparison of the force produced by recruiting all unrecruited motor units (MUs)
(all MUs are theoretically recruited during MVCs) and the maximal force capacity
by simultaneously recruiting all MUs in the muscle. While this method only quantifies fatigue for the central component as a whole (i.e., central nervous system including the brain and motoneurons), the assessment of VA using TMS provides
information on supraspinal fatigue [5]. A methodological difference when employing TMS to determine VA is that the resting twitch must be estimated from superimposed twitches from a series of contractions between 50 and 100% of MVC because
during the transition from rest to light/moderate-intensity voluntary contractions, the
corticospinal pathway excitability increases rapidly. Other methods for assessing
central drive to the muscles utilize EMG. The overall electrical activity of the muscle
(i.e., central drive) is usually expressed as root mean square (RMS) or integrated
EMG (iEMG). Supramaximal stimulation of the motor nerve during strong or maximal voluntary contractions can also be used to elicit V waves. V waves are the result
of collisions between evoked antidromic and voluntary orthodromic volleys and the
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resulting reflex response. Only axons actively involved in the voluntary contraction
will contribute to the subsequent EMG response [6].
Motoneuronal excitability can be assessed by submaximal stimulation of the
motor nerve in a relaxed or lightly contracting muscle to elicit an afferent volley
before recruiting motoneurons. The resulting EMG response is referred to as the
Hoffmann reflex (H-reflex). While indicative of motoneuronal excitability, use of
this method is limited to certain muscles (e.g., soleus, SOL) and is influenced by
presynaptic inhibition [6]. Increasingly common is the use of spinal stimulation via
direct (usually electrical) stimulation of the descending tracts in the spinal cord.
Providing information on the excitability of the motoneuron pool, transmastoid stimulation elicits cervicomedullary motor-evoked potentials (CMEP) in upper-limb
muscles that are recorded as EMG [7]. Due to difficulties in eliciting CMEPs in the
lower limbs, spinal stimulation is generally performed at the upper-thoracic level to
elicit thoracic motor-evoked potentials (TMEP) [6].
The investigation of cortical excitability employs transcranial magnetic stimulation (TMS) to deliver a magnetic pulse to the motor cortex that trans-synaptically
excites pyramidal axons to elicit a response that is transmitted via the motoneurons
to the muscle and recorded in EMG as a motor-evoked potential (MEP) [8]. Since
the MEP is indicative of the excitability of the entire corticospinal pathway, it must
be normalized to a corresponding CMEP or TMEP elicited at the same time and
under the same conditions to isolate cortical excitability. Another TMS-elicited
parameter, the silent period (SP), is commonly regarded as indicative of intracortical inhibition, although the first 150 ms are mainly influenced by spinal mechanisms
and, thereafter, by cortical mechanisms [9].
Since EMG is recorded at the muscle level, methods using EMG responses to
quantify central fatigue and changes in motoneuronal and corticospinal excitability
must take into account any changes that occur within the muscle. Supramaximal
stimulation of the motor nerve elicits a compound muscle action potential (M wave,
Mmax) in EMG from the efferent volley, indicative of sarcolemmal propagation
within the muscle. M waves elicited at the same time and in the same muscle state
are used to normalize EMG responses to account for muscle changes.
However, it is important to recognize the limits of the aforementioned methods
for assessing neural adaptions and acute changes. Methods such as the V-wave and
H-reflex are performed in very specific conditions that may not always be applicable
to certain situations or applications [6]. Observed changes in MEPs and SPs in
fatigued conditions may also be influenced by TMS stimulus intensity alone [10]
and, as observed in later sections, may result in conflicting responses for the same
exercise bout. Methodological advances also continue to be made so that investigations can more accurately capture both the type and magnitude of fatigue. One example of a recent methodological development is a new cycling ergometer permitting
dynamic exercise and subsequent isometric neuromuscular evaluations within ~1 s
after the end of exercise [11]. This new ergometer eliminates recovery prior to postexercise evaluations, an important development since fatigue-related neuromuscular
changes recover quickly, sometimes within seconds [12–14].
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 cute Neural Responses Induced by a Single Endurance
A
Training Session: Central Fatigue
Definition of Fatigue and Its Central Component
Fatigue is the reduction in the capacity to voluntarily produce force (e.g., [15]).
Fatigue can be further categorized as being either peripheral or central. Peripheral
fatigue occurs distal to the neuromuscular junction. Central fatigue occurs within
the central nervous system and results in a decrease in maximal neural drive to the
muscle. This most commonly presents as a decrease in the ability to voluntarily
contract a muscle maximally and the presenting fatigue can be further identified as
being within the entire central component (i.e., from the brain and motoneurons) or
solely at the supraspinal level (i.e., within the brain), depending on the technique
used (see section “Tools Used to Assess Neural Adaptations” on methods to assess
fatigue).

Central Fatigue Induced by Endurance Exercise
Numerous studies have explored the etiology of acute fatiguing endurance exercise
(i.e., a single exercise bout). Central fatigue has been observed following acute
exercise bouts, most specifically cycling and running. As such, this chapter focuses
solely on the knee-extensor and plantar-flexor muscle groups since these muscle
groups pertain directly to cycling and running. In the knee-extensor muscles, the
magnitude of supraspinal fatigue (i.e., decrease in VATMS) increases as exercise
duration increases, from approximately 8–11% for exercise lasting several hours
[16, 17] to 16% for exercise longer than 13 h [10]. One exception is Klass et al. [18],
who did not observe any change in VATMS after 60 min of cycling at 55% of maximal
aerobic power (Wmax) followed by a ~30-min time-trial; however, VATMS was measured 10 min after the cycling exercise terminated. The magnitude of knee-extensor
central fatigue increases from <20% for exercise lasting up to 5 h (e.g., [16, 19–22])
to >25% for exercise longer than 13 h [10, 20, 21]. The magnitude of central fatigue
observed in the plantar flexors is less than for the knee extensors and ranges from 6
to 15% for exercise longer than 13 h [20, 21, 23]. The inhibitory effect of group III
and IV afferents has been highlighted as a major contributing factor to voluntary
activation impairment following fatiguing cycling exercise [16, 24].
Potential changes to the corticospinal pathway, as measured by EMG responses,
have also been observed. There may be increases [10, 16] or no change [10, 16–18,
25] in knee-extensor corticospinal excitability (i.e., MEP size) following a prolonged acute exercise bout. Decreased motoneuronal excitability was observed following 90 min of running as demonstrated by a decreased magnitude of both V-wave
and H-reflex responses in the plantar flexors [26]. Conversely, motoneuronal excitability as indicated by CMEP area was unchanged following shorter duration
(~8–9 min), high-intensity cycling bouts [27, 28]. There may also be increases [10]
or no change [10, 16, 18, 24, 29] in knee-extensor SP duration following an acute
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cycling bout. One limitation of all of these studies is that the delay to post-exercise
evaluations permitted recovery to occur, meaning that the amount of central fatigue
and changes to the corticospinal pathway were very likely underestimated. As
described above, recent methodological developments have allowed this limitation
to be overcome.

Does the Type of Endurance Activity Impact Central Fatigue?
The response to this question is a definite yes. Even though a direct comparison with
the same subjects exercising for the same duration and at the same intensity still
needs to be conducted, we systematically found that running induced more central
fatigue than either cycling or cross-country skiing, two activities that induce less
mechanical stress/fatigue in the muscles [30, 31]. This was the case when comparing 5-h running and cycling bouts at 55% of V̇O2max [19, 22] and a ski-skating
marathon vs a 30-km trail-running competition [15, 32]. These results suggest that
neurobiological changes such as the accumulation of serotonin, play only a moderate role, if any, in central fatigue development during prolonged exercise. The
potential inhibitory action from thin afferent fiber (group III–IV) signaling, which
may be sensitized by pro-inflammatory mediator production during prolonged running exercise, may explain the large central fatigue after ultra-marathons [20, 21,
33]. Yet, indirect evidence showing that a large inflammatory response persisted
2 days after a 165-km mountain ultra-marathon while VA had returned to pre-race
values [21] does not support this hypothesis. Another possible explanation for the
difference between the magnitude of fatigue elicited by running and cycling is that
the disfacilitation of group Ia afferents may be more pronounced in running than
cycling due to repeated eccentric muscle actions. This could induce fatigue/damage
at the spindle level or simply increase muscle compliance [34].

 eural Adaptations Induced by Chronic Systematic Endurance
N
Training
It is well-known that endurance training improves fitness. Mechanisms such as
increased stroke volume, partly due to greater blood volume, and increased muscle
oxidative capacity (e.g., mitochondrial content) have been proposed to explain the
improvements in aerobic fitness (e.g., [35, 36]). It is also well-known that strength
training, particularly explosive and plyometric training, can trigger neural adaptations (e.g., [37, 38]). For instance, using a combination of V-wave, H-reflex, and
Mmax responses, Aagaard et al. [37] demonstrated that 14 weeks of heavy-weight
resistance training induced an increase in maximal central drive, likely mediated by
a combination of both supraspinal and spinal adaptations. Earlier MU activation, an
increase in the number of doublets and triplets and an enhanced maximal discharge
rate were observed after 12 weeks of dynamic training (at 30–40% of maximal force)
[39]. Changes in corticospinal excitability were also evidenced after resistance
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training (see below). Here, we aim to describe the lesser known neural adaptations
after endurance training. Although adaptations within the nervous system are not the
main reason patients, sedentary people or athletes perform endurance exercise, it is
important to understand the potential benefits or, conversely, the deleterious role that
endurance training can have on central drive. We will first compare central nervous
system (CNS) outcomes (e.g., VA, H-reflex) in endurance athletes vs untrained subjects and athletes trained in sports that require greater levels of power or strength.
Thereafter, we will review the studies that have investigated the effects of an endurance training intervention on the nervous system, at rest and then during and after
exercise (i.e., in a fatigued state).

 omparison of CNS Outcomes in Endurance Athletes Versus
C
Explosive Athletes and Sedentary People
One way to examine training adaptations is to compare populations with different
training backgrounds. This method has obvious flaws (e.g., impact of genetics,
uncontrolled type, and amount of training) but it also has one main advantage: it
allows examination of training adaptations due to several years of training as
opposed to several weeks (generally 3–12) in interventional studies, i.e., a very
limited time period compared to an athlete’s or patient’s life. Lattier et al. [40]
showed that although power-trained athletes (POW) performed much better for
squat jumps than endurance-trained athletes (END), the two groups were equally
strong for isometric MVC. Also, both groups were stronger than sedentary subjects
(SED). The difference might be due to a significantly lower VA in SED while VA
was similar between END and POW. The results of Lattier et al. [40] were confirmed by Garrandes et al. [41], who did not find any difference in knee-extensor
VA, measured with the interpolated twitch technique, between END and POW. This
suggests that both POW and END athletes are equally capable of maximally driving
their muscles when activation is measured in isometric conditions. This is likely no
longer true when a much higher discharge rate is needed during explosive movements. However, these results have been challenged by Cohen et al. [42], who
observed no difference in isometric MVC between END and SED. Although VA
was not reported in this study, it is very unlikely that VA was lower in SED than in
END. However, both Lattier et al. and Cohen et al. [40, 42] observed a lack of difference in squat jump and rate of force development (RFD) for SED and END. It
has also been shown that even when force is expressed as a percentage of maximum,
the force-time curves of POW were faster than END. While the amount of neural
activation can partly explain this result, these data do not rule out the qualitative
characteristics of the muscle tissue itself [43]. Interestingly, RFD was not lower in
END than in strength-trained athletes.
In agreement with other studies (see [44]), Maffiuletti et al. [45] showed that the
SOL H-reflex normalized to Mmax was significantly smaller in POW than END,
suggesting increased α-motoneuronal excitability after endurance training. However,
POW exhibited a greater force-to-EMG ratio, meaning POW produced greater force
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per number of MUs activated [46]. While the larger H-reflex may simply reflect a
greater percentage of type I fibers, presynaptic inhibition, through activation of
GABAA and/or GABAB receptors of Ia afferent terminals, may be greater for END
than either POW or SED [47]. Likewise, it has been shown that stretch reflexes [48,
49] were different depending on training background, possibly due to a higher percentage of type I fiber muscle-spindle density in END.

Training Interventions: Effects on CNS at Rest
Endurance training has been shown to enhance cognitive and neural plasticity in
several brain regions including the cerebellum, hippocampus, and cerebral cortex
and angiogenesis in the motor cortex [48]. Here, we will only examine the effects of
endurance training on motor cortical and corticospinal factors, mainly VA, MEP,
and SP as well as V-wave and H-reflex measured at rest, i.e., without fatigue. Data
are summarized in Table 4.1.
Unlike the vast majority of strength training programs, MVC did not change in
most (e.g., [25, 44, 50, 52, 54]) endurance training interventions. MVC was found
to increase in one study [53] but the training was of low-force concentric and isometric muscle actions, i.e., not a traditional cycling or running intervention. The
most global indication of neural adaptation, i.e., VA (PNS or TMS), does not change
with endurance (or strength) training but this is likely due to a ceiling effect. Indeed,
in healthy subjects lower-limb VA is nearly complete prior to training, thus there is
little room for improvement. In addition, VA is known to be a semi-quantitative
measure that probably does not allow quantification of small increases in central
drive [55]. One must also keep in mind that while dynamic training is employed,
tests of voluntary activation (and often MVC) are isometric. In other words, the lack
of improvement may be indicative of the highly specific nature of the adaptations
[56]. One difference between endurance and strength training that could partly
explain the difference in terms of MVC improvements (even short-term training
where only neural adaptations occur [44]) could be the increased descending drive
that occurs after strength training only. Indeed, while V waves were found to
increase by 50–80% after strength training (e.g., [37, 44], and the changes in V
waves also correlated to MVC gains [44]), this factor did not change after endurance training [44, 50].
At the spinal level, in line with cross-sectional studies (e.g., [45]), it was initially
found that the H-reflex increased with endurance training [44, 51]. For instance,
Perot et al. [51] found that H reflexes and tendon-tap reflexes increased in 75% of
the participants after 8 weeks of endurance (running) training. It was suggested that
endurance training increased both the excitability of the motoneurons and the
response of the muscle spindles to stretching. Yet the effect of endurance training on
the H-reflex pathway has been recently challenged [50]. Behrens et al. [50] used a
better experimental design in the sense that they had a control group. As stated by
the authors, a dependent t-test on the Hmax/Mmax ratio from pre- to post-training
was significant and based on this result, they could have concluded that endurance

Subjects
10 F,
12 M

2 F, 8 M

2 F, 8 M

6 F,
14 M
18 M

2 F,
11 M

Study
Behrens
et al. [50]

O’Leary
et al. [25]

O’Leary
et al. [25]

Perot
et al. [51]
Vila-Cha
et al. [52]

Vila-Cha
et al. [44]

Nb

Y

26.1 ± 3.9a

24.0 ± 2.6a

N

N

N

Control
group
Y

[19–23]

27 ± 4

27 ± 6

Age as
mean ± SD or
[range] (year)
CG: 23 ± 2
TRAIN: 24 ± 2

3

6

8

6

6

Training
duration
(weeks)
8

Table 4.1 Effects of endurance training on CNS characteristics at rest

3

3

2h

3

3

Number of
sessions or
duration/week
2×1h

Cycling increasing from
30–40 min at 55–65% HRR to
40–50 min at 65–75% HRR

Cycling increasing from
20–30 min at 50–60% HRR to
40–50 min at 65–75% HRR

Cycling moderate-intensity
continuous training (~60–80 min
at 90% LT)
Running at 60% MAV

Cycling high-intensity IT
(6–8 × 5 min at Δ50%)

Training characteristics
Cycling at 70–90% HRmax

SOL (PF)

VM, VL
(KE)

SOL (PF)

VL (KE)

VL (KE)

Muscle(s)
(muscle
group)
SOL (PF)

Main outcomes
(at rest)
VAPNS ↔
H-reflex at rest
↔
H-reflex during
MVC ↔
V-wave ↔
RFD ↔
VAPNS ↔
VATMS ↔
MEP/Mmax ↔
VAPNS ↔
VATMS ↔
MEP/Mmax ↔
Hmax/Mmax ↑
T-reflex ↑/ ↔
MU discharge
rate at 30%
MVC ↓
MU conduction
velocity ↑
Hmax/Mmax ↑
V-wave ↔
H-reflex
excitability
threshold ↓
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16 M

Zghal
et al. [54]

23.6 ± 2.6

CG: 23.9 ± 2.0
TRAIN:
25.2 ± 2.3

Y

Y

8

8

2–3

3

Running short IT (80–100%
MAV) + continuous (60–65%
MAV)

Low-force concentric and
isometric contractions

RF, VL, VM
(KE)

RF, VL, VM
(KE)

VAPNS ↔
VATMS ↔
MEP ↔
SP ↔
VAPNS ↔
VATMS ↔
MEP ↔
SP ↔

↔ not statistically significant, ↑ indicates a statistically significant increase, ↓ indicates a statistically significant decrease, Δ50% halfway between lactate
threshold and maximal oxygen uptake, CG control group, F female, Hmax maximal Hoffmann reflex, HRmax maximal heart rate, HRR heart rate reserve, IT
interval training, KE knee extensors, LT lactate threshold, M male, MAP maximal aerobic power, MAV maximal aerobic velocity, MEP motor-evoked potential,
Mmax M wave amplitude or area, MVC isometric maximal voluntary contraction, MU motor unit, PF plantar flexors, RF rectus femoris, RFD rate of force
development, SOL soleus, SP silent period, TRAIN training group, T-reflex T-response after Achilles tendon tap (stretch reflex), VAPNS voluntary activation
assessed via peripheral nerve stimulation, VATMS cortical voluntary activation assessed via transcranial magnetic stimulation, VL vastus lateralis, VM vastus
medialis
a
All subjects, including a group that had performed strength training
b
This study also included a strength training group

23 M

Zghal
et al. [53]
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training increased the normalized H-reflex response. However, this was not the case
with appropriate statistical analysis (ANCOVA). Alternative explanations for the
lack of significant change in the H-reflex response in this latter study [50] were that
subjects only trained 2 times/week and training was performed as cycling where
SOL muscle activation is relatively low compared to the knee-extensor muscles.
This could explain the difference with transversal studies where there has been a
higher dose of endurance training for several years. Thus, it is possible that (1) a
sustained period of regular aerobic exercise is necessary to induce alterations in
H-reflex responses and (2) running training has stronger effects on spinal reflex
responses than cycling training [50].
To the best of our knowledge, only four studies have examined CNS outcomes
using TMS after endurance training [25, 50, 53, 54]. Although these studies found
significant increases in endurance performance after 6–8 weeks of various types of
endurance training (running vs cycling, continuous vs interval training, local muscle endurance), none of them found significant changes in VA, MEP, or SP measured in resting conditions after training. The effects of resistance training on
corticospinal excitability is unclear as some studies showed reductions or no change
[38, 57] or increases [58–60] in MEP responses.
It has been shown that 6 weeks of strength and endurance training elicit similar
increases in muscle fiber conduction velocity measured at 30% MVC but opposite
changes in MU discharge rates. Indeed, MU discharge rate was found to increase
after strength training and decrease after endurance training [52]. It is important to
note that this was not tested during MVC but at 30% MVC. Short-term endurance
training has no effect on maximal RFD or muscle activation at the onset of contraction [50]. However, endurance training performed in addition to power training can
limit the development of explosivity (e.g., [61]), as developed in detail elsewhere in
this book.

Training Interventions: Effects on CNS During a Fatiguing Exercise
Endurance training is known to increase performance, yet the time to task failure (or
other type of performance index) does not provide information regarding neural or
muscular contributions to the improved resistance to fatigue. This last section will
only focus on that aspect. One of the first longitudinal studies to investigate the
effect of endurance training on neural adaptations was performed by Cafarelli et al.
[62]. This study showed that after training, a smaller additional recruitment of MUs
occurred during a 20-min cycling exercise compared to pre-training because of
attenuated muscle fatigue, in line with the correlation that we found between the
change in RMS and muscle fatigue during a cycling exercise [63]. The smaller MU
recruitment was accompanied by a reduction in force sensation. Since this initial
study, only three very recent (2015–2017) experiments have examined the issue of
the change in neuromuscular fatigue after a period of endurance training. A summary of subject characteristics and training protocols for these three studies can be
found in Table 4.1. The fatiguing tasks for these studies are described as follows.
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Behrens et al. [50] performed a fatiguing task consisting of dynamic plantar flexion
in isotonic mode of a Cybex dynamometer at 40% isometric MVC at a frequency of
35 contractions/min. Only fatigue at isotime compared to pre-training was considered post-training, and cycling performance was not measured. In Zghal et al. [53],
subjects were asked to sustain a low-intensity isometric muscle action (15% of
maximal isometric force) until task failure. Post-training, subjects performed a
fatiguing exercise until task failure and one at isotime compared to pre-training.
Even more interesting is O’Leary et al. [25], where adaptations were quantified at
post-training during cycling trials at both absolute exercise intensity (based on pretraining V̇O2max) and relative exercise intensity (based on post-training V̇O2max).
Importantly, only O’Leary et al. [25] investigated fatigue during a task specific to
the training performed. Below, we differentiate the effects of training (1) for a given
workload (i.e., at isotime) and (2) at task failure.
1. For a given workload. Surprisingly, Behrens et al. [50] showed that although
some neuromuscular parameters tended to be improved in the endurance-trained
group compared to controls following fatiguing exercise (e.g., isometric MVC,
normalized V-wave, and peak twitch torque), none reached statistical significance. However, a comparison of the changes in isometric MVC after the fatiguing protocol before and after the training with a paired t-test indicated a significant
improvement in fatigue resistance. The two other protocols found significant
reductions of fatigue indices. Both Zghal et al. [53] and O’Leary et al. [25] demonstrated that endurance training could delay the time course of central fatigue.
The investigators attributed these findings to the reduction in inhibitory afferent
feedback from exercising muscles due to an improved muscle oxidative metabolism, i.e., less peripheral fatigue as demonstrated in the two studies. Importantly,
the effects of endurance training on the rapid component of V̇O2 kinetics could
also play a role in minimizing peripheral fatigue as we recently showed [64]. In
addition to the reduction of muscle fatigue after training, it has been suggested
that the sensitivity of muscle afferents may be reduced (i.e., up-regulation of
their threshold) in response to physical training such that central fatigue may be
reduced and/or delayed after training. However, no direct evidence currently
supports this hypothesis [53]. Neither of these two investigations found any
excitability or inhibitory adaptations of the corticospinal pathway following
training but Zghal et al. [53] found that the increase in SP duration with fatigue
was abolished at isotime after training (SPs were not measured in [25]). It has
also been reported that under fatiguing conditions, motor unit conduction velocity declines less during a fatiguing task (30% MVC to task failure) after 6 weeks
of endurance training when compared to pre-training [65].
2. At task failure. Peripheral fatigue was greater in both O’Leary et al. [25] and
Zghal et al. [53] after training. Interestingly, the greater peripheral fatigue at task
failure only occurred after the high-intensity interval training protocol and not
after the low-intensity continuous one in O’Leary et al. [25]. Two adaptations
within the nervous system could explain the greater peripheral fatigue at task
failure after training: (1) the up-regulation in the III-IV afferent firing threshold
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suggested above [53] that would result in greater tolerance to metabolic disturbances and translate into an accumulation of greater peripheral fatigue and/or (2)
improvement of sensorimotor system tolerance to noxious inhibitory signals,
i.e., better pain tolerance (e.g., to acidosis) by the central nervous system. In this
regard, one of the authors of this book chapter proposed a “flush model” to
describe performance regulation in endurance and ultra-endurance exercise [30].
Improved sensorimotor system tolerance would represent a reduction of the
“security reserve” in the brain, which is influenced by acceptable levels of
peripheral fatigue for the subject (among other factors).
Contrary to peripheral fatigue, central fatigue at task failure either decreases [25]
or is maintained [53] after training. In fact, O’Leary et al. [25] demonstrated that
6 weeks of high-intensity interval training significantly attenuated the exerciseinduced reduction in VAPNS. Although these investigators found a significant improvement in time to task failure following both interval and continuous training at absolute
exercise intensity, they did not observe any change in corticospinal excitability
(MEPs) or inhibition (SPs) or in supraspinal voluntary activation (VATMS) following
the two modes of training. Besides the possible up-regulation of group III-IV afferents, O’Leary et al. [25] speculated that adaptations in central mechanisms (improved
handling of serotonin [66], mitigated cerebral ammonia uptake [67], improved cerebral oxygenation [68], and enhanced spinal reflex excitability [44]) may also occur.
A limitation of O’Leary et al. [25] is that participants needed to move from the cycleergometer to the isometric chair for post-exercise assessments. This process resulted
in a time-delay to the neuromuscular assessment which could possibly have reduced
the magnitude of corticospinal responses [13] (see section “Tools Used to Assess
Neural Adaptations” on methodological considerations).
In summary, central fatigue induced by endurance exercise has been extensively
investigated over the last 15 years and has been found to play a major role in neuromuscular fatigue, especially with prolonged running, even if the assessment tools
available to date have not fully allowed for complete understanding of fatigue etiology. On the contrary, neural responses to endurance training are surprisingly underinvestigated. For instance, only one study has investigated the effects of training on
fatigue during a task specific to the type of training performed. Similar to muscle
adaptations, most neural changes are specific to endurance training when compared
to explosive or strength training. Yet the literature regarding spinal excitability
(H-reflex) and cortical excitability/inhibition (TMS parameters) in the unfatigued
state is rather uninformative. After training, central fatigue is reduced for a given
absolute load, probably related to the reduction in inhibitory afferent feedback since
peripheral fatigue is reduced as expected, even if lower sensitivity of group III and
IV afferents may also play a role. Although no changes in corticospinal excitability
or inhibition or supraspinal voluntary activation were found after exercise to task
failure, peripheral fatigue is greater (especially when training includes interval
training) but central fatigue is attenuated when measured with traditional nerve
stimulation techniques. These training adaptations could benefit e ndurance/ultraendurance performance, especially since the longer the event, the greater the amount
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of central fatigue that develops. Further longitudinal studies, in particular studies
examining changes in neuromuscular function post-training with state-of-the-art
techniques, are needed to better understand how the central nervous system adapts
to chronic, low-intensity exercise.
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5

Physiological and Molecular
Adaptations to Strength Training
Juha P. Ahtiainen

Resistance exercise training (RT) can be functionally defined as the progressive
overload of a skeletal muscle that is characterized by high muscle contraction force
and anaerobic ATP resynthesis. Long-term RT elicits a range of physiological adaptations that contribute to changes in muscle function. Specifically, RT stimulates
adaptive machinery responsible for increased maximal contractile force output that
is primarily promoted by the combined effect of enhanced muscle activation and
muscle fiber hypertrophy [1]. Skeletal muscles play an essential role in locomotion
and in the control of whole body metabolism and, hence, RT is widely employed by
athletes to improve sport-specific performance, by general population to promote
health, lean body mass and general fitness, and in rehabilitation to prevent loss of
muscle mass and strength in pathological states [2, 3].
Skeletal muscle can exhibit remarkable plasticity in response to RT. Adjustments
within the muscle milieu to mechanical and metabolic demands of RT act to attenuate cellular stress during subsequent exercise sessions [4]. The major morphological
adaptation that is specific to RT is a marked increase in muscle cross-sectional area
(CSA) of exercised muscles. However, the design of the RT program (i.e., volume,
intensity, and frequency of RT sessions, mode of muscle actions used, progression,
periodization, variety of RT stimulus, and integration of RT to other fitness training)
specifically influences the subsequent chronic physiological adaptations [5]. Also
factors such as heredity, sex, biological age, exercise training history, health status
and possible medication, diet and nutritional supplements, personal lifestyle and
habitual physical activity/inactivity, other physical and psychological stressors
(e.g., work-related) and coping with mental stress, training adherence as well as
environmental factors can influence chronic outcomes of RT [4, 6].
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Changes in Muscle Size
Increases in skeletal muscle size (i.e., hypertrophy) are the most striking adaptations
that occur in response to RT. Muscle hypertrophy is detectable after few weeks from
the beginning of the regular RT and proceeds in a linear manner at least for the first
few months of training [1]. Typically, on average 6–9% increases in muscle size are
observed in quadriceps muscles following few months of RT in previously untrained
individuals [7]. Reaching the individual maximum in muscle mass gains, however,
may require several years of systematic RT.
In research, greater hypertrophy is typically observed in upper body muscles
compared to lower extremity muscles, possible due to higher locomotive activity in
leg muscles that may reduce the potential for further muscular responses induced by
the exercise stimulus [1]. Age and sex may not have substantial effects on the initial
RT-induced muscle hypertrophy [1, 8, 9]. However, in women and in older individuals muscle hypertrophy may remain only modest over the years of systematic RT
when their responses are compared to those observed in younger adult men.
RT-induced muscle hypertrophy occurs specifically in trained muscles and is
depending on the design of the RT program. In an untrained state, various kinds of
training regimens can induce muscle hypertrophy during the first months of training
[10]. For maximizing muscle growth by long-term RT, however, the RT program
should principally include multiple sets per exercise with 6–12 heavy repetitions per
set and relatively short rest intervals between the sets. Furthermore, several different
kinds of exercises should be employed per muscle group in the context of split training routine [5, 11, 12].

Changes in Myofiber Size and Fiber-Type Transitions
Skeletal muscle hypertrophy induced by RT occurs through an increased protein
content of individual muscle fibers. Most of the skeletal muscle fiber cytoplasm is
occupied by myofibrils with the most abundant proteins being myosin and actin filaments. Thus, RT-induced fiber hypertrophy is primarily a result of the biosynthesis
and accumulation of new contractile myofilaments, with concomitant expansion of
fiber volume [13–15]. The possible mechanism of fiber growth is an increased CSA
and proliferation of myofibrils that results in increased contractile material arranged
in parallel and, consequently, an increase in force production capacity. These
increases appear especially in fast-twitch type II fibers following RT [1].
Skeletal myofibers develop distinct phenotypic characteristics during the postnatal period, and therefore the distribution of fiber types is genetically determined.
Muscle fibers are characterized as type 1 (slow-twitch) and 2A and 2X (fast-twitch)
according to the predomination of their myosin heavy chain (MHC) polymorphisms. Although the fiber-type profile is genetically established, fibers may be
remodeled throughout the life span by diverse physiological stimuli such as the
training status [16]. Many human studies have demonstrated that prolonged RT
promotes the conversion of muscle fibers from the glycolytic type 2X fibers to the
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more oxidative type 2A fibers, whereas the proportion of type I fibers remains
rather unchanged [17]. During fiber-type transformation, the expression of MHC
isoforms and mitochondrial density, oxidative phosphorylation (OXPHOS) activity, vasculature, and fatigue resistance are switched accordingly. The ability to
“shift” skeletal muscle fibers from a more glycolytic fiber to a more oxidative fiber
is critical for energy availability to support skeletal muscle contractile activity during the exercise [18].

Changes in Muscle Architecture
Muscle architecture is defined as the structural arrangement of muscle fibers and
connective tissue elements within the muscle relative to the line of force generation
at the macroscopic level. Muscle architecture is an important determinant of muscle’s mechanical function by affecting the force–velocity relationship [19]. Key
components of this relationship are fiber length and pennation angle. Muscle fascicles are bundles of muscle fibers and the angle in which they attach to tendon or
aponeurosis (i.e., pennation angle) can be investigated by ultrasound techniques
in vivo. Physiological CSA (i.e., the area of the cross section of a muscle perpendicular to its fibers) is closely related to the force produced by the muscle and is
largely determined by the pennation angle. On the other hand, muscle velocity is
proportional to muscle fiber length [20].
Several studies have shown that RT-induced structural remodeling of the contractile machinery can increase pennation angles to a certain extent in the hypertrophied
muscles [21]. These architectural changes in trained muscles affect the manner how
force is transmitted from contracting muscle fibers to tendons and bones. RT-induced
increases in pennation angles allows greater contractile material deposition (i.e.,
addition of sarcomeres in parallel) that further increases physiological CSA and,
consequently, enabling an increase in the force-generating capacity of the muscle.
Mathematically, extensive increases in pennation angle can negatively affect force
production of the contracting muscle due to unfavorable arrangement of muscle
fibers relative to the axis of force generation to tendon. Thus, when pennation angle
increases by excessive hypertrophy, force produced per physiological CSA may
decrease [22]. On the other hand, increases in myofibrillar size without changes in
muscle architecture (i.e., increase in myofibrillar packing density or lateral force
transmission) may explain changes in specific tension (i.e., force exerted by the
fibers per unit of physiological CSA). That may partly explain why initial strength
gains by RT can be achieved without measurable increase in muscle CSA [22, 23].

Satellite Cells and Myonuclei Addition
Skeletal muscle satellite cells are quiescent myogenic precursor cells, located adjacent to muscle beneath the basal lamina but outside the sarcolemma. The role of
satellite cells in muscle regeneration is well established. Satellite cells can be
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activated in response to traumatic lesions requiring muscle regeneration. Once activated, satellite cells proliferate and/or fuse together with preexisting fibers to regenerate muscle tissue [24].
Also, increased muscle activity during exercise can induce activation and proliferation of satellite cells. Subsequent fusion with an existing myofiber results in the
addition of a myonucleus to the fiber syncytium, thereby increasing the total number of myonuclei. The number of myonuclei is a critical determinant of protein
synthesis capacity by providing the amount of DNA necessary to sustain gene transcription [25]. The proposed role of the satellite cells in muscle hypertrophy revolves
around the concept of a myonuclear domain, meaning that a single myonucleus
supports a certain volume of cytoplasm [24, 26]. Myofibers are composed of many
myonuclear domains and the myonuclear domain size is considered as virtually
constant. Satellite cells provide a source for new myonuclei at a rate sufficient to
maintain an almost constant myonuclei to cytoplasmic ratio during skeletal muscle
hypertrophy in response to chronic RT. Indeed, several studies have demonstrated
that muscle fiber hypertrophy is accompanied by a concomitant increase in satellite
cell and/or myonuclear content during chronic RT in humans [25].
It appears, however, that at least modest muscle hypertrophy can be achieved
without the addition of new myonuclei. Thus, the existing myonuclei may have the
intrinsic ability to increase their RNA and protein synthesis capacity to such an
extent that additional myonuclei are not required to support initial muscle fiber
growth [2, 27]. However, there may exist a ceiling size of the myonuclear domain
area beyond which a fiber will not be able to continue hypertrophy extensively
unless more myonuclei are incorporated into the growing fiber [24]. Furthermore, it
has been suggested that satellite cells occasionally need to fuse to the muscle fibers
to maintain adult muscle mass. It is currently not well known whether other circulating stem cell populations with myogenic potential, together with satellite cells, are
activated during the RT-induced hypertrophic response [25].
Activation of satellite cells and their myonuclear addition has been proposed to
play a pivotal role in the phenomenon of “muscle memory” in RT that may be very
long lasting in humans. According to the suggested theory, previously untrained
fibers recruit myonuclei from activated satellite cells to support hypertrophic
growth. During the subsequent detraining and muscle atrophy, myonuclei are protected against the elevated apoptotic activity and the higher number of myonuclei is
retained. When muscles are subjected to hypertrophic re-training, muscles grow
faster compared to initial RT period. However, convincing evidence of this theory is
still lacking in humans [28].

Connective Tissue Adaptations to Resistance Training
Collagen-rich connective tissue constructs tendons and ligaments. In addition, connective tissue exists around and within skeletal muscle. Tendons play a main role in
transmitting contractile force to bone and producing elastic energy, while ligaments
stabilize joints preventing excessive movements that could damage the joint.
Intramuscular connective tissue contributes to passive stiffness in the musculature
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and force transmission between muscle fibers. Adaptations in the connective tissues
occurs specifically only in structures that are exposed to loading [29, 30].
As skeletal muscles become stronger by RT, intramuscular connective tissues as
well as tendons and ligaments also adapt to support increased muscular strength by
increasing CSA [31, 32]. The turnover and, thus, renewal of tissue is somewhat
slower in connective tissue in the musculoskeletal system compared to that of contractile proteins in the skeletal muscle cells itself. Therefore, tendons appear to
hypertrophy at a somewhat slower rate compared to muscles by RT [33, 34].
However, increases in tendon stiffness can occur before tendon hypertrophy. That is
possibly due to adaptations in internal structures of the tendon, e.g., modulation of
cross-link composition between collagen molecules that improve mechanical properties of the tendon [35, 36]. Increased tendon stiffness may enhance the utilization
of elastic energy during stretch shortening cycles and increase the rate of force
development during the explosive (fast) muscle actions [33, 37].
Bone mass, density, and architecture are modified to sustain strains produced by
the mechanical load. Osteocytes are involved in the turnover of bony matrix through
various mechanosensory mechanisms. Bone adapts to external stress specifically at
the loaded sites when the magnitude of peak strain is adequate. The most effective
intervention for improving bone mineral density (BMD) appears to be exercise
characterized by relatively large loading magnitudes and rates. Long-term RT of
sufficient intensity and volume has been shown to increase BMD [38–41].

Metabolic Adaptations to Resistance Training
Heavy resistance exercise (i.e., several sets with submaximal loads and short rest
periods between the sets) can induce acute decrease in ATP, phosphocreatine (PCr),
and glycogen storages and marked increase in the concentration of blood lactate,
indicating a high rate of anaerobic glycolysis. Consequently, depleted glycogen
storages may partly induce post-exercise muscle fatigue [42–44].
Depending of the exercise-induced myofibrillar disruptions and volume of the
loading protocol used and the content of carbohydrates in diet, glycogen storages
may be replenished within a couple of days following exercise [45–48]. As a result
of chronic RT, the activity of anaerobic enzymes (e.g., creatine phosphokinase,
myokinase, and phosphofructokinase) has been shown to increase. Furthermore,
intramuscular PCr and glycogen concentrations increase [49, 50]. Chronic RT may
also increase skeletal muscle oxidative capacity [51, 52]. These adaptations may
lead to improvements in energy metabolism and especially in glycolytic capacity in
trained muscle by long-term RT [2].
Skeletal muscle is the main tissue for glucose disposal accounting for up to 80%
of insulin-mediated glucose uptake in the postprandial state. During the resistance
exercise bout, glucose uptake increases significantly in loaded muscles [51, 53].
Research evidence suggests that chronic RT is effective in improving insulin sensitivity when the intensity is above 50% of 1RM and adaptations occur predominantly
locally in the trained skeletal muscles [54, 55]. One of the main mechanisms behind
RT-induced muscular adaptations of improving insulin sensitivity is thought to be
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an increased glucose transport into the myocytes by increased glucose transporter
type four (GLUT 4) production, which is the primary transporter facilitating diffusion of circulating glucose into the skeletal muscle cells [56, 57].
Capillary growth likely occurs in parallel with enlargement of muscle fibers and,
thus, capillary density is predominantly maintained in hypertrophied muscles with
RT [58]. Mitochondrial content is mainly maintained or reduced following RT [59].
Chronic RT may induce no change or improvements in blood pressure [60–62] and
blood lipid profile, of which reductions in LDL cholesterol appears to be a recurrent
finding with RT [63–65]. In terms of cardiac morphological changes, resistance-
trained athletes may have normal internal diameters but significantly thicker left
ventricular wall, referred as to a concentric hypertrophy, although the research findings are not consistent [66–69]. Generally, long-term RT is beneficial for body composition by inducing increases in fat-free mass and decreases in fat mass, which
may result in an increased resting metabolic rate [70–72].

Molecular Adaptations to Resistance Training
Skeletal muscle demonstrates a remarkable malleability to respond and adapt to
contractile activity. The physiological stress by a resistance exercise bout is thought
to disrupt cellular homeostasis. Cells react to stress by altering cellular functions to
restore homeostasis during and after the exercise bout. Repeated disruptions of
homeostasis, followed by sufficient recovery, generate gradually structural and
functional adaptations in muscle tissue associated with long-term RT (“progressive
overload principle”) [73, 74].
From a molecular perspective, RT adaptations are based on the accumulation of
specific proteins that alter cellular properties. Remodeling of skeletal muscle starts
by loading-specific stimuli that affect the activation of a complex network of intracellular signaling pathways. These signals mediate alterations in enzyme activities,
gene expression, and protein biosynthesis, which finally will modulate muscle proteome (Fig. 5.1). Thus, the functional outcomes of RT, such as muscle mass gains
and metabolic improvements, are coupled to the specificity of molecular responses
[2, 75]. Although acknowledging that the molecular network regulating skeletal
muscle adaptations to RT is vast and affected by numerous factors, this chapter only
briefly reviews a few mechanisms that have been suggested to be key players in
adaptation to RT in humans.

Stimuli for Muscle Adaptations to Resistance Training
Mechanical Stress
The mechanical tensile stress (stretch) is one important stressor associated with
RT. All forms of muscular activity, whether eccentric or concentric, result in tension
(force) through the active muscle(s). Tension associated with RT disturbs the
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Resistance exercise program variables:
Choice and order of exercises performed, muscle contraction type and
velocity, intensity, volume, rest period between sets, training frequency etc.
ACUTE RESPONSES
TO EXERCISE:
During the exercise
and hours after the
exercise

Motor command
Stimulation of central nervous system
Spesific motor
unit activation

Neural feedback
Mechano- and
chemisensitive
sensory afferents

Endocrine
action

Contractile activity:
• Mechanical load of muscle tissue
• Metabolite accumulation
Paracrine
action

Changes in energy
metabolism and
tissue crosstalk

Release of signaling molecules:
Muscle
microtrauma

Intracellular
action

Hormones, Myokines, Growth Factors

Modulation of cell signaling pathways
Altered activity of enzymes
Nutrition
Modulation of neural
drive in supraspinal
and/or spinal level

RECOVERY AFTER
THE EXERCISE
Hours and days
after the exercise

Neuroplasticity:

Changes in neural
command to muscles

Changes
in cellular Altered gene
metabolism expression

Inflammatory
response
• Release of
cytokines

Modified synthesis of structure
and enzyme proteins
• Tissue regeneration and satellite
cell activation
• Replenishment of energy stores

REPEATED ACUTE RESPONSES:
CHRONIC TRAINING
Weeks and months

Positive net protein synthesis
and protein accretiation

Changes in muscle
activation pattern
(motor learning)

Selective muscular hypertophy

Increased muscle strength, size and function
Increased physical performance

Fig. 5.1 Schematic overview of physiological stimuli by resistance exercise, leading to adaptive
responses. Depending on program variables, resistance exercise results in a specific milieu of
mechanical and metabolic stimuli within the contracting muscle as well as a systemic and local
release of signaling molecules that lead to the activation of networks of signaling pathways and
altered activity of cellular enzymes. These resistance exercise stimuli, together with nutrient availability, induce protein synthesis and tissue regeneration following exercise. By chronic resistance
training, positive net protein synthesis leads to muscle hypertrophy

integrity of skeletal muscle, causing mechanochemically transduced molecular and
cellular responses (mechanotransduction), favoring anabolism in myofibers and satellite cells. Mechanical stress can induce intracellular responses also independently
of growth factors [76–79].
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Mechanical stress induced by high force contractions during the resistance exercise is sensed in loaded muscles by various mechanisms. Mechanical stress induces
the release of growth factors, such as IGF-I and hepatocyte growth factor (HGF),
from the extracellular matrix. HGF can interact with satellite cells and activate signaling events leading to satellite cell proliferation [80–82]. Muscle contractions
transiently disrupt the sarcolemma (the lipid bilayer that surrounds a muscle cell)
integrity, which increases the concentration of membrane lipid phosphatidic acid
(PA), leading to the activation of signaling pathways inducing hypertrophy [83–85].
Mechanical stress generated in sarcomeres is transferred to the extracellular matrix
via costameres, which is a protein complex that connects peripheral myofibrillis via
the z-disks with the sarcolemma. The costamere comprises a dystrophin/glycoprotein complex and focal adhesion complex, which includes the transmembrane
receptor integrin. Activation of integrin can induce hypertrophic signal transduction
pathways through focal adhesion kinases (FAK) [86–90]. The acute increase in
intracellular hydration (cell swelling) may occur during the resistance exercise due
to lactate accumulation, contributing to the osmotic gradient in skeletal muscle.
Increased intracellular pressure may threaten the structural integrity of the cell
membrane and, thus, initiate anabolic intracellular signaling response via activation
of integrin and focal adhesion proteins [91–93]. Titin is a flexible intrasarcomeric
protein that contributes to force transmission and defines the passive stiffness of
skeletal muscle. Titin is a likely candidate to sense alterations of mechanical load
and interact with diverse cellular signaling pathways inducing hypertrophy [94, 95].
Stretch activated channels (SACs) are calcium and sodium permeable channels
which open due to mechanical stress to the sarcolemma. SACs may act as mechanosensor by allowing an influx of calcium ion (Ca2+) into the myofiber that activates
Ca2+-dependent hypertrophic intracellular signaling pathways [96–98].

Metabolic Stress
In addition to mechanical stress, also metabolic stress associated with RT can promote muscle adaptations [99]. A high rate of ATP turnover during muscle contractions and consequent accumulation of AMP, the release of Ca2+ from the sarcoplasmic
reticulum, and local hypoxia in exercising muscles may stimulate energy-sensing
signaling pathways regulating energy metabolism during the resistance exercise [2,
74, 76]. Generally, metabolic stress increases during resistance exercise in an intensity/volume-dependent manner. Presumably, high metabolic stress together with
high mechanical strain could be achieved by a hypertrophy-oriented resistance exercise protocol of 6–12 repetitions per set with each set performed until failure, and
with relatively short rest periods between the sets [12, 100].
Hypoxia Local tissue hypoxia may occur during resistance exercise. Hypoxia is a
major cellular stressor and oxygen sensing is well established in the regulation of
adaptive processes in cells [101]. HIF-1 is considered as the master regulator of signal transduction pathways sensitive to the changes in intracellular partial pressure of
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oxygen (PiO2). Activation of HIF-1 induces transcription of target genes involved
in promotion of glucose metabolism and glycolysis, erythropoiesis, and angiogenesis [2, 74].
REDOX State Skeletal muscle significantly generates reactive oxygen species
(ROS), reactive nitrogen species (RNS), and nitric oxide (NO) during contractile
activity. The generation of ROS is dependent on cellular antioxidant capacity and
ROS regulates its own defense by promoting cellular antioxidants to maintain redox
balance at rest and during the exercise [102, 103]. During resistance exercise, ROS
production is likely increased, and it has been suggested to be an important signal
in muscle remodeling to a more oxidative phenotype [104, 105]. In the context of
human muscle hypertrophic responses to RT, NO may mediate the activation of
satellite cells and ROS, if not expressed excessively, mediate activation of several
intracellular signaling pathways, such as IGF-I and Mitogen-Activated Protein
Kinase (MAPK) cascades, that could be required for muscle growth [82, 106, 107].
Calcium Flux Calcium facilitates the cross-bridge interaction between myosin
and actin filaments during myofibrillar contraction. During muscle contractions,
amplitude and duration of calcium oscillations depends on the level of force output
by the muscle. Alterations of intracellular Ca2+ concentrations in myofibers modulate signaling activity of calcineurin- and calmodulin-dependent protein kinase
(CaMKII). Ca2+ signaling influences glucose transport, lipid uptake and oxidation,
and regulates activity-dependent muscle gene expressions that alter fiber-type distribution by promoting slow fiber formation [108, 109].

Myofibrillar Disruptions and Inflammation Processes
Resistance exercise results at least to some extent in localized muscular damage, of
the loaded muscles, depending on the volume and intensity of the exercise and the
training history of the participant. Regular RT typically causes mild muscle damage
(myofibrillar disruptions) and full recovery normally occurs within a few days
[110]. Misalignment of the myofibrils and Z-line streaming are common characteristic following resistance exercise, especially if the training regimen involves predominantly eccentric muscle actions. It has been proposed that due to the specific
neural activation strategy for eccentric contractions, as compared to concentric,
fewer motor units are recruited for a given load. This would result in a greater
requirement of force per active motor unit, predisposing recruited muscle fibers to
disrupt especially following unaccustomed eccentric exercise [111–113]. Eccentric
training, however, has been shown to be especially effective in promoting muscle
hypertrophy and strength gains [114].
Resistance exercise-induced myofibrillar disruptions are likely caused by physical
stress upon the muscle fibers (i.e., mechanical stress) and the result of metabolic deficiencies, possibly through the loss of Ca2+ homeostasis (i.e., metabolic stress) [110].
Exercise-induced myofibrillar disruptions may elicit a local acute inflammatory
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response to promote clearance of damaged tissue and muscle regeneration.
Inflammatory responses result in movement of fluid, plasma proteins and leukocytes
to the site of cellular disruption that is manifested as delayed onset of muscle soreness,
muscle stiffness and swelling, and transient decrease of force-generating capacity in
loaded muscles [115–117].
The infiltration of immune cells to the damaged muscles may be observed within
2–3 days following injury. The inflammatory response promotes clearance of damaged tissue and the regeneration of the damaged muscle fibers. The acute inflammatory response after the exercise includes infiltration of neutrophils and local release
of proinflammatory cytokines, such as Il-1, Il-6, and TNF-alpha, which mediate
protein breakdown [118]. Released cytokines may also stimulate proliferation of
satellite cells [119]. Subsequent secondary inflammation includes a significant infiltration of monocytes (i.e., precursors to macrophages) within the damaged muscle
fiber to induce further phagocytic activity. Eventually, muscle tissue remodeling
occurs during the regenerative phase following the exercise [110, 120].

 ystemic and Local Mediators of Muscle Plasticity: Hormones,
S
Growth Factors, and Myokines
Systemic hormones such as testosterone, growth hormone (GH), insulin, insulin-
like growth factor (IGF-1), and cortisol can affect muscle mass and growth throughout life span. Depending on acute program variables, resistance exercise can elicit
transient post-exercise increase in circulating hormone concentrations [121, 122].
Endocrine responses during the exercise may be primarily due to regulation of
whole body energy metabolism providing glucose and free fatty acids for energy in
working muscles [123, 124]. Hormones can induce their cellular effects through
receptor interactions and systemic elevations of circulating hormones presumably
increase the likelihood of interactions with receptors located within the muscle tissue and, thus, potentially effects on the responses of RT [122]. However, normal
physiological fluctuations in hormones appear to play a preserving, rather than
stimulatory, role in the regulation of muscle size [125]. In many studies, resting
hormonal concentrations have not shown a significant change during RT despite
increases in muscle strength and hypertrophy [121, 122]. However, changes in testosterone and cortisol concentrations may reflect in some cases changes in training
load and, thus, overall stress and recovery status in athletes [126].
The anabolic effects of IGF-I in skeletal muscle have been clearly demonstrated
but systemic IGF-I has only a limited influence on the hypertrophic response.
However, local (autocrine/paracrine) expressions of growth factors, such as IGF-I,
within the loaded muscles in response to resistance exercise play probably an important role in skeletal muscle hypertrophy. IGF-I induces proliferation of satellite cells
and enhances contractile protein accumulation in myofibers by activating IGF-I
receptors in the cell membrane [24]. In contrast to IGF-I, myostatin is a major negative regulator of skeletal muscle growth. Myostatin is classified as a “myokine,” i.e.,
it is produced and secreted by contracting muscle fibers, and subsequently exert
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auto-, para-, and/or endocrine effects. Myostatin inhibits satellite cell activation,
repress expression of myogenic regulatory factors and promote proteolysis. Myostatin
effects target cells through the Smad2/3 signaling cascade by binding to Activin type
II receptors [76]. In addition to myostatin and IGF-I, many other extracellular signaling molecules may potentially modulate skeletal muscle phenotype during resistance
training [127–131].

Amino Acids
Protein availability is a potent modulator of acute molecular responses to resistance
exercise. Essential amino acids, especially the branched-chain amino acid leucine,
can independently stimulate signaling pathways that subsequently increase protein
synthesis rates. Thus, essential amino acids not only act as a substrate but also a
signal to promote protein synthetic responses [109, 132]. Dietary protein intake
appears to stimulate protein synthesis in a dose-dependent and saturable manner.
Ingestion of 20 g of an isolated high-quality protein source, or 30 g of protein as part
of a mixed meal, has been recommended to achieve maximal protein synthetic
response [133, 134].

Regulation of Protein Synthesis and Degradation
A bout of resistance exercise results in an increased rate of protein synthesis during
recovery and a proportionately smaller and briefer increase in the protein degradation rate [135, 136]. An acute bout of resistance training increases skeletal muscle
protein turnover for up to 48 h after completion of exercise [137]. Increases in protein synthesis are suggested to be a result of an increased efficiency of translation
per molecule of RNA [138]. The positive net protein synthetic response following
resistance exercise results in an accretion of muscle protein over time [139, 140].
Protein synthesis must exceed protein breakdown for an extended period (i.e., few
weeks) until RT-induced muscle size changes are detectable [141]. It seems that
unaccustomed exercise bouts lead to exaggerated local and systemic stress responses
(e.g., dysregulated redox balance) and, thus, induce increases in protein synthesis
[75]. However, repeated bouts of exercise blunt protein synthetic response, resulting
in an attenuated increase in protein synthesis in the trained state [142, 143].
mTOR Signaling The most well-described mechanism by which dietary protein
and exercise modulates skeletal muscle protein synthesis and subsequently fiber
hypertrophy is the mechanistic target of rapamycin complex 1 (mTORC1) signaling
pathway [144, 145]. The activation of mTORC1 is mediated via insulin/IGF-1
receptor activation by hormones and growth factors and the activation of the downstream phosphatidyl inositol-3 kinase (PI3K)—Akt pathway [146]. mTORC1 can
be activated also independently of Akt via contractile activity (mechanotransduction) and essential amino acid provision [147–149].
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Activation of mTORC1 triggers downstream signaling through p70 ribosomal
S6 kinase (p70 S6K1), that is a key regulator of protein synthesis through canonical
pathways of protein translation and ribosome biogenesis [150, 151]. p70 S6K1
exerts its effect through ribosomal protein S6 (rpS6), eukaryotic elongation factor 2
kinase (eEF2), and eukaryotic initiation factor 4E-binding protein (4E-BP1), which
collectively increases mRNA translational efficiency and ultimately protein synthesis for cellular hypertrophy [152, 153]. Increases in resistance exercise volume have
been shown to induce a pronounced activation of mTOR signaling proteins [154–
157] (Fig. 5.2).
AMPK Signaling The high rate of ATP turnover during the resistance exercise
leads to a cellular energy deficit and increases in the AMP/ATP ratio. AMP-activated
protein kinase (AMPK) senses the increase in energy turnover when muscle tissue
is activated and acts as a signal transducer for metabolic adaptations [158, 159].
Acute exercise increases AMPK enzymatic activity in an intensity-dependent manner, reflecting effects of exercise on ATP turnover. Furthermore, contraction-induced
Ca2+ release and ROS production leads to the activation of AMPK. As expected,
resistance exercise has been shown to acutely increase AMPK activity in skeletal
muscle [160–162].
Overall, AMPK activation acts to conserve ATP by inhibiting biosynthetic and
anabolic pathways, while simultaneously stimulating catabolic pathways to restore
cellular energy stores. In skeletal muscle during the exercise, AMPK activation
modulates cellular metabolism acutely through phosphorylation of metabolic
enzymes that suppresses glycogen and protein synthesis, but promotes lipid metabolism and glucose uptake [158, 159, 163]. Protein synthesis is an energy-consuming
process and, in agreement with the role as an energy sensor, activation of AMPK
can suppress protein synthesis by inhibiting directly mTORC1 activity or indirectly
through mTOR upstream kinase tuberin (TSC2) activation [161, 164, 165]. AMPK
can also inhibit protein synthesis through activation of eukaryotic translation elongation factor 2 kinase (eEF2K), leading to inhibition of protein translation by eEF2
[4, 166]. Like AMPK, also energy sensors REDD1 (regulated in DNA damage and
development 1) that is activated by ATP depletion and hypoxia can inhibit mTORC1
and subsequently protein synthesis [4, 167]. Chronic AMPK activation alters metabolic gene expression and induces mitochondrial biogenesis, leading to promotion
of an oxidative muscle phenotype. The long-term regulatory actions are mediated
via direct phosphorylation of transcription factors and the transcriptional coactivator PGC-1α [168, 169].
Protein degradation by the ubiquitin-proteasome system is regulated via muscle-
specific E3 ubiquitin ligases, muscle atrophy F box (atrogin-1/MAFbx) and muscle
RING finger 1 (MuRF1). They are involved in ubiquitination of specific proteins
that are transferred to the 26S proteasome for subsequent degradation [170]. For
example, MuRF1-dependent ubiquitination regulates the degradation of contractile
proteins, such as myosin heavy chains [171]. Transcriptional upregulation of atrogin-1/MAFbx and MuRF1 are increased by activation of the forkhead box O
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Fig. 5.2 Simplified overview of mTOR and AMPK signaling pathways regulating skeletal muscle
size and function by resistance exercise. Putative resistance exercise-induced stimuli (amino acids
and contractile activity induced mechanic and metabolic stress, and release of systemic and local
signaling molecules), activate specific intracellular signaling networks (including, but not limited
to mTOR and AMPK signaling) that mediate acute and chronic skeletal muscle responses to resistance exercise training. Stimulation of the signaling pathways depends on the resistance exercise
program variables used [154–157, 187–189]. 4E-BP1 eukaryotic initiation factor 4E-binding protein 1, Akt protein kinase B, AMPK AMP-activated protein kinase, AS160 Akt substrate of 160 kDa,
CaMK calmodulin-dependent protein kinase, eIF2B eukaryotic initiation factor 2B, FAK focal
adhesion kinase, FoxO forkhead box protein, GSK3 glycogen synthase kinase 3, mTORC1 mammalian/mechanistic target of rapamycin complex 1, p38 MAPK p38 mitogen-activated protein
kinase, p70S6K ribosomal S6 kinase 1, PA phosphatidic acid, PGC-1α peroxisome-proliferatoractivated receptor gamma, coactivator 1, Rag Ras-related small GTPase, RONS reactive oxygen
and nitrogen species, ULK1 Unc-51-like kinase 1. Arrows denote activation, oval arrows denote
inhibition

(FOXO) family of transcription factors [172]. Anabolic and energy sensitive processes regulate the ubiquitin-proteasome pathway activity. Akt, an upstream mediator of mTORC1 activity, inactivate FOXOs and, thus, inhibits proteolysis. Contrarily,
AMPK activation promotes FOXOs activity [109, 173]. Also, inflammatory response
via the NF-κB pathway and myostatin promote proteolysis through ubiquitin-proteasome system [174–177].
Autophagy refers to a process of non-selective degradation of cytosolic components by the lysosome. Autophagy is beneficial to maintain cellular homeostasis at
rest as well as during the exercise and post-exercise recovery [106, 178]. Resistance
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exercise may induce certain damage to loaded myofibers and autophagy enables
removal of damaged organelles and proteins through the lysosomes. It appears that
adaptation to exercise training is reliant on proper activation of autophagy, and acute
physical exercise has been shown to be a potent inducer of autophagy in skeletal
muscle [179–182]. Activity of autophagy is regulated through unc-51-like kinase 1
(ULK1). Activated mTORC1 can inhibit autophagy while AMPK stimulates
autophagy by regulation of ULK1 activity [161, 178, 183, 184]. Besides the
autophagy-lysosomal system, non-lysosomal proteases like the calcium-dependent
calpain family and caspase class of proteins are involved in proteolysis [104, 185,
186]. For example, the sarcomeric damage caused by exercise initiates a calpain-
mediated degradation of disrupted sarcomeric filaments, such as titin [94].

Summary
The aim of RT is to provide an overload stimulus across the muscle to generate
specific molecular responses, promoting adaptive changes in skeletal muscle mass
and metabolic function. The conversion of intra- and extracellular signals generated
during muscle contractions to subsequent physiological adaptations involves a cascade of stimuli that affect specific signaling pathways regulating exercise-induced
satellite cell activation, gene expression, and/or protein turnover rate by proteosynthesis and proteolysis [24, 109, 125].
RT-induced skeletal muscle hypertrophy appears to be significantly controlled by
the activity of the translational machinery, where mTORC1 acts as the master regulator. Several signaling pathways have an integrated effect on mTORC1 activity, of
which autocrine/paracrine growth factors, mechanical and metabolic stress and
amino acid availability appears to be the most prominent [2, 74, 76]. However,
RT-induced skeletal muscle adaptation is a complex process involving various cellular responses and many signal transduction pathways. Cellular signaling pathways comprise complex networks that are operative in constantly altering cellular
milieu, making it difficult to connect specific signaling responses and changes in
gene and protein expression to certain metabolic responses after a resistance exercise bout, let alone to long-term adaptations to RT [190, 191]. In addition to the
transcriptional and translational signaling networks involved with skeletal muscle
plasticity, epigenetic modifications of DNA that may affect exercise-induced gene
expression, or post-transcriptional silencing of genes by miRNAs, comprise additional levels of control on adaptations to RT [192–196].
To entirely understand the adaptive changes that myofibers undergo in response
to RT in humans, aspects of the neuromuscular system (e.g., neural drive to muscles), musculoskeletal system (e.g., force transmission from muscles to tendons and
bones), and cardiovascular system (e.g., muscle capillary network) should be taken
into consideration. Furthermore, RT-induced adaptations generally affect the entire
body, thus, adaptations in musculature should be viewed in the context of the crosstalk between tissues and organs in a whole body [197–200].
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Neural Adaptations to Strength Training
Simon Walker

The purpose of this chapter is to introduce the effects of strength training on the
function of the neural system. For comprehensive background knowledge concerning the structure and function of each part of the neural and muscular systems, it is
advisable to consult anatomy and physiology textbooks. However, as can be seen
from Fig. 6.1, muscle and nerve do not work in isolation but as an interlinked and
interactive unit. The end-point of the neural system can be considered to be the
neuromuscular junction (the point where motoneuron and muscle fiber are joined).
The start-point of the neural system is more difficult to define but for simplicity
perhaps it should be regarded as the motor cortex. Consequently, it might be preferable to think of the system as a whole and use the term “neuromuscular” rather than
“neural” when discussing the acute and chronic responses to strength training in the
following sections.

Neural Effectors of Force Production
The resultant force production of skeletal muscle(s) is dependent upon many different system and tissue properties, for example musculotendinous properties,
such as muscle size and fiber type as well as tendon stiffness. Overall force production is naturally a sum of all the parts of the neuromuscular-tendinous system.
Nevertheless, there are specific elements within the neural system that control and
manipulate the functioning of muscle(s) for the body’s specific needs at any
moment in time.
Firstly, let us address the end-point of the neural system and smallest entity of the
neuromuscular system, the motor unit. A motor unit consists of an alpha (α-)
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Fig. 6.1 Schematic
representation of the parts
of the neural system that
influence force production
(adapted from Moritani
[1]. Chapter 3, Strength
and Power in Sport)
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motoneuron and all of the muscle fibers it innervates. Motor units can be classified
by their properties, as identified by Burke [2], as slow (also known as Type I), fast
fatigue resistant (Type IIa), or fast fatigable (Type IIx). Consequently, the type and
number of motor unit(s) activated would influence force production. Furthermore,
recruitment of motor units is governed by the “size principle” [3]. This principle
states that the smallest α-motoneurons (and motor units) are recruited first and an
orderly recruitment, relative to size, occurs thereafter. This would appear a good
strategy since the smaller motor units are also the ones that are most difficult to
fatigue and can withstand long contraction durations. When gradually increasing
force production, most muscles fully recruit all motor units between 50 and 95% of
maximum force production [4–6]. During fast contractions, the level of force
required to recruit a specific motor unit is lowered [7]. In other words, larger (the
so-called high-threshold) motor units are recruited at a lower force level (i.e., more
readily recruited) when the contraction is performed as fast as possible rather than
during a slow contraction.
Force production is also regulated by the rate at which a motor unit is activated.
In simple terms, how often an electrical discharge passes along the α-motoneuron
(i.e., motor unit action potential). This is known as firing rate (also known as discharge rate, firing frequency or rate coding). As has been clearly demonstrated during gradually increasing force contractions (the so-called ramp contractions),
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already recruited motor units increase their firing rate as the force level increases
[7, 8]. Firing rate patterns appear to be reversed during fast contractions showing an
initial burst of high firing rate followed by lowered rates once a certain level of force
is attained [7, 9], but recruitment still follows the size principle. Differences in the
interaction between motor unit recruitment and firing rate may be dependent upon
the muscle in question, with small muscles seemingly more reliant on firing rate to
modulate force production while large force-producing muscles rely more on
recruitment [10]. Nevertheless, ultimately, neural control of force production is reliant upon motor unit recruitment and firing rate whose combination determines the
final signal presented to the muscle.
Prior to the α-motoneuron, there are many upstream regulators that influence
both/either the recruitment and firing rate of motor units. Afferent feedback (identified by blue lines in Fig. 6.1) from muscular contraction influences forthcoming
signals at the cortex and spinal cord. At the spinal level, afferent feedback from
muscle spindles sensing stretch within muscle fibers serves to enhance (i.e., excitatory), while feedback from Golgi tendon organs sensing tension within the muscle-
tendon junction serve to dampen (i.e., inhibitory), signals sent to the α-motoneuron.
Also, Renshaw cells act as a negative feedback system that responds to activation of
the α-motoneuron. These regulators allow the neural system to constantly monitor
and modulate force production.
Initiation of descending drive (identified by red lines in Fig. 6.1), the signal sent
down the spinal cord, originates in the cortex. A convergence of signals from the
premotor cortex, cerebellum, and other cortex centers influence the output of the
motor cortex to the spinal cord. Various feedback sources contribute to the modulation of descending drive (Fig. 6.1) during continuing contractions. A greater level of
descending drive is possible through either enhanced excitation or reduced inhibition (or combination of both) within the cortex. Assuming that the effects of all
other regulators of the neural system (mentioned above) are constant then a greater
descending drive would lead to greater force production. It should be remembered,
however, that greater descending drive may also influence the level of antagonist
coactivation simultaneously [11].
Finally, force production of agonist and synergist muscles is also affected by the
level of coactivation of antagonist muscles, which may be considered as the brake
applied during voluntary contraction. It is thought that coactivation is necessary to
stabilize the joint for both effective movement and to act in a protective manner,
and also in the case of multi-joint movement to facilitate fluid motion and coordination between muscles/joints (e.g., running and jumping). During simple singlejoint movement, the level of antagonist coactivation may vary between different
populations, for example, older individuals tend to demonstrate greater coactivation of antagonists than young adults [12]. Despite many experimental studies,
only a handful have shown evidence that strength training reduces antagonist
coactivation [13–16]. Due to this uncertainty, and in the interests of brevity, the
following sections will focus on modulation of agonist activation during strength
training.
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Acute Responses During a Strength Training Session
Following the law of specificity, it is of great importance to understand the mechanisms of acute fatigue during strength training as this/these part(s) of the neuromuscular system are susceptible to adaptation given long-term exposure [17]. Upon
reading this chapter, it should become apparent that there is a remarkable commonality between the challenged and failing parts of the neuromuscular system during a
specific strength training program and their improvements over a training period.
The vast majority of our (earlier) understanding on acute neuromuscular fatigue has
originated from controlled experiments using electrical stimulation techniques (particularly in animals), or voluntary isometric intermittent or prolonged contractions
in humans. Consulting the work of scholars such as Brenda Bigland-Ritchie, Simon
Gandevia, Janet Taylor, Roger Enoka, and Jacques Duchateau to name a few would
help to attain knowledge from highly controlled experiments. However, this chapter
will focus on applied scientific studies utilizing strength training typically performed in gyms.
At this point, it is perhaps prudent to outline (rather simplistically) the typical
type of strength training programs studied in the literature. Maximum strength or
neural strength training is comprised of high external load (>85% 1-RM), multiple
sets (3–5 per exercise) of low repetitions (1–5) and long inter-set rest periods
(3–5 min). Hypertrophic strength training typically uses medium external load (60–
85% 1-RM), multiple sets (2–4 per exercise), and several repetitions (8–12) and
brief inter-set rest periods (1–3 min). Power training aims to perform each action
with the maximum possible acceleration but the external load (0–80% 1-RM), number of sets (2–6 per exercise) and repetitions (2–10), and inter-set rest period
(2–6 min) can vary greatly. The names of each type of strength training are derived
from the primary goals of each program.
In terms of studying the acute effects of strength training on neural processes, the
majority of studies have utilized surface EMG. The inherent weaknesses of this
methodology make identifying the mechanism(s) of acute fatigue inconclusive (as
explained by [18]), but it is one of the simplest and least invasive methods available.
To the author’s knowledge, the first studies investigating neuromuscular fatigue during strength training were performed by Häkkinen in the 1990s with athletes as subjects [19, 20]. Here, both maximum strength (20 sets of 1 rep at 100% 1-RM) and
hypertrophic (10 sets of 10 reps at 70% 1-RM) training sessions led to decreases in
maximal strength (~24% vs. ~47% in men and in ~21% vs. ~29% women, respectively) immediately after the session and both led to decreased EMG amplitude (with
the exception of maximum strength in women for some unknown reason). One interesting study that compared three work-matched but different types of strength training was performed by McCaulley et al. [21]. Large acute decreases in maximal
strength occurred during maximum strength and hypertrophic sessions, but EMG
amplitude only decreased during the maximum strength session. Power sessions specifically influence initial EMG amplitude [22], as discussed later. The lack of reduced
EMG amplitude during hypertrophic sessions is a common observation, especially in
untrained/non-athlete populations [23, 24].
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This has led to some interpreting the data that fatigue within the neural system does
not occur during hypertrophic sessions and that the cause of the reduced strength is
situated purely within the muscle. However, when inspecting changes in the frequency
component of the EMG signal, as well as the amplitude, it becomes apparent that
changes do occur [23, 24, 25]. Hypertrophic strength training leads to a reduced
median frequency, whereas maximum strength training does not (as depicted in
Fig. 6.2a, [24]). Since median frequency is purported to represent the average conduction velocity of the firing motor units [28], the data might be interpreted as demonstrating maintained motor unit recruitment but reduced firing rate during maximum
strength sessions. A more complex situation to interpret is the lowered EMG median
frequency during hypertrophic sessions (Fig. 6.2a).
There are several hypotheses for this phenomenon, one being slowing of the conduction velocity of the action potential due to fatigue/damage within the muscle. One
other possibility for the reduced median frequency could be that there was greater
synchronization in motor unit recruitment [29]. Motor unit synchronization has been
shown to increase EMG amplitude [30]. Therefore, it may be that increased motor
unit synchronization and consequent increase in EMG amplitude negates the otherwise expected reduction in EMG amplitude due to reduced motor unit recruitment
and/or firing rate. This speculation may be plausible given that athletes have a greater
level of motor unit synchronization than untrained populations [31, 32]. Furthermore,
strength athletes have demonstrated reduced EMG amplitude during and after
a
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hypertrophic sessions [19, 33] which (in-line with this hypothesis) may be due to an
already higher level of motor unit synchronization and no great potential to further
synchronize firings.
Nevertheless, perhaps the clearest method to demonstrate fatigue within the neural system during strength training sessions is to use (electrical or magnetic) stimulation methods. Merton [34] used the interpolated twitch technique to demonstrate
the inability of the human to maximally activate their skeletal muscles. Briefly, if
superimposing a high-intensity electrical stimulation to the innervating nerve or
directly to the activated muscle during a maximum voluntary contraction induces an
increase in the measured force, then the muscle was not performing to its potential
and the deficit was located within the neural system. This method has shown that
fatigue within the neural system exists during hypertrophic strength sessions as
demonstrated by a reduction in voluntary activation level ([26], Fig. 6.2b).
Another method to detect fatigue within the neural system is to utilize Transcranial
Magnetic Stimulation (TMS) directly to the motor cortex and measure the response
at the muscle. In an interesting study by Ruotsalainen et al. [27], measurement of
the Motor Evoked Potential (MEP) in the EMG signal of the biceps brachii after
each set of a 3 × 10-RM (i.e., Hypertrophic) bicep curl session showed an initial
increase concomitant to muscular fatigue after set 1 (Fig. 6.2c). It could be suggested that corticospinal excitability (i.e., the efficacy of all parts of the cortical and
spinal network mentioned above) increased in order to possibly overcome the
inability of the musculature to produce the required force level to sustain performance. This initial increase was then followed by a progressive decrease after each
set. The decreases in MEP size set-to-set were matched by an elongation of the
silent period following the stimulation (Fig. 6.2c). This likely represents fatigue-
induced cortical inhibition, which could account for a reduction in descending drive
following (hypertrophic) strength training sessions. For more information regarding
neural fatigue and the potential mechanisms that cause such fatigue, recent work by
Carroll and colleagues [35] is worth consulting.
Finally, to briefly address the effects of a Power training session, it is worth noting that the reductions in both force and EMG amplitude during the initial ~100 ms
of contraction were greater than the reductions of maximum force and EMG amplitude [22]. This finding was contrasted by similar reductions of all time-points during isometric action following a maximum strength session. These findings highlight
that the manifestation of fatigue during Power training, where the aim is to accelerate the load as fast as possible, specifically affect the initiation of contraction. These
findings seem to give clues as to the specific training-induced adaptations from various strength training programs.

Neural Adaptations to Strength Training
As noted in the first section of this chapter, simplistically, greater motor unit recruitment and/or firing rate of agonist and synergists would increase force production.
Therefore, greater force production could be due to; (1) greater descending drive
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from the cortex and/or (2) greater spinal motoneuron excitability and/or reduced
inhibition influencing descending drive [36]. In this section, studies using various
methods to estimate and quantify these potential adaptations during strength training will be presented.
The amplitude of the surface EMG signal is taken to be a gross measure of motor
unit recruitment and firing rate of those motor units that are within the pick-up area
of the electrodes. This has led authors to utilize surface EMG as an indication of
neural adaptation to strength training. Over the past 3–4 decades, many studies have
shown increases in EMG amplitude during maximum force production from 8 to
21 weeks of strength training in various populations [37–42] but particularly previously untrained individuals. Also, rate of EMG rise or average EMG amplitude over
the initial period of force production (e.g., 50–100 ms) has been shown to increase
during fast contractions [37, 38, 43, 44]. Nevertheless, use of surface EMG to infer
neural adaptation is fraught with pitfalls. Specific methodological constraints and
confounding factors as highlighted by Farina et al. [18] suggest that other mechanisms other than neural adaptation could account for increases in EMG amplitude,
particularly during maximum force production.
One physiological, but muscular adaptation, which could affect the EMG signal is
the propagation of the action potential [45] and another is the level of motor unit synchronization [30]. This last point is interesting since strength-trained individuals have
shown a greater level of synchronization than non-trained controls [31, 32]. Whether
increased motor unit synchronization aids strength development is debatable [30, 46],
but it highlights a limitation of the method in assessing neural adaptation.
Indwelling or intramuscular EMG electrodes have been used by some groups to
quantify motor unit activity patterns before and after strength training. In particular,
early increases (<6 weeks training) in firing rate have been demonstrated in several
populations during maximum [47, 48] and rapid force production [9]. Furthermore,
increased firing rate at the beginning of fast contractions was accompanied by
improved rate of force development [9]. These findings may help to explain the
observed increases in EMG during the initial part of the force-time curve of fast
contractions following Power training [37, 38, 43, 44, as mentioned above.
Perhaps a more direct and non-invasive method to assess neural adaptation is
peripheral nerve/muscle stimulation. The twitch interpolation technique has demonstrated increases in voluntary activation level in several muscles [42, 48] due to
strength training, in both young and older subjects (Fig. 6.3a). While these findings
could infer greater motor unit recruitment and/or firing rate, these findings likely
reflect greater firing rate given the above-mentioned evidence from intramuscular
EMG and that most muscles’ motor units are fully recruited below 95% of maximum force.
Other studies have used peripheral stimulation to quantify H-reflex and V-wave
amplitude before and after strength training. Submaximal electrical stimulation to a
peripheral nerve induces an artificial reflex response recorded by surface EMG,
known as the Hoffmann- or H-reflex. Conversely, a maximal electrical stimulation
elicits a compound action potential (i.e., M-wave) that concomitantly abolishes the
H-reflex response in a resting condition. The V-wave is the voluntary equivalent of
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the H-reflex, and voluntary drive must surpass the M-wave abolishment to be
observable in the EMG signal. Hence, it is a measure of overall efferent output from
the motoneuron pool [37, 38] and an increase in V-wave (normalized to the maximum M-wave) represents an increase in descending drive. Possibly due to methodological considerations (e.g., the proximity of the muscle to the spinal cord) distal
muscles, such as the triceps surae, have been utilized to demonstrate training-
induced adaptations to strength training using this method. Strength training has
been accompanied by increases in V-wave responses after only 3 weeks [50] and
14 weeks ([37, 38], Fig. 6.3b) of training in healthy young subjects and in older
individuals [51]. These studies combined this method with resting H-reflex stimulation to show that changes in spinal excitability did not occur as a consequence of
training, which supports the previously stated hypothesis that neural adaptations are
largely a result of supraspinal changes.
TMS stimulation of the motor cortex to measure neural adaptation has led to
mixed findings. While Kidgell et al. [52] and Weier et al. [49] observed greater
MEP size following training (possibly indicating greater descending drive), Lee
et al. [53] did not. In support of reduced corticospinal inhibition due to strength
training, Latella et al. [54] observed shortened silent periods in both the trained
and untrained rectus femoris muscles. Furthermore, reduced intracortical inhibition was observed following 4 weeks of hypertrophic squat training ([49],
Fig. 6.3c). Therefore, although there has been limited study of corticospinal excitability/inhibition during strength training, it may be that a training-induced
decrease in the level of inhibition is the most likely candidate for the improved
descending drive.
Finally, it should be noted that the use of stimulation methods have also largely
been limited to being induced under a constant force level, either maximal or submaximal. Therefore, the potential role of training-induced supraspinal adaptations
that increase motor unit firing rate has not been investigated fully. But current evidence perhaps enables us to speculate that inhibitory mechanisms at both the supraspinal and spinal level are supressed after strength training, which allows greater
descending drive and ultimately greater motor unit firing rates. These neural adaptations may well account for improved performance after short-duration strength
training. Future investigations may look to other methods to assess cortical functioning during rapid contractions and new insights may be attained.

Summary
The neural system controls force production through an intricate and complex system that has many levels of control. Each element of this system is capable of
increasing (i.e., facilitating) or decreasing (i.e., inhibiting) force output. Ultimately,
the sum of these different effectors results in a specific recruitment pattern consisting of motor unit recruitment and motor unit firing rate. Increasing either or both
motor unit recruitment and/or firing rate will lead to an increase in force output
assuming that the muscle and tendon are able to transmit this force in a similarly
effective manner. Performing a single session of strength training will challenge
various elements of the neural system leading to acute modifications in the ability
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of the system to recruit motor units and/or limit their firing rate. Training is a repetitive stimulus that fatigues these parts of the neural system and these specifically
adapt to be able to increase motor unit recruitment and/or firing rate. However, as
this chapter highlights, there is still work to be done in order to fully understand
which parts of the system are fatigued during a single strength training session and
also which parts adapt during training.
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Introduction to the Interference Effect
In 1980, Dr. Hickson [1] published a seminal paper on concurrent training, comparing the effects of endurance training and strength training alone with those of concurrent training on aerobic capacity and leg strength in humans [1]. Since then, the
assumption has been that there is an interference effect between the two training
modalities, also known as the concurrent training, or interference, effect [2]. The
interference effect can be further broken down into the acute interference effect,
whereby the residual fatigue from the first bout decreases the subsequent performance of the second bout [3], and the chronic effect (the focus of this review),
whereby the adaptation to endurance or strength is modified by the participation in
the other form of training [4]. In short, performing the two exercise modalities in
proximity of each other over an extended period of time may decrease the effects of
strength training on muscle strength [1], mass [5], and power [4], with no apparent
negative effects on outcomes of endurance training [1], which indeed is likely to
benefit from concurrent training [6]. Animal studies have consistently attributed this
impairment to activation and deactivation of specific molecular switches and cellular signaling pathways [2, 7]. Over the decades, it has become increasingly clear
that the universality of the interference effect is questionable in humans, with an
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increasing bulk of evidence suggesting that its presence and extent depends on
training status, type of muscle being trained, endurance training modality and protocol [2, 7]. This may explain data from human muscle biopsies, which often end up
negative for proxy markers of an interference effect [8, 9].
In a meta-analysis from 2012 [4], Wilson and colleagues attempted to draw a
definitive conclusion from the human studies investigating the interference effects
of concurrent training. Their conclusions were that concurrent training leads to
increases in strength and muscle mass that were not statistically less than strength
training alone, suggesting that endurance training does not impose a generic interference effect on strength adaptations [4]. The analysis only reached statistical significance when looking at muscle power, which was lower in the concurrent group
than those who completed strength alone [4]. In a subset of analyses, different
modes of endurance training were associated with different degrees of interference,
with running but not cycling impairing increases in lower body strength and muscle
mass. Lastly, the degree of interference was associated with the volume of endurance training, showing a negative correlation with both frequency and average duration of endurance workout. In a sense, Wilson et al. [4] summarized what we already
suspected: if you train at a high enough frequency, intensity, and duration, endurance exercise inhibits strength development. Therefore, in high-level athletes, an
interference may exist, but in recreational athletes who only train 3–6 times a week,
the effect seems to be equivocal [10]. Further, since the response to training varies
with age, gender, training status, and genetics, observing a statistically significant
concurrent training effect in a small cohort is difficult. By contrast, when training
>6 times a week at high intensities, there is a decrease in both strength [1] and
hypertrophy [5] when strength and endurance training are performed together.

The Interference Effect and Hypertrophy
The molecular mechanism underlying the interference effect has been an area of
research interest for almost 15 years [11]. By 1999, complex 1 of the mechanistic
target of rapamycin (mTORC1) had been identified as one of the key molecular components of the hypertrophic response to resistance exercise [12]. In 2003, the AMPactivated protein kinase (AMPK) was shown to directly inactivate mTORC1 and
limit growth in cells [11]. Since AMPK had previously been shown to be activated by
endurance exercise [13], the logical hypothesis was that when activated by endurance
exercise, AMPK would shut down mTORC1 and reduce muscle hypertrophy. In
agreement with this hypothesis, old animals that showed increased AMPK activity
hypertrophied less following overload [14] and the pharmacological AMPK activator
5-aminoimidazole-4-carboxamide-1-4-ribofuranoside (AICAR) could prevent the
activation of mTORC1 following resistance exercise [15]. These data seemed to confirm that the concurrent training effect was the result of a simple molecular switch:
strength exercise activated mTORC1, endurance activated AMPK, and when performed together AMPK shut of mTORC1 reduced muscle hypertrophy [16].
Unfortunately, this simple relationship did not translate into human muscle.
When Apro and colleagues began to look for an acute inhibition of mTORC1
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signaling in human muscle after concurrent training they found that neither steadystate cycling for 30 min at 70% of VO2max [9], nor five 4-min intervals at 85% of
VO2max with 3 min rest in between [8] inhibited the activation of mTORC1 following resistance exercise in moderate trained persons. The high intensity interval
training, which activated AMPK, did decrease mTORC1 activity marginally, but
this did not reach statistical significance, suggesting that a simple relationship where
AMPK activation during endurance exercise blocked mTORC1 activation by resistance exercise was not the mechanism underlying the interference effect.
In hindsight, there were many clues that this simple mechanism was not sufficient. First, in models of concurrent training, such as overload hypertrophy in
rodents, it is the α1 isoform of AMPK that is upregulated [17] and only when
α1AMPK is knocked out does skeletal muscle mass increase further with overload
[18]. This suggests that it is the α1 isoform of AMPK that can block hypertrophy.
Second, endurance exercise activates primarily the α2 isoform of AMPK [19, 20],
suggesting that endurance exercise does not activate the isoform of AMPK that
blocks growth. If these data are combined with those of Thomson et al. [15], who
injected rats with AICAR (that activates all forms of AMPK) and blocked mTORC1
activation, the conclusion would be that activation of α1AMPK may block mTORC1
activation and growth, or at least is activated concomitant with a secondary factor
that does block growth.
The question then is: what is it that activates α1AMPK and inhibits mTORC1 and
is it a causal relationship between AMPK and mTORC1 or merely a correlation?
mTORC1 is activated not only by resistance exercise but by amino acids as well [21].
The activation of mTORC1 by amino acids is particularly sensitive to the amino acid
leucine (Fig. 7.1). Leucine is important since it directly activates mTORC1 through
a molecular process where it binds to a protein named sestrin [22, 23]. When bound
to leucine, sestrin no longer inhibits recruitment of mTOR to its activator Rheb [24].
Therefore, leucine binding to sestrin initiates the activation of mTORC1. Interestingly,
overexpression of sestrin is associated with an increase in AMPK phosphorylation,
while at the same time exerting its negative effect on mTORC1 [25]. Also, removal
of α1AMPK prevents sestrin from inhibiting mTORC1 [25]. Together, these observations suggest that regulation of sestrin activity provides a mechanism for simultaneously regulating mTORC1 and AMPK activity, with increased sestrin impairing
muscle growth. So, how can sestrin activity be regulated in muscle cells? The most
compelling link is that, in many cells, sestrin gene expression is regulated by the
tumor suppressor protein p53 [25, 26]. p53 is known to be activated following endurance exercise [27–29], but also through cellular stressors such as fasting, immobilization, shifts in redox state, age, and excessive growth signaling [29–32]. p53
activation induces upregulation of sestrin [25, 26], and with greater amounts of sestrin in muscle, it becomes harder for leucine-rich protein to activate mTORC1,
resulting in impaired growth. This represents a possible mechanism behind the interference effect. Consistent with this hypothesis, it takes more protein in each meal to
increase muscle protein synthesis and maintain or grow muscle when a person is in a
caloric deficit [33, 34], in bed for a period of unloading [35], or older [36, 37], all of
which are associated with increased p53 activity [30–32]. Such a mechanism would
argue that there is nothing unique about the concurrent training effect, rather that any

92

S. Ellefsen and K. Baar
Fasting

Endurance

Aging

Redox
STRESS

p53

Sestrin

Leucine

Feeding

GATOR2

GATOR1 (GAP)

RAGulaTOR (GEF)
RagA/B
GTP

RagC/D

GDP

RagA/B
GDP

RagC/D

GTP

GDP

RagA/B
GDP

RagC/D

Follicullin (GAP)
Binds RAPTOR
Activates mTOR

Fig. 7.1 Schematic representing the activation of mTORC1 by leucine. Here, feeding leucine-rich
protein results in the inhibition of sestrin and activation of the GATOR2 complex. When activated,
GATOR2 prevents GATOR1 from activating the GTPase activity of RagA/B resulting in GTP
loading and recruitment of mTOR to its activator Rheb resulting in mTORC1 activation. In the
presence of stress from a variety of sources, p53 is stabilized and increases sestrin levels, making
it harder for leucine-rich protein to activate mTORC1

significant stress would result in a decrease in mTORC1 signaling in response to
feeding, resulting in poorer muscle growth.
Beyond sestrin, p53 activation could limit muscle hypertrophy by regulating ribosome mass. Ribosome mass is positively related to the amount of muscle hypertrophy that occurs with training [38]. p53 is one of the better characterized regulators of
ribosome biogenesis (Fig. 7.2). In response to stress, p53 protein is stabilized and
disrupts the interaction between the ribosomal transcriptional regulators: upstream
binding factor (UBF) and selectivity factor (SL1) [39]. With less interaction between
UBF and SL1, the activity of polymerase I, which transcribes the ribosomal RNAs,
decreases [39]. Intuitively, this would reduce muscle growth by lowering the capacity for protein translation. Consistent with a role of p53 in regulating ribosome mass,
older individuals, who have more p53 activity [31], show less ribosome biogenesis
and muscle hypertrophy than young individuals following resistance exercise [40].
A mechanism where the stress induced by endurance exercise underlies the interference effect would also explain why greater training volume and intensity result in greater
interference. Greater training volumes and intensities would increase redox and metabolic stress within the working muscles, resulting in greater increases in p53 activity,
greater sestrin activity, more difficulty activating mTORC1 in response to feeding, and
lower ribosome mass resulting in lower rates of protein synthesis. Consistent with this
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Fig. 7.2 Schematic representing the effect of stress on ribosome biogenesis. Stress from either
endurance exercise, fasting, shifts in redox state, or aging can increase p53. Secondary to the
increase in p53, there is destabilization of the interaction between the essential transcription factors
SL1 and UBF resulting in a decrease in polymerase I activity and a decrease in production of the
45S pre-ribosomal RNA

model, equal workloads (whether low or high intensity) result in similar p53 activation
[27], and increasing the metabolic stress of training by reducing carbohydrate availability results in a further increase in p53 activity [28]. This suggests that the greater
the metabolic stress the greater the p53 activation and the greater the interference
effect, consistent with the training data from human studies.

The Interference Effect and Muscle Power
Even though the greatest amount of attention has been paid to the limits of muscle
growth, the strongest component of the interference effect is its effect on power [4].
Power is the product of force and velocity and is therefore determined by muscle
cross-sectional area, the neural activation of the muscle, the isoform of myosin heavy
chain expressed in the muscle, and the ability to transmit force from the myosin and
actin within each sarcomere through the tendon to the bone [41]. Therefore, in theory
each of these factors may show an interference effect. We discussed the potential
interference effect on cross-sectional area above; however, one important aspect of
the interference effect on muscle size was not discussed: the effect on fiber type.
Strength training preferentially increases the amount of Type II myosin heavy chain
protein in muscle [42]. Even though the number of fast fibers does not change with
training, muscle growth preferential occurs through addition of Type IIa myosin
heavy chain protein in existing fibers, both by increasing their cross-sectional area
and by transforming IIx fibers into IIa fibers [43]. This increases the Type II myosin
area and increases strength and power [5, 43, 44]. In contrast to strength training,
endurance and strength performed together results in greater hypertrophy of
Type I fibers [45], while simultaneously limiting growth in Type II fibers [46].
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The resulting muscle would have a greater proportion of slow myosin and may therefore show a lower power than muscle trained exclusively for strength. Accordingly,
muscles from athletes completing endurance training or combined endurance and
strength training may demonstrate lower power than muscles from athletes trained
exclusively for strength or power [47]. As for neural adaptations, strength training
generally alters neural functions to facilitate activation of a greater number of muscle
fibers [48]. This increases the potential for activating Type II muscle fibers during
maximal efforts, providing increased muscle strength and power. These adaptations
may be prone to the interference effect, as suggested by studies showing impaired
alterations in voluntary activation, EMG, or rate of force development after concurrent training [49, 50]. The interference may also be ascribed residual fatigue from the
endurance training, compromising the quality of strength training. However, it is
beyond the scope of this chapter to elaborate on potential neurological mechanisms.
Lastly, endurance exercise might exert interference by altering the microarchitecture
of muscle [51]. Here, there is far less information as to how different types of training
result in shifts in force transfer proteins in the muscle, within the extracellular matrix
of the muscle, as well as in the tendons and therefore whether this contributes to the
interference effect cannot be determined at this point.

Summary
Even though there is good empirical data for an interference effect with high volume
or high intensity endurance training, the molecular mechanism has proven difficult to
establish. The mechanism presented here, whereby the chronic metabolic stress of
high intensity and high volume endurance exercise results in the activation of p53
and this leads to an increase in sestrin and a decrease in ribosome biogenesis, would
explain much of the experimental data in the literature. Importantly, this mechanism
would not only apply to the interference of endurance in the adaptation to strength
training, but would also explain the difficulty in increasing muscle mass and strength
in caloric restriction, unloading, and aging. Such a broadly applicable mechanism
would prove easier to target using timed training and nutrition and may even prove to
be a target for the development of new drugs to fight muscle wasting.
Acknowledgements This work was supported by a project grant to KB from the National
Institute on Aging of the National Institutes of Health under award number R01AG045375.
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Molecular Adaptations to Concurrent
Strength and Endurance Training
Eduardo O. De Souza

Introduction
Both strength and endurance training regimens induce distinct skeletal muscle
adaptations [1, 2]. It has been suggested that when performed in conjunction with a
high frequency, volume, and intensity, conflicting adaptations may occur. If not
implemented properly, concurrent strength and endurance training (CT) may result
in reduced strength training (ST) adaptations [3–5]. The negative interaction
between ST and endurance training (ET) has been defined as the interference effect.
The advancements in technology have increased our understanding of the molecular
mechanisms behind the exercise-induced adaptations to both strength and endurance stimuli. The molecular basis of muscular adaptation in response to different
training regimens is very complex. It involves increases in the expression and/or
activity of genes and proteins in order to increase contractile tissue (i.e., muscle
hypertrophy) or mitochondrial content [6, 7]. Furthermore, there is considerable
cross-talking and redundancy between signaling pathways that control exerciseinduced adaptations, which is beyond the scope of this chapter (for further readings,
see [6, 8, 9]). The following sections will review the acute and chronic molecular
responses induced by CT, and how they are related to the interference effect and
morphological changes.
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Molecular Interference Hypothesis
ST-induced muscle hypertrophy is the cumulative effect of multiple training sessions that have resulted in a net positive balance between the rate of muscle protein
synthesis (MPS) and muscle protein breakdown (MPB) [10]. Despite the complexity of the protein synthesis process, it is regulated through signaling pathways that
enhance mRNA translation [11]. The mammalian or mechanistic target of rapamycin complex 1 (mTORC1) is a key kinase controlling protein synthesis and muscle
hypertrophy [12, 13]. The role of mTOR controlling other kinases involved in protein synthesis is explained in Chap. 5.
On the other hand, ET-induced adaptions are attributed to increases in mitochondrial function and content within the skeletal muscles that ultimately results in
improved oxidative capacity and endurance performance [14–16]. Even though ET
has been shown to activate multiple signals (Fig. 8.1), [17]. The peroxisome-proliferator-activated receptor γ co-activator-1α (PGC-1α) has been referred to as a key
driver of mitochondrial biogenesis [18]. PGC-1α is a transcriptional co-activator
that induces mitochondrial biogenesis. It activates different transcription factors
that modulate gene expression resulting in the encoding of mitochondrial proteins
[19, 20]. Even though multiple signals can modulate PGC-1α, it has been suggested
that AMP-activated protein kinase (AMPK) is one of the major contributors as it
controls the transcription and activity of PGC-1α [21–23].
AMPK also plays an important role in cellular energy metabolism during exercise and nutrient deprivation [24]. Furthermore, AMPK has been referred to as a
sensor for cellular energy status as it is activated by increases in cellular AMP:ATP
ratio. Once activated, AMPK blunts the biosynthetic process that demands ATP
consumption and stimulates an energy generating process in order to reestablish
cellular energy levels [25]. In fact, animal model studies have demonstrated that
AMPK activation can inhibit mTORC1 activity, its downstreams and blunts MPS
and skeletal muscle hypertrophy [25–27].
In this regard, the greater energy demands and the different signaling pathways
involved with CT compared to a single mode regimen create a conflicting environment within the skeletal muscle. Therefore, a molecular hypothesis has been put
forward to explain the reduced training adaptation after CT [26]. In this hypothetical model referred to AMPK-Akt switch hypothesis, the AMPK phosphorylates
tuberous sclerosis complex−2 (TSC2). TSC2 switches off the mTORC1-signaling
cascade, ultimately decreasing the potential for muscle fiber hypertrophy after CT
regimen [26] (Fig. 8.1).

Acute Molecular Responses of Concurrent Exercise
When analyzing the current literature in molecular responses to CT, the reader
needs to consider multiple factors, as there is an important disparity in the experimental study designs (Table 8.1). For example, demographics, intra-individual
responses, training status, exercise mode and volume, and nutrient availability will
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Fig. 8.1 Schematic diagram summarizing signaling pathways activated by strength (ST) and
endurance training (ET) and the AMPK-Akt switch hypothesis. ST induces an increase in the
activity of protein kinase B (Akt), mammalian target of rapamycin complex 1 (mTORC1), that
modulates rates of protein synthesis though phosphorylation of eukaryotic initiation factor
4E-binding protein (4E-BP1) that promotes dissociation between 4E-BP1 and eukaryotic initiation
factor 4E- (eIF4E) and activation of 70 kDa ribosomal protein kinase (p70S6K). ET activates signaling cascade that regulates metabolic process and mitochondrial biogenesis that comprises adenosine-monophosphate-activated protein kinase (AMPK), p38 mitogen-activated protein kinase
(MAPK), calmodulin-dependent protein kinase (CaMK) and proliferator-activated receptorgamma coactivator 1-alpha (PGC-1α). In the Akt-AMPK switch hypothesis model, AMPK activated by ET may inhibit mTORC1 signaling cascade through tuberous sclerosis complex (TSC)
blunting ST-induced protein synthesis. Figure was adapted from: Hawley, JA. (2009) Molecular
adaptations to strength and endurance: Are they incompatible? Atherton et al. (2005). Selective
activation of AMPK-PGC-1 or PKB-TSC2-mTOR signaling can explain specific adaptive
responses to endurance or resistance training-like electrical muscle stimulation. Coffey and
Hawley (2017). Concurrent exercise training: do opposites distract?

all affect the acute molecular responses. Furthermore, the muscle sampling time can
significantly impact how the selected molecular markers will respond at the transcriptional level (i.e., gene expression) and the translational level (i.e., protein signaling and myofibrillar and sarcoplasmic synthetic rates).
Coffey and Hawley [7] have suggested that training status and intra-individual
responses are the primary factors modulating the molecular cascades induced by CT
[7]. These researchers investigated the effect of training background on acute molecular responses to strength exercise (SE) and endurance exercise (EE) in athletes with
different training experience (i.e., either strength or endurance). In one experimental

Study design

Intra-subject,
unilateral
cross-over, one
leg performed
SE, and the
contralateral the
CE

Intra-subject,
unilateral
cross-over, one
leg performed
SE, and the
contralateral the
CE

Training status

Recreationally
trained EE,
2–3×/week or
SE 1–2×/week
for more than a
year

Recreationally
active,
college-aged
males. EE 2×/
week and SE
2×/week for
>3 months

Study

Lundberg
et al. [36]

Babcock
et al. [32]

EE was
performed 1 h
after breakfast
(1.01 g CHO/kg
BM, 0.31 g
protein/kg BM,
and 0.24 g fat/kg
BM), SE was
performed 3 h
after lunch
(2.02 g CHO/kg
BM, 0.62 g
protein/kg BM,
and 0.49 g fat/kg
BM)
Experimental
sessions were
performed 2 h
after subjects
received
standardized
breakfast
(500 kcal:
90–100 g of
carbohydrates,
8–12 g of
protein, and
4–8 g of fat)

Nutrient
availability

Baseline,
96 h after
exercise
regimens

Baseline,
15 min and
3 h after SE

Sampling
time

EE
~42 min, 40 min
unilateral cycling
ergometer at 70% of
Wmax, then workload
was increased by
20 W until exhaustion

4 × 10 unilateral
90 min of cycle
leg-extension at
ergometer exercise at
75% of 1RM
60% of Wmax
followed by
unilateral leg-press
4 × 10 at the same
intensity 75%.

SE
Unilateral
leg-press and
leg-extension,
2 × 7 each at
maximal effort

Exercise regimens

Table 8.1 Summary of studies designs that investigate the acute molecular responses to concurrent exercise

10 min

SE→EE

Recovery
between
exercise
CT order
6-h
EE→SE

CE attenuates the
satellite cell
response to SE
alone, and does so
by preferentially
blunting increases
in MHC I satellite
cell content

Conclusions
Performing SE 6 h
after EE did not
compromise
signaling of
mTOR-related
proteins
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Randomized
cross-over, all
participants
completed the
two experimental
sessions

Counterbalanced
cross-over design

Recreationally
active

Healthy
untrained
males

Wang
et al. [33]

Pugh
et al. [35]

Coffey
et al. [31]

Randomized
cross-over, all the
participants
performed two
CT experimental
sessions
Randomized
cross-over, all
participants
performed two
CT experimental
sessions

Regular CT
(>3×/week)

Coffey
et al. [30]

2 h prior the
experimental
sessions, a
breakfast was
provided
(1803 kJ, 55%
carbohydrate;
29% fat and 16%
protein)

Baseline, 1
and 3 h after
exercise

Baseline, 0,
15 min and
3 h after
sessions

Experimental
sessions were
performed after
10-h overnight
fasting

Experimental
sessions were
performed after
12-h overnight
fast

Baseline, 0,
15 min and
3 h after
sessions

Experimental
sessions were
performed after
10-h overnight
fasting

6 sets at 70, 75,
80, 80, 75, 70% of
1RM. Participants
were oriented to
complete maximal
reps as possible up
to 15 on the
leg-press exercise
4 × 8 at 70% of
1RM on
leg-extension
exercise

8 × 5 at 80% of
1RM, legextension exercise

8 × 5 at 80%,
leg-extension
exercise

15 min

10 × 1 min at 90%
HRmax

2 min
after the
last SE
set

60 min continuous
15 min
cycling at 65% VO2max
(3-min rest allowed
after 30 min)

30 min at 70% of
VO2peak, cycling
ergometer

10 × 6 s, all-out
15 min
sprints, cycling
ergometer against
0.75 Nm torque−1 kg−1

SE→EE

Molecular Adaptations to Concurrent Strength and Endurance Training
(continued)

CE utilizing low
volume and high
intensity EE does
not attenuate
anabolic protein
signaling and
mRNA expres
sion, or exacer
bates marker of
protein breakdown
in fed state

Repeated sprints
impair anabolic
response induced
by SE and
enhance catabolic
responses
Both
CE produce
orders
suboptimal
were
signaling
performed responses
associated with
single mode
exercises
Performing SE
EE→SE
after EE
augmented
signaling of
mitochondrial
biogenesis

Both
orders
were
performed
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Randomized
cross-over, all
participants
completed three
experimental
sessions, SE,
however, CE
comprised 50%
volume of SE and
EE alone

Randomized
cross-over, all
participants
completed three
experimental
sessions

Sedentary
middle-aged
men

Moderately
trained male

Donges
et al. [39]

Apro
et al. [43]

Study design

Training status

Study

Table 8.1 (continued)

Sessions were
performed after
~10.5 h
overnight fast

Sessions were
performed after
10-h overnight
fast and subjects
received 20 g of
whey protein
immediately
after the
experimental
session

Nutrient
availability

Baseline, 1 h
and 3 h after

Baseline, 1
and 4 h after
exercise

Sampling
time

10 × 10 on
leg-press exercise
(4 × 10 at 85% of
1RM, 4 × 12 at
75% of 1RM, and
two sets to failure
at 65% of 1RM

SE
8 × 8 at 70% of
1RM on the
leg-extension
exercise or 4 × 8
for CE condition

Exercise regimens

30 min at 70% of
VO2max

EE
40 min of continuous
cycle ergometer at
55% of VO2peak or
20-min for CE

15 min

EE→SE

Recovery
between
exercise
CT order
None
SE→EE

Conclusions
When providing
20 g of whey
protein
immediately after
the training
sessions, CE
performed with
50% less training
volume is
effective as SE
stimulating both
myofibrillar and
mitochondrial
protein synthesis
fractions
EE-induced
elevation in
AMPK does not
blunt anabolic
signaling pathway
after subsequent
SE
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Baseline and
24 h after
exercise

3 × 12 at 60% of
Time to complete
1RM for each
250 kcal at 60% of
exercise, leg-press, VO2max
leg-curl, and
leg-extension

None

SE→EE

SE strength exercise, EE endurance exercise, CE concurrent exercise, BM body mass, CHO carbohydrate, W Watts, Wmax peak power output, 1RM one repetition
maximum, VO2peak peak oxygen uptake, VO2max maximum oxygen uptake, HRmax maximum heart rate, KJ kilojoules

Sessions were
performed after
12 h overnight
fast

While it was
reported that CE
does not suppress
post-SE
myofibrillar
protein synthesis.
There were no
differences across
time and
conditions, which
may suggest that
exercise stimulus
was not sufficient
to alter the protein
turnover
CE utilizing
aquatic treadmill
elicited greater
myofibrillar
protein synthesis
responses
compared to SE
and conventional
CE (i.e., EE
performed on land
treadmill)

Parallel group
repeated
measures design
with acute and
chronic
assessments,
where each group
performed one of
three acute
sessions: SE, CE,
and CE aquatic
which EE was
performed in
aquatic treadmill

EE→SE

Overweight/
obese
individuals

90 min at 60% of their 30 min
peak power while
maintaining a cadence
of 60 rpm.

Lambert
et al. [37]

3 × 10 at 80% of
1RM for each
exercise, unilateral
leg-press and leg
extension, and a
fourth set to failure

Intra-subject,
unilateral
cross-over, one
leg performed
SE, and the
contralateral the
CE

Moderately
active

Carrithers
et al. [38]

Baseline,
immediately
and 3 h after
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Table 8.1 (continued)

Sessions were
performed after
10.5–14.5 h
overnight fast
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session, the athletes underwent their typical exercise regimen. In the following session,
they switched, undertaking the unfamiliar exercise regimen. The authors found that
AMPK(Thr172) phosphorylation increased after EE in strength-trained but not in endurance-trained individuals. On the other hand, AMPK(Thr172) and p70S6K(Thr389) increased
after SE in the endurance athletes but not in strength-trained individuals [28]. It is
important to point out that AMPK has been elevated after SE in untrained individuals
[29]. This suggests that AMPK may not be exclusively activated by EE. Therefore, the
main takeaway is that training background diminishes sensitivity to specific molecular
responses associated with single mode exercise.
Regarding acute molecular responses to concurrent strength and endurance exercises (CE), conflicting results have been observed. While previous research has
demonstrated that CE can decrease the anabolic signaling pathways and myogenic
factors when compared to SE [30–32], other studies have demonstrated that CE
produced similar and/or favorable responses on endurance [33] and anabolic signaling pathways [34–36] and on MPS [37–39].
For example, Lundberg et al. [36] found favorable results on selected gene expression and protein signaling after CE compared to SE in recreationally active males.
They reported that PGC-1α and VEGF (i.e. an angiogenic factor) gene expression
were higher in CE compared to SE. Regarding gene expression of MuRF-1 and
Atrogin-1 that are considered to be the major modulators of MPB. While, MuRF-1
demonstrated a similar decrease across conditions. Atrogin-1 decreased over time
only in CE. Myostatin, which inhibits protein synthesis demonstrated lower mRNA
levels in CE. The authors also reported favorable results in mTOR-p70SK6 axis.
There was a significant exercise effect, in which mTOR(Ser2448) and p70S6K(Thr389)
phosphorylation were higher in CT. These findings are well in line with previous
studies and suggest that a bout of CE can increase anabolic signaling pathways in an
acute setting [34] with higher or no suppression on MPS [37–39].
Nevertheless, some researchers have pointed out an important and inherent limitation when comparing the results of studies that have investigated single mode
exercise versus CE [7]. Those authors stated that CE often has imposed a greater
contractile stimulus to the skeletal muscle as during a CE session typically more
work is performed by combining the two single mode exercises [7]. This additional
work may stimulate protein signaling and MPS to a greater extent compared to
single mode exercises. In order to address this issue, Donges and colleagues [39]
had sedentary middle-aged men to perform single modes of SE and EE, as well as a
CE session, which had 50% less volume than each single mode exercise session
(i.e., all sessions were matched for volume). The authors found differences in protein signaling that may indicate favorable responses to SE. They also reported that
mitochondrial protein synthetic rate increased in a similar fashion between the three
exercise regimens. In addition, MPS was similar for both SE and CE and they were
both greater than in EE alone [39]. However, one important factor to consider is that
the participants consumed 20 g of whey protein isolate immediately after exercise.
This was done in order to maximize the anabolic potential in response to exercise
regimens. However, this makes it impossible to verify if CE and SE sessions modulated protein synthetic responses in a different fashion.
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The above-mentioned contention is supported by different evidences: (1) studies
have demonstrated that 20 g of protein is sufficient to maximize MPS after SE [40,
41], and (2) it has been demonstrated that whey protein ingestion after CE produced
greater MPS and attenuated markers of MPB compared to CE + placebo [42]. In
addition, other studies that have investigated the effects of CE on protein synthetic
responses did not provide conclusive findings. For example, when EE comprised
aquatic treadmill and the work performed was the double than SE alone (i.e., 500
vs. 250kcal, respectively), MPS favored to CE in overweight/obese individuals [37].
Another study suggested that MPS after CE was not suppressed when compared to
SE, as both regimens demonstrated similar rates of protein synthesis. Nonetheless,
neither exercise regimen demonstrated significant increases in MPS compared to
baseline [38], further suggesting that the exercise regimens did not produce enough
strain to stimulate anabolic responses. Therefore, more research needs to be done
assessing the effects of CE and SE on protein synthetic responses before any general
conclusions can be drawn.
On the other hand, some studies have suggested that CE may attenuate acute anabolic signaling and myogenic responses [30–32]. While this data may suggest some
acute interference, it is important to point out that studies demonstrating that are
limited [30–32]. Coffey et al. [30] submitted recreationally trained individuals to
perform two different orders of CE (i.e., SE→EE and EE→SE). In general, the authors
reported modest changes in protein signaling phosphorylation regardless of the exercise order. However, p70S6K(Thr389) was elevated to the greatest extent when the
strength bout was performed before sprints bouts. The authors also investigated the
selected genes associated with myogenesis and proteolysis activity. The gene expression of insulin-like growth factor I (IGF-I) and MyoD did not demonstrate any order
effects other than an inhibited gene expression of IGF-1. In regard to the marker of
proteolysis, Atrogin-1 demonstrated no significant differences, whereas MuRF-1
gene expression was elevated 3-h post the CE regardless of the exercise order [30].
In another study, the authors also found results that suggested some acute interference. They observed a significant reduction in the mTORSer2448 phosphorylation levels when EE was performed after SE, but not in the opposite order [31].
These findings from Coffey and colleagues [30, 31] suggest that EE hampered
anabolic signaling pathways in response to SE. Furthermore, it seems that CE exacerbates proteolytic gene expression in the acute fashion in recreational trained individuals. These two studies performed by Coffey et al. [30, 31] demonstrate strong
ecological validity (i.e., real-world generalizability) as the study design represents
well how different athletes and trained individuals perform CE. However, these studies also have inherent limitations: The lack of a positive control condition (i.e.,
strength exercise alone) makes it difficult to conclude whether CE produced interference on the translational signaling pathways and proteolytic markers. Moreover, analyzing selected mRNA expression may not reflect the protein levels in response to
CE. Although nutrient availability might be a potential candidate for the outcomes
reported by the authors, there is conflicting evidence from other studies [43, 44].
These studies involved trained participants performing CE after 9–10 h of fasting,
and they did not report negative effects on anabolic signaling pathways [43, 44].
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Other potential mediators in the molecular adaptations to exercise are satellite
cells. Satellite cells function as donors of new myonuclei for the muscle fiber and
are considered to be myogenic precursors. They play an important role in muscle
regeneration, repair and possibly also aid in muscle hypertrophy as a response to ST
[45]. In fact, one study has demonstrated that those individuals considered high
responders for muscle fiber hypertrophy demonstrated a greater satellite cell number after the training period [46].
To date, only one study has investigated the acute effects of CE on satellite cells
[32]. Babcock et al. [32] submitted recreationally active individuals to different exercise regimens. While SE increased satellite cell density more than CE in type II muscle fibers. It is important to mention that the elevated baseline satellite cell count for
CE may have decreased the potential for additional increases following CE. However,
satellite cells increased by 46% after SE, 7% after EE, and 8% after CE in muscle fiber
type I. These results are interesting, as it has been consistently demonstrated that the
interference effect at a morphological level (i.e., muscle hypertrophy) occurred primarily among muscle fiber type I [3, 4, 47]. In addition, the findings by Babcock et al.
[32] suggested that the addition of ET suppressed the increase of satellite cells induced
by SE. Again, this should be interpreted cautiously as EE alone might activate satellite
cells for muscle remodeling as well [48, 49]. Thus, more studies are necessary in
order to elucidate the effects of CE on satellite cells activation.
In light of incongruences in study designs, the anabolic molecular responses
seem to be very similar between SE and CE. Furthermore, AMPK downregulating
mTORC1 has been consistently demonstrated in animal models [25, 26]. However,
the proposed hypothesis for the interference effect at the molecular level in which
AMPK switches off mTORC1 has not been confirmed in human studies. In fact,
studies have demonstrated that increases in AMPK phosphorylation induced by EE
did not blunt mTORC1-signaling pathway or MPS responses [43]. In addition, satellite cells and markers of MPB emerge as potential factors explaining the acute
molecular interference in CE. However, only one study has investigated the effects
of SE and CE on satellite cells population. Also, scrutinizing mRNA expression
may not be representative of protein content and it is difficult to differentiate whether
those changes are associated with MPB or greater protein turnover. Although these
acute studies have shed some light on the variation of molecular responses to CE, it
remains unclear on how this may translate to chronic molecular and morphological
adaptations induced by CE.

Chronic Molecular Adaptations to Concurrent Training
Chronic adaptations to ST and ET are likely a result of cumulative changes in gene
expression, acute signaling, and protein synthesis/breakdown. This ultimately leads
to changes in the phenotype, morphology, and functionality of skeletal muscle [5, 6,
50–52]. Even though skeletal muscle displays a remarkable ability to adapt to different exercise stimuli, it has been demonstrated that CT may negatively affect the adaptations induced by ST in isolation (i.e., muscle hypertrophy, strength, and power) [3,
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4, 53–56]. From a molecular standpoint, it has been suggested that the conflicting
adaptations are a result of distinct signaling responses induced by ST and ET [26, 57,
58] (Fig. 8.1). As previously mentioned, the signaling cascade activated by ET can
inhibit the anabolic stimulus of ST compromising long-term adaptations induced by
ST. While the number of studies investigating the acute responses to concurrent exercise are low, there are even fewer studies available on the chronic effects of CT [34,
36, 37, 56, 59–61]. Additionally, there are significant differences in the chronic
experimental designs, which should be taken into account when attempting to make
comparisons between investigations (Table 8.2). Nevertheless, this section will
address the methodological differences between these studies and extrapolate the
chronic effects of CT on molecular adaptations and morphological changes based off
of a comprehensive analysis of the available literature on the topic.
Regarding the molecular makers associated with ET adaptations, one study
found no significant changes on PGC-1α and VEGF mRNA expression after 5
weeks of CT and ST [62]. On the other hand, another study from the same researchers reported that after 5 weeks of training, CT induced a significant reduction on
PGC-1α mRNA expression. In addition, VEGF mRNA expression was higher in CT
than ST [34]. There may be some methodological discrepancies that could explain
the different findings in these investigations. First off, mRNA is relatively shortlived and unstable, and Lundberg et al. [62] performed the muscle biopsies 72 h
after the last training session that may have diminished the ability to detect significant changes on those selected genes [63]. Conversely, Fernandez-Gonzalo et al.
[34] performed muscle biopsies 3 h post ST regimen, nevertheless there was a significant group effect (i.e., CT greater than ST) probably because of the higher levels
of PGC-1α at baseline for CT regimen.
In addition, PGC-1α mRNA increased in response to ET, ST, and CT regimens,
while PGC-1α4 increased only after ST and CT. Moreover, CT demonstrated the
greatest increase in PGC-1α4 compared to all the other groups [60]. These results
suggest that other PGC-1α isoforms might be associated with the long-term adaptations induced by CT. Different from PGC-1α that is associated with mitochondrial
changes inducing oxidative capacity improvements, PGC-1α4 is associated with
increases in muscle size [60, 64]. Therefore, more research is necessary in order to
elucidate the role of different PGC-1α isoforms on exercise-induced adaptation.
Another issue that limits our understating on molecular adaptations to CT is that
only a few studies have compared the long-term effects of CT to ET in isolation on
protein signaling responses. We [59] investigated the effects of ST, ET, and CT on
basal AMPK (Thr172) phosphorylation [59]. After 8 weeks of training, the intermittent
ET regimen was the only group to demonstrate significant increases in AMPK(Thr172)
when compared to baseline levels. On the other hand, Wilkinson et al. [52] reported
that after 10 weeks of either continuous ET or ST in isolation, both training regimens increased AMPK(Thr172). However, AMPK(Thr172) returned to baseline levels 4 h
later on both regimens. Importantly, ET was the only group that significantly
increased mitochondrial protein synthetic rates above resting values. In agreement
with the acute data, those results suggest that AMPK (Thr172) might not be specific to
exercise modalities [65].

Lundberg
et al. [62]

Study

Recreationally
trained
involved in
team sports
activities

Intra-subject,
unilateral
repeated
measures
design, one
leg
performed
ST, and the
contralateral
the CT
regimen.
Five weeks
training
period

Training status Study design

Sampling
time

Pretraining,
72 h after
the last
training
session

Nutrient
availability

Biopsies were
performed 2 h
after subjects
receiving a
standardized
breakfast,
(1.01 g CHO/
kg BM, 0.31 g
protein/kg
BM, and
0.24 g fat/kg
BM

ST
2 days/
week—12
sessions: 4 × 7
at unilateral
knee extensions
in the flywheel
ergometer at
maximal effort

Training regimens

ET
Only as part
of CT
regimen:
continuous
~42 min,
40 min
unilateral
cycling
ergometer at
70% of Wmax,
then
workload was
increased by
20 W until
exhaustion

CT
3 days/
week—15
sessions. ET
followed by
ST

Table 8.2 Summary of study designs that investigate the chronic molecular and morphological adaptations to concurrent training

Recovery
between
regimens
6h

Conclusions
5 weeks of CT and
ST produced
similar molecular
adaptations on
markers of ET
adaptation and
protein
breakdown.
Muscle volume
increase was
greater in CT
regimen than
ST. Muscle fiber
CSA increase was
not different
between CT and
ST.
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Recreationally
trained
involved in
team sports
activities

Sedentary

FernandezGonzalo
et al. [34]

Ruas et al.
[60]

Parallel
group
repeated
measures
design.
Participants
were
randomly
assigned to
C, ET, ST, or
CT groups.
Eight weeks
training
period

Intra-subject,
unilateral
repeated
measures
design, one
leg
performed
ST, and the
contralateral
the CT
regimen.
Five weeks
training
period

EE was
performed 1 h
after breakfast
(1.01 g CHO/
kg BM, 0.31 g
protein/kg BM
and 0.24 g fat/
kg BM), SE
was performed
3 h after lunch
(2.02 g CHO/
kg BM, 0.62 g
protein/kg BM
and 0.49 g fat/
kg BM)
Not mentioned

Pretraining
and 3 h
after the
last
training
sessions.
Pre-test
biopsies
were
performed
prior ST,
6 h after
completion
of ET
Pretraining,
48 h after
the last
training
session
Whole body
routine,
(week-1,
light-weight,
4 days/week),
(week-2,
2 × 8–10RM,
4 days/week),
(week-3,
3 × 8–10RM,
4 days/week),
(week-4–8,
4 × 8–10RM,
4 days/week)

2 days/
week—12
sessions: 4 × 7
at unilateral
knee extensions
in the flywheel
ergometer at
maximal effort

Only as part
of CT
regimen:
continuous
~42 min,
40 min
unilateral
cycling
ergometer at
70% of Wmax,
then
workload was
increased by
20 W until
exhaustion
Continuous
stationary
cycling at
65% of
VO2max,
(week-1,
30 min,
3 days/week),
(week-2,
45 min
4 days/week),
(week 3–8,
60 min
5 days/week)
Progression
of the ET was
the same,
except that
the durations
were half as
long as the
ET. The
number of
lifts was less
for ST
component in
CT regimens
as well

3 days/
week—15
sessions. ET
followed by
ST

Not
mentioned

6h

(continued)

8 weeks of CT
augments mRNA
gene expression
associated with
muscle size (e.g.,
PGC1α4)
compared to ST
and ET.

5-week training
blunts the overall
interference of
greater anabolic
response observed
in acute fashion
after CT in
untrained muscle,
which suggests
that ET acts
synergistically
with ST only
during short-term
training.
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Lambert
et al. [37]

Study

Overweight/
obese
individuals

Parallel
group
repeated
measures
design.
Participants
were
randomly
assigned to
ST,
ST + LTM,
and
ST + ATM
groups.
Twelve
weeks
training
period

Training status Study design

Table 8.2 (continued)
Sampling
time

Baseline
and 24 h
after
exercise

Nutrient
availability

Sessions were
performed
after 12 h
overnight fast

ST
Whole body
routine, 2 days/
week. Week
1–6, 3 × 12 at
60% of
1RM. Week
8–12, 3 × 8 at
75% of 1RM.

Training regimens

ET
Only as part
of CT
regimens.
3 days/week
Continuous
exercise
Week 1–6,
250 kcal at
60–85 of
VO2max. Week
8–12,
500 kcal at
85% of
VO2max.

CT
Progression
of the ET and
ST was the
same.
However, CT
regimens
performed
three sessions
of ET. ST
was
performed
followed by
ET regimes

Recovery
between
regimens
None

Conclusions
12 weeks of CT
regimen utilizing
aquatic treadmill
produced similar
myofibrillar
protein synthesis
adaptations
compared to
traditional CT and
ST. However,
aquatic CT
produced greater
lean mass accrual.
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De Souza
et al. [59]
and De
Souza
et al. [56]

Recreationally
active
involved in
team sports
activities

Parallel
group
repeated
measures
design.
Participants
were
randomly
assigned to
C, ET, ST,
and CT
groups. Eight
weeks
training
period

Biopsies were
performed 2 h
after subjects
receiving a
standardized
breakfast,
(~311 kcal;
63.5%CHO,
21.8% protein,
and 14.7% fat

Baseline
and 48 h
after
exercise

Lower body
routine
(leg-press, knee
extension and
knee-flexion.
2 days/week.
Week 1–2:
3 × 12RM,
week 3–4:
4 × 8–10RM,
week 5–6:
5 × 6–8RM,
week 7–8:
3 × 10–12RM

Interval
training,
week 1–2:
20 × 1 min at
80 of
vVO2max,
week 3–4:
20 × 1 min at
85–90% of
vVO2max,
week 5–6:
20 × 1 min at
95% of
vVO2max,
week 7–8:
20 × 1 min at
95–100% of
vVO2max
Progression
of ST and ET
was the same.
The order in
which the
participants
performed the
strength and
aerobic
exercises
within
sessions was
balanced.

No more
than
5 min

(continued)

While 8 weeks of
training produced
similar MSTN
pathway and
quadriceps CSA
adaptations
between CT and
ST.
CT produced
interference in
anabolic signaling
and muscle fiber
adaptations. ET
was the only
training to
increase AMPK
after the training
period.
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Lundberg
et al. [66]

Study

Moderately
trained
involved in
recreational
team sports
activities

Intra-subject,
unilateral
repeated
measures
design, one
leg
performed
ST and the
contralateral
the CT
regimen.
Five weeks
training
period

Training status Study design

Table 8.2 (continued)
Sampling
time

Baseline,
3 h after
the first
training
session,
72 h after
last
training
session

Nutrient
availability

Biopsies were
performed 2 h
after subjects
receiving a
liquid formula
(1.01 g
carbohydrates/
kg bw, 0.31 g
protein/kg bw,
and 0.24 g fat/
kg bw). The
liquid
formulas
contained
6.3 g protein
(0.55 g
leucine),
20.2 g
carbohydrates,
and 4.9 g fat
per 100 ml

ST
2 days/
week—12
sessions: 4 × 7
at knee
extensions in
the flywheel
ergometer at
maximal effort

Training regimens

ET
Only as part
of CT
regimen:
continuous
~42 min,
40 min
unilateral
cycling
ergometer at
70% of Wmax,
then
workload was
increased by
20 W until
exhaustion

CT
3 days/
week—15
sessions. ET
followed by
ST

Recovery
between
regimens
15 min

Conclusions
5 weeks of
exercise inducing
AMPK activation
does not
compromise
muscle
hypertrophic
adaptation in CT
compared to ST.
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Recreationally
involved in
endurance
and/or
strength
training at
least twice a
week for
>30 min

Parallel
group
repeated
measures
design
Participants
were
randomly
assigned to
HIIT+ST,
MICT+ST,
or ST
groups.
Eight weeks
training
period

Biopsies were
performed
after ~8–10 h
overnight fast

Baseline
and 1 and
3 h after
first and
last
training
session

3 days/
week—24
sessions:
3–4 × 4–14RM
at ~65–90% of
1RM wholebody routine- 3
lower body
exercise per
training session
(e.g., day 1 and
3—leg-press,
leg-extension,
leg curl
exercise;
day-2—legpress, dumbbell
lunges, and
leg-curl
exercise

Only as part
of CT
regimen:
HIIT:
5–10 × 2 min
intervals at
120–150 of
lactate
threshold;
MICT:
15–33 min at
80–100% of
lactate
threshold

3 days/week.
Two
concurrent
training
regimes
(HIIT and
MICT). ET
followed by
ST

10 min

8 weeks of CT
regimens favored
adaptations on
selected molecular
markers indicating
ribosome
biogenesis and
translational
capacity. However,
CT diminished
chronic anabolic
signaling and
produced
interference on
muscle fiber CSA
type I
development.

ST strength training, ET endurance training, CT concurrent training, C control, CHO carbohydrate, BM body mass, W Watts, Wmax peak power output, VO2max maximum
oxygen body mass, CSA cross-sectional area, VO2max maximum oxygen uptake, LTM land-treadmill, ATM aquatic-treadmill, MSTN myostatin, VO2max velocityat maximal
oxygen uptake, HIIT high-intensity interval training, MICT moderate-intensity continuous training

Fyfe et al.
[61]
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Nevertheless, the great debate is whether the AMPK-Akt switch hypothesis
explains the chronic interference effect, and how CT and ST influence molecular
parameters that control MPS and MPB. Currently, the chronic studies have demonstrated similar effects of ST and CT on AMPK phosphorylation levels [59, 61, 66].
Interestingly, different CT regimens produced an interference in ST-induced adaptations regardless of ET intensity employed (i.e., continuous or intermittent). The ST
demonstrated the greatest AMPK activation compared with CT regimens after the
last training session. Which suggests that rather than placing more energy stress on
the muscle cell, chronic CT would allow muscles to be less susceptible to energy
homeostasis perturbation induced by exercise [61]. While it is attractive to rule out
that AMPK may help explain the interference effect, more evidence on how AMPK
would respond during CT-induced interference effect are indeed warrant. To date, it
is important to note that AMPK switching off mTORC1 has not been confirmed in
chronic CT studies even when interference effect was reported [61].
In addition, the chronic studies, which have investigated the effects of CT on
molecular and morphological adaptations have demonstrated that CT can enhance
[34, 37, 62, 66], blunt [56], or produce a similar magnitude of muscle hypertrophy
[59]. Importantly, as only few studies have investigated the chronic effect of CT on
anabolic and MPB markers [34, 56, 60, 62], no clear pattern emerges in regard to
the chronic molecular adaptations. Interestingly, while studies have suggested that
CT can be more “catabolic” in an acute fashion [30], some chronic training studies
have not confirmed this [34, 62]. For example, CT regimen was the only condition
to demonstrate significant reductions in gene expression associated with protein
breakdown, whereas ST regimen was the only one to demonstrate a significant
reduction on Myostatin gene expression [34]. In fact, the effects of CT on Myostatin
gene expression are scarce and controversial. For example, Lundberg and colleagues [62] did not report any significant changes on Myostatin levels. Similarly,
our own study [56] also failed to report significant changes in Myostatin mRNA
levels after 8 weeks of CT and ST. However, the SMAD-7 mRNA that negatively
modulates the Myostatin gene expression significantly increased in both training
regimens [56]. Ruas and colleagues [60], on the other hand, found that Myostatin
mRNA expression was reduced only in ST and CT groups. Notwithstanding
Myostatin is an important negative regulator of muscle mass, it is noteworthy to
mention that Myostatin cannot differentiate muscle hypertrophy levels in humans
[67]. Further studies are required in order to elucidate the long-term effects of CT
and ST on proteolytic markers. The differences between protocols and the lack of
data limit our understanding of the molecular markers that are associated with MPB
in humans.
In regard to the chronic effects of CT on anabolic responses, the studies have
demonstrated conflicting results as well [34, 37, 59]. Lambert et al. [37] is the only
study that investigated the long-term effects of CT and ST on MPS. These researchers submitted overweight/obese individuals to three different training regimens.
One CT group performed ST combined with ET on land treadmill (ST + LTM),
while another CT group performed ST combined with ET on aquatic treadmill
(ST + ATM), and the third group consisted of single mode ST. After a 12-week
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training period, ST + ATM demonstrated the highest mean for myofibrillar protein
synthetic rate, but no significant differences between groups. In addition, ST + ATM
demonstrated the greatest lean body mass gains when compared to other two groups.
Furthermore, Fernandez-Gonzalo et al. [34] did not report within or between groups
on selected anabolic protein signaling (e.g., mTORSer2448, rp6Ser235/236, eEF2Thr56),
while p70S6Thr389 increased in similar fashion in CT and ST regimens. As part of this
study was published elsewhere, the authors also reported that the CT leg demonstrated greater increases in muscle volume (i.e., CT: 13.6; ST: 7.8%) and muscle
fiber cross-sectional area (i.e., CT: 17.0%; ST: 9.0%) [62]. Collectively, those studies provide evidence that CT might produce an additional effect on muscle hypertrophy with similar molecular adaptations between regimens.
Conversely, two other studies combined suggest that ST favors muscle hypertrophy and CT induced a down-regulation in the basal phosphorylation of Akt/
mTORC1/p70S6K [56, 59]. De Souza et al. [59] reported that ST and CT increased
p70S6K protein content. In addition, they found a significant group by time interaction which the ST group was the only group to increase basal Akt(Ser473) and demonstrated a strong trend to towards significant p70S6K(Thr389) phosphorylation. In the
second study using the same sample, the authors found that ST was the only group
that significantly increased cross-sectional area of type I and IIA, whereas the CT
blunted muscle hypertrophy across the whole spectrum of fibers [56]. These two
studies suggest that the interference effect might be associated with down-regulation of Akt/mTORC1/p70S6K signaling cascade.
These outcomes should be cautiously interpreted. In fact, some studies have
demonstrated that ET can activate anabolic signaling pathways and MPS, specifically with cycling ergometer exercise in untrained individuals [68–71]. In addition,
one review reported that several studies found significant increases in muscle size
after ET utilizing a cycling ergometer modality in untrained individuals [64].
Interestingly, the studies that have demonstrated favorable chronic adaptations to
CT were in untrained and/or physically active participants and it was used cycling
ergometer modality [34, 62, 66]. Due to the subject’s low training status, they are
more sensitive to activate anabolic signaling pathways and demonstrated longer
MPS responses [28]. Therefore, adding this ET stimulus with a greater resistance
component to their short-term and low-volume ST scheme can make these CT regimens more anabolic than performing ST alone. Another important factor to be considered is the exercise mode, while it remains to be determined, evidence has
suggested that ET performed with treadmill can be more detrimental to muscle
hypertrophy during CT [72]. Even though Lambert et al. [37] used treadmill mode,
they reported that utilizing the aquatic-treadmill exercise demonstrated greater
acute MPS than the land treadmill. This culminated in greater lean body mass in the
aquatic-treadmill group after the CT period. This is likely due to the increased resistance and reduced fatigue of the ATM modality. On the contrary, higher intensity
interval training performed with the standard land treadmill demonstrated lower
basal anabolic signaling which culminated in blunted muscle hypertrophy [56, 59].
However, an elegant study performed by Fyfe et al. [61] partially corroborates with
the aforementioned findings. These authors were the first to investigate ribosome
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biogenesis markers (i.e., gene expression and RNA content), and anabolic signaling in
response to ST and CT regimens performed on a cycle ergometer in trained individuals. In a scenario which CT regimens produced attenuation in muscle fiber type I
hypertrophy. The selected acute and chronic changes indicating ribosome biogenesis
and translational capacity favored CT regimens regardless of the intensity (i.e., continuous and high-intensity). Nevertheless, the anabolic signaling in response to last
training session was different. For example, mTOR phosphorylation was increased
post-1 h only in ST and it was increased post-3 h only in the CT regimen which used
high intensity ET. Still, changes in p70S6K(Thr389) and rps6Ser235/236 were greater for ST
when compared with both CT regimens. These findings suggest that (1) there is a
disconnect between makers of ribosome biogenesis/translational efficiency and muscle fiber hypertrophy, (2) the chronic repetition of the training stimulus may allow
skeletal muscles to be more mode-specific, and (3) CT performed on cycle ergometer
can impair training-induced muscle hypertrophy even in individuals who were undergoing ST and/or ET for at least 1 year prior the beginning of the study.

Summary
In conclusion, the molecular basis of CT and the interference effect are incompletely depicted, which may be attributed to limitations/differences on previous
investigations. Accordingly, all the disparities between study designs make the
understanding of the molecular basis that control muscle hypertrophy in response to
CT complex. In addition, it has been neglected that even for a high volume, frequency, and intensity CT regimen, it took 7–8 weeks to observe any interference
effect [5]. Therefore, chronic studies aiming to scrutinize the effects of CT on
molecular responses and the interference effect need to be longer in duration. Since
we do not have convincing evidence supporting AMPK as a key factor regulating
the interference effect, chronic studies should search for alternative pathways that
may hamper myofibrilar protein synthesis when one undergoes CT. For example,
the sirtuin family of NAD+-dependent deactetylases (SIRT) and Ca2+/calmodulindependent kinase II (CaMKII) can inhibit anabolic signaling pathways as well. In
addition, advances in technology that allow researchers to investigate specific protein synthetic rates of contractile proteins (i.e., actin and myosin) are required to
depict a better picture of the different anabolic training effects and to draw more
specific conclusions. Those concerns suggest that further mechanistic studies are
warranted to maximize the benefits of CT for special populations and to avoid the
interference effect for athletic population.
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Effects of Endurance-, Strength-,
and Concurrent Training on Cytokines
and Inflammation
Jorming Goh, Chin Leong Lim, and Katsuhiko Suzuki

Introduction
The immune system maintains physiological homeostasis and health by protecting
the body from the harmful effects of antigens (molecules that induce an immune
response), including microbes, pathogens, stress-related insults, and soft tissue
damage. This system monitors antigenic insults using a two-tier response against
antigens of varying complexity and novelty [1].
The first line of defence against foreign bodies involves the innate or non-
adaptive immune system, which responds to foreign particles in the body using a
generic mechanism. The protective mechanisms under this immune system include
surface barriers (e.g., skin and mucosa surface), localized inflammation, phagocytosis by monocytes and granulocytes, and cytotoxity by binding natural killer (NK)
cells to the major histocompatibility complexes (MHC) of tumour or virus-infected
cells. The second line of defence, known as the adaptive immune system, is activated against antigens that are not neutralized by the innate immune system. The
immune cells in this system can recognize unique features in the antigen and modify
its own morphology and functions to form new antibodies that target and neutralize
specific novel antigens. These characteristics of the adaptive immune system allow
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the body to mount an antibody-response against novel antigens, and the new antibodies become a permanent component of the immune surveillance system in the
body. This system is activated about 24–48 h after an antigenic insult and is driven
by lymphocyte subset cells, i.e. T cells (cytotoxic T and T-helper cells) as well as B
cells and immunoglobulin (Ig)G, IgA, IgM, and IgE [2].
Besides antigenic insults, the state of the immune system is also influenced by acute
and prolonged physical stressors, such as endurance-, strength-, and sports training
and occupational tasks (e.g., military and physical labour) [3–6]. Prolonged exposure
to these stressors can lead to suppression of immune functions and skeletal muscle
damage that triggers the inflammatory response. The inflammatory response is part of
the tissue protection and repair functions in the immune system and is driven primarily
by cytokines and chemokines. Cytokines and chemokines are intercellular signalling
molecules that modulate inflammation and immune responses, usually in an autocrine
or paracrine manner at extremely low concentrations [7]. In the context of exercise,
the inflammatory response can involve intricate cellular signalling between different
immune and non-immune cells (e.g. skeletal muscle), leading to the secretion and
uptake of cytokines and chemokines and the downstream mobilization of leukocytes
into the systemic circulation and inflammatory sites in the body. These inflammatory
responses can also activate tissue resident immune cells and change their functional
responses. Cytokines are generally classified as being pro- or anti-inflammatory, based
on their effects on cellular or immune pathways and the plasma concentrations of antiinflammatory cytokines (e.g. IL-1ra, IL-4, IL-10) and chemokines (e.g. IL-8) are typically upregulated after a bout of exercise ([7, 8]).
Intense exercise can increase the number of circulating leukocytes (0.5–2.6-fold),
monocytes (0.2–2.5-fold), granulocytes (0.3–4-fold) and neutrophils (0.8–2.6-fold)
during and >1 h after exercise [3, 9–11]. Lymphocytes also increased by up to onefold during exercise, but lymphocyte counts can be downregulated to below baseline concentrations (−19% −60%) for up to 6 h after an intense bout of exercise [3,
9, 10]. The increase in immune cell counts during exercise is due to the effects of
hemodynamic shear stress, which demarginates (detaches) immune cells that have
adhered to blood vessel walls, as well as from the lungs, liver and spleen, into systemic circulation [12]. Neutrophils are also mobilized from the bone marrow 1–3 h
after exercise [11]. Elevated concentrations of exercise-induced catecholamines
also bind to β2-adrenergic receptors on leukocytes which also contribute to their
mobilization into systemic circulation [13]. The decrease in post-exercise lymphocyte count is accompanied by reduced concentrations in NK cells (−60% to −80%),
B cells (−8% to −40%), T-cells (−14% to −50%), T-helper (−5% to −52%) and
cytotoxic T (−40% to −60%) cells [10, 14–18]. The suppression in post-exercise
immune cell count is due to the inter-compartmental shift of lymphocyte subtype
cells, from central circulation to peripheral organs [4, 5], and is related to exercise
intensity and volume, but not to the type of exercise [4, 5, 10, 14, 19–21]. The post-
exercise mobilization of immune cells into peripheral organs such as the liver, lungs
and skeletal muscle may be instrumental in initiating tissue remodelling, which can
contribute to the metabolic and phenotypic changes in these organs.
Successful long-term adaptation to exercise training is predicated on the body’s
ability to mount and regulate an immune response appropriately during intense
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exercise, including the modulation of the cytokine and chemokine responses.
Failure of the immune system to properly regulate these responses, as a consequence of excessive training load or sub-optimal recovery, may suppress immune
functions, compromise athletic performance and increase the risks of respiratory
infections. This phenomenon is known as over-reaching when the effects are more
transient, lasting days or weeks, and can progress to an over-trained state when the
malaise lasts for months. In a previous study conducted in a small group (N = 10) of
well-trained cyclists and triathletes [22], 28 days of continuous, intensified endurance training comprising primarily (~75–80%) of cycling, with the remaining time
spent on running, swimming and weight lifting, did not result in changes in resting leukocyte cell counts across days 1, 14, 28 and 30. Differences in immune cell
counts are actually observed between elite athletes and the reference adult populations when such outcomes are measured across a longer span of time. A cross-
sectional study that tracked elite athletes from 14 sports (937 women, 1310 men)
for 10 years demonstrated that well-trained and elite endurance athletes present
with ~16% lower resting leukocyte and neutrophil counts compared to the general healthy population [23]. Of note, Horn’s study detected clinical neutropenia
(defined as <2.0 × 109/L) in 17% and 16% of cyclists and triathletes, respectively,
and 5% from the total athlete sample pool. It is unknown whether the athletes in
the study experienced symptoms of over-training, as training diaries and medical
visits were not documented. Nevertheless, exposures to a single bout of intense
exercise and to an extended period of high training load (particularly endurancetype exercise) can induce immune suppression and increase the risks of infections.
These research findings have important practical implications on the well-being of
athletes who are exposed to prolonged high training loads. Sports and health professionals can contribute to the well-being of athletes by being aware of, and by taking
precautions against the effects of prolonged intense training on the immune system.
This chapter aims to introduce the key concepts and research findings in exercise and immune health in active healthy populations. This topic has been reviewed
in greater depth elsewhere, which readers can refer to for further reading [6, 13,
24–26]. Our primary focus is to summarize the current knowledge of exerciseinduced immune response in endurance, strength and combined (concurrent) endurance and strength training. Specifically, we will describe exercise-induced cytokine
responses, and how such inflammatory responses modulate infection risk and tissue
homeostasis in healthy populations engaging in different modes of exercise.

Models of Exercise Immunology Research
“ Open Window” and “J-Curve” Models of Exercise-Induced
Immunosuppression
Interest in exercise immunology research has grown since the 1980s, with more
than 3500 peer-reviewed publications currently in this domain of study [6]. Much of
the bases for exercise immunology research in the last 30 years were influenced by
the classical “open window” and the “J-curve” models. The “open window” model
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suggests that immune functions can be suppressed for 3–72 h after an intense bout
of exercise [27]. During this “open window” period, viruses that are dormant in the
cells may be reactivated to cause an infection. Exposing the host to repeated bouts
of exercise during this open window period would further suppress the immune
system and increase the risk of having an infection [28, 29]. Scholars also subscribe to the concept of the “J” curve model (Fig. 9.1), suggesting that prolonged
intense training is associated with a high risk of infection, followed by sedentary
individuals with an average risk of infection, and lastly, individuals participating in
moderate-intensity training having the lowest risk of infection [30, 31].
Both the “open window” and “J-curve” models were instrumental in the development of exercise immunology research, but recent evidence suggest that the concepts behind these classical models may be challenged.
Contrary to the classical models, recent data suggest that the risks of exercise-
induced URTI can differ between athletes competing in international and national
competitions [6]. The incidence of URTI, monitored over four training and competitive seasons (4 years), was 35–65% lower in international-level than in national-
level swimmers [32]. In a mixed group of elite endurance athletes (cross-country
skiers, biathletes, runners), data retrieved from 3 to 16 years of training logs showed
that the number of self-reported sick days was inversely related to training volume [33]. Increasing training load by 20% for 2 weeks also did not alter immune
response in endurance athletes before, during, and 2 h after running in warm and
humid conditions [34]. These observations challenged the central doctrine proposed
by the classical J-curve and open window models and led some scholars to suggest
that besides lifestyle factors, the immune system in the higher performing athletes
may be genetically selected to better tolerate exercise-induced stresses [6].

“Tissue Injury” Model of Exercise-Induced Immunosuppression
Another model to explain exercise-induced immune suppression is the “tissue
injury” hypothesis [35]. This model proposes that tissue damage resulting from
repetitive mechanical trauma during intense exercise training, combined with an
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depicting the risks of
developing URTI based on
the volume and intensity of
exercise training

Average

Below
Average
Sedentary

Moderate

Very High

Amount and Intensity of Exercise

9

Effects of Endurance-, Strength-, and Concurrent Training on Cytokines

129

accumulation of sub-optimal recovery can induce a pro-inflammatory response
involving cytokines typically produced by T-helper (Th)1 cells, including interleukin (IL)-2, IL-6, interferon (IFN)-γ, and tumour necrosis factor (TNF)-α. The first
wave of Th1 cytokine response is followed by a persistent anti-inflammatory cytokine response involving cytokines produced by Th2 cells, i.e. IL-4, IL-5, IL-10, and
IL-13. The Th2 cytokine response is the host response to restore homeostasis and
prevent further tissue damage by dampening the pro-inflammatory (Th1) cytokine
response [36].
Adding to the concept of the tissue injury model is the current appreciation of the
immunoregulatory role of endogenous stress molecules termed “alarmins”, which
have been shown to respond to cellular insults, including oxidative stress, hypoxia,
cellular necrosis, etc. [37]. Briefly, these alarmins, which include the prototypical
danger protein, high mobility group box (HMGB) protein 1, are normally sequestered in either the nuclear or extracellular compartments of a cell. When cells experience stress or undergo necrosis, these alarmins are mobilized and released into the
systemic circulation, where they behave like cytokines by binding to pattern recognition receptors (PRR)s on target cells [38]. Importantly, the release of alarmins can
initiate signalling cascades for the ensuing cytokine and chemokine responses [39].
Few human studies have explored the role of alarmins in exercise-induced muscle
damage but it is attractive to speculate that they may play a role in the immunoregulatory process in acute and long-term exercise.
Exercise-induced cytokine responses drive the recruitment of immune cells
into the damaged muscle milieu, and neutrophils are the earliest immune cells to
be recruited, followed by monocytes [40]. Gene and protein expression levels of
exercise-induced chemokines, such as CX3CL1, were upregulated after an acute
bout of cycle ergometry [41], which in turn, may recruit circulating monocytes
into the skeletal muscle microenvironment for remodelling and repair. These
monocytes differentiate into skeletal muscle macrophages and cross-talk with
myogenic precursor cells [42], which are essentially muscle-specific stem cells.
Discrete macrophage populations within the skeletal muscle milieu, such as M1
and M2 cells, phagocytose damaged myofibres, secrete mitogenic factors, and
participate in angiogenesis and matrix remodelling, which contributes to muscle
cell regeneration [40].
The lingering presence of Th2 cytokines can also be a sign of unresolved
chronic inflammation, which can suppress cell-mediated immune function against
infections, including the downregulation of respiratory burst in neutrophils by
IL-10 [43]. This Th2 response was observed during months of intense training
in infection-prone high-performance athletes, who had fourfold higher circulating concentrations of the anti-inflammatory Th2 cytokines, particularly IL-10,
compared with athletes free from infections [44]. In summary, the “tissue injury”
model suggests that increased susceptibility to colds or allergies in athletes may
be due to an imbalanced inflammatory response, partly due to the combination of
sub-optimal recovery, high training load, and acute increase in training load or
frequency. These imbalanced inflammatory responses can contribute to, and also
be the consequences of the over-reaching/over-training phenomena in a positive
feedback loop.
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Immune Responses to Endurance Exercise (Acute and Chronic)
Acute Endurance Exercise
Acute endurance exercise is associated with leukocytosis [3, 9, 10] in healthy individuals, which is also modulated by their interactions with cytokines and chemokines. The magnitude of this cytokine response is influenced by the mode, duration,
and intensity of exercise. Many acute exercise studies involving long duration and
high-intensity exercises, such as marathons [45, 46], the Ironman triathlon [47], and
long distance cycling (164 km road race; [48]) typically showed an increase in pro(IL-1β, IL-6, IL-8) and anti-inflammatory (IL-1ra, IL-10) cytokines.
Similar outcomes in cytokine response have been demonstrated with other exercise studies that are of lower intensities or shorter duration. For example, cycling
30 min to 3 h at 60–65% VO2 max [49], 80% VO2 peak [50], 90% of second ventilatory threshold [51] and 70% VO2 max [52] resulted in increased systemic circulating
concentrations of IL-1β, IL-1ra, IL-6, IL-8 IL-10, and TNF-α. These findings of
enhanced pro- and anti-inflammatory cytokine responses are corroborated in other
studies conducted in runners [53–55].
Transcriptional levels of inflammatory genes are also enhanced after endurance
exercise in peripheral blood mononuclear cells (PBMCs) [56, 57] and neutrophils
[54], suggesting that these immune cells may be the source of circulating cytokines
and chemokines after exercise. In healthy men, running (80% VO2 max) till exhaustion
elicited an upregulation of 450 genes and down-regulation of 150 genes involved
in stress (e.g. heat shock protein family A (HSPA1A)) and inflammatory responses
(e.g. matrix metalloproteinase (MMP)-9) [56]. A less intense exercise bout comprising cycling at 80% VO2 peak for 30 min changed transcriptional output of 311
genes in PBMCs after exercise [57], wherein HSP70 was upregulated by >3.5-fold.
Interestingly, the gene encoding the anti-inflammatory cytokine, IL-1ra, was upregulated by 1.5-fold during recovery, which paralleled the nearly 1.5-fold increase in
circulating IL-1ra concentration at the same time point.
Despite the variations in temporal responses of individual pro-inflammatory and
anti-inflammatory cytokines among different studies, the consensus is that acute
endurance exercise stimulates an inflammatory response, which is necessary to mobilize leukocytes for tissue repair.

Chronic Endurance Exercise
The chronic effects of endurance exercise training have also been investigated
in national-level athletes [58] and healthy individuals participating in 8 [59, 60]
or 12 weeks [61] of endurance exercise training. In the young (18 years) athletic
population, long-term participation (~ 8 year) in endurance exercise training was
associated with a downregulation of pro-inflammatory cytokine gene expression
(IL-8, IL-15) and chemokines (CXCL8, CXCL1) in PBMCs [58]. In healthy men
and women training 4 days weekly for 8 weeks in aerobic activities (e.g. treadmill
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running, cycling for 30–40 min) showed a decrease in inducible TNF-α response
(24 h post-exercise), but only in participants stratified to the high-intensity (55–80%
of HRmax) condition, compared with the moderate-intensity (55–60% of HRmax) condition [61]. In another study, running 3 times weekly for 8 weeks at 50–75% VO2
max did not show changes in TNF-α concentrations immediately after exercise [60].
These discrepancies may be explained by the different exercise protocols, as well as
time course for blood taking.

Immune Responses to Strength Training (Acute and Chronic)
Acute Strength Exercise
Whereas the effects of endurance training on inflammatory responses are well documented, fewer studies on strength training and inflammatory paradigms have been
conducted in healthy populations. In general, the leukocyte response to acute resistance exercise is similar to that in endurance exercise. For example, a single bout of
resistance exercise (10 repetitions of squats at 65% 1-repetition maximum (RM))
performed by healthy middle-aged men (46.9 ± 1.2 years) until volitional fatigue
enhanced leukocytosis [17]. Acute enhancement in leukocytosis was also observed
in other resistance exercise studies with younger volunteers [62–64]. These studies
also demonstrated increased systemic concentrations of IL-6 [62], TNF-α [62, 64],
and chemokines, e.g. monocyte chemotactic protein (MCP)-1 [64]. The increased
concentration of MCP-1 in the systemic circulation after resistance exercise supports the recruitment of monocytes [64] into skeletal muscle, such as CD14++CD16−
monocytes, which are the primary immune cells that secrete IL-10 [65].
The extent of total muscle fibre recruitment via the manipulation of the number
of sets or repetitions to shift the emphasis between a hypertrophic and a maximal allout effort contraction can result in differences in leukocytosis and cytokine responses
after an acute bout of resistance exercise [63]. Increased leukocytosis was observed
immediately after acute hypertrophic bout of exercise (leg press with 5 sets of 10 reps
at 80% of 1RM). Comparatively, an increased leukocyte count was only observed
after 30 min after the maximal bout of leg press (15 sets of 1 rep at 100% of 1RM).
The chemokine, MCP-1, and anti-inflammatory cytokine, IL-1ra, decreased and
increased, respectively, after the hypertrophic bout, but no changes were observed in
these inflammatory markers after the maximal bout [63]. This intriguing study suggests that the recruitment of immune cells into the circulation, possibly for skeletal
muscle remodelling may occur differently, depending on the degree of muscle fibre
recruitment, and whether the contractions are brief or sustained.

Chronic Strength Exercise
The inflammatory response to short-term resistance exercise training varies, depending on the frequency, intensity, and duration of training. Three sessions of resistance
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training weekly at moderate- (45–55% of 1RM) or high-intensity (80–90% of 1RM)
over 6 weeks had no effect on systemic IL-6 and IL-1β concentrations in young
healthy men [66]. However, moderate-intensity training (60% of 1RM) performed
for 8 weeks by college-aged males resulted in higher systemic IL-8 concentrations
than in either the control or high-intensity training groups [67]. High-intensity resistance training (80% of 1RM) also resulted in higher concentrations of serum soluble
TNF receptor (sTNFR1), IL-1ra and IL-8 in healthy men and women (36 ± 2 years)
[68]. However, the low-intensity training (range of 20–40% of 1RM) showed
decreased concentration of serum IL-6 after 9 weeks of training [68]. In contrast,
12 weeks of high-intensity resistance exercise (80% of 1RM; 2 days/week) had no
effect on systemic concentration of IL-1β, IL-2, IL-6, and TNF-α in healthy young
men and women [69].
In a different study conducted in young healthy men [70], the authors investigated
the effects of 12 weeks of resistance training on systemic cytokine and chemokine
responses to two acute bouts of leg press exercise: either a hypertrophic (5 sets × 10
repetitions at 60% of 1RM) or power-type (10 sets of 5 repetitions at 60% of 1RM)
exercise tests were completed by the participants. In the untrained state, serum IL-1β,
plasma IL-6, and resistin all increased immediately after either type of exercise. After
12 weeks of resistance training however, only plasma IL-1ra was increased after both
exercise protocols, while plasma MCP-1 was increased only at 24 and 48 h.
These seemingly disparate findings on resistance training and inflammation may
be due to different subject characteristics and exercise regimes. The extent of eccentric and concentric muscle action in resistance training may determine the remodelling
process in skeletal muscle. Eccentric muscle action, but not concentric action resulted
in increased MCP-1 and skeletal muscle stem cells [71] within skeletal muscle of
young men. Hence, it is possible that resistance exercises that employ more concentric
actions may elicit a different pattern of inflammatory cytokine and chemokine production, which may not result in extensive skeletal muscle damage and remodelling.

I mmune Responses to Concurrent Strength and Endurance
Exercise
Compared with research into the immune responses to endurance or strength
exercise alone, considerably fewer studies have been conducted to determine the
immune response to concurrent strength and endurance exercise. Therefore, a
critical gap exists in the knowledge-base on how healthy individuals respond to
combined strength and endurance exercises, given that many recreational and elite
athletes perform some kind of combined training.

Acute Concurrent Exercise
Current research evidence suggests that combining both endurance and strength
exercises acutely upregulates IL-1β, IL-6, TNF-α, and TNF-R1 gene expression
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in skeletal muscle, and these gene expression levels return to resting levels 48 h
after the exercise session [72]. These responses differ from performing endurance
or resistance exercises independently, where the gene expression for the same set of
cytokines remained elevated [72] In recreational weight-lifters, concurrent exercise
performed in either order (strength-endurance or endurance-strength) resulted in
increased systemic concentration of IL-6, but concentration of TNF-α was increased
only in the endurance-strength condition [73].

Chronic Concurrent Exercise
Long-term concurrent training appears to have varied immune responses, depending on the structure of the programme. For middle-aged men, 12 weeks of concurrent training resulted in lower plasma concentrations of TNF-α and IL-6 [72],
but 16 weeks of concurrent training showed no changes in resting plasma concentrations of these two cytokines [74, 75]. In another training study that spanned
24 weeks, healthy young men were stratified into two interventional and one control groups [76] where one group of subjects performed concurrent endurance and
resistance training in the same session, 2–3 times per week, and the second intervention group performed alternating days of endurance and resistance training,
4–5 times per week. Performing concurrent endurance and resistance exercises
in the same sessions or on alternate days resulted in a decrease in plasma leptin,
resistin, and C-reactive protein (CRP). However, only subjects performing concurrent training on alternate days presented with decreased plasma IL-6, MCP-1,
and TNF-α.
It is noteworthy that many authors have investigated concurrent endurance and
resistance exercises using different modes of exercises, which makes the interpretation of the results difficult to generalize. In the study by Donges et al. [72], the
authors implemented cycle exercise (55% of peak aerobic workload) as the endurance component, and leg extension exercise (8 sets of 8 repetitions at 70% maximal
strength) as the strength component, whereas Libardi and colleagues [74, 75] used
walking and running (55–85% of VO2 peak) for endurance training combined with
whole-body resistance exercises (3 sets of 8–10 repetitions). Finally, Ihalainen and
colleagues [70, 76] employed a combination of cycle exercise (performed below
and above anaerobic threshold) and whole-body resistance training with an emphasis on lower limb strength training.
The aforementioned studies illustrate a large diversity in study design, subject
demographics, and immune outcomes regarding the science of concurrent training.
Notwithstanding these disparate findings, some observations are still worth noting.
For instance, it would appear that the amount of muscle mass recruited during training may be a factor that affects the immune responses to concurrent exercise training. In addition, the manipulation of rest and implementation of concurrent training
sessions either within the same day or on alternate days may affect the dynamics of
cytokine and chemokine response, as seen from the reduced MCP-1, IL-6, and TNF-α
responses with alternating days of training, but not with same-day sessions [76].
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This also suggests that the extent of leukocyte recruitment for skeletal muscle
remodelling may be affected by such manipulations as well.
Finally, compared with younger men (18–35 years), older men (65–85 years)
demonstrated an accentuated TNF-α response both at baseline and after 12 weeks of
concurrent training [77], suggesting that in addition to exercise frequency, intensity,
duration, and order (endurance-strength or strength-endurance), the age of individuals participating in concurrent exercise will influence their immune responses.

Summary
In this chapter, we have covered the general scope of exercise immunology and discussed the three models of immune responses to exercise that shape the prevailing
research trends in our field. We have also presented immune responses to endurance, resistance, and concurrent exercise training, both in terms of acute exposures
and short-term periods. The implications of immune responses on clinical or performance outcomes after resistance and concurrent exercise training are less clear
and warrant further research.
In summary, a translational implication of exercise-induced inflammation in
healthy individuals and athletes, is that intensified endurance training can lead to
over-reaching or over-training symptoms, which increase the risk of developing
acute URTIs. As such, the pro- and anti-inflammatory cytokine balance might determine the host defence to infection as well as tissue damage following exercise and
training. Further research is necessary in the future and may entail the understanding of cross-talk between immune cells and their putative target organs/tissues.
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The Acute and Chronic Hypotheses
The order in which strength and endurance training are performed within a concurrent training regimen can vary. Previous work has employed strength training
prior [1–3] and subsequent to [4–7] endurance exercise. As the focus of much
work into concurrent training is the inhibition of strength development, it is
important to understand the influence of any prior endurance exercise on strengthtype performance.
Within the concurrent training paradigm there exist the acute and chronic hypotheses pertaining to the “interference effect”. The chronic hypothesis suggests that the
trained muscle is placed under conflicting training stimuli during a longitudinal
concurrent training programme, as the muscle is attempting to adapt simultaneously
to both strength and endurance training [8]. This chapter will however not focus on
the chronic effect, but rather the acute effect of endurance exercise on subsequent
strength performance. The acute hypothesis, that was initially proposed by Craig
et al. [9], relates to the inhibition of strength development resulting from endurance
(in this case running) training carried out immediately prior to the strength training.
In other words, simply performing strength and endurance training concurrently
may not inhibit strength development; rather, that endurance loading immediately
prior to strength training results in diminished quality, volume, and intensity of
strength training due to residual fatigue. It was proposed that this residual fatigue
resulting from prior endurance training might compromise the ability of the trained
muscles to develop adequate muscular tension during strength training [9].
Consequently, the ability of muscle to generate a sufficient stimulus to complete the
strength session could be compromised and hence reduce the potential for a positive
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adaptive response. Despite the acute hypothesis being related to acute concurrent
training, it still has relevance in longitudinal training scenarios. If strength performance is repeatedly reduced as a result of prior endurance training, it is likely that
the magnitude of strength development will be inhibited [1, 2] when compared with
strength training performed in isolation.
The acute hypothesis, like many aspects of concurrent training, is equivocal.
Interestingly, much of the research reported reduced strength performance, whereas
some other studies (3 out of 25 studies) reported that a prior bout of endurance training does not affect strength performance (summary presented in Table 10.1). As
such, it is conceptually possible that any negative effect of prior endurance activity
on subsequent strength performance may be dependent on modality, intensity, and
duration of both the endurance and strength training.

Endurance Exercise-Induced Fatigue
Fatigue is an extremely broad term and is attributable to numerous physiological
processes. Fatigue mechanisms can generally be subdivided into central and peripheral origins. Peripheral fatigue results from impaired processes at, or distal to the
neuromuscular junction, whereas central fatigue is caused by impaired processes
within the central nervous system (CNS) [38] (Fig. 10.1). In applied sport and exercise science, fatigue can be defined as an exercise-induced impairment in the ability
to produce muscular force [16, 38] and sustain increased force in the presence of an
increased perception of effort [39]. The fatiguing effect of endurance-type exercise
has received substantial attention in scientific literature and is well documented [33,
40–44] and there is a great deal of research available pertaining to the effect of
endurance loading on subsequent performance in an acute setting [8, 15, 17, 24, 31,
34, 37].
It has been frequently reported that central and/or peripheral fatigue following
endurance exercise cause acute declines in contractile strength (Table 10.1).
Previous research has also indicated that the contributions of central and peripheral
fatigue are largely dependent on the volume and intensity of exercise performed.
For example, during sustained higher intensity contractions of an isolated muscle
group, peripheral fatigue appears to be the dominant factor contributing to fatigue.
However, the contribution from central mechanisms increases as the exercise task
increases in duration [16, 45, 46]. Consequently, it is reasonable to suggest that it is
the central, rather than peripheral, factors that contribute to fatigue and hence to the
decrement in strength performance that is often observed when endurance exercise
acutely precedes strength training. However, it is also plausible that peripheral
mechanisms make some contribution to any reduction of strength performance in
the short term following higher intensity lower volume endurance loading.
Consequently, any impaired strength performance and contributions from central
and/or peripheral fatigue appear to be dependent on the endurance exercise and the
nature of subsequent strength session and recovery (or “relief period”) between
endurance and strength stimuli.

Male semiprofessional soccer
players

Recreationally active
females
Trained endurance
runners (males and
females)
Strength-trained
males

Experienced
recreational male
long-distance
runners
Physically active
males

Thomas
et al. [11]

Eklund et al.
[7]
GarcíaPinillos et al.
[12]
Jones et al.
[13]

GarcíaPinillos et al.
[14]

Panissa et al.
[15]

Subjectsa
Strength-trained
males

Reference
Jones et al.
[10]

None

15 × 1 min
50% Imax

Treadmill
running
Cycle
ergometry

None

4 × 3 × 400 m

Running on
track

10 min

30 min
 O2max
70% p V

Half squat on
smith
machine

Leg press
Knee
extension
CMJ

CMJ

None

Cycle
ergometry

Leg press

ST modality
Back squat
Deadlift
Bench press
Prone row
Military
press
Knee
extension

None
24 h
48 h
72 h
None

30 min
65% Wmax
MSFT

90 min

Simulated
soccer match

Relief
duration
None

Cycle
ergometry
Running

END volume and intensity
30 min
 O2max
70% v V

END modality
Treadmill
running

Table 10.1 Summary of research that assessed strength performance following endurance exercise

4 sets to failure
80% 1RM

Max effort

5×6
80% 1RM

Max effort

1RM

MVC

ST loading/
assessment
5×6
80% 1RM

↓

↑

=

↑

↓

↓

(continued)

Impact of END
loading on
strength
performance
↓
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Cycle
ergometry

Running on
track

Recreationally
endurance trained
males and females
Strength-trained
males

Strength-trained
males

Taipale et al.
[20]

Reed et al.
[22]

45 min
75% HRmax

30 min
70% age predicted HRmax

60 min
 O2max
80% v V

Running on
track

Sub-elite male
long-distance
runners
Physically active
males

LatorreRomán et al.
[18]
Schumann
et al. [19]

Elliptical
ergometer
(lower limbs
only)
Cycle
ergometry

30 min
65% MAP

Treadmill
running

Recreationally
strength-trained
males

De Salles
Painelli et al.
[17]

Tan et al.
[21]

END volume and intensity
Time trial of;
4 km
20 km
40 km
5 km continuous
90% anaerobic threshold
velocity
or
5 km intermittent
1:1 min work periods
 O2max
vV
4 × 3 × 400 m

END modality
Cycle
ergometry

Subjectsa
Well-trained male
cyclists

Reference
Thomas
et al. [16]

Table 10.1 (continued)

None

10 min

None
24 h
48 h
None

None

10 min

Relief
duration
None

Back squat
Bench press

6 sets to failure
80% 1RM

3 sets to failure
75% 1RM

MVC
Max effort

MVC

Isometric leg
press
Isometric leg
press
CMJ
Back squat
Bench press

Max effort

1 RM
4 sets to failure
80% 1RM

ST loading/
assessment
MVC

CMJ

Leg press
Bench press

ST modality
Knee
extension

↓

↓

↓

↓

↑

↓

Impact of END
loading on
strength
performance
↓
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Cycle
ergometry

Running on
track

Strength-trained
males

Male distance
athletes

Physically active
elderly women

Physically active
males

de Araújo
Ruas et al.
[26]
Boullosa and
Tuimil [27]

Lemos et al.
[28]

de Souza
et al. [29]

Treadmill
running

Treadmill
running

Incremental protocol to
exhaustion (mean
speed = 18.9 km h−1, mean
time = 1476 s)
30 min
OBLA

Running on
track

Male and female
experienced
endurance athletes

Incremental protocol to
exhaustion (mean
speed = 20.8 km h−1, mean
time = 322 s)
20 min
60% HRmax
or
20 min
80% HRmax
5 km continuous
anaerobic threshold velocity
or
5 km
1:1 min
 O2max
vV

5 km intermittent 1:1 min
 O2max
vV

Treadmill
running

Boullosa
et al. [25]

60 min between LT and RCT

Running on
track

Recreationally
endurance trained
males and females
Variety of athletes

Taipale and
Häkkinen
[23]
Panissa et al.
[24]

Inclined leg
press
Bench press

Leg press
Knee
extension
Leg curl

2 min

10 min

CMJ

Leg press

CMJ

Half squat on
smith
machine

Isometric leg
press

None

None

30 min
60 min
4h
8h
24 h
None

None

↓

↓
10RM
To failure

80% 1RM
To failure

↑

↓

↑

↓

↓

Max effort

10RM
To failure

Max effort

4 sets to failure
80% 1RM

MVC
RFD

(continued)
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Recreationally
strength-trained
males
Active males

Goto et al.
[5]

Trained male cyclists

Lepers et al.
[33]
Leveritt
et al. [34]

Strength-trained
males

Trained male cyclists

Bentley
et al. [32]

Sporer &
Wenger [31]

Subjectsa
Male long and
middle distance
athletes

Reference
Vurimaa
et al. [30]

Table 10.1 (continued)

Cycle
ergometry
Cycle
ergometry

Cycle
ergometry

Cycle
ergometry

Cycle
ergometry

END modality
Treadmill
running

2h
65% MAP
50 min
70–100% critical power

6 × 3 min
 O2max
95–100% p V
or
36 min
 O2max
70% p V
30 min
 O2max
80% V

END volume and intensity
Maximal run:
Incremental to exhaustion
Tempo run: 40 min at 80%
 O2max
vV
Intermittent run: 40 min 2 min

on, 2 min off at 100% v V
O2max
60 min
 O2max
50% V

8h
32 h

None

None 6 h

4h
8h
24 h

15 min

Relief
duration
None

Isometric
knee
extension
Knee
extension
Isokinetic
Isometric
Isotonic
knee
extension

Isometric
knee
extension
Leg press
Bench press

ST modality
CMJ
Half squat

↓
=

5
MVC between
1.04 and
8.37 rad s−1

↓

↓

=

MVC

MVC

4 sets to failure
75% 1RM

MVC

ST loading/
assessment
Max effort
10 reps at 35%
1RM

Impact of END
loading on
strength
performance
↑
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Male-trained cyclists

Active males and
females

Male athletes
(runners) and
physical education
students

Bentley
et al. [35]

Abernethy
et al. [36]

Jacobs et al.
[37]

Treadmill
running
Cycle
ergometry

Cycle
ergometry

Cycle
ergometry

Cycle
ergometry

150 min
 O2max
35% p V
or
5 × 5 min 40, 60, 80 and 100%
 O2max
pV
Treadmill running:
75 min
Max velocity that could be
maintained
Cycle ergometry:
30 min
 O2max
70% V

30 min
Lactate threshold

5 min intervals
 O2
40, 60, 80% peak V
2 min
 O2
peak V

1h
2h

60 min
4h

6h
24 h

30 min

Isokinetic
knee
extension

Isoinertial
squats
Isokinetic
knee
extension
Isokinetic
knee
extension
60° s−1
120° s−1
180° s−1
concentric
squat jump
Isokinetic
knee
extension
↓

↓
MVC between
0.52 and
5.20 rad s−1

50
MVC

↓

↓

MVC

3
MVC
5
MVC

a
As described in individual studies, CMJ countermovement jump, END endurance training, HRmax maximum heart rate, Imax maximal intensity attained on
incremental test, LT lactate threshold, MAP maximal aerobic power, MSFT multistage fitness test MVC maximal voluntary contraction, OBLA onset of blood
 O2max, power output at V
 O2max; RCT respiratory compensation threshold, RFD rate of force development, RM repetition maximum,
lactate accumulation, p V
 O2max, velocity at V
 O2max; Wmax maximal workload
ST strength training, TT time trial, v V

Recreationally active
males and 1 female

Leveritt and
Abernethy
[8]
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Endurance type loading
↑ volume
↓ intensity

↓ volume
↑ intensity
Fatigue

Central

Peripheral
Sites distal to/at
neuromuscular junction

Central nervous system

Muscle pH
Metabolite levels
Tissue oxygenation

Corticospinal excitability
Neurotransmitter levels
Afferent nerve firing

↓ contractile strength

Fig. 10.1 Schematic representation of central and peripheral fatigue mechanisms

Relief Period Between Endurance and Strength Loadings
The “relief period” refers to the time period between endurance and strength loadings. In the available body of peer reviewed literature, relief periods range from
strength performance being assessed immediately following endurance loading to
assessments conducted 72 h post-endurance loading. It appears that the duration of
the relief period may influence the presence of any impairment in strength performance following endurance loading.
Reduced strength performance is observed when the relief between endurance
and strength training is shorter (≤60 min; Table 10.1). Additionally, reduced strength
performance has been observed following longer relief periods of 2, 4, 6, and 8 h
[31, 32, 36, 37]; in fact, impaired maximal voluntary contractions (MVC) have also
been reported following relief periods of 24, 48, and 72 h [11]. This latter impairment [18], however was observed following a 90-min simulated soccer match
(where the exercise stimulus is a combination of both metabolic and mechanical
stressors) and represents a very different stimulus to other research. Other studies
tend to employ volumes of between 30 and 60 min and intensities of 70–80% heart
 O2max, or similar (Table 10.1). Studies which assess strength
rate max (HRmax), V
performance following relief durations of <8 h and ≥8 h only report strength performance to be decremented within 8 h of endurance exercise [19, 24, 31, 35]. In addition, elite kayakers have been reported to separate strength and endurance training
sessions by 6–8 h to allow full glycogen restoration [1], which resulted in greater
strength increases than those who performed endurance and strength training in
closer proximity. Collectively, these data indicate that impairments in strength
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performance are likely for ≤8 h following endurance loading. As such, if the primary aim of the session is for the individual to perform high quality strength training, in which the neuromuscular system is challenged by high force and/or
velocity-based movements the scheduling of strength and endurance stimuli should
be considered. If strength training must be conducted in close proximity to endurance training, it is perhaps more appropriate for the session to focus on fibre hypertrophy or strength endurance. Additional caveats to these considerations include the
stage of the periodised plan and the training status of the individual. For instance, if
the session takes place early in an individual’s periodised plan or the individual has
limited strength training experience and is unable to produce high levels of contractile force, the aforementioned considerations need not be made.

 odality, Volume, and Intensity of Endurance and Strength
M
Loading
As previously stated, the research tends to employ endurance volumes of between
 O2max, or similar, prior to strength
30 and 60 min at intensities of 70–80% HRmax, V
training. The primary endurance training modality employed in these studies is
cycle ergometry [7, 8, 15, 16, 19, 22, 26, 31–33, 35–37] with some others [10, 15,
17, 20, 23, 24, 28, 29, 37] employing running (Table 10.1). Thus, at face value, the
mode of endurance exercise does not determine the impaired strength performance.
This is perhaps surprising as a meta-analysis has indicated that concurrent training
with running, but not with cycling results in the inhibition of lower body strength
development [47]. It was proposed that this may be attributable to the greater eccentric loading associated with running and possibly the fact cycling involves biomechanical movement patterns with greater similarity to many of the compound lifts
employed as measures of lower body strength [48, 49]. However, as previously
stated the modality of endurance loading does not appear to influence subsequent
strength performance in an acute setting.
Although the presence of any reduced strength performance following endurance exercise appears to be independent of the modality of endurance stimulus, the
method and muscle group in which strength is assessed does influence strength
impairment. Upper body strength may be unaffected by prior primarily lower-body
endurance loading; previous work has reported decreased lower, but not upper, body
strength following lower limb endurance activity such as running [17, 29], elliptical
training [21], and cycling [22, 31]. Consequently, for such impaired strength performance to occur, the endurance exercise needs to be body part specific; insofar as
lower body endurance exercise might influence subsequent lower body strength, but
not upper body strength performance. As such, it may be suggested that endurance
training modalities such as rowing and arm crank cycling may result in reduced
upper body strength performance.
Decremented strength performance has been observed following 15 [15], 20
[28], 30 [7, 10, 19, 21, 26, 32, 35], 36 [31], 45 [22], 60 [20, 23], 75 [37], 90 [11],
120 [33], and 150 min [36] of endurance loading. As such, the volume of endurance
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loading does not appear to be a primary determinant for subsequent impairment of
strength performance. However, it is possible that the volume of endurance exercise
influences the recovery time course of strength performance. Following 90 min of a
simulated soccer game, strength (as assessed via knee extension MVC) performance
has been reported to be impaired for up to 72 h [11]. As previously stated, following
shorter durations of endurance loading strength performance typically returns to
“baseline” within 8 h of endurance loading [19, 24, 31, 35]. However, it is also
likely that the intensity of the simulated soccer match was a higher intensity than the
other endurance exercise.
Few studies directly compared intensities of endurance exercises on subsequent
strength-type performance. Lemos et al. [28] observed greater impairments in leg
press, knee extension, and leg curl 10 repetition maximum (RM) reps to failure following 20 min of treadmill running at 80% HRmax than the same volume of running
at 60% HRmax. Whilst this may indicate that higher intensities of endurance exercise
can result in greater reduction of strength performance, it should be noted that this
observation was made exclusively in a physically active yet elderly female population. Different responses may have been observed in a more highly trained cohort
whom are more accustomed to higher intensity endurance loading, thus a reduction
in strength is perhaps less likely. During self-paced endurance exercise, the intensity
and volume of the exercise may influence the contributions of central and peripheral
fatigue. Following a higher intensity, shorter duration 4 km time trial (TT) impaired
strength and peripheral dominant fatigue mechanisms have been observed. Following
higher volume and lower intensity TTs of 20 and 40 km impaired strength was still
observed yet central fatigue mechanisms were dominant [16]. This finding may suggest an intensity and volume-dependent influence on the neuromuscular underpinnings to fatigue and impaired strength performance following endurance exercise.
Direct comparisons are available between continuous and intermittent endurance
exercise [17, 29, 31, 36] and subsequent strength performance. This line of work has
yielded equivocal findings, with impaired strength performance being observed following both continuous and intermittent endurance exercises [31, 36], intermittent but
not continuous endurance exercise [29] and vice versa [17]. As such, the influence of
it may be suggested that it is neither the continuous nor intermittent nature of the
endurance exercise, which influences any impaired strength performance. The available evidence based suggests that mode of exercise (intermittent and continuous) is
not the determining factor, but rather that engaging in endurance exercise per se results
in potential detriments in strength performance. This suggestion is supported by the
fact that both de Salles Painelli et al. [17] and de Souza et al. [29] employed identical
intermittent and continuous endurance exercises in comparable cohorts, yet de Souza
et al. [29] observed strength performance only to be reduced following intermittent
endurance exercise, whereas de Salles Painelli et al. [17] reported leg press reps to
failure only to be lower following continuous endurance exercise.
As previously discussed, various relief periods, modalities, intensities, and volumes of endurance exercise have been employed in research (Table 10.1). Although
some of the aforementioned programme variables appear to influence strength performance following endurance exercise (particularly the relief period), it is also
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important to note the method in which strength is assessed can have a noteworthy
influence on how strength-type performance is interpreted. Many studies assess subsequent strength performance via reps to failure at a specified relative load [15, 17,
21, 22, 24, 26, 28, 29, 31], others employ more high-intensity measures such as 1–5
RM/MVC [5, 8, 11, 16, 17, 19, 20, 23, 32–36, 50] and few utilise more “realistic”
strength training protocols [10, 13]. These measures represent different strength
qualities, with reps to failure being indicative of strength endurance, and 1–5 RM/
MVC representing maximal strength. Nonetheless, inhibited strength endurance,
maximal strength both occur following endurance exercise (Table 10.1). Few studies
employed measures of both strength endurance and maximal strength following the
same endurance and strength loading protocols. As such, it is difficult to make definitive statements regarding which quality is more susceptible to endurance-induced
fatigue. Previously, work has indicated that more explosive, “power”, and/or velocity-based phenotypes are more susceptible to endurance exercise-induced decrements in performance than maximal strength and strength endurance indices [9,
51–53]. This finding is, at least in part, supported by observations that impairments
in rate of force development (RFD) in the isometric leg press [23] and countermovement jump height (CMJ) [20] following 60 min of running. As previously stated,
upper body strength training following endurance exercise (primarily involving the
lower body musculature) remained unimpaired [17, 21, 22, 29, 31]. This may indicate peripheral fatigue at, or distal to the neuromuscular junction, to be a major contributing factor to any decremented in lower body strength performance. Based on
these observations, it can be recommended that high velocity and explosive lower
body phenotypes should be trained independently from any endurance stimulus.
There is limited evidence to suggest that in acute settings strength performance
is not inhibited by prior endurance exercise. Research in which strength performance remains unimpaired post-endurance exercise has assessed strength performance via isolated limb actions such as knee extension [5, 13, 34]. However, in the
larger body of evidence, strength performance is reduced following endurance exercise when assessed via multi joint exercises such as squats [8, 10, 15, 21, 22, 24] or
leg press [7, 17, 19, 20, 23, 26, 28, 29, 31], which also has a greater applicability to
athletes, coaches, and practitioners. Therefore, it is reasonable to suggest that multi
joint movements involving large amounts of muscle mass are more susceptible to
endurance exercise-induced fatigue than isolated limb single joint movements.

Post-activation Potentiation
Notwithstanding the previous issues relating to strength performance, there is some
suggestion that performing an endurance-type stimulus can have a potentiating
effect and thus a positive acute effect on strength performance [12, 14, 18, 25, 27,
30]. However, this has been reported almost exclusively in trained endurance athletes. Consequently, it appears that those accustomed to endurance loading are perhaps more fatigue resistant to endurance exercise than strength-trained individuals
in the acute period following endurance stimulus. Furthermore, in the case of highly
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endurance-trained individuals, a prior bout of endurance loading acts as a warm up
or “primer” resulting in improved ability to generate force; the same is not true for
those whom are not highly endurance trained.

Summary
The relief duration between endurance and strength-type loadings appears to be
the primary determinant for any decrement in strength performance. Typically,
acute strength performance returns to baseline ≥8 h following endurance exercise and therefore if strength sessions follow endurance, then a period of relief of
not less than 8 h seems pragmatic to optimise the performance in the strength
training.
Reduced strength performance appears to be independent of the endurance
modality (cycling or running) and of a continuous or intermittent nature. Impaired
strength performance is observed following both; lower volume higher intensity and
higher volume lower intensity endurance exercise. Whilst the presence of decremented strength performance appears to be independent of volume and intensity of
endurance exercise, the contributions of central and peripheral fatigue are not.
Peripheral fatigue mechanisms are dominant following lower volume higher intensity endurance exercise and central fatigue mechanisms are dominant following
higher volume lower intensity endurance exercise.
Upper body strength remains unimpaired following lower body endurance exercise. Lower body multi joint movements involving higher muscle mass and velocity
based/explosive movements are likely the most susceptible to endurance exerciseinduced impairments in strength-type performance (Fig. 10.2).

Implications for Programming
Whilst not recommended practice, due to logistical and scheduling constraints both
elite athletes and recreational exercisers will perform strength training subsequent,
and in close proximity to, endurance exercise. As detailed in this chapter, this structure will likely lead to some degree of impaired strength performance, particularly
when conducted within 8 h of endurance exercise and during lower body lifts that
require the engagement of larger volumes of muscle mass. Therefore, if high quality
strength training and strength development are the primary aims of the training
intervention or macro/meso/micro cycle practitioners seeking to optimise performance during strength training should consider the following:
• Where possible perform strength training ≥8 h after any endurance exercise.
• If strength training must be performed in close proximity to lower body endurance exercise, the session should focus on upper body strength development.
• If strength training must be performed in close proximity to lower body endurance exercise, the session should avoid lower body explosive and velocity-based
movements and multi joint lifts involving large amounts of muscle mass.
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Lower body
endurance type
loading

Upper body
strength assessment

Relief period of
<8 h

*Baseline
strength

Relief period of
≥8 h

Lower body
strength assessment

Relief period of
<8 h

↓ strength

Relief period of
≥8 h

*Baseline
strength

Fig. 10.2 Schematic representation of the “typical” influence of prior endurance loading on subsequent strength performance. Previous work detailed throughout this chapter has indicated that
the method by which strength performance is assessed and the relief period are the primary determinants of acute strength performance following endurance loading. *Baseline = prior any endurance loading

It should be noted that it is likely not feasible to implement these evidence-based
recommendations year-round, nor is it necessary to. However, during pre-season or
pre-competition periods in which practitioners and athletes may be seeking to optimise longer term athletic strength development or enhance velocity-based phenotypes the recommendations here should be considered.
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Acute Effects of Strength Exercise
on Subsequent Endurance Performance

11

Kenji Doma

Introduction
There is a growing body of literature demonstrating the benefits of adding strength
training to a progressive endurance training programme [1–3]. Some of the postulated mechanisms that are responsible for optimising endurance development as a
result of strength training include changes in muscle fibre type recruitment, increased
muscular contractility, a reduction in the proportion of type 2X fibres, and a shift
toward muscle phenotypes that are fatigue resistant yet powerful [2, 4]. Although
coaches are encouraged to implement strength training for endurance athletes, if
appropriate recovery is not accounted for between each mode of training session,
carry-over effects of fatigue can be induced from strength training sessions and
negatively impact on the ability to perform optimally during subsequent endurance
training sessions [5–7].
In fact, a number of studies have previously shown deterioration on indices of
performance measures [5–11]. A summary of these findings is presented in
Table 11.1. Therefore, continually experiencing strength training-induced fatigue
during subsequent endurance training sessions may impair the quality of endurance
training sessions and possibly lead to a state of over-reaching, overtraining, or injuries [17, 18], all of which are not beneficial in optimising endurance development.
For example, studies have shown that strength training-induced fatigue reduces
time-trial performances [13] and time-to-exhaustion [6, 7] whilst increase physiological cost of exercise (e.g. oxygen consumption and heart rate) and rating of perceived exertion at a constant sub-maximal intensity [8, 19]. If endurance athletes are
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Sample
Males
(n = 9)

Males
(n = 7)
Females
(n = 1)

Male
(n = 7)

Males
(n = 14)

Males
(n = 9)

Study
Deakin [12]

Burt and Twist [13]

Gee et al. [14]

Doma and
Deakin [6]

Burt et al. [8]

Trained and moderately
trained runners with no
exposure to strength training
for 6 months
Healthy individuals
partaking in 2–3 endurance
sessions per week

Training background
Highly trained cyclists who
also had been undertaking
strength training
Recreationally active
collegiate students
undertaking 2 endurance
training sessions per week
with no exposure to strength
training for 6 months
Highly trained club rowers
who also had been
undertaking strength
training

No changes in VO2, but
significant reduction in running
TTE for up to 24 h post
strength training
Significant increase in VO2 for
up to 48 h post strength
training

RE and running TTE

Running economy

No changes in rowing
time-trial performance
measures 24 h post strength
training

Rowing time-trial
performance

Snatch, clean, back squat,
deadlift, bench press, bench
pull and weighted sit-ups at
75–85% of 1RM for 5–15
repetitions of 3–4 sets
Incline leg press, leg
extension, and leg curls
performed at 6RM for 6
repetitions of 4–6 sets
Back squats at 80% of body
mass for 10 sets of 10
repetitions

Results
Significant impairment in
cycling efficiency 3 h post
strength training
Significant reduction in cycling
distance covered for up to 48 h
post plyometric training

Cycling time-trial
performance

Endurance
performance measures
Cycling efficiency test

Plyometric vertical jump
exercises for 10 repetitions
of 10 sets

Strength training exercises
Incline leg press at 6RM
for 6 repetition of 4–6 sets

Table 11.1 The summary of findings based on studies that have examined the acute effects of a single bout of strength training on subsequent endurance
performance
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Males
(n = 15)

Males
(n = 14)

Males
(n = 16)
Females
(n = 8)

Males
(n = 12)

Doma and
Deakin [7]

Doma et al. [15]

Doma and
Deakin [5]

Doma et al. [16]

Healthy individuals
partaking in 2–3 running
sessions per week with no
exposure to strength training
for 6 months

Healthy individuals
partaking in 2–3 running
sessions per week with no
exposure to strength training
for 6 months
Moderately trained runners
with no exposure to strength
training for 6 months

Moderately trained runners
with no exposure to strength
training for 6-months

Back squats, single-leg leg
horizontal leg press, leg
extension, and leg curls at
6RM for 6 repetitions of 3
sets

Incline leg press, bench
press, and bench pulls
performed with a condition
at high intensity (3 sets of 6
repetitions at 6RM) and
low intensity (3 sets of 20
repetitions with load
equated for work)
Back squats, single-leg leg
horizontal leg press, leg
extension, and leg curls at
6RM for 6 repetitions of 3
sets
Incline leg press, leg
extension, and leg curls
performed at 6RM for 6
repetitions of 4–6 sets

RE and running TTE

RE and running TTE

RE and running TTE

RE and running TTE

No changes in VO2, but
significant reduction in running
TTE for up to 6 h post strength
training following the high
intensity strength training
session. No changes observed
following the low intensity
strength training session
No changes in VO2, but
significant increase in RPE
during the RE test reduction in
running TTE for up to 24 h
post strength training
No changes in VO2, but
significant increase in RPE
during the RE test and
reduction in running TTE for
up to 24 h post strength
training
No changes in VO2, but
significant increase in RPE
during the RE test and
reduction in running TTE for
up to 24 h post strength
training
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to train in such a state, they may experience difficulty in covering particular distances, compromise pacing and/or struggle to meet training goals for the session.
Whilst there is strong evidence to suggest that strength training-induced fatigue
acutely impairs endurance performance, the magnitude of this phenomenon appears
to be dependent on the strength training background, training intensity, and the
recovery period following a strength training exercise. Therefore, this chapter will
discuss the impact of strength training-induced fatigue on endurance performance
and how strength training background and training variables (i.e. intensity, volume,
and recovery) may affect this phenomenon. Finally, a number of recommendations
are provided for coaches to minimise the carry-over effects of fatigue induced by
strength training sessions on subsequent endurance training sessions.

Strength and Endurance Training Background
Strength Training Background
The recovery dynamics following a strength training session is highly dependent on
the level of exposure to previous strength exercises [20–23]. The magnitude of muscle damage and neuromuscular fatigue is attenuated following the initial bout of
strength exercises in individuals who have not previously been exposed to strength
exercises, known as the repeated bout effect (RBE) [24]. In addition, the magnitude
of muscle damage and impaired muscular contractility is greater acutely post
strength exercises for strength-untrained individuals compared to strength-trained
individuals [25]. Therefore, strength training background has a marked influence on
the impact of strength training-induced fatigue on subsequent endurance performance. For example, typical lower body strength training sessions (e.g. squats and
leg press) at moderate-to-high intensities have been shown to impair running economy measures for up to 48 h post in strength-untrained individuals [8, 15]. However,
running economy measures have also been reported to remain unchanged 6–8 h
following similar strength training protocols in strength-trained individuals [7, 19].
Based on the RBE phenomenon, individuals with previous strength training
exposure may experience less fatigue following strength training. However, this is
not to suggest that strength training-induced fatigue is completely avoidable, given
that muscle damage and attenuation in muscle function have been observed for up
to 48 h following strength training sessions in individuals previously exposed to
strength trained [26–28]. Furthermore, studies have shown that running economy
measures were still impaired for up to 48 h following two strength training bouts [5]
and running time-to-exhaustion impaired for 24 h following three strength training
bouts [16]. These findings suggest that muscle damage and neuromuscular fatigue
can still occur in strength-trained individuals, and that strength training-induced
fatigue is not avoidable despite increasing the number of strength training bouts in
strength-untrained individuals, particularly for running performance measures.
Our previous studies have also shown that running time-to-exhaustion was
impaired 24 h following a lower body strength training session in moderately
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endurance-trained runners despite these participants having been exposed to a
flush-out period (i.e. undertaking a number of strength training sessions prior to
study commencement to alleviate possible RBE effects during the course of the
study) [5, 9]. Accordingly, if incorporating endurance training sessions for individuals with minimal exposure to previous strength training, extra care should be
taken for at least 48 h post exercise.

Endurance Training Background
In comparison to strength training background, there has been limited research
examining the effects that endurance training background has on the magnitude of
acute strength training-induced attenuation on endurance performance. In a study by
Skurvydas et al. [29], indirect muscle damage markers (i.e. muscle soreness, creatine
kinase [CK], and isokinetic torque) were measured prior to and 48 h following
eccentric knee extension exercises separately for endurance-trained and -untrained
individuals. The results showed that the magnitude of reduction in isokinetic torque
was significantly greater for the untrained individuals compared to their endurancetrained counterparts, despite no differences between groups in muscle soreness and
CK. Similarly, Snieckus et al. [30] reported no changes in muscle soreness and CK
values between endurance-trained and -untrained individuals, despite a greater
reduction in muscle force generation capacity for untrained individuals for up to 48 h
following eccentric knee contractions. Collectively, these findings suggest that
endurance-trained individuals appear to be more resistant to symptoms of exerciseinduced muscle damage (EIMD) with respect to muscle function compared to their
untrained counterparts. However, these studies brought about EIMD via isokinetic
knee contractions, as opposed to traditional resistance exercises that involve both
concentric and eccentric contractions. In addition, neither of these studies [29, 30]
compared the effects of EIMD on endurance performance measures (e.g. running
economy, running time-to-exhaustion) between endurance-trained and -untrained
individuals. Therefore, more research is necessary to make specific recommendations for endurance-untrained individuals when commencing both strength and
endurance training simultaneously. Nonetheless, given that we have previously
reported associations between reduction in muscle force generation capacity and
measures of running performance [5–7, 9, 15, 16], a greater degree of caution should
be taken with EIMD for individuals that are both strength and endurance untrained,
particularly when commencing a concurrent training programme.

Strength and Endurance Training Intensity
Strength Training Intensity
The neuromuscular characteristics differ substantially during strength training sessions performed between heavy and light loads. For example, strength training
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sessions prescribed with heavier loads to optimise muscular strength development
(i.e. ≥85% of 1RM) will result in greater motor unit recruitment, synchronously at
higher frequencies [31]. Alternatively, strength training sessions with lighter loads
typically would favour recruitment of fewer motor units in a more sequential manner to sustain contractions for longer [31]. Therefore, greater physiological stress is
imposed on the neuromuscular system for each repetition during strength training
sessions with heavier loads. In line with this conjecture, Thornton and Potteiger [32]
showed greater excess post-exercise oxygen consumption following high intensity
strength training (8 repetitions at 85% of 8RM) compared to low intensity strength
training (15 repetitions at 45% of 8RM) whilst equating for work volume using 9
typical strength exercises. The authors postulated that high intensity strength training may have resulted in greater motor unit recruitment, thereby causing disturbances to the metabolic system. Whilst Thorton and Potteiger [32] only measured
physiological responses at rest, the distinct neuromuscular characteristics between
different strength training intensities may have profound effects on the way in which
strength training-induced fatigue impacts on subsequent endurance performance.
A study conducted by Deakin [12] examined the acute effects of different
strength training intensities on sub-maximal cycling performance in strengthtrained participants. The participants performed both high (i.e. 6RM) and low intensity (6 sets of 20 repetitions) lower body strength exercises in a counter-balanced,
randomised order. Each strength training bout was equated for work with a cycling
efficiency test conducted 3 h post strength exercise. The results showed that the high
intensity strength training bout increased the physiological cost of cycling to a
greater extent than the low intensity strength training bout. Similarly, we also investigated the impact of strength training intensity whilst equating for strength training
work, but on sub-maximal and maximal running performance measures 6 h post
strength exercise in strength-trained individuals [7]. The findings showed that neither strength training bout impacted on running economy measures (i.e. running at
90% of anaerobic threshold). However, high intensity strength training impaired
running time-to-exhaustion (i.e. running at 110% of anaerobic threshold) despite
these measures being unaffected post low intensity strength training.
According to the findings by Deakin [12] and our own study [7], it appears that
high intensity strength training sessions may acutely impair indices of endurance
performance to a greater extent than that of lower intensity when both intensities are
equated for work. More recently, Bartolomei et al. [33] reported greater attenuation
in muscle force generation capacity and vertical jump performance measures for
48 h following a bout of low intensity, high volume strength exercise compared to a
bout of high intensity, low volume strength exercise in strength-trained individuals.
Whilst these findings contradict those of Deakin [12] and [7], the work performed by
participants in the study by Bartolomei et al. [33] was approximately double during
the bout with high volume, low intensity strength exercises. Furthermore, the physical performance measures were based on muscle force production, which makes
reference to indices of endurance performance difficult. Nonetheless, these contradictory findings highlight the importance of equating work when examining the
acute effects of strength training intensity in a controlled setting. In addition, the
results by Deakin [12] and [7] demonstrate the need to take caution when
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undertaking endurance exercises within hours post strength exercises, particularly
following high intensity strength exercises. It is also important to note that typical
low intensity strength training sessions (e.g. 3–4 sets of 12–15 repetitions at 50–65%
of 1RM) may encompass a greater work volume compared to very high intensity
strength training sessions (e.g. 4–5 sets of 1–3 repetitions at 90–100% of 1RM).
Therefore, appropriate recovery should also be considered following low intensity
strength training if undertaken with a very high volume.

Endurance Training Intensity
Acutely following strength training, the intensity of endurance exercises could be
manipulated in order to minimise the impact of strength training-induced fatigue on
subsequent endurance training sessions. Several studies have shown that attenuation
of running performance measures are augmented during periods of strength training-induced fatigue at higher endurance exercise intensities [5, 7, 9]. For example,
we showed no effect on running economy measures several hours to days post
strength training although running time-to-exhaustion was impaired [7, 15]. These
findings have also been confirmed by others following downhill running [34], further demonstrating the increased sensitivity to changes in endurance performance
measures at higher intensities during periods of muscular fatigue.
It has been postulated that the attenuation in indices of endurance performance at
greater intensities may be due to differences in muscle fibre recruitment patterns
[34]. Indeed, type 1 muscle fibres are primarily recruited when exercising below the
anaerobic threshold, whereas a greater number of type 2 fibres are recruited at exercise intensities above the anaerobic threshold [35, 36]. Given that strength exercises
have been shown to cause greater muscle damage in type 2 as compared to type 1
muscle fibres, it is plausible to assume that the ability recruit type 2 fibres are
impaired, and as a result, strength training-induced fatigue may compromise endurance performance at higher intensities. Subsequently, caution should be taken when
prescribing endurance training sessions at higher intensities, particularly above the
anaerobic threshold, during periods of strength training-induced fatigue. Appropriate
progression and periodization of concurrent training programme prescription by
incorporating a low intensity endurance training session several hours to days following a strength training session may minimise possible negative effects on endurance performance, thereby optimising the quality of endurance training sessions
and eventually chronic cardiorespiratory adaptations.

Recovery Following Strength Training
Appropriate recovery in-between strength and endurance training sessions must be
accounted for to minimise the carry-over effects of fatigue from one mode of training
to the next, when implementing a concurrent training programme. Indeed, the duration
of recovery required in-between each mode of training session is dependent on the
training variables, particularly the mode of exercise. A typical endurance training
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session with durations of 40–60 min will allow muscular contractility to recover within
hours post exercise [37, 38]. In contrast, heavy strength exercises have been shown to
impair muscular contractility for up to 96 h post [39, 40], deplete muscle glycogen for
up to 6 h post [12] and possibly induce muscle damage from as early as 8 h and up to
72 h post [41], all of which may impair indices of endurance performance [42].
Several studies have examined the time course recovery acutely following strength
exercises on indices of endurance performance. Whilst research in the acute impact of
typical strength training on cycling performance is limited, Deakin [12] did examine
sub-maximal cycling performance and muscular contractility 3 h following a high
intensity lower body strength training session (i.e. incline leg press) at 6RM in trained
cyclists with strength training backgrounds. The results showed impaired sub-maximal cycling performance with a concomitant reduction in muscle force production.
Similar trends have been observed in several studies on running performance measures. For example, [19] investigated the acute effects of a whole body strength training session (i.e. bench press, squat, upright row, deadlift, seated row, and abdominal
exercises) at 8RM on running economy measures 8 and 24 h post exercise in welltrained distance runners with strength training backgrounds. The results showed that
running economy was impaired 8 h post although returned to baseline values by 24 h
post. We also showed impaired running economy 6 h following a lower body strength
training session (i.e. incline leg press, leg extension, and leg curls) at 6RM in moderately trained runners with strength training experience [9]. Using a similar strength
training protocol, running economy was not impaired 24 h post exercise, although a
reduction was observed in running time-to-exhaustion (i.e. at 110% of anaerobic
threshold) [5, 7] in moderately trained runners with strength training experience. In
strength-untrained individuals, typical lower body strength training sessions have
been shown to impair running economy measures for 48 h post exercise [15].
According to the above-mentioned findings, at least 8 h of recovery may be
required in order to not negatively affect endurance performance measurements following a typical strength training session for endurance athletes with strength training experience. However, several days of recovery may be needed for endurance
athletes with minimal background in strength training, or in strength de-trained
endurance athletes. Regardless of training background, more than 24 h of recovery
may be needed to avoid reduced performance following a strength training session
if implementing a high intensity endurance training session (i.e. above anaerobic
threshold). However, even though acute impairment of measurements related to
endurance performance has been observed, that does not mean that there is no training effect of the sessions.

Summary
In conclusion, strength training-induced fatigue can be sustained for several days
post-exercise, which appears to have detrimental effects on endurance performance.
Accordingly, when implementing an endurance training session following a strength
training session, the following training scenarios may require greater recovery
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periods: (1) undertaking a high intensity strength training session (e.g. ≥6RM) prior
to an endurance training session; (2) undertaking a high intensity endurance training
session (e.g. above anaerobic thresholds) following a strength training session; (3)
strength-untrained individuals; (4) individuals with previous experience in strength
training but have not undertaking strength training for several months; and (5)
endurance-untrained individuals. The extent to which a bout of strength training
may impact on the quality of a subsequent endurance training session may be
dependent on the degree of each, or all of these factors. Therefore, it is important to
monitor and understand the recovery dynamics of each individual prior to prescribing concurrent training for endurance athletes.
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Introduction
When athletes or recreationally active individuals perform structured strength or aerobic training for an extended period of time (i.e., months to years), in due course, their
skeletal muscles will display a distinct phenotype reflecting the primary overload-
stimulus imposed. This is manifested in its extremes by, e.g., the marathon runner displaying a slim and fatigue-resistant muscle profile, and the powerlifter or bodybuilder
showing extraordinarily large muscles. From a conceptual view, it appears unlikely that
the skeletal muscle is capable of achieving the extreme features displayed by the powerlifter and the marathon runner at the same time. As has been made clear in previous
chapters, the question has therefore been raised whether one can perform aerobic and
strength training simultaneously, without compromising the distinct muscle adaptations that would have occurred with either exercise mode in isolation.
Although the skeletal muscle adaptations outlined in the simplified example
above represent classical end-point adaptations to strength and aerobic training, it
should be acknowledged that phenotype changes occur along a continuum and several muscle adaptations actually show minor specificity across exercise modes, at
least in the short term. For example, whole-muscle and fiber size may to some
extent increase in response to aerobic training [1, 2] and fiber type transformation
occurs in the same direction regardless of exercise modality [3]. Moreover, high-
volume strength training may induce capillary proliferation [4] and increased oxidative enzyme activity and aerobic capacity [5]. These examples highlight that the
muscle adaptive response to exercise is complex and occur along a continuum.
Thus, given the limited understanding of the mechanisms dictating classical
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adaptations to aerobic and strength training, it is perhaps not surprising that the
results of studies exploring muscle hypertrophy in response to concurrent training
are somewhat equivocal. The goal of this chapter is to explore the long-term effects
of supplementary aerobic training on muscle hypertrophy.

Concurrent Training and Muscle Hypertrophy: The Past
It should be acknowledged that so far, the majority of concurrent training studies
have not included the measure of muscle hypertrophy as an outcome variable. Thus,
many studies showing incompatibilities between aerobic and strength training have
only focused on strength or power development. Also, in several studies, muscle
strength has been compromised by additional aerobic training whereas muscle
hypertrophy has been unaffected. For example, although the original work of
Hickson [6] is often cited in favor for an interference effect in terms of muscle adaptations to concurrent training, that seminal study actually did not report reduced
muscle growth in response to the concurrent training regime. The measurement of
muscle size was made using a tape-measure to estimate thigh girth, and the increase
in this measure did not differ between groups (concurrent training vs. strength training alone) at the end of the training programme. Nonetheless, ever since, numerous
studies have investigated the effect of adding aerobic training to a strength training
programme with assessments of muscle hypertrophy through various measurements
of muscle or fiber size before and after training.
The literature provides large inconsistencies regarding the effects of concurrent
training on muscle hypertrophy. Clearly, and as pointed out in several earlier review
papers (e.g., [7–10]), these inconsistencies are probably due to differences in study
design factors such as study duration, subject population, age and training status, as
well as differences in training mode, frequency, intensity, and volume. Indeed, a
previous meta-analysis indicated that although there was no statistical difference in
the averaged effect size for lower-body muscle hypertrophy between concurrent
training and strength training [10], there were some differences when the effect
sizes were split for different training variables. More specifically, interference in
muscle hypertrophic development was noted when running was selected as the aerobic training modality, or when high training frequencies or long aerobic training
workouts were employed. Since then, however, several new studies have been published including review papers challenging the idea of an interference effect on
muscle hypertrophy with concurrent training [11].

 oncurrent Training and Muscle Hypertrophy: Updating
C
the View
A summary of 23 published studies [3, 6, 12–33] reporting changes in muscle
hypertrophy to concurrent training and strength training alone are summarized in
Table 12.1. The subject populations in the studies identified have typically been
untrained or recreationally active young men, with a few exceptions where studies

Order of
sessions
Unclear
order. ~2 h
between
sessions
ST—AT

Study
Hickson [6]

Subjects
Recreationally
trained men
and women

Nelson et al.
[16]

Untrained men

4 days/week,
20 weeks

Sale et al.
[17, 36]

Untrained men
and women.
Between leg
comparison
Untrained men

3 days/week,
22 weeks

AT—ST

3 days/week,
10 weeks

AT—ST

Volpe et al.
[19]

Untrained
women

3 days/week,
9 weeks

AT—ST

Kraemer
et al. [3]

Trained (army)
men

4 days/week,
12 weeks

AT—
5–6 h—ST

Craig et al.
[18]

Hypertrophy
measure
Thigh girth

Interference
(yes/no)
N

ST: 3 sets × 6 reps max knee
extensions @30 deg/s. AT: 30–60 min
continuous cycling
ST: 6 × 15–20 reps leg press. AT:
5 × 3 min interval cycling at
90–100% of VO2max

Fiber area

N

CSA (CT),
thigh girth,
and fiber area

N

ST: 3 × 6–10 reps of UB and LB
exercises including LP and leg curls.
AT: continuous running 30–35 min @
75% MHR
ST: 2–4 sets of 4–10 reps of LP,
extensions, leg curl, calf raise + 6 UB
exercises. AT: 20–25 min of running
at 75% of predicted MHR
ST: 3–5 sets of 5–15 reps, 10 UB
exercises and 8 isoinertial leg
exercises. AT: distance and interval
running with aim to maximally stress
the aerobic system

Thigh girth

Y

Thigh girth

N

Fiber area

Y

Training programme
ST: 3–5 sets × 5 reps in isoinertial leg
exercises, 80% of 1RM. AT: Cycling
intervals and continuous running

Comment

Greater increase
in AT + ST than
ST

No interaction
reported. Very
small increase
overall

Interference in
Type 1 and 2C
fiber area (no
interaction
reported)
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Training
duration and
frequency
5 days/week,
10 weeks
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Table 12.1 (continued)
Training
duration and
frequency
3 days/week,
10 weeks

Order of
sessions
Same
session,
rotating
order
Alternate
days

Subjects
Untrained men

Bell et al.
[27]/Putman
et al. [28]

Recreationally
trained men

McCarthy
et al. [21]

Untrained men

Häkkinen
et al. [22]

Recreationally
trained men

2 days/week,
ST + AT
4 days/week,
21 weeks

Izquierdo
et al. [23]

Untrained older
men

2 days/week,
16 weeks

Alternate
days

Izquierdo
et al. [12]

Untrained
middle-aged
men

2 days/week,
16 weeks

Alternate
days

3 days/week,
ST + AT
6 days/week,
12 weeks
3 days/week,
10 weeks

Same
session,
rotating
order
Alternate
days

Training programme
ST: 4 × 5–7 reps, isoinertial strength
such as squats, BP, extensions, leg
curls, and UB exercises. AT: 50 min
continuous cycling @70% HR reserve
ST: 2–6 sets, 4–12 rep of 4 LB and 4
UB exercises free
weights + machines. AT: Cycling,
continuous + intervals
ST: 3 sets × 5–7 reps of 8 exercises
including squats, curls, extensions.
AT: continuous cycling
ST: 3–5 sets of 5–15 reps of LP and
KE + 4 UB exercises. Aim both
maximal strength and explosive
strength. AT: First 30 min cycling or
walking, then increased cycling at
different intensities for 60–90 min
ST: first 8 weeks: 3–4 sets of 10–15
reps @ 50–70% 1RM, last 8 weeks:
3–5 sets × 5–6 reps of LP, KE, BP
and 4–5 other UB exercises. AT:
Continuous and interval cycling
ST: first 8 weeks: 3–4 sets of 10–15
reps @ 50–70% 1RM, last 8 weeks:
3–5 sets × 5–6 reps of LP, KE, BP
and 4–5 other UB exercises. AT:
Continuous and interval cycling

Hypertrophy
measure
Thigh girth

Interference
(yes/no)
N

Fiber area

Y

CSA (CT)
and fiber area

N

CSA (MRI)

N

CSA
(ultrasound)

N

CSA
(ultrasound)

N

Comment

Interference in
Type 1 fiber area
(no interaction
reported)
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Study
McCarthy
et al. [20]

12

2 days/week,
ST + AT
4 days/week,
21 weeks
2 days/week,
ST + AT
4 days/week,
21 weeks
2 days/week,
8 weeks

Alternate
days

Recreationally
resistance-
trained men

3 days/week,
6 weeks

ST—AT

Moderately
trained men.
Between leg
comparison

AT: 3 days/
week, ST: 2 or
3 days/week,
5 weeks

AT—6 h—
ST

Ahtiainen
et al. [24]

Untrained older
men

Karavirta
et al. [14]

Untrained older
men

Mikkola
et al. [15]

Untrained
middle-aged
men

de Souza
et al. [25, 26]

Untrained
young men

Jones et al.
[29]

Lundberg
et al. [30]

Alternate
days

Alternate
days

Same
session,
rotating
order

ST: whole-body programme
including 2 exercises for the leg
extensors. AT: 30–60 min continuous
cycling
ST: whole-body programme
including 2 exercises for the leg
extensors. AT: 30–60 min continuous
cycling

VL + VI
thickness
(ultrasound)

N

VL thickness
and fiber area

N/Y

ST: whole-body programme
including 2 exercises for the leg
extensors. AT: 30–60 min continuous
cycling
ST: whole-body programme
including 2 exercises for the leg
extensors. AT: 30–60 min continuous
cycling
ST: 3–5 sets of 6–12 RM LP, KE,
Knee flexion. AT: Interval training at
80–100% of vVO2max

Fiber area

Y

CSA (MRI)

N

CSA (MRI)
and fiber area

N/Y

ST: 5 sets of 6 reps at 80% of MVC
in isokinetic leg extensions.
Unilateral training. AT: 30 min of
repeated extensions at 30% of MVC
ST: 4 × 7 sets of flywheel knee
extensions. AT: one-legged
continuous cycling ~45 min

Thigh girth

Y/N

Volume and
CSA (MRI),
fiber area

N

Interference in
Type 2 fiber area
(no interaction
reported) but not
in VL thickness
Interference in 2
fiber area (no
interaction
reported)
Greater increase
in AT + ST than
ST
Interference in
fiber area (no
interaction
reported) but not
whole-muscle
MRI
Interference with
3 days/week but
not with 1 day/
week AT
Greater increase
in AT + ST than
ST
(continued)
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Alternate
days

Untrained
middle-aged
men
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2 days/week,
ST + AT
4 days/week,
21 weeks
2 days/week,
ST + AT
4 days/week,
21 weeks

Sillanpää
et al. [13]

Study
Lundberg
et al. [31]

Kazior et al.
[32]

Subjects
Moderately
trained men.
Between leg
comparison
Untrained
young men

Terzis et al.
[33]

Moderately
trained young
women

Tsitkanou
et al. [34]

Recreationally
active young
men
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Table 12.1 (continued)
Training
duration and
frequency
AT: 3 days/
week, ST: 2 or
3 days/week,
5 weeks
2–4 days/week
(progressive
increase),
7 weeks
3 days/week,
6 weeks

2 days/week,
8 weeks

Order of
sessions
AT—
15 min—
ST

Training programme
AT: one-legged continuous cycling
~45 min. ST: 4 × 7 sets of flywheel
knee extensions

Hypertrophy
measure
Volume and
CSA (MRI)

Interference
(yes/no)
N

Comment
Greater increase
in AT + ST than
ST

AT—ST

AT: Both continuous and interval
cycling sessions. ST: Leg press 4–6
sets × 8–15 reps

Fiber area

N

Greater increase
in AT + ST than
ST

ST—AT

AT: 30 min low-intensity running
60–70% of MHR. ST: Lower-body
power training (ECC half-squats,
CMJ jumps, drop-jumps)
AT: High-intensity cycling 10 sets of
1 min @maximal aerobic power, ST:
Leg press and half-squats 4 sets of
6RM

Fiber area

Y

Interference in
all fiber types

CSA
(ultrasound)
and fiber area

N

ST—AT

Note: ST strength training, AT aerobic training, RM repetition maximum, LP leg press, KE knee extension, UB upper body, MHR maximal heart rate, LB lower
body, BP bench press, CSA cross-sectional area, CMJ counter movement jump, VO2 oxygen uptake, ECC eccentric, MVC maximal voluntary contraction, CT
computerized tomography, MRI magnetic resonance imaging, VL vastus lateralis, VI vastus intermedius
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have looked at women or trained/athletic populations. The study duration has varied
between 5 and 22 weeks, and the training frequencies have varied between 2 and
6 days per week (most often with 2 or 3 weekly strength and/or endurance training
sessions). In 15 of the studies, the strength and aerobic sessions have been carried
out on the same day, typically with only a short rest period in between the sessions.
In seven studies, the sessions were scheduled on alternative days.

 here Is No Uniform Interference Effect on Muscle
T
Hypertrophy
When summarizing the effect sizes and the relative increase in muscle hypertrophy
across all studies, it becomes apparent that there is no general or “global” interference effect on muscle hypertrophy from concurrent training (Fig. 12.1). The global
average increase in muscle hypertrophy (i.e., averaging all measurements from all
studies) is 14% from strength training alone and 12% with concurrent aerobic and
strength training (P = 0.36). The average effect size for muscle hypertrophy is 0.76
for strength exercise alone and 0.60 for concurrent exercise (P = 0.17). If each study
is given the same weight in the analysis (regardless of whether they included several
measures of hypertrophy or not), the results are still very similar. Indeed, the majority of the individual studies independently report no difference in the mean hypertrophic response across the two training conditions (Table 12.1, Fig. 12.1). It should
be noted that there are as many papers reporting a greater increase in muscle hypertrophy with concurrent training as there are papers showing an interference effect.
An important research design note is that in those studies reporting some kind of
interference effect, all except one study used fiber size as the outcome measure of
muscle hypertrophy. As the only exception, Craig et al. [18] used the thigh girth to
assess muscle hypertrophy pre- and post-training, and the authors noted an increase of
1.8% in the strength group compared with 1.3% increase in the concurrent training
group. Even if the author concluded that the increase in the strength group was significant in contrast to the increase in the concurrent group, one must certainly question if
this small difference in thigh girth can be meaningful. An important point to make
here is that none of the studies showing an interference effect used the most reliable
techniques to assess muscle size (i.e., MRI or CT). In some cases, however, these
techniques have been used together with fiber size measurements [17, 21, 25, 26, 30].
However, in the study by de Souza et al., the interference effect noted in fiber size
measurements were not noted at the whole-muscle level using MRI or CT [25, 26]. It
is difficult to elucidate the reason for these conflicting findings but two main hypotheses can be postulated. Since MRI and CT measure whole-muscle anatomical crosssectional area, it is possible that changes in fiber size accompanied by changes in
muscle architecture (i.e., increased pennation angle) will mask early hypertrophic
effects that are not detected by either of these techniques. Thus, it could be speculated
that with longer training periods, the interference effect would be noted also at the
whole-muscle level with CT/MRI imaging. Alternatively, and perhaps even more
likely, the conflicting findings on fiber size differences could reflect random effects or
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All studies
Hickson 1980
Nelson et al. 1990
Sale et al. 1990
Craig et al. 1991
Volpe et al. 1993
Kraemer et al. 1995

Average response

McCarthy et al. 1995
Bell et al. 2000/Putman et al. 2004
AT+ST

McCarthy et al. 2002
Häkkinen et al. 2003
Izquierdo et al. 2004

ST

Izquierdo et al. 2005
Sillanpää et al. 2008

-10

Ahtiainen et al. 2009

0
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Muscle Hypertrophy (%change)

Mikkola et al. 2012
Jones et al. 2013
de Souza et al. 2013/2014
Lundberg et al. 2013
Lundberg et al. 2014
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Kazior et al. 2016
Tsitkanou et al. 2016
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Terzis et al. 2016
-10
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Fig. 12.1 A quantitative summary of the relative increase in muscle hypertrophy in all studies included
in Table 12.1. The panel to the left depicts each individual study whereas the right panel shows the
average response. ST strength training alone, AT + ST concurrent aerobic and strength training

type 1 errors that occur due to low sample sizes and a lack of a complete data sets, i.e.,
all fibers of the entire muscle, which leads to the extreme variance that is associated
with measuring fiber size from a small sample of muscle tissue. To complicate this
issue further, the statistics used to reach the conclusions in Table 12.1 can sometimes
be questioned. Specifically, when one compares two groups across two time points in
order to assess if the experimental condition (concurrent training) respond differently
than the control condition (strength training), the main outcome statistics should be
the interaction effect between group and time. However, in many of the studies shown
in Table 12.1, and actually in all of the studies claiming an interference effect, the
authors instead have analyzed the effects of each training mode (strength training vs.
concurrent training) separately, obviously providing a significant bias.

 he Effect of Different Training Variables on the Interference
T
Effect in Muscle Hypertrophy
Training Frequency
Given that there is no general interference effect of concurrent training on
hypertrophy, it appears clear that specific programme variables such as training
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frequency, volume, and how the sessions are distributed will dictate the outcome
of a specific concurrent training regime. Only one study has directly assessed
the influence of endurance training frequency on the hypertrophic response to
concurrent training. In that study [29], subjects were randomized to an experimental condition of either (a) strength training, (b) concurrent training with the
aerobic training carried out 3 days/week, or (c) concurrent training with the
aerobic training carried out 1 day/week. The strength training was always performed 3 days/week and the study duration was 6 weeks. The results showed a
similar hypertrophic response (limb girth) between strength training alone and
concurrent training with low-frequency aerobic training. Interestingly, however,
the higher frequency of aerobic training was associated with an interference
effect. While these data are the only direct evidence supporting that greater frequencies of aerobic training are negative for the muscle hypertrophic response
to strength training, the data summarized in the current chapter also lend slight
support to this notion. More specifically, if one divides all the studies in
Table 12.1 into two groups split on training frequencies of either >3 days/week
or ≤3 days/week, there seems to be a tendency for an interference effect with
concurrent training with high training frequencies as compared with low frequencies (Fig. 12.2a).

Aerobic Training Modality
Regarding the effect of exercise mode, only four studies in Table 12.1 have selected
running as the aerobic exercise modality [3, 6, 18, 33], whereas the remaining studies have studied cycling. Even though there is not enough data to draw firm statistical conclusions on any differential effect on muscle hypertrophy depending on the
selected aerobic training mode, it is worth noting that three of the four studies
employing running as the aerobic mode actually do show an interference effect
(Fig. 12.2b). This strongly suggests that running, as compared with cycling, will
exacerbate the risk of an interference effect on muscle hypertrophy. In fact, this may
not be surprising since cycling in itself has often, in contrast to running [35], been
associated with muscle hypertrophy [2].

Training Distribution
Regarding the distribution of training sessions, i.e., whether it is better to schedule
the different training sessions on the same or alternate days, there is no difference
in the outcome of muscle hypertrophy between concurrent training and strength
training (Fig. 12.2c). This is also supported by Sale et al. [36] reporting that same
day (vs. different day) concurrent training did not impede muscle hypertrophy
(even though increases in muscle strength were attenuated by same day training).
However, it is worth noting that there is a general main effect indicating that overall, training on alternate days gives better end-point results (hypertrophy) for both
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Fig. 12.2 The effect of different training variables on the relative increase in muscle hypertrophy.
The indicated sample sizes (n) reflects the number of individual studies included in the analysis.
ST strength training alone, AT + ST concurrent aerobic and strength training

strength training and concurrent training (Fig. 12.2c). Similarly, regarding the
effect of study duration, longer study durations (>10 weeks) generally produces
greater hypertrophy than shorter studies (Fig. 12.2d), but there is no difference
between strength training and concurrent training in this regard.
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Order of Sessions
There is somewhat limited data to quantify the effect of different orders of the session (i.e., aerobic training before or after strength), but from the 11 studies that have
scheduled the aerobic and strength sessions in a specified order on the same day,
there seems to be no clear order effect (Fig. 12.2e). In addition to these studies,
some investigators have assessed the order effect by comparing two concurrent
training groups with opposite order of the exercise modes with no comparison to
strength training alone. The collective interpretation from these studies is also that
there is no clear order effect on muscle hypertrophy [37, 38]. This notion certainly
questions the often purported view that performing aerobic training prior to resistance training would activate molecular signalling pathways that are antagonistic to
those induced by subsequent strength training, which in turn would inhibit muscle
hypertrophy [8, 39]. Regardless of the order of training sessions, an interesting finding reported by Küüsmaa et al. was that concurrent training in the evening led to
larger gains in muscle mass compared with the same training programme in the
morning hours [38], suggesting that the timing of the concurrent training session is
more important than the order of the different exercise modalities.

Other Factors
Unfortunately, there is not enough data to reliably quantify any effect of trained vs.
untrained populations, women vs. men, different intensities during the aerobic
training, different length of recovery between sessions, or upper- vs. lower-body
muscle groups. There are, however, some preliminary data from individual studies
that are worth mentioning. In my laboratory, we carried out two 5-week training
studies where the only training variable manipulated between the studies was the
length of recovery between the aerobic and strength training carried out on the
same day 2–3 days per week. Regardless of whether the recovery was 6 h or 15 min
between sessions, muscle hypertrophy was substantially greater following the concurrent training regime in recreationally active young men [30, 31]. Although this
indicate that for muscle growth it does not matter if daily sessions are performed
combined or with several hours of rest in between, it should be acknowledged that
some aspects of strength performance were negatively influenced by the shorter
recovery period.
Another study, performed by Rønnestad et al., explored the effects of high-
volume aerobic training on the muscle hypertrophic response to resistance training
in well-trained cyclists [40]. These cyclists, with limited strength training experience, performed heavy strength training twice a week in addition to high volume
(~10 h per week) aerobic training during a 12-week period. A group of non-strength
trained individuals performed the same strength training as the cyclists, but without
added aerobic (cycling) training. Following the training period, the relative increase
in thigh cross-sectional area was greater in the strength training group than in the
concurrent training group, suggesting that high volumes of aerobic training impairs
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muscle hypertrophy in trained individuals. These results should, however, be viewed
with some caution since the strength training group consisted of non-cyclists. This
was also why that particular study did not qualify for inclusion in the quantitative
summary in this chapter.
Regarding the effect of aerobic training intensity, Fyfe et al. determined the
effects of concurrent training incorporating either high-intensity interval training or
volume-matched moderate-intensity continuous training [41]. The authors noted
that lower-body lean mass increased similarly between the groups of strength training alone and moderate-intensity training + strength training, whilst the hypertrophic response was attenuated in the group incorporating high-intensity aerobic
training with the strength training. Although these data indicate that high-intensity
may be worse than low-intensity aerobic training for the development of muscle
hypertrophy, the effect sizes were rather small and the responses were not reflected
in the training-induced changes in strength. Therefore, it remains for future studies
to confirm or refute these preliminary observations.

Summary
The collective body of evidence indicates that no universal interference effect of
aerobic training on muscle hypertrophy seems to exist when added to a strength
training programme. Thus, the effects of concurrent training on muscle hypertrophy
ultimately depend on the specific training programme carried out. High training
frequencies (>3 days/week regardless of training mode) and the running mode of
exercise appear to increase the risk of a compromised hypertrophic response to
strength training compared with low training frequencies and the cycling modality.
Unfortunately, however, there is a lack of systematic high-powered studies examining the effect of different training variables on the concurrent training effect.
Nonetheless, current data suggest that most individuals can accomplish significant
muscle hypertrophy with strength training despite concurrently performing aerobic
training. From a practical standpoint, it could be recommended that athletes or
trained individuals prioritizing gains in muscle mass and strength should choose
cycling instead of running as the aerobic modality and avoid high aerobic training
frequencies. It remains for future studies to determine for how long an athlete or
recreationally active individual can maintain uncompromised hypertrophic development before any (potential) interference effect becomes evident.
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Introduction
As highlighted in earlier chapters, there are many studies that suggest performing
both endurance and resistance training within the same training program (i.e., concurrent training) can lead to sub-optimal adaptations. However, although these studies provide evidence for interference to resistance training adaptations [i.e., reduced
improvements in maximal strength, muscle hypertrophy, or power/rate of force
development] with concurrent training [e.g., 1–6], these findings are not universal.
For example, some concurrent training studies show no evidence for an interference
effect [7, 8], while others suggest only certain adaptations are attenuated (e.g., compromised training-induced improvement in rate of force development, rather than
attenuated maximal strength and/or muscle hypertrophy) [9]. On the contrary, there
is also evidence for concurrent training further enhancing muscle hypertrophy
(although, importantly, not maximal strength) [10–12] or post-exercise cellular signaling responses [13–15] compared with resistance training alone. The equivocal
and varied nature of the response to concurrent training suggests the presence and
magnitude of the observed interference effects might be related to methodological
factors [6, 16]. These factors relate to training program design (i.e., exercise
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frequency, intensity, volume, order, and recovery duration), as well as other factors
including participant training status, nutrition, the study design, and statistical analyses used in the research (Fig. 13.1).

Training Program Design
Analysis of the results of studies investigating the interference effect suggests there
are a number of training variables and other factors that need to be considered in the
planning and prescription of concurrent training. Indeed, the volume, intensity,
mode, and frequency of previous, current, and future training sessions, plus the
exercise order and recovery duration between sessions, are all important factors that
may influence the response to concurrent training. Furthermore, consideration of
participant training status is critical when designing programs and interpreting concurrent training research, especially in relation to any observed interference effects.
The following section outlines how these various methodological aspects should be
controlled and/or considered when designing and interpreting concurrent training
studies.

Training Status
Training status has been shown to affect the response to a single exercise session
and plays an important role in determining subsequent adaptations to training. The
concurrent training literature includes studies that have recruited sedentary [13, 17],
recreationally trained [18–21], and exercise mode unaccustomed and/or accustomed
participants [14, 21–24], with varying training outcomes often reported for different
participant groups. For example, untrained participants elicit similar adaptive
responses to both single-mode and concurrent training [24–26]. However, as
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training is continued over a period of months to years, and the exercise stimulus is
progressively increased to further enhance adaptation, the interference effect may
become more apparent [27]. This suggests that in the untrained state concurrent
training promotes predominantly generic, non-exercise mode-specific adaptations,
while those with a greater training history exhibit more selective training responses
to divergent stimuli, suggesting participant training status and history is a primary
methodological factor to consider in the context of concurrent training.
In addition to sedentary, recreational, and trained participants, professional athletes may have a long training history, spanning several years, which is likely to
impact on the planning of, and the adaptive responses to, concurrent training.
Furthermore, the different competition schedules between individual and team
sports will also impact planning and scheduling. For example, individual pursuit
sports, which largely work on 4-year Olympic cycles, with specific yearly competition goals, may target specific phases in a year to develop specific physical qualities.
When compared with team sports, in which competition may occur up to 4 times per
week, the time available for training becomes a major issue, owing to the heightened need for recovery. From a logistical sense, changes to training schedules can
also occur owing to injury management, weather, squad sizes, and available facilities. These “practical” issues, which are particularly prevalent across many sports,
are likely to impact upon the acute and chronic adaptive responses to concurrent
training.

Training Variables
Although there are many training variables that can be manipulated to influence the
training response, the most common are frequency, intensity, and volume of training, as well as session order and the recovery between training sessions. While
research evidence is limited, it is likely that these variables (individually and
together) can influence the extent of any interference effect.

Frequency
Frequency relates to the number of training sessions (endurance and resistance)
performed per week. While there appears to be little relationship between the frequency of resistance training sessions and improvements in running economy [28],
VO2max, or body fat [29], there are greater effects of endurance training frequency on
resistance training adaptations. Indeed, performing ≥3 sessions of endurance training per week (which also results in a greater training status, and thus potential for
greater interference) attenuates resistance training-induced adaptations [1–3, 30].
Conversely, performing ≤2 sessions per week appears to have a less negative impact
on resistance training adaptations [8, 9, 31], which possibly also relates to the lesser
trained status of the individual. As such, the frequency of endurance and resistance
training sessions is an important methodological factor when programming concurrent training and when comparing the results of different studies.
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Intensity
Training intensity is another important variable that likely influences concurrent
training outcomes. This can be considered with respect to both endurance training
intensity [e.g., high- vs. low-intensity continuous training, or high-intensity interval
training (HIT) vs. moderate-intensity continuous training (MICT)], and resistance
training intensity (e.g., high vs. low relative training intensities/loads). Endurance
training intensity is a particularly relevant consideration, as higher endurance training intensities are a potent (and potentially time-efficient) stimulus for enhancing
aerobic fitness and markers of cardiometabolic health [32]. For these reasons, HIT
is often touted as a highly attractive strategy for improving cardiometabolic health
and VO2max, compared with traditional MICT [32, 33]. High-intensity exercise is
also highly specific to the demands of many team and individual endurance-based
sports, and so training modalities such as HIT often form an integral part of training
programs aimed at enhancing performance across a wide range of athletes [34].
Given the popularity and effectiveness of high-intensity endurance training, the
potential influence of this on the interference effect during concurrent training is an
important consideration.
The intensity of endurance training performed within a concurrent training program may also influence the interference effect. Higher endurance training intensities are known to elicit greater residual fatigue of the trained musculature [35, 36]
compared with lower-intensity endurance exercise [37, 38], and this can further
attenuate force production capacity for at least 6 h after exercise [35, 36]. As discussed previously, this compromise in force production capacity can also negatively
influence subsequent resistance training performance, an effect worsened following
higher-intensity endurance exercise [38–40]. It is important to mention, however,
that a number of additional variables also likely influence the neuromuscular
demands of endurance training sessions, and therefore the likelihood for associated
residual fatigue to negatively influence subsequent resistance training performance.
Such factors include the endurance training modality (e.g., running vs. cycling),
HIT work interval length, running surface (e.g., road, track, grass, or sand), running
incline (e.g., hill vs. flat-ground running), and change-of-direction characteristics of
running-based HIT [41].
A number of studies have demonstrated an interference effect with concurrent
training incorporating a range of endurance training intensities, including lowintensity continuous training [4, 42], high-intensity interval training [43–46], or
combinations of training intensities [1–3, 9]. There is, however, a lack of concurrent
training studies directly comparing endurance training programs incorporating different training intensities [6, 47]. Such studies are required to determine the potential influence of training intensity on concurrent training outcomes. A study by Silva
and colleagues [47] simultaneously investigated the effects of endurance training
intensity (i.e., continuous vs. interval training) and modality (i.e., cycling vs. running) on neuromuscular adaptations to 11 weeks of concurrent training in physically active females. No differences for improvements in 1-RM leg press strength
from baseline were found between training groups performing either resistance
training only (~53%), or concurrent training incorporating either continuous cycling
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(~39%), continuous running (~41%), or interval running (~47%). A limitation of
that study, however, was that the endurance training protocols were only matched
for total exercise duration, and not total work, making it difficult to infer the potential influence of training intensity on maximal strength outcomes [6].
Indeed, one methodological challenge when investigating the role of endurance
training intensity in mediating the interference effect is that manipulating training
intensity naturally influences total training volume, which in turn may confound
study outcomes (see paragraphs on training frequency and volume). A potential
solution to this problem is to equate the training volume of different endurance
training protocols by matching them for total work performed, an approach used
for comparing the influence of HIT and MICT on training adaptations [6, 48, 49].
Previous studies have observed attenuated maximal strength development with
concurrent training programs incorporating either HIT [1, 43], MICT [4, 42], or
combinations of both [2, 3]. Few studies have actually compared the influence of
HIT and MICT as the endurance training modality on concurrent training outcomes [6], again making it difficult to determine the importance of endurance
training intensity in mediating the interference effect. Fyfe and colleagues [6] compared the influence of work-matched HIT and MICT cycling on concurrent training outcomes, and observed almost identical interference of maximal (1-RM leg
press) strength development, although HIT was more detrimental to improvements
in various CMJ measures induced by resistance training (e.g., peak velocity and
rate of force development) compared with MICT. The results suggested endurance
training intensity per se may not be a critical factor for interference to maximal
strength development, while higher endurance training intensities may be sub-optimal for the concurrent development of CMJ performance. Further work is required
to better define the role endurance training intensity in modulating adaptation to
concurrent training.

Volume
While training volume may be considered in the context of training frequency, it can
also be depicted by the duration, equal also to work done, of a given training session
and/or program. An increase in endurance session duration results in greater fatigue
and substrate depletion [50], and therefore a requirement for longer recovery. Wilson
et al. [29] observed a relationship between increasing daily endurance training duration and impaired resistance training-induced strength adaptations. This may indicate that increasing endurance training volume via the accumulation of total training
time (and associated cumulative fatigue) would also impact on longer-term resistance training adaptations. Indeed, Hickson [2] only reported impaired strength
adaptations in the concurrent training group from week 8 onwards of a 10-week
training program. In that study, the concurrent group were performing endurance
training (both running and cycling) 30–40 min per day 6 days per week—a volume
of work that has not been matched in any other concurrent training study—on top of
the 5 days per week of resistance training. This volume of training, which induces a
large degree of cumulative fatigue, greatly superseded that of the endurance and
strength-only training groups. More recently, Donges et al. [17] reported that when
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concurrent exercise is matched for total work done with either resistance or endurance exercise performed alone (i.e., 50% of each mode combined), there are comparable increases in myofibrillar protein synthesis following concurrent and resistance
exercise, and similar increases in mitochondrial protein synthesis between concurrent and endurance exercise. Taken together, this suggests that in sedentary, untrained
participants, both aerobic and resistance exercise elicit a general additive effect on
skeletal muscle exercise responses, while those with several weeks of training history are sensitive to both the volume of work done and the divergent exercise modes.
Contrasting that of endurance training, increasing resistance training volume in a
concurrent training program through prolonged program duration (i.e., number of
weeks) actually improves running economy in recreational (≤55 mL kg−1 min−1 V
O2max), well-trained (55–65 mL kg−1 min−1 V O2max), and highly-trained athletes
(≥65 mL kg−1 min−1 V O2max) [28]. This is particularly important from the perspective
of endurance sports, where running economy is a key performance indicator [51].
While the effect of resistance training session duration on concurrent training adaptations is less clear, there is evidence to suggest the ability to complete higher resistance
training session volume, following endurance training, is compromised depending on
the recovery duration between bouts [52] (see “recovery duration proximity” for
detail). Another important “volume” factor to consider is that of accumulating resistance training volume. Given that higher resistance training volume results in greater
muscle damage [53], and neuromuscular fatigue [54], it may be speculated that high
resistance-training volume over time may impair the magnitude of concurrent training-induced adaptations. Collectively, training volume has varying roles in determining concurrent training adaptations and should be considered as a critical
methodological factor when programming both endurance and strength training in a
concurrent design, and when comparing the divergent findings in the literature.

I ntra-session Exercise Order
Concurrent training offers a time-efficient alternative to single-mode training, particularly if both modes are performed within the same session. However, the acute interference hypothesis suggests residual fatigue and substrate depletion following a single
exercise session may hinder the quality and performance of a subsequent bout, and
induce unfavorable neuromuscular and molecular milieus, and thus compromise the
potential for adaptation [16, 50]. Consequently, the choice of exercise order may be an
important consideration for maximizing concurrent training adaptations. However,
despite some evidence to support acute exercise order-dependent effects on strength
[55, 56] and endurance exercise performance [57], as well as neuromuscular [58, 59]
and molecular responses [19, 20], more research is needed to determine if, and how,
these findings translate to order-dependent training effects. Most training studies to
date report comparable gains in dynamic and isometric strength [60–70], power [65],
hypertrophy [60, 62, 65, 67, 68], aerobic power and capacity [60, 62, 64, 67, 68],
endurance performance [67, 69, 70], speed and agility [69, 70], irrespective of intrasession exercise order. This has been shown in a range of populations, including previously untrained/recreationally active men and women [60–63, 66–68], elite soccer
players [69, 70], and elderly men [65]. Nevertheless, applying the existing research to
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principles of training prescription, it would be prudent to recommend, where possible,
the order in which concurrent endurance and resistance sessions are performed be
dictated and periodized by the goals of that period in the training program.

 etween-Session Recovery Duration
B
Increasing the recovery duration between divergent exercise modes might alleviate
the potential negative effects of prior exercise on the quality of a subsequent session. Indeed, reductions in force generating capacity [35, 36], isokinetic strength
[71, 72], and resistance exercise performance (i.e., number of reps completed) [52,
72] have been reported following endurance exercises of varying intensities and
durations. These reductions in neuromuscular function and strength performance
remained evident for at least 4–8 h post-endurance exercise, typically returning to
baseline by 24 h [35, 36, 52]. Superior strength adaptations have also been observed
following concurrent training sessions conducted on alternate days, compared to
either same session [45, 73] or twice-daily training [73]. Collectively, these studies
suggest that to restore muscle function for optimal strength performance and adaptation, at least 6–24 h recovery between concurrent sessions is warranted.
A greater recovery period between sessions may also benefit muscle growth.
Indeed, Wilson et al. [29] reported a greater (albeit non-significant) effect size for
hypertrophy when concurrent sessions were performed on alternate days (1.06)
compared to the same day (0.80). However, others have shown similar gains in
muscle size and mean fiber area regardless of whether sessions were performed on
the same or different days [45]. Additional evidence in healthy, recreationally-active
individuals suggests muscle hypertrophy and its associated acute molecular
responses are not compromised, and are in fact potentiated, following short-term
(5-week) training, irrespective of whether sessions are 15 min [12] or 6 h apart [11,
21]. A recent review by Murach and Bagley provides further support for comparable, if not greater, hypertrophic adaptations following concurrent training, compared with resistance-only training, regardless of the duration between modes [74].
Consequently, while muscle growth may not be limited by inter-session recovery
duration, reductions in neuromuscular function and strength performance remain
evident for 6–24 h. Increasing the rest period between divergent exercise sessions
will allow for a greater quality of resistance training, increased force production and
muscle fiber recruitment, and a better stimulus for strength adaptations.
Training Periodization
Athletic trainers may wish to manipulate training variables using a periodized
approach, to match adaptations and performance with specific training and competition goals throughout a season. Since training variable manipulation clearly influences the interference effect [16, 29], the periodization strategy employed within a
concurrent training program may also influence the degree of interference seen.
Although studies directly examining the effect of training periodization on concurrent training adaptation are scarce [75, 76], some direct and indirect observations
from the literature may provide some insight into the potential importance of concurrent training periodization. For example, given that higher endurance training
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volumes or loads are associated with interference to strength training adaptations
[29, 77], strategies to minimize endurance training volume during certain training
phases may be beneficial. Periodized training approaches, whereby higher volumes/
loads of endurance training are “cycled” between higher volumes/loads of strength
training, may be useful for promoting improved strength training adaptations.
Experimental evidence for the efficacy of this approach for minimizing interference
is, however, currently lacking.
Research findings in world-class kayakers favored a block periodization
approach, whereby specific endurance and strength components were trained simultaneously over multiple 5-week “blocks,” for improving kayaking performance [75,
76]. Compared with a traditional periodization model, the block periodization
approach, which involved a 10% higher workload accumulation in each training
block and less than half the total training volume, led to greater improvement in
markers of kayaking performance. The authors noted that the choice of fitness component to be emphasized, and manipulation of training intensity in each block, were
important considerations for any interference effect to be minimized [75]. Thus, for
athletes in individual sports, block periodization may be an appropriate strategy,
allowing endurance and strength parameters to be simultaneously developed
towards a specific competition or goal. Team sports, however, involve a high frequency of competitive fixtures throughout long seasons, during which athletes are
required to maintain high levels of strength, power, and endurance. Therefore, team
sport athletes will likely benefit from a combination of different periodization strategies, dictated by the phase in the season, and the competition schedule. These
strategies have been reviewed elsewhere [78]. In recreationally-active individuals,
one study suggested that training periodization (specifically, endurance training
intensity distribution) for this cohort may be less important, as both traditional and
polarized distributions of training intensity and volume were equally effective for
improving cardiovascular and neuromuscular fitness [79]. Nevertheless, this may
reflect the potentially greater importance of endurance training volume, as opposed
to training intensity, in mediating the interference effect [6, 29, 77]. Evidently, more
research is needed to investigate the application of periodization strategies, with a
specific focus on concurrent endurance and strength development, to identify strategies for minimizing interference during concurrent training.

Nutrition
Nutrition is another important methodological consideration, with strong evidence
to suggest that nutrient availability can significantly modulate training adaptations
[80]. Commencing exercise with low carbohydrate availability enhances metabolic
and mitochondrial signaling responses [81, 82] and endurance adaptations [83–86],
while protein ingestion (either as whole protein or amino acids) consumed pre- and
post-exercise can augment muscle protein synthesis both in combination with and
independent of exercise [87, 88]. Additionally, nutrient provision influences the
expression of genes and proteins involved in protein breakdown [89], a physiological response regarded as unfavorable to achieving training goals. An equally
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important, but less appreciated factor in terms of nutrition support is the effect of
energy balance on resistance exercise-induced adaptations [90]. Indeed, Areta et al.
[91] reported that following 5 days of energy deficit (30 kcal kg FFM−1 day−1), myofibrillar fractional synthetic rate is lower compared with being in energy balance.
This suggests that an energy deficit induced by preceding endurance training (higher
endurance training volume equates to greater energy deficit), which may exacerbate
the endurance signaling response through carbohydrate restriction, may in fact
decrease the anabolic response to the subsequent resistance exercise bout. Therefore,
the independent effects of nutrient provision on divergent signaling and adaptive
responses are important methodological considerations for those trying to maximize responses to both ends of the adaptation continuum.
To date, the majority of exercise-nutrition research has been conducted in singlemode exercise only [92]. Furthermore, within existing concurrent training literature, several studies have conducted training in the fasted state [13, 19, 20, 24,
93–95]. These practices are often unrepresentative of athlete practices, whereby
carbohydrates and/or protein are consumed before, during, and after training to
facilitate exercise capacity, recovery, and adaptation [96].

Study Design and Statistical Considerations
Even though there are roughly as many women in the world as men, women are
notably under-represented as participants in the sport-science training literature.
Women represent less than 40% of the participants in published studies [97], and
this is likely to be even less in concurrent training studies. In this context, it is
important to remember that women are not little men [98], and one shouldn’t rely
on research performed in men to inform concurrent training guidelines for women.
For example, some research suggests there are differences in strength and hormonal
adaptations between men and women following concurrent training versus strength
training only [99]. Other data suggests women and men do not have the same recovery of strength in the 4 days following resistance exercise [100]. On the other hand,
no sex-based differences have been observed for the muscle protein synthesis
response to resistance exercise in the fed state [101]. Given the limited research to
date, it is clear more research with women is required to better inform concurrent
training guidelines for women. Furthermore, when women are recruited, they are
generally studied only at their most biologically “male-like” (when neither ovulating nor menstruating). However, women need to be studied at all stages of their
menstrual cycle as this is representative of the female training experience.
When women are recruited, it is often when small numbers of men and women
are studied together. Given the established physiological differences between sexes
[98], this has the unintended consequence of increasing the intra-participant variability and decreasing the power of the study to detect small differences between
conditions. This low power is also characteristic of most of the concurrent training
literature (even when only one sex is recruited), and means that small (and possibly
important) effects of concurrent training may not always be reported. One solution
is obviously to increase the sample size of concurrent training studies. However,
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some researchers are also moving beyond traditional significance testing to provide
confidence intervals, magnitude of effects, and the likelihood that an effect is harmful/trivial/beneficial [73]. These approaches are not without difficulties, as making
an inference about magnitudes requires justification of the smallest worthwhile
effect (which has not been established for all concurrent training variables). Another
important statistical consideration is that while most concurrent training studies
have traditionally reported mean responses, it is clear there is considerable individual variability in the response to training and researchers should consider reporting
individual values for all variables.

Summary
Concurrent training is a common practice, and it is therefore important to understand any potential interference effects in response to this type of training. However,
there are a number of methodological considerations when planning, and interpreting the consequences of, concurrent training. These include training program
design, nutritional practices, the participant group studied, and the statistical analyses used in the research. While more research is required, it appears the interference
effect is more likely to be observed in those with a longer training history, when
performing ≥3 sessions of endurance training per week, and when there is a high
training volume. Intra-session order is also important, and scheduling priority
should be assigned to whichever mode reflects the primary training goal so as to
maximize the quality of the exercise session and consequently the stimulus for
adaptation. Increasing the recovery duration between sessions should also allow for
a greater quality of subsequent training and thus a better stimulus for adaptation.
Further work is required to better define the role of endurance training intensity on
modulating adaptation to concurrent training. More research is also required to better inform concurrent training guidelines for women. As some of the potential interference effects are likely to be small, there is also a need for researchers to consider
how they can increase the power of concurrent training studies. Finally, there is a
need to better understand the mechanisms mediating the interference effect in order
to inform strategies for maximizing concurrent training outcomes.
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Moritz Schumann

Introduction
The physiological challenges induced by aerobic and resistance training performed
concurrently gained popularity since the initial study by Robert C Hickson [1].
However, while he clearly showed dramatically impaired maximal strength development after already a few weeks of training, it is often neglected that the training
volume in this study consisted of 11 weekly training sessions—much more than is
typically performed in recreational athletes. Moreover, the large number of training
sessions performed ultimately led to the recovery between subsequent training sessions being very short but residual fatigue was not considered as a possible cause for
the compromised changes in muscle strength.
Almost 40 years later, convincing evidence has emerged that the training mode
indeed is considered a crucial component in explaining the “interference” phenomenon. Especially the recovery between subsequent training sessions appears to
determine the magnitude of adaptations induced by concurrent training [2, 3] but
some evidence also exists for adaptations being specific to the intra-session
sequence, at least in certain subject populations [4, 5]. In this context, a clear distinction of terminology needs to be made when interpreting the literature of concurrent training. While the “interference effect” generally refers to the magnitude of
adaptations obtained by concurrent training as compared to aerobic or strength
training only [1], the “order effect” commonly describes the interaction of aerobic
and strength training performed in close proximity with different exercise sequences
(i.e., commencing with aerobic or resistance training, respectively) [6, 7].
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On a further note, numerous cross-sectional studies were carried out especially
during the past decade, aiming at elucidating the acute neuromuscular, hormonal
or cardiorespiratory effects of concurrent aerobic and strength training sessions.
While in these studies often rather strong claims towards possible long-term adaptations are made, very often these findings do not actually translate into performance adaptations observed after multiple weeks or months of training. Thus, this
chapter aims at critically discussing the acute and chronic effects of different
modes of concurrent aerobic and strength training by combining findings of crosssectional and longitudinal study designs. Special reference will be given to effects
of the exercise sequence within one training session and the importance of recovery between subsequent training sessions. Moreover, as the molecular signaling
pathways of aerobic and strength exercise have been discussed elsewhere in this
book, this chapter will focus on neuromuscular, cardiorespiratory and hormonal
aspects, as well as the specific exercise performance.

The “Acute Hypothesis”
The initially observed impaired strength development during high volume concurrent aerobic and strength training (i.e., “interference”) may be explained both by a
chronic and an acute hypothesis. Hickson [1] suggested that compromised strength
development may occur due to the inability of muscles to adapt to both forms of
exercise simultaneously. Craig et al. [8], on the other hand, proposed that during
training programs in which aerobic and strength training are performed in close
proximity, residual fatigue from the first exercise will detrimentally affect the quality of the subsequent loading, possibly compromising long-term adaptations.
The “acute hypothesis” is supported by studies reporting that the recovery from
strenuous exercise may depend on the exercise intensity and/or volume and may
take up to multiple days [9–11]. Thereby the magnitude of neuromuscular fatigue
may be much larger following strenuous types of strength loadings [9] compared to
prolonged aerobic exercise [11]. This is interesting because concerns are typically
raised especially with regard to the detrimental effects of residual fatigue induced
by aerobic exercise on subsequent strength performance rather than possible acute
effects of strength loading on aerobic performance (e.g., [12]). The effects of an
initial bout of exercise on subsequent aerobic or strength performance have been
discussed elsewhere in this book.

 cute Effects of the Intra-session Sequence
A
on Force Responses
Even though the interest in concurrent training methods has increased tremendously
over the past decade, the literature concerning the acute responses to concurrent
aerobic and strength loadings (i.e., either performing endurance exercise followed
by strength loading or vice versa) is sparse. Obviously the most important indices
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for possible exercise sequence-dependent responses would be differences in neuromuscular fatigue. However, surprisingly only very few studies have compared the
overall force responses to concurrent exercise loadings. In these investigations,
similar declines in maximal and rapid force production were observed in both recreational endurance athletes [13] and previously untrained men [6, 14] and women
[15], following strenuous strength loadings combined with moderate intensity
endurance running or cycling. Moreover, force levels returned to baseline already
after 24 h in all of these studies.
In our own studies, [6, 14, 15] the loading consisted of mixed hypertrophic,
maximal and explosive exercise bouts combined with continuous endurance
cycling at anaerobic threshold intensity. While the overall magnitude of muscular
fatigue was similar following both exercise sequences, the contribution of force
loss by strength or endurance exercise was specific to the exercise order performed
[6, 14]. Endurance cycling performed before the strength loading led to a reduction in maximal force of ~10% while in the opposite order aerobic exercise did not
further reduce force production. Hence, while strength loadings may produce neuromuscular fatigue when performed both before and after endurance exercise,
endurance cycling does not seem add to the overall magnitude of fatigue, considering a certain level or pre-fatigue is achieved. Similar findings are actually also
shown in studies investigating the acute neuromuscular responses to prolonged
strength loadings only [9, 16] but the underlying causes may be manifold. For
example, during endurance cycling of moderate intensity both type I and type IIa
fibers are typically active [17] and it is likely that strength loading activates high
threshold motor units characterized by high fatigability, while subsequent endurance cycling may only recruit fatigue-resistant slow twitch fibers [18], apparently
not increasing the magnitude of overall fatigue.


Acute
Effects of the Intra-session Sequence
on Hormonal Responses
Acute exercise-induced reductions in force production are typically accompanied
by temporary alterations in hormonal concentrations. While the association
between acutely increased hormone concentrations and muscle growth were questioned in a recent review paper [19], several studies have shown statistically significant correlations between basal and/or loading-induced concentrations of e.g.,
circulating testosterone and the chronic development of muscle mass and strength
during strength training [20–24]. These findings provide at least some evidence for
a supporting role of acute endocrine alterations in long-term physiological adaptations and may also help explaining distinct adaptations to concurrent aerobic and
strength training.
When comparing existing studies concerning the acute hormonal responses to
concurrent loadings (i.e., aerobic and strength exercise performed within the same
training session), it should be noted that the magnitude of hormonal responses is
typically associated with the characteristics of the exercise session (i.e., exercise
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intensity and volume) and, thus, findings may be specific to the concurrent training
session performed. Comparing findings of previous studies, it appears that the acute
growth hormone responses (22-kDa) may consistently be larger when concurrent
loadings are commenced with strength exercise in previously untrained men [6] and
women [15], using a similar mixed-strength training protocol combined with stationary cycling exercise. One theory explaining these findings may lay in an accumulation of fatty acids induced by the aerobic exercise, which might suppress the
endocrine release of growth hormone [25]. Consequently, one may hypothesize that
strength exercise performed prior to aerobic training optimizes the anabolic milieu,
required for neuromuscular adaptations to take place. Although such assumptions
are not supported by acute testosterone accumulation in these studies, in previously
untrained men we have shown that testosterone concentrations may be dramatically
reduced for up to 48 h when strength exercise is preceded by endurance cycling [6].
Furthermore, no acute increases in cortisol concentrations were observed in either
of the concurrent loadings, while significant reductions were observed for up to 48 h
in both groups.
Reduced hormone concentrations during recovery have generally been linked
with an upregulation of androgen receptors accompanied by increased target tissue
uptake or an inhibited production of these hormones in the releasing gland or at the
hypothalamus level [16, 26]. Unfortunately, we were not able to study the target
receptor kinetics and, thus, the meaning of these findings remains speculative [26].
Along with attenuated growth hormone responses, however, it is likely that aerobic
training performed prior to strength exercise may prolong the needs for recovery as
opposed to the opposite exercise order due to the observed reduced testosterone
concentrations.
Importantly, our findings were quite different compared to those observed in
other studies in recreationally strength-trained [27] and concurrent endurance and
strength athletes [28], performing hypertrophic resistance loadings combined with
endurance cycling [27] and running [28]. Both of these studies showed acute
increases in testosterone concentrations following the exercise sequence commencing with aerobic training. Furthermore, Cadore et al. [27] showed that the cortisol
concentrations were elevated after the first exercise modality (endurance and
strength, respectively) in both loading sequences but returned to baseline during the
second exercise (strength and endurance, respectively), while Rosa et al. [28]
observed increased cortisol and growth hormone concentrations following both
loading conditions. While the authors of these studies concluded that the anabolic
environment was optimized when endurance exercise preceded bouts of strength
training, it appears that the hormonal responses to combined exercise sessions seem
to differ between trained and untrained populations. This hypothesis is indeed supported by our data showing that after 24 weeks of exercise sequence-specific concurrent training, the initial reductions in recovery testosterone concentrations in the
group which performed aerobic prior to strength training were diminished [14].
Furthermore, as opposed to previously untrained subjects, in trained individuals
performing endurance exercise prior to strength training may in fact provide a
cumulative anabolic stimulus (although the opposite exercise order was not
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performed in this study) [29]. This was e.g., shown by the activation of molecular
signaling pathways required for muscle growth and would aid explaining the
increased testosterone concentrations following this exercise sequence in the studies by Cadore et al. and Rosa et al.

Acute Effects of the Intra-session Sequence
on Cardiorespiratory Responses
Currently very little is known on the cardiorespiratory responses to concurrent loading sessions and typically the data are limited to excess post-exercise oxygen consumption (EPOC). These findings, however, remain equivocal and at least from a
physiological point of view it remains uncertain why the exercise sequence would
affect overall EPOC responses. Di Blasio et al. [30] found the magnitude of EPOC
to be similar in previously untrained women performing aerobic followed by
strength training and vice versa. However, in physically active men both no differences [31, 32] and a greater EPOC response following the exercise order commencing with aerobic exercise [33] were observed. The latter finding may at least in part
be explained with a rather low endurance exercise intensity and volume (25 min at
70% of VO2max) in this study, in fact being comparable to an active recovery strategy
and, thus, enhancing lactate removal [34]. Interestingly, the EPOC response following alternating endurance and resistance exercise (i.e., 3 × 10 min of treadmill running, each followed by 1 set of 8 exercises of circuit training) has been shown to be
larger than that observed when endurance and strength exercise were performed
subsequently [30] but the reasons for this phenomenon remain to be investigated.

Chronic Adaptations to Same-Session Combined Training
The findings stemming from cross-sectional study designs provide at least some
indications for possible exercise sequence-specific adaptations, when long-term
concurrent aerobic and strength training is performed. However, it appears that
these findings translate only in very few cases into the findings of chronic training
studies. This is likely attributed to factors which may be controlled well in laboratory conditions but will affect training over multiple weeks or months (i.e., sleeping
habits, nutrition, psychological stress, daily activities). Table 14.1 provides a summary of studies dealing with the exercise sequence of concurrent training in healthy
subjects performing regular aerobic and strength training.
Recently two meta-analyses were published on this topic [47, 48] and both of
these investigations provided quite similar conclusions, indicating that dynamic
strength development may be optimized when strength training is performed prior
to aerobic training, while the exercise sequence may not matter seem to for morphological [47] or cardiorespiratory adaptations [47, 48]. Referring to Table 14.1, however, it appears that in fact only very few studies have provided statistical evidence
for this claim. Moreover, it can be noted that the currently available studies differ

Chtara et al. [38]

Male sport
students
ES (n = 10)
SE (n = 10)

Active women
ES (n = 6)
SE (n = 7)
Male sport
students
ES (n = 10)
SE (n = 10)

Gravelle and
Blessing [36]

Chtara et al. [37]

Subjects
Untrained men
and women
ES (n = 15)
SE (n = 15)

Study
Collins and Snow [35]

12 weeks

12 weeks

11 weeks

Training
duration
7 weeks
Training mode
3 day week−1
E: 20–25 min running at 60–90% of heart
rate reserve
S: Whole body, 2 × 3–12 repetitions at
50–90% of 1 RM
3 day week−1
E: 45 min at 70% of VO2max
S: Lower body 2–4 × 6–10 RM
2 day week−1
E: Interval running on an indoor track at
100%vVO2max with recovery of
60%vVO2max (duration 50% of time to
exhaustion)
S: Whole body circuit including strengthendurance and explosive protocols
2 day week−1
E: Interval running on an indoor track at
100%vVO2max with recovery of
60%vVO2max (duration 50% of time to
exhaustion)
S: Whole body circuit training, including
strength-endurance and explosive protocols
No

N/A

ES ↑
SE ↑

ES ↑↑
SE ↑

N/A

Yes

ES ↑
SE ↑

ES ↑
SE →

C: Yes
N: No

Neuromuscular
function
(p < 0.05)
ES ↑
SE ↑

Cardiorespiratory
function
(p < 0.05)
ES ↑
SE ↑

Betweengroup
difference
(p < 0.05)
C: No
N: No

Table 14.1 Literature review on current studies investigating the “order effect” of prolonged concurrent aerobic and strength training in healthy subjects
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Untrained
older men
ES (n = 13)
SE (n = 13)

Semi- and
fully
professional
soccer player
ES (n = 9)
SE (n = 9)
Inactive young
women
ES (n = 13)
SE (n = 10)

Cadore et al. [39]

McGawley and
Andersson [40]

Davitt et al. [41]

Untrained
older men
ES (n = 13)
SE (n = 13)

Cadore et al. [4]

5 weeks

12 weeks

12 weeks
3 day week−1
E: Cycling, 20–30 min continuous at
80–90 of heart rate at second ventilatory
threshold, interval cycling 6 × 4 min at
second ventilatory threshold
S: Whole body, 2–3 × 6–20 RM
3 day week−1
E: Cycling, 20–30 min continuous at
80–90 of heart rate at second ventilatory
threshold, interval cycling 6 × 4 min at
second ventilatory threshold
S: Whole body, 2–3 × 6–20 RM
3 day week−1
E: SIT 5–60 s at 90–95% HRmax, HIIT
4–5 min, (rest not defined)
S: 2–3 × 5–10 repetitions at 75–90% 1 RM
and 3 × 3–20 repetitions jumps with
bodyweight
4 day week−1
E: 30 min at 70–80% of HR reserve (not
specified if performed as running or
cycling)
S: Whole body, 3 × 8–12 repetitions at
90–100% of 1 RM
Yes

ES ↑
SE ↑↑

ES ↑
SE ↑

ES ↑
SE ↑

N/A

ES ↑
SE ↑

ES ↑
SE ↑

(continued)

C: No
N: No

C: No
N: No

C: No
N: Yes

ES ↑
SE ↑↑

ES ↑
SE ↑↑
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Untrained men
ES (n = 16)
SE (n = 18)

Male elite
soccer players
ES (n = 14)
SE (n = 15)
Untrained
women
ES (n = 15)
SE (n = 14)

Schumann et al. [43]

Makhlouf et al. [44]

Eklund et al. [15]

Subjects
Untrained
older men
ES (n = 11)
SE (n = 12)

Study
Wilhelm et al. [42]

Table 14.1 (continued)

24 weeks

12 weeks

24 weeks

Training
duration
12 weeks
2 day week−1
E: 20 min cycling at 85–95 of HR at the
second ventilator threshold
S: Whole body, explosive strength with
2–3 × 8–18 RM
2–3 day week−1
E: 30–50 min, continuous and HIIT
cycling, progressively increasing from
aerobic threshold intensity to anaerobic
intensity
S: Whole body, 2–4 × 15–20 repetitions at
40–60% of 1 RM, 2–5 × 8–10 repetitions
at 80–85% of 1 RM, 2–5 × 3–5 repetitions
at 85–95% of 1 RM
2 day week−1
E: 2 × 12–16 × 15 s at 110–120% of
maximal speed
S: Whole body 3 × 5–10 RM
2–3 day week−1
E: 30–50 min, continuous and HIIT
cycling, progressively increasing from
aerobic threshold intensity to anaerobic
intensity
S: Whole body, 2–4 × 15–20 repetitions at
40–60% of 1 RM, 2–5 × 8–10 repetitions
at 80–85% of 1 RM, 2–5 × 3–5 repetitions
at 85–95% of 1 RM

Training mode

Neuromuscular
function
(p < 0.05)
ES ↑
SE ↑

ES ↑
SE ↑↑

ES ↑
SE ↑
ES ↑
SE ↑

Cardiorespiratory
function
(p < 0.05)
ES ↑
SE ↑

ES ↑
SE ↑

ES ↑
SE ↑
ES ↑
SE ↑

C: No
N: No

C: No
N: No

C: No
N: No

Betweengroup
difference
(p < 0.05)
C: No
N: No
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Untrained
elderly men
ES (n = 12)
SE (n = 13)

Cadore et al. [46]

12 weeks

24 weeks
2–3 day week−1
E: 30–50 min, progressive continuous
(65–80% HRmax) and HIIT (85–100%
HRmax) cycling
S: 2–3 × 10–20 repetitions at 40–70% of
1 RM, 3–4 × 10–15 repetitions at 70–85%
of 1 RM, 3–5 × 3–8 repetitions at 85–95%
3 day week−1
E: Cycling, 20–30 min continuous at
80–90 of heart rate at second ventilatory
threshold, interval cycling 6 × 4 min at
second ventilatory threshold
S: Whole body, 2–3 × 6–20 RM

ES ↑
SE ↑

N/A

ES ↑ ↑
SE ↑

ES ↑
SE ↑

No

C: Yes
N: No

E endurance exercise, S strength exercise, C indices of cardiorespiratory function, N indices of neuromuscular function, RM repetition maximum, HR heart rate,
↑ Significant increase in either of the outcome variables being classified as “neuromuscular” or “cardiorespiratory” (p < 0.05), Note: Larger increases in one
group denoted by “↑↑” may not necessarily lead to a statistical between-group difference (p < 0.05)

Untrained men
ES (n = 21)
SE (n = 21)

Küüsmaa et al. [45]
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quite drastically in the study design and population studied, providing a rather heterogeneous sample for a meta-analysis.
Based on our study showing exercise order-specific differences in hormonal
responses, one may expect commencing training with strength exercise to induce
superior neuromuscular adaptations as compared to the opposite exercise order, due
to maintained recovery testosterone concentrations in this group [6]. However,
when subjects systematically continued training with a periodized endurance and
strength training program for 24 weeks, adaptations in muscle hypertrophy and
dynamic strength were similar in the two groups [14, 43]. Moreover, no statistical
associations between the acute changes in growth hormone or testosterone concentrations and the magnitude of maximal strength gains or hypertrophy were observed.
These findings are in line with several previous studies in young men and women
with various training backgrounds (Table 14.1) [15, 35, 36, 38, 40, 41, 43–45].
Unfortunately, while the initial reduction in testosterone concentrations in our study
[6] was no longer observed after 24 weeks of training [14], the exact time line for
these adaptations cannot be ruled out by the study design. Furthermore, it needs to
be acknowledged that the training frequency in our (as well as in most other previous studies) was rather low (i.e., 2–3 weekly combined training sessions), allowing
for at least 2 full days of rest between consecutive training sessions, while the initial
reductions in testosterone were observed for 48 h only [6, 14]. It remains, thus,
unknown whether performing concurrent training sessions more frequently will
actually lead to sequence-specific training adaptations.
While maximal exercise performance did not seem to be affected by the order
of exercise, we actually did observe at least small differences in neural adaptations
between the groups [5]. During isometric knee extension, the EMG of vastus lateralis statistically increased only in the group commencing training with strength,
while the magnitude of improvement was much smaller in the opposite exercise
sequence. Supporting these findings, a statistically significant correlation between
changes in voluntary activation (assessed by the superimposed twitch technique)
and strength performance was observed in the group commencing with endurance
training during the latter 12 weeks of the training program, where about half of the
subjects actually decreased both isometric strength and voluntary activation. In
line with this, in the same group no statistically significant increases in rapid force
production were observed [43], indicating indeed at least to some extent neural
inhibition when aerobic exercise continuously precedes strength training, despite
no differences in maximal strength performance. This finding is in line with studies
in older men, in which it was shown that the force per unit of muscle mass of knee
extensors increased to a larger extent when strength training was performed before
endurance training [4]. Similarly, lower body strength gains and improved neuromuscular economy (normalized EMG at 50% of peak torque) were found when
strength training preceded endurance training compared to the opposite exercise
sequence, while no differences in muscle thickness were observed [39].
With regard to cardiorespiratory adaptations, studies have found limited increases
in VO2max following the order commencing with strength training in young women
[36] and men [37, 45], while others have found no statistical between-group differences in young subjects [15, 35, 40, 41, 43, 44]. Interestingly, while in old men no
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differences in VO2max and absolute as well as relative cycling economy were
observed [4, 46], the load at the first ventilatory threshold was statistically increased
only in the group commencing the training with strength exercise [4]. This finding
was opposed to our own study in which we showed improved cycling economy
when training was commenced with aerobic exercise in previously untrained women
but not men [3]. As in the study by Cadore et al. [4] also neuromuscular performance was optimized following the exercise order commencing with strength training, the authors concluded that improved muscular strength beneficially affected
cycling economy at least in some intensities. This was somewhat confirmed by the
finding of larger individual responses when commencing training with aerobic exercise [46] and may indicate that the training sequence may be important to optimize
training adaptations both in women and in elderly men, as has been described in
depth elsewhere in this book.

 hronic Adaptations to Same-Session Combined Training Versus
C
Concurrent Training Performed on Separate Days
While so far the adaptions in respect to the exercise sequence were discussed, findings from these studies do not allow drawing conclusions on whether performing
aerobic and strength training in close proximity may actually induce distinct adaptations when compared to combined training performed on separate days. From a
practical point of view, splitting aerobic and strength exercise onto alternating days
may reduce residual fatigue between aerobic and strength training sessions but at
the same time may reduce overall recovery time due to a higher training frequency
when total training volume is matched. Indeed, the evidence underlying this concern is still rather sparse but especially during the past 5 years studies concerning
this question were carried out.
Already an early study by Sale et al. [49] reported that previously untrained subjects
training on different days improved strength performance over 20 weeks to a larger
extent than those subjects performing both modes within the same session, even though
both training groups improved both fast and slow twitch fiber area and muscle size to a
similar extent. More recently, the benefits of a longer recovery time between the two
distinct exercise modes were nicely demonstrated by a study of Robineau et al. [2] and
have been described in detail elsewhere in this book. Briefly, it was shown that a recovery of at least 6 h between strength and aerobic training sessions may optimize overall
strength gains, while for aerobic performance even 24 h might be required.
The findings of these previous studies were at least somewhat well in line with
results obtained by our group. In previously untrained subjects, we showed that
performing a periodized aerobic and strength training program on separate days
nearly doubled the magnitude of cardiorespiratory adaptations as compared to volume-matched combined training performed within the same training session, while
no difference in dynamic strength or muscle mass was observed [3, 50]. It should,
however, be noted that the initial values of maximal oxygen consumption were significantly lower in the group performing concurrent training on separate days. While
this was accounted for in the statistical analysis, initial lower cardiorespiratory
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fitness provides a much larger window/potential for physiological adaptations
induced by training and may, thus, have at least in part be contributed to the much
larger changes in VO2max in this group.
The distinct changes in cardiorespiratory adaptations in our study were accompanied by significant reductions in total fat mass, exclusively observed in the group
performing concurrent training on separate days [50]. While the effects of such
training regimen on body composition and health were beyond the scope of this
chapter, it is likely that these adaptations were at least in part explained by the frequency of acute peaks in fat oxidation, despite a similar total training volume. In
line with this, it was previously shown that the accumulated EPOC response following split sessions (i.e., a 2 h training session split into 2 × 1 h of aerobic exercise)
was much larger than that observed following a volume and time-matched single
training session [51], indicating training frequency to be an important variable to
consider when planning concurrent training programs.
When comparing concurrent training performed on alternating days or within the
same training session, possible differences may also be observed between alternating
days and either of the two exercise sequences only (i.e., aerobic exercise performed
prior to or after strength exercise). Makhlouf et al. [44] found that adolescent soccer
players’ adaptations in countermovement jumping height were significant only when
concurrent training was performed on separate days or within the same session, commencing with strength training but not vice versa. This observation is not surprising
as in both scenarios strength training was performed in a “recovered” state or at least
not immediately preceded by aerobic exercise. While not reflected in overall strength
performance, these findings are somewhat in line with a study of our group in which
we showed that the neural adaptations are optimized when strength training is performed on separate days or at least prior to aerobic training [5].

Summary
This chapter aimed at providing a summary on the acute physiological and performance responses and adaptations to concurrent aerobic and strength training, with
special reference to the training mode. Current literature provides evidence for distinct acute physiological responses, appearing to be specific to the sequence of concurrent training sessions. However, these different responses may not necessarily be
reflected in force responses, requiring more advanced tools for monitoring. This is
for example shown by reduced hormone concentrations for up to 48 h, which are
especially pronounced when strength training is preceded by aerobic exercise.
However, even though some indices of neural inhibition may be observed when aerobic training is consistently performed prior to strength exercise the acute sequencespecific differences may not translate into performance gains after prolonged training.
Thus, considering that aerobic and strength exercise are to be performed in the same
training session the exercise order may not be crucial for physiological adaptations
when sufficient recovery (i.e., >48 h) is provided between subsequent training sessions. However, in order to optimize gains in physical fitness both in men and women,
aerobic and strength exercises should be separated by 6–24 h.
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Introduction
Concurrent training represents a broad framework whereby divergent exercise
modalities (e.g. endurance and strength training) are undertaken concomitantly
within a single session or across a larger training cycle [1]. Specifically, it involves
the mixed use of continuous submaximal/intermittent exercise, alongside higherload resistance exercise to stimulate metabolic and morphological adaptations associated with the differing training modalities [1, 2]. The rationale for this training
method is discussed in detail elsewhere in this book, though it is used by numerous
athletic events requiring both endurance and strength/power training for successful
performance outcomes [2]. For example, simultaneous endurance and resistance
training is common for those in sports such as cycling, running and team sports [3],
as well as the general population seeking to achieve a broad range of exerciserelated outcomes simultaneously [4]. However, by engaging in concurrent training,
both the load (volume and intensity) and potential interference to adaptive responses
will increase [5]. Consequently, there is an additional requirement for appropriate
recovery strategies to promote adaptation or prevent interference and non-functional
overreaching [5]. Exploration of appropriate recovery methods may also be of use
to limit the potential negative outcomes of concurrent training.
Recovery is a multifaceted concept that describes the return of physiological
and psychological systems to (near) pre-exercise levels [6]. Recovery is also specific to the imposed physiological disturbance, and thus selected recovery interventions should be similarly specific to imposed loads [6]. Accordingly, key issues
related to the training loads and stimuli of concurrent training necessitate awareness of appropriate recovery strategies. Firstly, the cumulative effects of
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training-induced fatigue resulting from concurrent training sessions can negatively
impact subsequent training bouts [7]. With this loading issue in mind, appropriate
recovery methods may be deemed advantageous to improve the ability to perform
and tolerate successive training bouts. Secondly, evidence suggests that acute
adaptive molecular signalling processes related to endurance and resistance exercise may interact in some way, resulting in possibly antagonistic responses [8].
Thus, the optimal periodisation of these respective training stimuli may help to
reduce molecular ‘crosstalk’ that can suppress phenotypic adaptations [8]. Finally,
the nutritional requirements to aid recovery and promote myofibrillar and mitochondrial adaptation within concurrent training warrant consideration, particularly,
training-induced glycogen depletion, timing and quantity of protein consumption,
and dietary supplementation strategies [7].

Concurrent Training and the Need for Recovery
Further exploring the aforementioned potential issues, the completion of multiple
training sessions in close temporal proximity, as well as accumulated fatigue from
greater overall training volumes, can impact upon strength and hypertrophic adaptations [4]. Specifically, evidence suggests that localised fatigue can persist for several
hours following aerobic exercise, possibly impacting on the volume of work performed during subsequent resistance exercise bouts [9]. Accordingly, it is recommended that athletes separate same-day training sessions by several hours to
minimise any potential interference, and perhaps more importantly, reduce the
effects of fatigue as discussed in previous chapters [7]. Ultimately, recovery interventions that promote higher-quality training of either modality are important when
undertaking concurrent training within or between days [7].
A separate concern of concurrent training is the ‘crosstalk’ in molecular signalling driving adaptations from the varied training stimuli [2]. For example, it is suggested that aerobic exercise may inhibit load-induced anabolic signalling via the
downregulation of hypertrophic mechanisms related to energy-sensitive signals [4].
However, despite potential for acute molecular ‘crosstalk’, it is unclear whether
these responses are predictive of long-term adaptations [4], and the current data do
not ultimately seem to support a chronic interference effect [10]. Nonetheless, promoting an optimal recovery state, particularly from peri-training nutritional intake,
may be beneficial to optimise concurrent training adaptations and minimise potential interference [1]. Hypertrophic signalling may be affected by a number of antagonistic processes related to substrate availability, and thus the overall energy status
and individual nutrient intake following exercise should be considered to aid nutrition-driven recovery [7]. For example, the importance of protein or carbohydrate
availability to enhance muscle recovery warrants careful consideration [11]. In
addition, many dietary supplements, including those that reduce muscle damage,
optimise perceived recovery, or enhance subsequent training bouts, may be of use in
the context of concurrent training. Considering the abovementioned issues, the following sections will examine specific and practical strategies to enhance post-exercise recovery.
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Nutritional Considerations for Recovery
Carbohydrate
Given that both resistance and endurance exercise can decrease intramuscular and
hepatic glycogen stores, carbohydrate (CHO) feeding may occupy a central role in
training recovery [1, 12]. Specifically, low muscle glycogen is related to increased
fatigue and may inhibit performance [13, 14] and protein synthesis signalling [4].
Thus, it is recommended to consume CHO following fatiguing training sessions to
minimise blunted recovery induced by low glycogen status [15], alongside ensuring
adequate substrate availability for subsequent sessions. In particular, when the
between-session recovery period is <8 h, CHO should be consumed as soon as possible following training, with the required quantities varying from 3–5 g kg day−1
(low-load activity) to 8–12 g kg day−1 (>4 h training per day) [16]. Separately, the
synergistic interaction of CHO and protein as part of a post-exercise nutritional plan
suggests some potential for aiding recovery within the context of concurrent resistance and aerobic training loads [16]. However, resistance training adaptations may
occur irrespective of glycogen availability [17, 18], and thus there is an increased
emphasis on the role of protein during recovery for concurrent athletes.

Protein
Dietary protein is a key consideration during concurrent training given its essential
role in the remodelling and recovery of skeletal muscle [1]. Furthermore, if endurance
and resistance exercise are performed on the same day, a rapidly absorbed protein
source may be appropriate for between-session recovery [7]. A leucine-rich protein
(e.g. whey) is recommended for consumption post-resistance exercise, and approximately 0.25 g kg−1 of high-quality protein is suggested to optimise post-session protein turnover and stimulate myofibrillar hypertrophy—a mechanism which can be
compromised during concurrent training [1]. Also, the timing of protein intake may be
of importance during concurrent training. For example, repeated doses of ~20 g highquality protein every 3 h was more effective to induce a positive protein balance than
more frequent (10 g every 90 min) or less frequent (40 g every 6 h) consumption patterns and thus bears relevance to multiple training sessions per day [19]. Furthermore,
a larger dose of protein (~0.5 g kg−1) may be appropriate prior to sleep to offset the
catabolic effects of the overnight fast and further enhance post-exercise recovery [20].

Dietary Supplementation to Enhance Recovery
Creatine
Creatine supplementation represents a potential strategy to optimise concurrent
training adaptations, particularly given the issues related to fatigue accumulation
from high-volume training. Exogenous creatine improves work capacity via
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accelerated resynthesis of phosphocreatine and subsequent adenosine diphosphate
buffering, increasing fatigue resistance and providing a potential buffer to metabolic
acidosis [21]. Nutritional supplementation using creatine monohydrate (~5 g/day)
may facilitate greater adaptations to concurrent training via an increased capacity to
train [1]. Specifically, creatine monohydrate supplementation attenuated strength
loss during concurrent training in recreationally strength-trained individuals [22].
Conversely, no advantage from creatine supplementation was reported in rowers
during a 10-week combined strength and aerobic interval training programme [23].
Evidently, a paucity of data exists from which to draw conclusions for concurrent
athletes; however, given the established ergogenic effects of creatine supplementation on resistance training and the role it plays in fatigue resistance, it is a promising
strategy to minimise the fatiguing effect of consecutive exercise sessions [21]. Thus,
it may serve to minimise interference between training sessions and optimise the
recovery process during concurrent training.

Nitrate
Present in many leafy green vegetables, dietary nitrate represents a potential ergogenic strategy to assist recovery for concurrent athletes. Under conditions of hypoxia
and low pH, nitrate is reduced to nitric oxide (NO), which may subsequently confer
performance-enhancing effects through regulation of peripheral blood flow, mitochondrial respiration and excitation-contraction coupling [24]. Acute administration of beetroot juice supplementation (≈0.1 mmol kg–1 body mass NO) is proposed
to lower the oxygen cost of exercise and improve exercise tolerance, particularly
under hypoxic conditions [25]. The ergogenic effects of exogenous nitrate supplementation may be useful to offset fatigue-related decrements in performance that
can be evident when training in a pre-fatigued state, as is often the case for athletes
undertaking multiple sessions involved in concurrent training [1]. However, current
evidence relates primarily to endurance events, and as such it is difficult to make
recommendations for concurrent training. That said, and noting that fatigue-management strategies are a primary consideration in this scenario, a potential application exists for supplementation with nitrate in concurrent training. Questions still
remain regarding its efficacy in highly trained athletes [25] and the potential negative effects of chronic use [26], though nitrate supplementation still represents a
potential tool to enhance recovery. As with any nutritional supplement, it must be
applied with careful consideration of dosage, timing, exercise modalities and the
training status of the user.

Caffeine
Caffeine is an extensively studied and commonly used dietary supplement which is
supported as having a potent performance-enhancing effect [27]. It is a rapidly
absorbed compound that is readily able to cross the blood–brain barrier [28] and
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works to reduce perceptions of fatigue [27]. Caffeine may exert an analgesic effect
through enhanced secretion of β-endorphins [29] and increase substrate mobilisation via adrenal cortisol release [29]. Further, it is suggested to act upon the central
nervous system to enhance neuromuscular function and contractile force, alongside
improved alertness and reaction time [27]. In the context of concurrent training, the
need to tolerate increased training volumes and manage fatiguing stimuli suggests a
potential role for caffeine. Additionally, co-ingestion with CHO has shown some
effectiveness to increase glycogen resynthesis after exhaustive exercise compared to
CHO alone [30]. Although caffeine is highly effective in improving exercise tolerance, prescription for concurrent athletes remains circumstantial, and there is insufficient evidence of a positive effect on recovery within or between concurrent
training sessions. Moreover, clearance of caffeine from the circulation occurs after
3–6 h, and thus some concerns have been raised regarding the timing of consumption and the potential effect on sleep [27]. This is of particular relevance for athletes
undertaking multiple sessions in 1 day, with sleep between sessions likely to be negatively affected. Despite extensive evidence of the ergogenic effects of caffeine for
different modes of exercise, evidence for improved concurrent training is lacking.
However, given the concerns of increased load from concurrent training, caffeine may
provide some benefits to aid preparation for ensuing sessions.

Antioxidants
An acute bout of exercise represents a disruption to redox balance via a short-term
elevation of reactive oxygen species (ROS) in the cells [31], whilst frequent training
elicits adaptive responses by which the resistance to oxidative stress becomes
greater over time [31]. Thus, despite detrimental cellular effects of ROS, regular
pro-oxidative states may strengthen antioxidant mechanisms and allow adaptation
to subsequent oxidative challenges [31]. Conversely, excessive ROS production
(e.g. through intense/prolonged exercise) can cause muscle damage [32], soreness
[31] and a localised decrement in force production [33]. In concurrent training
where resistance loading may result in damage and aerobic exercise in metabolic
challenges, the role of antioxidants may have merit. Thus, strategies to attenuate
these changes via modulation of redox mechanisms have attracted some interest in
the recovery literature. For example, antioxidant supplementation (vitamin E) is
suggested to defend sarcolemmal membranes against ROS-induced destabilisation
and creatine kinase release [34]. Further, there is some evidence to suggest that
antioxidant treatments can reduce fatigue-induced decrements in muscle contractile
force [35]. However, current evidence for an effect of antioxidants to improve
recovery, soreness or delayed onset muscle soreness (DOMS) is equivocal [31] and
justification for use during concurrent training remains conceptual only [36].
Moreover, it has been observed that supplementary antioxidants (vitamin C) may
blunt the exercise-induced spike in the expression of cytoprotective proteins, i.e.
interfere with positive cellular adaptations [37]. In summary, although antioxidant
supplementation may reduce the acute oxidative impact of strenuous exercise, it is
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likely inappropriate as a long-term recovery strategy. Although a number of commercially available supplements have yet to be formally investigated, a lack of evidence specific to concurrent training renders their use unsubstantiated, and for
concurrent athletes, a sufficient dietary intake of adequate fruits and vegetables
remains the primary focus [31].

Anti-inflammatories
The period following a concurrent exercise bout is characterised by a localised elevation in leukocytes and inflammatory cytokines via an integrated tissue remodelling response [38, 39]. Specifically, it is suggested that macrophage-based
prostaglandin synthesis, as well as localised oedema, stimulates pain receptors and
contribute to feelings of DOMS [40]. Accordingly, for concurrent athletes seeking
to undertake consecutive exercise bouts with abbreviated recovery periods, inflammatory processes have become a target for post-training interventions [41].
Purportedly, pharmacological and nutraceutical strategies may reduce traininginduced performance decrements by manipulating inflammatory pathways and the
associated neuromuscular mechanisms [42, 43]. However, some concerns are present with this strategy, as inhibition of inflammatory processes may interfere with
important adaptation and repair mechanisms in skeletal muscle [44]. Thus, these
interventions are dependent on contextual factors and should be interpreted with an
understanding of the appropriateness of their application.
A number of foods and medicines are recognised to have anti-inflammatory
properties, and thus there has been some investigation into supplementation as a
means of blunting the inflammatory response to exercise. For example, curcumin (a
flavonoid present in turmeric) may exert an anti-inflammatory effect via multiple
mechanisms including reduced NF-κB activity and cytokine release [45] and
improved scavenging of free radicals [46]. Despite numerous data showing an antiinflammatory effect with curcumin, there is a lack of research specific to concurrent
training recovery. A study in mice showed that oral administration of curcumin prior
to eccentric running attenuated the localised inflammation and muscle damage present with a placebo group, and also reversed training-induced performance decrements for 3 days [46]. Further, a pre- and post-exercise curcumin supplement caused
a reduction in DOMS, inflammatory biomarkers, and improved jumping performance 24 h after eccentric resistance exercise in healthy men [47]. Indeed, there is
preliminary support for the use of curcumin to augment recovery from exerciseinduced muscle damage [48]. However, many supporting studies utilise eccentricbased exercise to induce DOMS and inflammatory responses, making findings
difficult to apply to concurrent resistance and endurance training [48]. Alternatively,
pharmacological anti-inflammatory treatments are commonly used amongst athletes due to their proposed anti-inflammatory and analgesic effects [49], which may
aid the recovery process.
Non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen and aspirin,
have been suggested as a potential recovery tool. These drugs work to reduce
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inflammation via inhibition of cyclooxygenase-2 (COX-2) activity and subsequent
prostaglandin synthesis [46]. If inflammation is considered a primary driver of
DOMS and reduced muscle function, NSAIDs could conceivably play a role in
minimising these effects. Previous investigations of this strategy have provided
underwhelming results. In an acute setting, an ibuprofen tablet every 8 h posteccentric resistance exercise caused reduced muscle damage markers, and a nonsignificant decrease in 48 h muscle soreness, but did not affect the acute recovery of
strength/power performance in healthy participants [42]. Separately, untrained subjects showed no improvement in DOMS or strength performance after an eccentric
exercise bout with NSAID treatment, and this outcome did not change for 3 days
post-exercise [50]. There is some evidence to suggest that prophylactic NSAID
administration (i.e. before exercise) may be more effective to improve recovery
versus a post-exercise dose [51]; however, evidence in concurrent training models is
lacking. Whilst promising evidence for the use of some anti-inflammatory compounds exists to reduce acute inflammation and possibly aid recovery, however, due
to a lack of long-term studies relevant to concurrent training, it is difficult to make
specific recommendations for such athletes.

Sleep and Timing of Recovery Periods
Sleep is an altered state of consciousness, without loss of neurophysiological control, and given the large periods in which sleep is undertaken, it represents a concentrated recovery period where metabolic and neural adaptations occur [52]. Given the
large daily and microcycle volumes required for concurrent training, alongside
potential molecular crosstalk adaptations and perceived fatigue, sleep and recovery
periods are important to promote ensuing recovery [53, 54]. Of concern is when
athletes do not gain sufficient sleep, either due to sleep deprivation or sleep restriction [55]. Sleep deprivation refers to severe sleep loss (i.e. entire nights) [56], and
negatively impacts recovery—although its occurrence in athletes seems minimal
[56, 57]. Alternatively, sleep restriction involves the disturbance of normal sleeping
patterns, and smaller disturbances of sleep (i.e. 50% normal duration) [58]. Previous
research has shown greater negative effects of sleep deprivation than restriction on
recovery, though neither are ideal for concurrent athletes [56]. For example, sleep
restriction (50% normal sleep) after high-intensity interval training increased feelings of sleepiness, and decreased peak power output and exercise motivation compared to normal sleep [58]. Given that high-intensity aerobic training is a common
component of concurrent training [59], the decrease in mental and physical recovery may hinder an athlete’s capacity to perform subsequent resistance training [60],
in turn reducing training quality and potential adaptations. Additional research
showed that total sleep deprivation decreased sprint times, perceived liveliness,
muscle glycogen content, and peak voluntary force and voluntary activation of the
quadriceps compared to normal sleep [57]. From the standpoint of a concurrent
athlete, such alterations following training highlight the negative impact that sleep
deprivation may have on ensuing training. Overall, maintaining normal sleep
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patterns (7–9 h/night) appears vital to prevent the negative effect of sleep restriction
or deprivation on strength and power outcomes, and psychological recovery [56]
and as such, may support next-day training sessions, and concomitant physiological
responses. As a recommendation, athletes should consider appropriate sleep hygiene
practices to aid sleep, including avoiding electronic equipment and bright light prior
to bed time, and avoiding use of caffeine and alcohol after 3:00 pm [61]. Shorter
duration afternoon naps (10–30 min) between training sessions may also be utilised
to attenuate the negative effects of sleep loss on recovery, if not ensure improved
readiness to train regardless of prior sleep debt [61]. However, further research into
the effect of chronic sleep loss on adaptations to concurrent training is required so
that more specific recommendations for recovery can be made [56].
Given concurrent training increases the number and volume of training sessions,
appropriate recovery time becomes an important consideration. Between-session
recovery periods, as well as the timing of sessions on a given day, can influence the
cumulative fatigue that is evident with concurrent training and, in turn, affect training performance [62]. As evidence, Robineau et al. [62] investigated the effects of
different recovery periods on strength and endurance measures over a 7-week concurrent training programme in rugby players. The authors reported that strength and
endurance measures increased to a greater extent when 24 h recovery was provided
between endurance and strength training sessions, as compared to 0 h and 6 h
between sessions [62]. Additionally, Sale et al. [63] studied the effect of 20 weeks’
endurance and resistance training performed on the same day, compared to separate
days, in untrained men. Separate-day training increased maximal leg press strength
compared to same-day training. However, measures of muscle size and endurance
capacity were similar between the respective methods [63]. Seemingly, sufficient
recovery periods between endurance and strength sessions are important to facilitate adaptations from concurrent training; however, the abovementioned studies did
not involve highly trained athletes, who may have greater training demands, and
limitations on between-session recovery [64].
Many elite athletes undertake separate sessions of resistance and aerobic exercise in the same day (e.g. morning and evening). In this context, the recovery time
between sessions, as well as the session order (i.e. endurance then resistance or vice
versa) are worthy of consideration. Current evidence indicates that prior endurance
exercise can negatively affect subsequent resistance training via inhibited force production [65] and a downregulated protein signalling response [4]. Further, it is suggested that this suppression of hypertrophic adaptations persists for at least 6 h [66],
and possibly as long as 8 h [9], following an endurance-based training session. Thus
it is suggested that endurance exercise be performed earlier in the day, with ≥6 h
recovery before the later resistance training session [4]. As further evidence, the
metabolic signalling response to aerobic exercise is reported to persist for 3 h postsession [67], and thus delaying resistance training until later in the day may permit
sufficient recovery to allow the hypertrophic signalling cascade to proceed without
interference [7]. An additional rationale for this strategy pertains to ‘nutritional
recovery’, in that sufficient recovery time between same-day sessions also allows
the athlete time to replenish protein and CHO [7]. The combined benefit of longer
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durations between sessions and adequate nutritional intake ensures resistance training is performed in an energy-rich state, maximising protein signalling responses to
the session and reducing the blunting effect of glycogen depletion on protein synthetic signalling [15]. Notwithstanding specific recovery methods, it is apparent that
exercise-induced fatigue precipitates a split-session approach whereby training is
organised such that recovery periods are sufficient to minimise fatigue-induced performance decrements [68].

Other Recovery Strategies
Whilst training load periodisation and nutritional intake represent the biggest drivers of recovery for concurrent athletes, implementation of specific recovery methods to improve between-session recovery and subsequent performance are likely to
be of importance. Cold-water immersion (CWI) is one such method that may be
used to improve symptoms of DOMS [69], and reduce performance decrements following exercise [70]. This strategy is suggested to ameliorate the central fatigue
associated with prolonged or intense exercise and reduce post-session decrements
in muscle function [71]. Specifically, CWI has been shown to improve subjective
ratings of muscle soreness following intermittent running [72], team sport [73] and
eccentric resistance training [74]; and may help to reverse decrements in muscle
function after high-intensity exercise [72, 75]. When concurrent athletes are required
to perform an increased number of sessions per day or within a microcycle, alleviation of DOMS may be important to ensure readiness to train and the quality of work
performed.
Despite potential as an acute recovery strategy, the efficacy of CWI as a longterm recovery method has been questioned [76]. Recently, studies have suggested
that the use of CWI after resistance training may inhibit strength and hypertrophic
gains, with recent data showing blunted resistance training adaptations with postexercise CWI [76, 77]. Acute studies support this notion, showing that post-resistance exercise CWI may attenuate muscle protein synthesis signalling (p70S6k),
supposedly via reduced blood flow to skeletal muscle [77]. Further, the specific
cooling protocol used seems to influence the response, with prolonged CWI inhibiting glycogen resynthesis, although current research is inconclusive on this matter
[78]. In brief, despite showing promise as a tool to restore acute performance decrements, CWI may interfere with training adaptations (especially resistance training)
when applied regularly. As such, care should be taken to consider the appropriateness of this intervention to the concurrent athlete.
The use of compression garments (CGs) may also facilitate recovery from concurrent training via reduced muscle damage and post-exercise ratings of soreness
[79]. One suggested mechanism for this effect is compression of diluted blood vessels, leading to reduced levels of oedema and cell trauma [80]. Minimising residual
fatigue from training is vital to maximise an individual’s capacity to complete and
adapt to concurrent training; hence, compression garments applied to fatigued muscle groups may be effective to restore the performance decrements associated with
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successive sessions. As evidence, an accelerated recovery of strength performance
compared to a non-CG control has been reported [81], though the explanatory
mechanisms were unclear as muscle damage markers (myoglobin, creatine kinase)
were similar across the two groups. Conversely, the effect on recovery from endurance exercise is less clear. A recent meta-analysis showed no benefit to post-running
CGs, and the authors surmised that this was due to the multi-factorial nature of
exercise-induced fatigue, whereby interventions to reduce muscle damage may
have a minimal effect on overall recovery of performance [79]. During concurrent
training, however, resistance training seems to have no detrimental effects on endurance training outcomes [5] and as such the necessity of CGs is questionable in this
scenario. Moreover, a key concurrent recovery consideration is endurance exerciseinduced fatigue, and presently, there are insufficient data to recommend CGs as a
recovery strategy for the concurrent athlete. However, the use of CGs is regularly
reported to improve perceived recovery, often via a placebo effect, and such perceptual assistance may still be of use for concurrent training to facilitate perceived
readiness to train.

Summary
During concurrent training, appropriate recovery strategies are critical to maximise
the individual’s capacity to complete sessions, avoid injury and optimise adaptations. Generally, concurrent training presents a range of methodological obstacles
relating to session schedules, rest periods and nutritional intake. Accordingly, an
individualised approach targeting load distribution, nutrient timing and potential
novel recovery interventions seems to be most appropriate for the concurrent athlete. Given the range and diversity of potential recovery interventions, Table 15.1
highlights a selection of these interventions and associated ranking of evidence to
support their use. Future research should further examine the role of specific recovery methods within the context of concurrent training.

Practical Applications
• Fundamental recovery strategies (load scheduling, sleep and protein/carbohydrate consumption) should be the primary methods used by athletes undertaking
concurrent training.
• Increased fatigue induced by large concurrent training volumes may be partially
alleviated with the use of ergogenic aids such as creatine, nitrate and caffeine;
though further mode-specific evidence is required.
• Nutraceutical and pharmacological recovery aids such as antioxidants and antiinflammatories show promise to reduce acute fatigue. However, their long-term
applicability and possible interference effects raise questions relating to potential
applications for concurrent athletes.
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• Compression garments and water immersion techniques are effective to enhance
perceived recovery from muscle-damaging interventions (e.g. resistance training), although the effect on endurance performance recovery is less clear.
• Ensuring adequate rest must be a primary consideration for concurrent athletes—
allowing at least 6 h recovery time between training sessions allows individuals to
minimise fatigue-induced performance decrements, and provides time to implement nutrition-based recovery strategies. Athletes should aim for 7–9 h sleep per
night, and follow appropriate sleep hygiene practices to minimise disturbances.
Table 15.1 Levels of evidence for a variety of potential recovery interventions for athletes undertaking concurrent training
Level of evidence
A
Body of evidence can
be trusted to guide
practice

B
Body of evidence can
be trusted to guide
practice in most
situations
C
Body of evidence
provides some support
for recommendation(s)
but care should be
taken in its application

D
Body of evidence is
weak and
recommendation must
be applied with caution

Intervention
Protein

Dosage
1.7–2.2 g kg day−1

Carbohydrate

3–12 g kg day
(depending on activity)

Creatine

~5 g day in 3–5 day
cycle

Caffeine

3–10 mg kg−1
(depending on
individual response to
dose)

Cold-water
immersion

10–15 min, 10–15 °C

Curcumin

~25 g day−1

Nitrate

400–600 mg day−1

Antioxidants

Compression
garments
NSAIDs

~1200 mg day−1
(400 mg initial dose)

Proposed effect
Aid muscle remodelling
and promote strength
adaptations
Restore hepatic and
intramuscular glycogen;
support immune
function
Improve PCr synthesis
and buffer against
acidosis
Reduce perceptions of
fatigue

Reduce soreness and
restore muscle function
via reduced central
fatigue
Reduce DOMS and
muscle damage via
anti-inflammatory
effects
Improve blood flow,
mitochondrial
respiration and muscle
contractility
Protect against oxidative
stress and reduce acute
fatigue
Reduce oedema and
DOMS
Reduce DOMS and
muscle damage via
anti-inflammatory
effects

NHMRC levels of evidence and grades for recommendations for developers of guidelines [82]
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Introduction
Although not a new training paradigm [1], the concept of concurrent resistance and
endurance training has recently gained increasing attention amongst athletes,
coaches and exercise scientists alike [2]. The goals of concurrent training are
straightforward: increase muscle mass and strength whilst simultaneously increasing aerobic capacity. The key limitation of concurrent training however (discussed
in detail elsewhere in this book), is the reported ‘interference effect’ whereby performing endurance exercise (EE) concomitantly with resistance exercise (RE) may
inhibit chronic strength and possibly mass gains versus resistance training alone,
despite comparable aerobic adaptation to isolated endurance training [1]. Thus,
nutritional strategies for the concurrent athlete should aim to:
1. Optimise the post-exercise anabolic environment in an attempt to rejuvenate
chronic muscle strength and hypertrophic adaptation whilst;
2. Continuing to promote aerobic adaptation in response to the metabolic stress
associated with endurance training.
Detailed examination of the nutritional requirements posed by the unique demands
of concurrent training is lacking. Nonetheless, considerable theoretical evidence may
be derived from acute and chronic intervention studies investigating the ergogenic
influence of nutrient intake upon isolated resistance or endurance exercise/training—
which when combined, can be assimilated to concurrent training. Within this
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context, this chapter will evaluate the role of established and emerging nutrients in
augmenting muscle strength and aerobic adaptations to training. This knowledge will
be consolidated to extrapolate practical recommendations that might benefit the concurrent athlete, namely minimising the ‘interference’ effect.

 acronutrients for Supporting Concurrent
M
Exercise Adaptation
Protein Supplementation and Resistance Exercise
Adequate dietary protein intake is an essential component of the exercise x nutrient
interaction. RE alone in the fasted state causes a transient (2–3 h post-exercise) rise
in both the breakdown and synthesis (i.e. ‘turnover’) of muscle proteins [3].
However, in the absence of protein nutrition the post-RE rise in muscle protein
breakdown (MPB) exceeds that of muscle protein synthesis (MPS) [4, 5]; the ensuing negative net muscle protein balance, if continued throughout training, would
lead to maladaptation due to failed muscle growth and remodelling responses.
Dietary protein intake reverses this by amplifying and prolonging the protein synthetic response to RE to achieve a positive net protein balance [5]. Indeed, when
ingested in close proximity to acute RE, a single protein bolus stimulates MPS
(regarded as the primary driver of post-RE anabolism) for ~48 h [5]. This is due to
enhanced sensitivity of active muscle to the anabolic properties of dietary protein
for at least 24 h post-RE [6]. In turn, cumulative periods of extended muscle protein
accretion with repeated bouts of RE plus protein feeding ultimately drives traininginduced muscle remodelling and hypertrophy [7]. In the context of concurrent RE
followed by EE, MPS of contractile myofibrillar proteins is increased in the presence of post-exercise protein administration [8, 9]. Since this ‘normal’ acute anabolic response to concurrent exercise and feeding should translate to comparable
adaptive hypertrophy to fed-state RE alone, this finding is somewhat contradictory
to the interference effect, the cause(s) of which remain to be defined. Regardless, it
is prudent to incorporate protein into the concurrent athlete’s dietary plan. Though
what type of protein should be ingested, how much, and how often in relation to
concurrent training bouts?
First we have to look at general relationships between dietary protein and muscle
protein metabolism. It is well established that of the 20 protein encoding amino
acids that comprise whole protein feeding, the 9 essential amino acids (EAA, i.e.
those that cannot be synthesised de novo and must therefore be obtained through the
diet) are responsible for stimulating MPS [10] and indirectly inhibiting MPB by
serving as an insulin secretagogue [11]. Of the EAA, the branched-chain amino
acids (BCAA), and in particular leucine, provides the most potent anabolic stimulus
[12, 13]. The protein synthetic response to whole protein and EAA are also dosedependent: maximal stimulation of MPS occurs with ~10 g of EAA, equivalent to
~20 g of high-quality (e.g. whey) protein, or ~0.25 g kg−1 body mass [14, 15]. Thus,
in the non-training healthy adult ~0.8 g protein kg−1 day−1 is sufficient to maintain
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protein balance and muscle mass. Importantly for the athlete, this dose-dependency
remains at a saturable 20 g when protein feeding is performed in conjunction with
RE [14] above which amino acid oxidation is increased and excess protein catabolised. Thus, simply increasing the protein or EAA load of individual meals will not
increase net muscle growth, even in resistance-trained athletes.
Optimising timings of protein intake (i.e. prior to, during or after RE) has received
considerable attention for maximising post-RE anabolism and ensuing adaptation.
Little evidence exists to support the use of protein supplementation prior to [16] or
during RE [17]. Pre-exercise feeding strategies do increase MPS after RE [16], presumably due to blood EAA levels remaining elevated for ~3 h post-feeding. However,
MPS is inhibited during exercise because the energy-expensive process of protein
synthesis (e.g. via ATP-dependent peptide bonding) is subdued in favour of diverting
towards energy producing pathways to fuel muscle contraction [17]. There is therefore likely no adaptive advantage to be gained by proximity-dependent feeding patterns, at least for RE lasting ≤1 h. Conversely, the 0–4 h post-RE window represents
an indisputable time frame for protein-stimulated muscle growth. Because a single
bout of RE sensitises muscle to feeding for at least 24 h, the precise timing of protein
intake is likely to be irrelevant to the concurrent athlete, providing protein requirements per se are met. Indeed, despite reports that the ‘anabolic window’ may be
truncated to ≤4 h in resistance-trained individuals [18], muscle strength and mass
gains are similar irrespective of the timing of protein intake [19, 20].
Perhaps more relevant to maximising RE-mediated muscle adaptation is the
refractory period in MPS that accompanies individual meals. In response to a single
protein bolus, MPS increases for ~1.5 h before returning to baseline by 2 h [21],
despite continued availability of EAA in the muscle and circulation. Thus, muscle
exhibits a post-feeding period whereby muscle is ‘full’ of AAs, and provision of
additional protein will fail to re-stimulate MPS. The same is also true for exercise,
where 20 g of high-quality protein acutely maximises post-RE MPS [14]. Sufficient
time must therefore elapse between feeding doses in order to avoid ‘wasted’ protein
intake during the refractory period. Although the precise duration of this latent
period remains to be defined, it is probable that protein feeding every 3–4 h (approximately double the acute period of MPS stimulation) is near optimal. Advocating
this strategy is the finding that feeding 20 g protein every 3 h over 12 h led to greater
daily muscle protein accretion versus 10 g administered every 1.5 h or 40 g every
6 h [22]. Finally, pre-sleep protein intake should be considered since overnight is the
longest fasting and, therefore, catabolic period of the diurnal cycle. Therefore, to
offset nighttime catabolic losses of muscle protein and maximise RE-induced
remodelling, a protein bolus close to sleeping should be consumed [23].

Protein Supplementation and Endurance Exercise
Examination of the relationship between exercise and protein has historically
focussed on RE and augmenting hypertrophic adaptation, primarily via the stimulation of myofibrillar (i.e. contractile proteins) MPS. Nonetheless, acute EE in

232

T. Etheridge and P. J. Atherton

isolation also stimulates mixed MPS, i.e. representing all muscle proteins, including
myofibrillar, mitochondrial and sarcoplasmic fractions [24]. Subsequent studies
demonstrated the impressive adaptive specificity of muscle, whereby EE selectively
increases mitochondrial but not myofibrillar MPS, whilst the reverse is true following RE [25]. Although a more generic MPS response may occur in untrained individuals [25, 26], the training-related selective activation of mitochondrial biogenesis
by EE would confer a phenotypic advantage since mitochondrial expansion drives
aerobic adaptation to endurance training (whilst also explaining why EE alone fails
to increase muscle size). So how can supplemental protein affect these unique
responses to EE? Recent evidence indicates that, similarly to post-RE, it is the contractile myofibrillar proteins that are responsive to amino acids after both endurance
[27] and concurrent [8] exercise bouts, with no potentiation of mitochondrial protein
synthesis [8, 28]. Thus, protein ingestion does not stand to benefit aerobic adaptation
e.g. augmenting maximal aerobic capacity (VO2max) or rightward-shifting the exercise intensity at ‘lactate threshold’. Nonetheless, optimal protein doses during [29] or
post-EE [30] might still be advantageous for concurrent training by augmenting daily
net muscle myofibrillar remodelling/accrual, which could theoretically minimise the
interference effect of endurance training on strength training adaptations.

Summary of Protein Requirements for the Concurrent Athlete
For the essential role of exogenous protein in supporting muscle remodelling after
both RE and EE and, indeed, concurrent exercise [8], increased dietary protein or
EAA-enriched diets are recommended. Based on the considerations outlined above,
per feed the concurrent athlete should aim to consume ~20 g high-quality protein.
To achieve the maximum number of anabolic phases within a diurnal cycle, but
within the limitation of post-feeding refractory periods, protein boluses should be
consumed every 3–4 h irrespective of proximity to training sessions. Additional prebedtime protein feeding will also help offset nighttime catabolic losses. Taken
together, this equates to an increased (versus recommendations for sedentary individuals) daily protein requirement of ~1.2–1.7 g kg−1 day−1, which is in line with
previous recommendations for general athletic populations [31, 32]. Importantly,
such nutritional strategies appear to hold functional efficacy: a recent meta-analysis
supports a potentiating effect of high-protein feeding upon muscle mass and strength
gains afforded by RE programmes [33, 34]. Whilst it is possible to obtain this level
and frequency of protein intake through the diet, supplemental protein in various
forms including 10 g EAA or 4–5 g leucine [13, 35, 36] are practical methods for
ensuring adequate protein ingestion for the concurrent athlete.

 HO Considerations for Both Aerobic and
C
Hypertrophic Conditioning
One of the earliest nutrients to be studied as an ergogenic aid was CHO, the primary
performance limiting fuel for endurance-trained individuals exercising at
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moderate-high intensities (~40–75% VO2max) lasting 2–3 h [37]. CHO nutritional
interventions ultimately aim to manipulate the content of stored CHO in muscle, in
the form of glycogen as a metabolic source for glycolysis to drive prolonged muscle
contraction. High CHO feeding patterns robustly increase muscle glycogen concentrations [38]. As a result, ‘CHO loading’ (5–7 g kg−1 day−1) has been repeatedly
shown to enhance performance in endurance exercise lasting >2 h [39]. Whilst it
may be rationalised that CHO loading will maximise the duration/output of individual training sessions, leading to optimal training-induced aerobic adaptation, it is
unlikely each (particularly concurrent) training bout will be of a duration (i.e. >2 h)
and intensity sufficient to warrant CHO loading. The focus herein will therefore be
on how altering dietary CHO and muscle glycogen levels can influence post-exercise adaptation associated with improved aerobic and strength performance following endurance and resistance training, respectively.
Traditionally, endurance training combined with post-exercise CHO ingestion
has been promoted for facilitating exercise recovery via expedited glycogen re-synthesis [40] to improve performance during subsequent training bouts. With regard to
aerobic conditioning however, high CHO consumption might inhibit several proaerobic adaptive signals [41]. Conversely, mounting evidence indicates that limiting
muscle CHO availability can enhance endurance training responses. Reflective of
higher activation of molecules regulating key aerobic muscle phenotypes, such as
mitochondrial biogenesis [42], performing endurance training in the glycogendepleted state increases oxidative capacity and performance (time to exhaustion)
versus a glycogen repleted state [43]. However, despite reporting improved mitochondrial enzyme content/activity and glycogen sparing, subsequent studies have
failed to demonstrate performance gains resulting from training under low-glycogen conditions [44–46] or with low-CHO diets [47, 48]. Similarly, despite altering
patterns of substrate utilisation, the efficacy of low-CHO, high-fat dieting fails to
provide robust improvements in endurance performance or adaptation [reviewed in
37, 49, 50]. Manipulation of fat macronutrient intake is therefore unlikely to yield
benefits for concurrent training.
Regardless, an important caveat to integrating glycogen depletion into concurrent training programmes is the impact of low CHO availability upon post-EE protein turnover. Early studies suggested that CHO restriction negatively impacts net
protein balance after endurance exercise—primarily via accelerating rates of MPB
[51–53]. Future studies directly assessing metabolism using stable isotope tracers
extended these findings by highlighting that reduced MPS, as well as the prevailing
increases in MPB, contributes to attenuated net protein balance after prolonged
exercise when CHO was depleted [54]. Furthermore, although protein and CHO
co-ingestion stimulates post-endurance exercise MPS and associated molecular signalling pathways [27], this response is ablated when leucine-enriched feeds are
administered in the CHO restricted state [45]. Thus, although EE will increase muscle mass only marginally, if one presumes an appropriate goal for the concurrent
athlete is to maximise 24 h net protein accrual to minimise the magnitude of the
interference effect, ensuring post-EE CHO re-synthesis can be recommended. For
example, in the 0–4 h post-EE period, ~1 g kg body mass−1 CHO will suffice, since
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glycogen depletion provides a strong drive for its own replenishment. Between
4–24 h post-EE, CHO intake should match the energetic needs of the exercise, at
which point total CHO intake is more important than timing or form of CHO [40].
Moderate daily CHO intake (3–7 g kg−1 day−1) should suffice for offsetting post-EE
decrements in protein balance [55, 56]. This may, however, be at the expense of
optimal endurance adaptation.
One further consideration specific to concurrent training is the potential influence of prior exhaustive EE and/or low dietary CHO, and associated muscle glycogen depletion, on the anabolic response to subsequent RE. Reduced glycogen
concentrations perturb energy homeostasis to mediate activation of cellular energysensing molecules, such as adenosine monophosphate-activated protein kinase
(AMPK). Because AMPK is well established to inhibit key regulatory molecules of
MPS (e.g. mechanistic target of rapamycin, mTOR) in lower organisms [57, 58],
glycogen depletion has been proposed to interfere with the protein synthetic
responses to RE [45, 59]. However, this theory has not been substantiated to date.
Several studies of pre-RE glycogen depletion or CHO energy restriction consistently highlight that muscle glycogen content has negligible consequences for
RE-induced anabolic molecular signalling or MPS [55]. Similarly, supplementing
post-RE protein with CHO does not augment the anabolic response to RE [60, 61].
Therefore, despite RE reducing muscle glycogen content by 25–40% [62], EAA
present as the principal (and perhaps only) macronutrients required for optimising
anabolic responses to exercise [63]. As such, the above observations suggest the
high mechanical stimulus associated with RE is sufficient to overcome any putative
inhibitory effects of metabolic stress upon muscle growth. Presuming post-RE protein intake and restored energy balance (via standard mixed meal consumption)
within ~3 h, manipulation of CHO intake for the RE component of concurrent training is likely to be of low importance. Future research in this area, on the nature of
the glycogen-concurrent training relationship will shed important new light on how
CHO should be integrated into the diet for facilitating concurrent training.

‘ Nutraceuticals’ for Promoting Adaptation
to Concurrent Training
The term ‘nutraceuticals’ has recently been proposed to define a nutritional compound that ‘…alone or in tandem with exercise, impacts major physiological endpoint(s)’ (e.g. see [64]). In the context of concurrent training, this relates to
nutraceuticals that influence metabolism, aerobic capacity and/or muscle size and
strength adaptations to EE and RE. However, studies examining specific concurrent
training responses to nutraceuticals are even scarcer than for the macronutrients.
Knowledge must therefore be sourced again from isolated EE- or RE-induced
changes to nutraceutical administration and, additionally, from studies utilising
in vitro and lower organism (i.e. rodent) models. The following sections will firstly
focus on nutraceuticals with potential efficacy for optimising adaptation to both
resistance and endurance exercise, under the continued theme of minimising the
interference effect. This will be followed by discussion of nutraceuticals with a
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a

- Whey protein
or leucine
- HMB
- n-3 PUFA
- Creatine
- Vitamin D3
- Ursolic acid
- Phosphatidic
acid

- Whey protein
or leucine
- Carbohydrate
- HMB
- n-3 PUFA
- l-carnitine
- Nitrates

b
Daily doses

Dosing regimen

Supplemnt period

Practical considerations

Anabolic and aerobic adaptation:
Whey protein

1.2 – 1.7 g.kg–1.day–1

20 g doses, every 3 – 4h

Throughout training

Carbohydrate

3 – 7 g.kg–1.day–1

8 × 0.75 g.kg–1

Throughout training

Precise timing irrelevant if total
daily intake is sufficient

3 g.day–1

3 × 1g

4 weeks

Alternatively ingest low dose <1 h
post-EE, larger dose > 4 h post-EE
Consume 30 min pre-, and 1 and3
h post-RE

4 – 6 g.day–1

4 × ~1000 mg, or
5 × ~600 mg

1 – 8 weeks

Use 2:1 ratio of EPA to DHA

Load phase: 20 – 30 g.day–1
Maintain phase: 5 g.day–1
~2000–5000 IU.day–1
(~50–125 µg.day–1)

Load phase: 5 × ~5 g
Maintain phase: 1 × 5g
1 × 50 – 125 µg, or
2 × 25 – 75 µg

Load phase: 2 – 5 day
Maintain phase: 3 – 12 weeks

Ursolic acid

450

mg.day–1

3 × 150 mg

8 weeks

Phosphatidic acid

750 mg.day–1

5 × 150 mg

8 weeks

Ingest in close proximity to RE
Ingest 450 mg 30 min pre-RE and
300 mg post-RE

Carnitine

2 – 4 g.day–1

2 × ~2 g

2 – 4 weeks

Co-ingest with ~80 g carbohydrate
and avoid protein

Nitrates

500 mL.day–1

2 × 250 mL

1 – 15 days

Ingest pre-EE for acute aerobic
performance benefits

HMB
n-3 PUFA
Anabolic adaptation:
Creatine
Vitamin D

4 – 12 weeks

Ingest maintenance phase dose
every 2 – 3 h
Co-ingest with ~800 calcium
intake

Aerobic adaptation:

Fig. 16.1 (a) Overview of nutraceuticals that can be considered by concurrent athletes to support
resistance (right) and endurance (left) training adaptation. (b) Recommended dosing amounts,
protocols and practical considerations for individual nutraceuticals. HMB β-hydroxh-βmethylbutyrate, n-3 PUIFA n-3 polyunsaturated fatty acids, EPA eicosapentaenoic acid, DHA
docosahexaenoic acid, RE resistance exercise, EE endurence exercise

potential role in augmenting anabolic responses to RE alone, and subsequently aerobic responses to EE (summarised in Fig. 16.1).

 utraceuticals for Augmenting Anabolic and Aerobic
N
Adaptation to Concurrent Exercise
β-Hydroxy-β-Methylbutyrate (HMB)
The concept that distal metabolites of leucine, the most potent nutrient for stimulating anabolism, was first proposed two decades ago [65]. Leucine can be
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metabolised intramuscularly by branched-chain amino acid transaminase to reversibly form α-ketoisocaproate (α-KIC). Downstream metabolism of α-KIC can reach
two fates, one of which is to form HMB by α-KIC dioxygenase [66]. Recent work
has elucidated the anabolic potential of HMB administered in isolation. In the rested
post-absorptive state, 3 g orally ingested HMB stimulated MPS, and inhibited MPB
comparably to 3 g leucine [13]. Intriguingly, in contrast to the insulin-mediated
inhibition of MPB by leucine, HMB supressed MPB through insulin independent
mechanisms, rendering the attractive possibility that combined leucine-HMB supplementation might maximise fed-state net protein balance by synergistically suppressing MPB.
The acute pro-anabolic feeding effects also appear to potentiate the muscle mass
and strength adaptations afforded by RE training. A seminal study [66] reported that
3 g HMB day−1 (vs. 1.5 g HMB day−1 and controls) led to higher gains in muscle
strength and lean tissue mass during 3 weeks resistance training. Interestingly, in
this study HMB and control groups ingested approximately double the recommended daily intake of protein. This finding is suggestive of additive and/or independent anabolic effects of HMB upon high-protein diets when combined with RE
programmes, and is in agreement with recent studies of the acute effects of HMB on
rates of MPB [13]. Later works corroborated the efficacy of HMB for facilitating
RE-induced muscle strength and mass increases [67, 68]. Because these studies
employed untrained [66, 67] and trained [68] volunteers, HMB appears efficacious
irrespective of training status. Finally, whilst negligible effects of HMB on responses
to resistance training have been reported [69, 70], HMB has been administered in its
calcium form (CaHMB). However, since CaHMB has lower bioavailability compared to its free acid form (FA-HMB), CaHMB may result in poorer anabolic potential [71] and FA-HMB may be favoured for sports nutrition.
Importantly, HMB supplementation may also enhance adaptation to EE. For
example, 2 weeks of 3 g HMB day−1 in endurance-trained cyclists increased the
time to reach VO2max and delayed the onset of blood lactate accumulation, responses
indicative of positive aerobic adaptation [72]. Chronic improvements in VO2max
[73], aerobic power [74] and physical capacity at the onset of fatigue [75] after
4–5 weeks high-intensity interval training (HIIT) are also potentiated with
3 g HMB day−1 vs. placebo. Additionally, 6 weeks of HMB supplementation attenuated rises in plasma creatine phosphokinase and lactate dehydrogenase after a
20 km time trail run [76], suggesting HMB can attenuate exercise-induced muscle
damage (EIMD). Clearly, if such effects persist following RE bouts then HMB
might serve as a general nutraceutical for diminishing symptoms of EIMD (e.g.
strength decline and sensations of soreness), though this remains to be tested. Whilst
the mechanisms of these multiple ergogenic properties are unstudied, HMB is precursor of de novo cholesterol synthesis [65], which is essential for cell membrane
maintenance. As such, HMB might preserve membrane integrity during prolonged/
muscle damaging exercise.
Collectively, despite a lack of studies directly examining HMB during concurrent training regimes, HMB possesses efficacy for optimising multiple desirable
muscular adaptations across exercise modalities, and irrespective of training status.
Supplementing 3 g HMB day−1 (ideally in the FA-HMB form) therefore represents
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a highly attractive nutraceutical candidate for inclusion into the concurrent athlete’s
dietary regimen. As a practical consideration, only small amounts of HMB (~5%)
are generated from normal leucine metabolism [77], meaning that 60 g leucine
would be required to generate the effective HMB dose of 3 g [78]. It is therefore
unlikely that HMB is the primary ‘active’ component of leucine and might act independently and/or synergistically to the anabolic effects of leucine [66]. Thus, HMB
supplementation can be considered in addition to standard protein recommendations for the concurrent training un/trained athlete.

n-3 Polyunsaturated Fatty Acids (n-3 PUFAs)
There are three types of n-3 PUFA: (1) alpha-linoleic acid (ALA), (2) eicosapentaenoic acid (EPA) and (3) docosahexaenoic acid (DHA), which can be obtained in the
diet with walnuts and oily fish. In untrained individuals, 5 g day−1 fish oil led to
continual rises in intramuscular n-3 PUFA concentration throughout the 4 week
supplementation period [79]. Parallel increased content of molecular regulators of
MPS (e.g. mTOR and focal adhesion kinase) suggests that raised n-3 PUFA positively influences muscle anabolic potential [79]. Indeed, in the fed state (hyperaminoacidaemia-hyperinsulinemia) MPS and associated anabolic signals are potentiated
in young healthy individuals following n-3 PUFA (1.86 g day−1 EPA plus 1.5 g day−1
DHA) supplementation for 8 weeks [80]. Individual n-3 PUFAs may also exert
distinct anabolic properties. For example, in vitro studies demonstrated upregulation of MPS after EPA treatment, which was absent following DHA [81]; whether
this unique efficacy of EPA translates to human is currently unknown.
The efficacy of n-3 PUFA supplementation on the muscular response to RE is
less clear. Chronic n-3 PUFA supplementation increases anabolic responses to acute
RE [82] and promotes strength gains after 12 weeks resistance training in older
individuals [83]. Contrastingly, a single study in younger people found no benefits
of 8 weeks fish oil supplementation on the MPS response to an acute bout of RE
[84]. However, a lack of pre-supplement measurements renders interpretation of
efficacy difficult in this instance. The potential benefits of n-3 PUFA when administered alongside chronic resistance training are also unknown and should be examined in future studies. However, the ergogenic potential of n-3 PUFAs may extend
beyond anabolic stimulation. n-3 PUFAs serve as precursors to the prostaglandin
family of anti-inflammatory hormones [85], and reduce production of the inflammatory inducer, leukotriene B4 [86]. The role of n-3 PUFAs in aiding post-exercise
recovery by attenuating exercise-induced increases in inflammation and perceived
muscle soreness has therefore been investigated. Supplementation of 3–6 g day−1 of
n-3 PUFA (e.g. 3 g day−1 EPA plus 0.6 g day−1 DHA) for 1–6 weeks prior to an acute
bout of strenuous exercise inhibited the appearance of plasma markers of muscle
damage, range of motion [87] and muscle soreness at 48 h post-exercise [88, 89]. As
such, assuming the normal inflammatory response is not required for appropriate
muscle remodelling [90], n-3 PUFA might facilitate training adaptation by expediting the recovery process.
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Supplementing n-3 PUFAs can also mediate changes in fuel utilisation during
EE. During single bouts of 60–90 min cycling at 60% VO2max, 3 weeks of prior fish
oil intake (6 g day−1) causes higher rates of fat oxidation [91, 92] as a possible compensatory mechanism for lower CHO oxidation. Nonetheless, aerobic adaptive benefits are yet to be determined, and improved fat oxidation rates may have limited
efficacy for endurance performance [37]. However, in rodents n-3 PUFA intake
upregulates central genes involved in mitochondrial biogenesis, such as peroxisome
proliferator-activated receptor-alpha (PPARα) [93], and mice fed a low fat, DHA
enriched diet displayed higher mitochondrial oxygen consumption vs. placebo—
indicative of enhanced mitochondrial function [94]. Overall, therefore, whilst
greater clarity of the functional consequences of n-3 PUFAs when combined with
RE and/or EE is required, doses of 3–6 g day−1 for periods of 1–6 weeks may contribute to gains in muscle mass and strength after RE, and for augmenting EE-induced
aerobic adaptations.

 utraceuticals for Augmenting Anabolic Adaptation
N
to Resistance Exercise
Creatine
Found almost exclusively in muscle, creatine (Cr) is endogenously synthesised
from arginine, glycine and methionine [95]. Creatine can be reversibly phosphorylated by creatine kinase to form phosphocreatine (PCr), whose ‘high-energy’ phosphate can be liberated to rapidly generate ATP from cytosolic ADP. Dietary meat
and fish serve as rich sources of exogenous Cr, and are capable of increasing the
muscle Cr pool [96]. Alternatively, Cr supplementation of 20–30 g day−1 for ≥2 days
increases muscle Cr content by >20%, of which ~20–30% is in PCr form [97]. Basal
Cr content also determines the efficacy of Cr supplementation, since the greatest
gains are observed when Cr levels are low, such as in vegetarians [96].
Whilst Cr supplementation has no negative, nor beneficial effects on EE performance, extensive research has established Cr loading as efficacious for augmenting
performance during acute high intensity efforts lasting ~10–30 s [98], and sustaining torque/power output over repeated bouts of sprint exercise [99–101]. These
ergogenic benefits are mediated by the Cr-induced rise in muscle PCr, and associated capacity for PCr-based anaerobic ATP re-synthesis both during and after individual sprints, and act predominantly in fatigue-susceptible type II ‘fast-twitch’
muscle fibres [98]. Indeed, studies where muscle Cr levels remained low
(~12 mm kg−1 dry weight) found no ergogenic effects of Cr loading on sprint performance [102]. For the concurrent athlete, Cr intake can also influence hypertrophic and functional gains afforded by resistance training. Cr nutrition protocols
consisting of a ‘loading phase’ (20–30 g for ~5 days) and subsequent ‘maintenance
phase’ (5 g day−1) administered during 12–14 week resistance training programmes
leads to greater gains in muscle mass, fibre cross-sectional area and maximal
strength capacity vs. placebo [103, 104]. Strikingly, a recent meta-analysis revealed
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that Cr was more effective than whey protein when combined with RE training for
increasing fat-free mass (1.33 vs. 0.69 kg weight mean difference, respectively)
[105]. However, the mechanism(s) by which Cr augments hypertrophic responses to
RE remain elusive. Elevated muscle Cr content does not promote MPS either when
rested [106] or post-RE [107], but can inhibit resting rates of MPB [108]. Though
under debate [109], Cr may act by increasing RE-induced satellite cell activation
[110], therein providing the nuclear expansion thought to be required for maintaining DNA content and transcriptional capacity of regenerating/growing muscle
fibres. It is also well established that the osmotic shift associated with Cr loading
leads to intramuscular water retention and subsequent cell swelling [111]. It is plausible that this cell swelling causes stretch activation of cell membrane-located mediators of muscle anabolism, such as focal adhesion kinase [112]. Finally, enhanced
work capacity resulting from Cr loading might increase the stimuli for exerciseinduced muscle gene expression changes, thereby augmenting the transcriptional
signal for chronic muscle remodelling [112–114]. Regardless of the cellular effectors, supplemental Cr loading protocols would appear to be a stimulus for supporting muscular gains following chronic RE and, although presently unknown, perhaps
for maximising muscle hypertrophic gains during concurrent training.

Vitamin D
Vitamin D (VitD) is a steroid hormone obtained primarily through sun exposure,
though VitD can be obtained through supplementation or dietary sources (e.g. oily
fish, cheese, egg yolks). Following sequential hydroxylation steps at the liver and
kidney, circulating VitD is converted to its biologically active form, 25-hydroxyvitamin D, also termed cholecalciferol or VitD3 [115]. Interest in the effects of VitD
on muscle metabolism increased since expression of the VitD receptor (VDR) was
observed in skeletal muscle [116], amid conflicting reports of VDR presence in
muscle [117, 118] that are likely attributable to discrepant methodologies employed
for detecting the receptor [116]. Early in vitro studies provided the pre-clinical efficacy of VitD interventions for increasing myotube size (muscle cells in culture)
[119] and increasing the MPS responses to leucine and insulin provision [120].
Although not fully understood, the anabolic action of VitD is thought to occur
through two distinct mechanisms. Firstly, elevated intramuscular VitD levels
increase VitD binding to the VDR and, consequentially, promote gene transcription
via interaction with VitD response elements on the DNA [115, 121]. Secondly, VitD
may exert non-genomic effects on secondary messenger signalling pathways. For
example, 25-hydroxyvitamin D may bind to the VDR at the cell surface following
VDR translocation from the nucleus [122], with subsequent upregulation of Akt,
mitogen-activated protein kinases [123] and mTOR complex 1 (mTORC1) [120].
Studies in humans have attempted to forward translate these findings for augmenting muscle mass and function. In doing so it has been shown that VitD supplementation of ~2000–4000 IU day−1 for 4–12 weeks was effective at raising circulating
VitD3 concentrations [124, 125]. The efficacy of such VitD schedules alone on
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improving muscle health appears to be confined primarily to elderly individuals
[126, 127] where habitual VitD3 levels are frequently depressed [128]. However,
meta-analyses of 30 randomised control trials revealed a small positive impact of
VitD supplementation on muscle strength in healthy young adults (in the absence of
adjunct exercise), although studies employing all forms of VitD were included in the
analyses, without focussing on those that administered VitD3 alone [128]. It should
further be noted that combining VitD3 with ~800 mg calcium ingestion appears necessary for the strength improving effects of VitD3 to be observed [124].
A few studies have examined the combined effects of VitD intake and resistance
training. A recent systematic review analysed 6 controlled trials that administered
VitD (600–5000 IU day−1 for ≥4 weeks) to various athletic populations alongside
normal training regimens, which included intermittent team sports (i.e. relevant to
concurrent training programmes) [129]. Four studies that employed VitD3 reported
strength improvements that ranged from 1.4 to 18.8%, with 2 studies reporting significant strength improvements (P < 0.05). Conversely, 2 studies that supplemented
with VitD2 (a less biologically active form of VitD) had no effect on muscle strength
[129]. Furthermore, untrained young men that underwent 4 weeks VitD3 supplementation (1920 IU day−1) followed by 12 weeks VitD3 plus resistance training
exhibited lower myostatin expression, a negative regulator of muscle mass, and
increased the percentage of type IIa muscle fibres [124]. Whilst muscle mass and
strength were unaffected by VitD3 in this study, these morphological changes indicate VitD3 improves muscle ‘quality’. Supplementing VitD3 (~2000–5000 IU day−1
for ≥4 weeks) can therefore likely be recommended as part of the concurrent athletes’ nutritional plan.

Phosphatidic Acid
Phosphatidic acid (PA) is a diacyl-glycerophospholipid, which can be sourced in the
diet, e.g. from raw cabbage [130]. PA is also present in low amounts endogenously
in cell membranes, which can be increased by mitogenic stimulation [131] and RE
[132], suggesting a role of PA in muscular responses to growth stimuli. As a lipid
second messenger, PA regulates a growing number of cell signalling events [133].
For example, PA treatment of cultured skeletal muscle cells [131] and rodents [134]
activates the extracellular signal-related kinase/mTOR anabolic pathway comparably to whey protein. PA interventions also tend to increase rates of MPS, but also
blunted the MPS response when combined with whey protein [134]. Administering
PA may also benefit net protein balance by inhibiting signals regulating MPB under
atrophic conditions [135], although this is far from conclusive.
In humans PA is readily bioavailable, with 1.5 g oral PA sufficient to increase
levels of circulating PA (and its extracellular conversion to the predicted bioactive
form lysophosphatidic acid) within 30 min and remain elevated for 7 h post-ingestion [136]. When applied to a RE context, 750 mg day−1 PA consumed during
8 weeks supervised resistance training significantly increased lean body mass and
quadriceps cross-sectional area vs. placebo, though strength gains were comparable
between groups [137]. Similarly, Escalante et al. [138] found augmented muscle
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mass and maximal strength gains after 8 weeks RE with daily PA-containing multiingredient supplement. However, attributing these positive effects to PA alone is
impossible, since the supplement included both HMB and VitD3. Two further studies employed magnitude-based inference to detect likely to very-likely benefits of
PA intake on 8 weeks resistance training-induced lean body mass and strength
increases; however, these studies are confounded by a lack of supervised training
[139] and lower PA dosages of 250 and 375 mg day−1 [140]. Most recently, Gonzalez
et al. [141] employed 750 mg day−1 PA during training protocols consistent with
previous studies and found no supplement effect for improving muscle thickness or
maximal strength, though body composition was not assessed. Reports on the efficacy of PA for supporting RE adaptation are therefore equivocal and might be
explained by methodological discrepancies including: training supervision and
design, habitual dietary control or lack thereof, approaches to assessing body composition and performance gains and dosing/timing of PA ingestion [141, 142]. It is
also notable that all above studies recruited resistance-trained individuals, thus the
effects of PA during the early stages of training where the majority of muscular
adaptation occurs [7] are unknown. Nevertheless, the weight of existing evidence
supports at least modest gains in muscle size and performance following RE programmes which may facilitate offsetting the interference effect in concurrent programmes. Clearly, further work is needed to define direct ergogenic impacts of RE
nutraceuticals in respect to concurrent training.

 utraceuticals for Augmenting Aerobic Adaptation
N
to Endurance Exercise
Carnitine
Carnitine is endogenously synthesised from AA precursors and exists as D & L
isomers; however, only l-carnitine is bioactive [143]. Dietary sources of carnitine
include red meat and dairy products. The majority (~95%) of l-carnitine is stored in
muscle, the most well established function of which is the translocation of longchain fatty acids from the cytosol into the mitochondrial matrix for subsequent
β-oxidation [144, 145]. This process requires fatty acid conversion to acyl-CoA
prior to esterification with carnitine to form acylcarnitine by the mitochondrial
membrane enzyme carnitine palmitoyltransferase 1 (CPT1). Acylcarnitine is then
transported into the mitochondrial matrix and acts as a substrate for carnitine palmitoyltransferase 1, which converts acylcarnitine to the respective acyl-CoAs for entry
into the β-oxidation pathway [146, 147]. As such, without carnitine most dietary
lipids cannot be used as energy sources.
l-carnitine has therefore been studied for its ability to enhance fat metabolism and
spare glycogen, therein delaying fatigue during prolonged, moderate-high intensity
exercise. Acutely elevated muscle carnitine content inhibited CHO oxidation despite
high CHO availability, and increased overnight glycogen storage [148]. Similarly,
chronic l-carnitine supplementation (1.36–2 g day−1 taken twice daily for 12–24 weeks)
reduced glyocgen utilisation by ~55% [149] and increased energy expenditure and
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CPT1 enzymatic activity [150] during 30 min of low-moderate (50% VO2max) intensity
exercise. Importantly, several studies have demonstrated that l-carniting loading results
in improved endurance performance. Acute intake of 3–15 g l-carnitine ingested 1–2 h
pre-exercise improved VO2max [151], increased running speed [152] and cycling time to
exhaustion [153] in endurance-trained athletes. These findings were accompanied by a
stimulation of fat oxidation [153] and decreased lactate appearance [152], suggesting
altered fuel metabolism acounted for the performance benefits. Longer-term l-carnitine supplementation in athletes (2–4 g day−1 for 2–6 weeks) increased fat oxidation
(i.e. lowered respiratory quotient) during prolonged exercise [154], increased VO2max
by 6% [155] and raised 30 min moderate endurance work output 11% [149]. However,
conflicting studies have failed to observe beneficial effects of l-carnitine on fat oxidation [156] and endurance performance [156, 157].
The discrepant findings between studies might be explained by higher exercise
intensities employed leading to greater CHO oxidation as a fuel source [149, 158]
and failure to include CHO in the l-carnitine dosing regime. The incorporation of
CHO into l-carnitine supplementation is pertinent since oral carnitine alone does
not increase muscle carnitine stores [159, 160]. Subsequent work discovered that
combined carnitine and hyperinsulinaemia increased muscle carinite accretion
~15% [161]. Practical strategies for overcoming the poor bioavailability of carnitine
include co-ingestion with ~80 g CHO [162], owing to the insulinotropic actions of
CHO. Conversely, carnitine plus oral protein blunts muscle carnitine uptake [162],
though the mechanisms of this phenomenon remain unclear. Overall, 2–4 g day−1 of
l-carnitine administered acutuely or over 2–4 weeks (and ideally in combination
with ~80 g CHO) may lead to a shift in metabolism away from CHO and towards
fat as a fuel source for low-moderate intensity exercise sessions. The associated
improvements in endurance performance capacity may, therefore, maximise the
adaptive responses to concurrent training.

Nitrates
Oral ingestion of foods rich in dietary nitrates (NO3−, e.g. beetroot and lettuce)
results in NO3− reduction to nitrite (NO2−) by salivary nitrate reductases [163]. The
acidic stomach environment subsequently converts NO2− to nitric oxide (NO), thus
NO3− represents an important alternative source of NO to the classical l-arginineNO synthase pathway [164]. In turn, NO regulates several important functions such
as vasodilation, blood flow, glucose/fatty acid oxidation and mitochondrial biogenesis [165]. Supplementing 500 mL day−1 of NO3−-rich beetroot juice for 6 days
[166] or 0.1 mmol day−1 of NaNO3− for 3 days [167] lowers the O2 cost of submaximal cycling, indicating improved exercise metabolic efficiency, and increases basal
mitochondrial function [168]. Similar reductions in the oxygen cost of exercise have
also been reported with longer, 15 days (500 mL day−1 beetroot juice) supplementation [169]. Acute consumption of 500 mL NO3− between 2.5 and 30 h before exercise also improves 4 and 16 km cycling time trial performance [170] and team
sport-specific intermittent performance [171]. However, several authors have failed
to observe any ergogenic effect of NO3− intake [172–174]. It is likely that the
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positive effects of NO3− on endurance performance are limited to recreational athletes, since negligible effects of NO3− are reported in athletic populations [175,
176]. Higher basal levels of plasma NO3− and NO2− might partially explain this
phenomenon [177]. Supplemental NO3− (~500 mL day−1 beetroot juice for
1–15 days) may therefore be recommended to promote endurance performance
adaptation in untrained individuals during the initial phases of a concurrent training
programme [178], though NO3− may become less important once (an as yet
unknown) period of muscular adaptation has taken place.

Summary
In the search for the ‘optimal’ exercise nutrition strategy an enormous range of
scientific studies has been conducted on the efficacy of a long list of nutritional
compounds, often with conflicting or ambiguous results. In the context of minimising the detrimental effects of the interference effect on muscle mass and strength
gains, a central component of the concurrent athletes diet should be protein supplementation, ideally administered soon after endurance and resistance exercise bouts,
as well as regular high-quality protein-containing meals. At the possible expense of
optimal aerobic adaptation, CHO should be ingested post-EE to facilitate glycogen
re-synthesis but, importantly, to avoid the catabolic environment associated with
low-glycogen levels. Intake of various nutraceuticals may be employed, with precise timings likely being less important than ensuring adequate daily intakes of
each respective compound. A practical consideration of note includes ensuring
combined carnitine-CHO intake, but avoiding carnitine co-ingestion with protein,
to maximise carnitine uptake into muscle. Overall, whilst the efficacy of certain
nutraceuticals is contentious, at the very least there is no evidence of nutraceutical
supplementation causing detrimental effects to performance, and all nutraceuticals
summarised in Fig. 16.1 should be the focus of the concurrent athlete. Finally,
future work should aim to provide highly controlled, large cohort and longitudinal
studies of the effects specific nutrients have on concurrent training adaptation.
Additionally, as concurrent training programmes evolve (e.g. combined HIIT and
RE) new nutritional considerations will emerge with a need for new empirical evidence of efficacy.
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Concurrent Aerobic and Strength Training
Throughout the Lifespan

Concurrent Training in Children
and Adolescents
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Martijn Gäbler and Urs Granacher

Introduction
The central theme of this chapter revolves around the additive but also interfering
effects occurring in children and adolescents when combining aerobic and strength
training (i.e., concurrent training). Because both training status and (biological) age
can influence adaptations and training goals, distinctions are made between young
athletes and non-athletic youth [1], and between children (boys aged 6–13 years;
girls aged 6–11 years) and adolescents (boys aged 14–18 years; girls aged
12–18 years) [2]. Also, the relevance of certain physical fitness components is different depending on age and training goals. Caspersen [3] operationalized physical
fitness as consisting of primarily health- and skill-related components (Table 17.1).
It has to be noted that the training of health-related components (e.g., muscular
strength, endurance) improves athletic performance [4] and that the training of skill-
related components (e.g., balance, agility) also produces health benefits (e.g., injury
prevention) [5]. As a matter of fact, most skill-related components of physical fitness (reaction time excluded) are considered as health-related fitness components
[6]. The distinction made by Caspersen [3] is still useful to highlight the components that are relevant for sports performance.
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Table 17.1 Components of physical fitness categorized as health- and skill-related according to
Caspersen [3] and updated according to Bouchard et al. [6]
Health-related fitness components
Cardiorespiratory fitness
 (Heart/lung function, blood pressure)
Morphological component
 (BMI, body composition, flexibility)
Muscular fitness
 (Strength, power, endurance)
Motor component
 (Agility, balance, coordination, speed)
Metabolic component
 (Glucose tolerance, inflammatory markers)

Skill-related fitness components
Agility*
Balance*
Coordination*
Speed*
Power*
Reaction time

Note: Components marked with * are also considered as health-related fitness components

 he Importance of Aerobic and Strength Training in Children
T
and Adolescents
It is undisputed that physical activity has positive effects on the health of children and adolescents. The World Health Organization (WHO) [7] recommends
children and adolescents aged 5–17 years to accumulate daily at least 60 minutes
of physical activity at moderate to vigorous intensity. Most of the daily physical
activity should be aerobic in nature. Vigorous-intensity activities should be
incorporated, including those that strengthen muscle and bone, at least three
times per week. Physical activity includes both aerobic and strengthening activities that can either be accomplished through play and games, but also in organized exercise settings such as physical education classes and sport clubs.
However, current guidelines [7] may undermine the development of muscular
fitness (muscle strength, muscle power, and muscular endurance) that is a prerequisite for energetic and vigorous movement and play [8]. Moreover, an increasing percentage of youth do not meet the WHO physical activity recommendations
[9, 10], which was identified as an exercise deficit disorder that can result in
childhood obesity and pediatric dynapenia [9, 11–13]. In 2008, only 54% of
children at pre-school age adhered to the recommended amount of physical
activity [14]. A survey performed by the WHO in 2009/2010 suggested that this
percentage shrinks with increasing age from 23% in 11-year-olds to 15% in
15-year-olds [15].
Besides non-athletic children and adolescents, concurrent training is of specific
relevance for the sub-population of young athletes. Williams [1] defined a young
athlete as “a child or adolescent who is still growing and maturing toward adulthood
and who systematically trains (>once per week) and competes (>1-year competition
history) in at least one specific sport.” Given that most types of sport require some
combination of strength, endurance (and speed) [16], training in young athletes
should at least involve a sufficient stimulus to help develop these components of
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physical fitness. It is not surprising that adding strength exercises to an existing
training program in young athletes aged 6–18 years resulted in improved skill-
related components of physical fitness (e.g., speed and power) [4]. Thus, participation in concurrent training can help to meet the WHO requirements for physical
activity, promote health, and improve movement skills and athletic performance.

 romoting Physical Development Throughout Childhood
P
and Adolescence
The physical development of children and adolescents needs to be taken into account
carefully when administering any form of physical training. Several models [17–20]
have been proposed as a guide to systematically develop components of physical
fitness, such as strength, endurance, speed, and movement skills throughout childhood and adolescence. The essence of these models is to optimize training for young
athletes in order to achieve their optimal physical performance potential in adulthood, thus favoring long-term training goals over short-term success. Opposing the
restricted focus on chronological age [21], these models acknowledge that the
development of physical fitness components is not a linear process but is rather
related to biological development. Therefore, training in youth should address those
physical fitness components that show a high sensitivity to training stimuli.
Furthermore, despite their focus on the physical development of young athletes,
these models can best be viewed as “a pathway for all youth” [18, 20] that promote
fun, confidence, and lifelong engagement in physical activity. As such, they are useful guides to individualize training programs for children and adolescents related to
their biological age and prior training experience.
The first model to relate biological development to training and trainability of
children and adolescents is the long-term athlete development (LTAD) model [17,
18]. This model uses the onset of peak height velocity (PHV) as a reference point.
PHV is the age during adolescence at which an individual shows the largest change/
growth in stature, and can be estimated from simple anthropometric measures (i.e.,
sitting and standing height), sex, and chronological age [22]. A free online PHV
calculator can be found at the University of Saskatchewan website [23]. The inclusion of PHV assessment in fitness promotion in children and adolescents allows
shaping training differently and individually for early, normal, and late maturing
children. Thus, the LTAD model uses the onset of PHV as a reference to determine
“windows of opportunity” as critical periods in physical development that are crucial for achieving one’s athletic potential [17, 18, 24]. However, a lack of empirical
evidence in support of “windows of opportunity” led to the most important criticism
on the LTAD model [19, 25].
Out of discontent with the LTAD model [17, 18], Lloyd et al. [19] proposed the
youth physical development (YPD) model, which they later modified and titled the
composite youth development (CYD) model [20]. The YPD model (later the CYD
model) assumes that physical fitness components are trainable throughout childhood and adolescence, but the importance to train different components changes
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with maturation. Similar to the LTAD, onset of PHV is used as a reference point to
determine biological age. Furthermore, there are different CYD models for males
and females and the model should be adapted according to the initial training status
[19, 20]. The CYD model [20] further suggests that emphasis in training should be
guided by the maturational status according to the years removed from PHV, growth
rate, and the related developmental stages of the individual.
According to the CYD model, the importance of developing certain components
of physical fitness changes over developmental stages. Early childhood is a period
of rapid growth that starts roughly at the chronological age of 2–4 years. During this
developmental stage, physical activity should be unstructured, playful, and fun.
Developing fundamental movement skills (FMS) and muscle strength should be
emphasized [19, 20, 26]. The remaining years pre-PHV involve the developmental
stage of middle childhood and are associated with a steady increase in body height.
This stage lasts usually longer for males (5–13 years) than for females (5–11 years)
[27, 28]. During this period training and physical activities should be highly variable without specialization in a single sport [29]. Thus, emphasis should still be
placed on developing muscle strength and FMS, and to a lesser extent on developing
mobility, agility, speed, and power [19, 20]. The onset of adolescence is signified by
an increase in growth rate that peaks at PHV and slowly declines thereafter until
adulthood [27, 30]. Adolescence roughly lasts from the age of 14–20 years for boys
and from the age of 12–18 years for girls. Training structure should be gradually
increased towards adulthood and should specialize in a specific sport [19, 20, 29].
Emphasis should be placed on developing sport-specific skills, agility, speed, muscle power and strength and, after PHV, also muscle hypertrophy.
Training for endurance and metabolic conditioning become more important
towards late adolescence but training goals may differ depending on the population
and the practiced sport. Thus, there might be individual differences in the relative
importance of certain components of physical fitness. Particularly young endurance
athletes may want to expose themselves to larger volumes of aerobic training in
order to develop a high aerobic capacity [31]. Taken together, the CYD model suggests that the development of muscle strength and movement competency should
have a central position for both children and adolescents while the importance of
aerobic training gradually increases over the developmental stages [20].
The central position of muscle strength in the CYD [20] seems contradictory to
the views of the WHO [7], who emphasizes aerobic activity. This contradiction can
probably best be understood through a distinction in training goals. The main concern of the WHO is to promote health by reducing physical inactivity, overweight,
and obesity, while the CYD aims at promoting physical development, movement
skill competency, and lifelong sports participation. Furthermore, when strength
development is neglected and muscle strength levels are deficient, a negative cascade threatens to manifest itself that has been referred to as an exercise deficit disorder [11]. The cascade starts with reduced motor skill competence, leading to low
movement confidence and increased sedentary behavior which ultimately results in
adverse health outcomes later in life [28]. Closely related to this exercise deficit is
the recent observation of pediatric dynapenia [8, 13]. Dynapenia is a deficiency in
muscle strength that is usually found in old adults [32]. Recently, Faigenbaum [13]
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described pediatric dynapenia as an acquired condition not caused by neurologic or
muscular disease that is reversible with strength- and skill-based activities [8].
Consequently when recommendations are combined, it can be concluded that
strength should be developed to promote physical development in youth [19, 20],
while a minimum amount of aerobic activity (60 min/day) is recommended for positive health outcomes [7]. In a recently published narrative review paper, Pichardo
et al. [33] summarized the available models on LTAD and integrated those into a
new conceptualized approach.

Single-Mode Strength Training
Given the crucial effects muscle strength has on different physical fitness components [34], it is not surprising that national and international associations such as the
WHO [7], the American Academy of Pediatrics [35], the International Olympic
Committee [36], and the National Strength and Conditioning Associations of
America [37] and the United Kingdom [21] recommend strength training throughout youth. Strength training can be started as soon as children are capable of understanding and following instructions [38], which usually comes down to a minimum
calendar age of 6 years [39]. It should, however, be highlighted that learning the
proper exercise technique and supervision by a strength and conditioning professional are necessities for safety purposes.

Effects
Meta-analyses generally show positive effects of strength training in youth on muscular fitness (i.e., muscular power, muscular strength, local muscular endurance
[40]) and movement skills (see Table 17.2 for an overview). Payne et al. [41] found
moderate effect sizes (ES = 0.75) of strength training on measures of muscular
strength and muscular endurance in non-athletic youth (≤18 years). Isokinetic training programs seemed to be less effective than isometric or isotonic programs. Age
and sex were not found to modify the effectiveness of strength training but it should
be noted that the effect sizes in this study were not corrected for small sample sizes
nor weighted. Behm et al. [42] analyzed the pre to post differences of 107 studies
and revealed that strength training had small effects on sprinting (ES = 0.48), moderate effects on jumping (ES = 0.53), and large effects on lower body strength
(ES = 1.14) in children and adolescents. Sub-analyses revealed that children and
non-athletic youth responded to training with a larger magnitude in effect sizes.
Two more recent meta-analyses [43, 44] found that strength training in non-
athletic youth (≤18 years) had large effects (ES = 1.12) on muscular strength [43],
and moderate effects (ES = 0.52) on the motor skills running, jumping, and throwing [44]. Furthermore, age was negatively associated (r = −0.25) with training-
induced improvements of movement skills [44], but adolescents showed larger
gains than prepubertal children in muscular strength [43]. This finding was supported by an early meta-analysis [45] that indicated only moderate effects
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Table 17.2 Effect sizes of strength training in youth on muscular fitness, movement skills, and
sport-specific performance calculated in several meta-analyses
Study
Payne et al.,
1997 [41]
Behringer et al.,
2010 [43]
Behringer et al.,
2011 [44]
Falk &
Tenenbaum,
1996 [45]

Harries et al.,
2012 [46]
Lesinski et al.,
2016 [4]
Behm et al.,
2017 [42]

Population
Non-athletic
youth
≤18 years
Non-athletic
youth
≤18 years
Non-athletic
youth
≤18 years
Non-athletic
youth
Girls
≤12 years/
boys
≤13 years
Adolescent
athletes
13–18 years
Young
athletes
6–18 years
All youth
<18 years

Measure of
effect size
Mean Cohen’s d

Muscular
fitnessa
0.75

Movement
skillsb
–

Sport-specific
performancec
–

Weighted mean
Hedges’ g

1.12

–

–

Weighted mean
Hedges’ g

–

0.52

–

Mean Cohen’s d

0.57

Weighted mean
difference (cm)d

3.08d

Weighted mean
Hedges’ g

1.09

0.58; 0.68;
0.80

0.75

Within group
standardized
mean difference

1.14

0.48; 0.53

–

Muscular fitness includes measures of muscular strength, muscular power, and muscular
endurance
b
Movement skills include sprinting, jumping, and tests of agility
c
Sport-specific performances include measures such as throwing and kicking velocity
d
Harries et al., 2012 [46] reported no effect sizes, but absolute differences in jump height
a

(ES = 0.57) of strength training on measures of muscular strength in children (boys
≤13 years, girls ≤12 years). Two more meta-analyses have been published that specifically focused on young athletes [4, 46]. Harries et al. [46] found large effects of
strength training on jump performance (mean difference = 3.1 cm) in adolescent
athletes aged 13–18 years. They concluded that plyometric training resulted in the
greatest improvements. Moreover, in a recent meta-analysis, Lesinski et al. [4] analyzed studies that included both child and adolescent athletes and found large effects
of strength training on muscular strength (ES = 1.09) and vertical jump performance
(ES = 0.80). Strength training had moderate positive effects on movement skills
such as sprinting (ES = 0.58), agility (ES = 0.68), and sport-specific performance
(ES = 0.75). The influence of age on training outcomes was reversed in athletes [4]
compared to untrained peers [43, 44]. In athletes, it was found that children, compared to adolescents, showed greater benefits from strength training in terms of
muscle strength, but not in terms of movement skills, especially for sport-specific
performances. Faigenbaum et al. [28] suggested that dose–response relationships
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may differ between trained and untrained children and adolescents (see next section). The greater training history adolescent athletes likely have over child athletes
and untrained youth may explain the relative smaller training-induced gains in adolescent athletes. From these data it can be concluded that strength training can
improve muscular strength, movement skills, and sports performance in children
and adolescents and that age and training status have a moderating effect on these
outcomes.

Dose–Response Relationships and Recommendations
Behringer et al. [44] found a positive linear relationship between intensity (% of the
one-repetition maximum [1-RM]) and improvements in movement skills (throwing,
jumping, and running) of untrained children and adolescents (≤18 years). Their data
suggested that a minimum intensity of 50% of 1-RM was required to improve movement skills. Strength training parameters in young athletes aged 6–18 years can be
derived from Lesinksi et al.’s analysis of dose–response relationships between
strength training parameters and improved muscular strength [4]. The largest gains
in muscular strength were found when training with free-weights, at a frequency of
two to three times per week, with five sets per exercise at an intensity corresponding
to 80–89% of the 1-RM. However, future studies need to verify safety of training
with such high loads in young athletes or untrained youth [28]. Expert opinion [2]
on the progression of intensity deems it as a safe practice to learn the proper exercise technique with low loads before progressing to higher loads. Specific recommendations for youth starting with strength training can be found in the review
articles of Behm et al. [47] and, more recently, Faigenbaum et al. [34]. According to
these guidelines, strength training should be performed on 2 or 3 nonconsecutive
days per week, performing 1 or 2 sets of 8–15 repetitions in 8–12 different exercises
at an intensity of about 60% of the 1-RM. After establishing proper exercise technique, the child or adolescent can progress to 2–4 sets of 6–12 repetitions at an
intensity of up to 80% of the 1-RM [21]. At this stage, more advanced movements
could be introduced, [47] such as Olympic weight lifting (See Lloyd et al. [48] for
guidelines on the progression towards advanced weight-lifting techniques). As
training experience and exercise competence increase, intensity can be progressed
even further (<6 repetitions at >85% of the 1-RM [4]). These recommendations are
additionally summarized in Table 17.3.

Adaptations
Increased muscle strength can be accomplished both by neural [49–52] and muscular
[51–55] adaptations. Training-induced neural adaptations include increased motor
unit recruitment and firing rates, increased antagonist muscle inhibition, and
improved inter- and intramuscular coordination. The major muscular adaptation
leading to increased strength is muscle hypertrophy, but changes in muscle pennation
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Table 17.3 Summary of evidence and expert-based recommendations for strength training, aerobic training, and physical activity according to skill level
Parameters
Strength training
 Frequency (w−1)
 Sets per exercise (N)
 Repetitions per set (N)
 Intensity (% of 1-RM)
Aerobic training
 Frequency
 Duration
 Intensity
Physical activity
 Frequency
 Duration
 Intensity

Low skill

Medium skill

High skill

2
1–2
8–15
≤60%

2–3
2–4
6–12
≤80%

2–4
Multiple
≤6
≥85%

3–4 sessions per week
40–60 min
85–90% of maximum heart rate
7 days per week
≥60 min
≥50% of maximum heart rate

Note: Recommendations for physical activity should be viewed as integrated in either strength or
aerobic training. E.g., 60 min of high-intensity running counts as both aerobic training and physical activity. Recommendations are based on Behm et al. [47], Faigenbaum et al. [34], Lesinski
et al. [4] for strength training; Armstrong et al. [61] for aerobic training; and WHO [7] for physical
activity

angle [55], in myosin isoforms [56, 57], as well as in tendon stiffness [58] can also
contribute to increased strength. Recently, Legerlotz et al. [58] described the physiological adaptations of young athletes following strength training in their review.
They concluded that training-induced improvements in motor skills in children are
related to improved neuromuscular control and morphological adaptations of muscle
and tendon, although muscle hypertrophy seemed limited. Because prepubertal
children display only minimal training-induced muscle hypertrophy [59], it is generally believed that training-induced strength gains in this population reflect neural
adaptations. Furthermore, children do not possess the levels of androgens required
for muscle hypertrophy [19, 58]. It was indeed found [60] that children aged 10 years
showed training-induced gains in elbow flexor strength that were accompanied by
increased EMG, but not by increased upper arm circumference. In contrast to children, adolescents did demonstrate muscle hypertrophy following mechanical loading
[58], which, together with neural adaptations, may have contributed to increased
strength. It is likely to assume that this is related to the changes in hormonal levels
(i.e., increased testosterone) with puberty, which may be crucial for muscle hypertrophy to occur [19, 24, 27]. These differences in adaptations again highlight the relevance of biological age in the planning of training and exercise prescription.

Single-Mode Aerobic Training
Unlike the clear benefits of strength training in youth, the trainability of measures
of aerobic fitness appears rather limited [62]. A compound measure of aerobic fitness is the maximum rate of oxygen consumption (V̇O2 max) that depends on the
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maximum cardiac output (stroke volume and heart rate) and the arterial-venous
oxygen difference. However, due to the lack of a plateau in the V̇O2 curve in many
youth when exercising to exhaustion, the peak oxygen uptake (peak V̇O2) is the
preferred measure of aerobic fitness [63]. V̇O2 is usually expressed in relation to
body mass (in mL kg−1 min−1). When normalized to body mass in non-athletes, peak
V̇O2 remains quite constant in males during growth and maturation, whereas females
may even show a decline [31].
Payne and Morrow [64] found that aerobic training had small to large effects on
V̇O2 max in children but the magnitude depended on the study design (longitudinal:
ES = 0.35, cross-sectional: ES = 0.94). Another systematic review [65] revealed that
a 5–6% increase in peak V̇O2 was observed following aerobic training in youth aged
5–16 years. Furthermore, some cross-sectional studies provide indirect evidence for
the trainability of peak V̇O2 in young individuals, because young athletes demonstrated higher peak V̇O2 values than their untrained peers [31].
The observed differences in peak V̇O2 values are generally attributed to differences in stroke volume, suggesting that any attempts at improving aerobic capacity
in youth should aim at improving stroke volume. In addition, training intensity
appears to be a crucial factor in improving peak V̇O2. Narrative and systematic
reviews [31, 65, 66] demonstrated that only training at intensities close to the maximal heart rate (85–90%) but not at lower intensities (<80% of maximal heart rate)
had an effect on peak V̇O2 in youth. Based on these findings, Armstrong et al. [61]
suggested that aerobic training in children and adolescents should be performed
three to four times per week, with a duration of 40–60 min at an intensity corresponding to 85–90% of maximum heart rate (see also Table 17.3).

 oncurrent Aerobic and Strength Training in Healthy Children
C
and Adolescents
Single-mode aerobic and strength training programs may be used to improve components of physical fitness and have benefits for health and sports performance.
However, the principle of training specificity [51] dictates that the range of adaptations following single-mode training is limited. Thus, concurrent aerobic and
strength training may be preferred to improve a broader range of physical fitness
components simultaneously. Interestingly, the result of combining both training
modes in adults does not equal the sum of adaptations to single-mode strength and
aerobic training. Especially adaptations to strength training (e.g., muscular fitness
and muscle hypertrophy) can be compromised when aerobic exercise is performed
concurrently compared to single-mode strength training [67]. The potential interfering effects of combining aerobic and strength training modes are discussed extensively in Part II of this book. Of relevance for this chapter is that a high volume of
aerobic exercise may limit strength development by interfering with muscle hypertrophy, due to conflicting muscular adaptations [68]. However, there are also data
[69] suggesting that interference may be more pronounced in maximum muscle
strength and power (i.e., neuromuscular adaptations) rather than in muscle
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hypertrophy. It should be noted that our current knowledge is almost exclusively
drawn from studies in the adult population [67]. Because of scant literature, much
less is known about concurrent training in children and adolescents. Importantly,
due to growth and maturation, findings from studies in adults do not simply translate
into youth populations [70, 71]. The adaptations to strength training described in a
previous section of this chapter emphasize the importance of acknowledging biological age when designing exercise interventions. Because prepubescent children
show little capacity for muscle hypertrophy, it could be speculated that there is only
minimal interference of aerobic exercise on strength training adaptations. However,
should interference occur in neural adaptations [69], it is relevant to take heed when
planning training programs for children. Adolescents, on the other hand, show
training-induced muscle hypertrophy next to neural adaptations and interference
mechanisms may be at work when aerobic and strength training are combined.
Until recently, the only reviews that have been published on concurrent training
in children and adolescents have been performed with studies in overweight individuals [72, 73] and will be discussed in a later section of this chapter. More recently,
we have performed a systematic review and meta-analysis on the effects of concurrent training in healthy children and adolescents, with a special focus on young
athletes [74]. Studies on concurrent training traditionally compare one group that
performs both aerobic and strength training to a group that performs only single-
mode training. Our meta-analysis [74] involved 15 studies, of which 11 were conducted in endurance athletes (runners, swimmers, rowers, and cross-country skiers)
and 4 studies involved non-athletic children and adolescents. The studies involving
athletes allowed comparisons between aerobic training and concurrent training,
while the studies in untrained children and adolescents allowed only comparisons
between strength training and concurrent training. The main results of the meta-
analysis are presented in Fig. 17.1.

Additional Strength Training to Enhance Aerobic Performance
The addition of strength training to an aerobically dominant exercise protocol had
small effects on time trial performance (ES = 0.41) in young athletes aged 10–18 years
[73]. A sub-analysis revealed that effect sizes for adolescents were moderate
(ES = 0.52) and only trivial for children (ES = 0.17). These findings suggest that
aerobic training combined with strength training improves running, swimming, rowing, and cross-country skiing performance more than single-mode aerobic training in
young athletes, especially in adolescents. Further data in the included studies indicated that concurrent training had trivial positive effects (ES = 0.04) on aerobic
capacity (V̇O2 max or peak V̇O2), and exercise economy (ES = 0.16) (V̇O2 at a given
exercise intensity). These findings suggest that concurrent training can improve time
trial performance in young athletes more than aerobic training alone. However, aerobic capacity and exercise economy appear unaffected by additional strength training.
It should be noted that the majority of the included studies did not assess aerobic
capacity and exercise economy. Further research is needed to elucidate the underlying mechanisms that contributed to improved athletic performance.
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Aerobic
capacity
(n=4)

Exercise
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(n=12)
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Fig. 17.1 Effects of concurrent training versus singular aerobic training on different outcome
parameters in young athletes aged 10–18 years. Positive effect sizes are in favor of concurrent
training. N represents the number of training groups (intervention arms) included in the meta-
analysis [74]. Bars represent weighted standardized mean differences in aerobic capacity (peak
V̇O2 or V̇O2 max), exercise economy (V̇O2 at a given exercise intensity), and athletic performance
(time trial)

Probably the most sophisticated study on this topic was performed by Mikkola
et al. [75] in a group of 25 young distance runners with a mean age of 17 years.
Instead of adding extra training hours like most other studies do, they replaced 19%
of the aerobic training volume by explosive type strength training, three times a week
for 8 weeks. This procedure ensured that training volume was similar between both
groups (aerobic training: 8.5 h/week; concurrent group: 8.8 h/week). Strength exercises performed included sprints (30–150 m), various jumps and weight-bearing
exercises, in an attempt to strengthen the major muscle groups of the lower limb and
core. The weight-bearing exercises were performed in 2–3 sets of 6–10 repetitions
with low loads performed at high movement velocity. The aerobic training consisted
mainly of running below the individually determined anaerobic threshold. The
authors found that isometric leg-press strength (8% vs. 3%) was increased to larger
magnitude in the concurrent compared to the aerobic training group and that these
improvements were associated with increases in neural activity (r = 0.7) of the knee
extensor muscles, while also thickness of the quadriceps femoris muscle increased
(4% vs. 2%). What was more interesting for this specific population was that the
training had an effect on running economy, without affecting V̇O2 max. The oxygen
consumption at submaximal speeds was reduced following concurrent training (−3%
at 14 km/h), but not following singular aerobic training (+3% at 14 km/h). These
results suggested that explosive strength training reduced the energy cost of running
in trained adolescent runners. To speculate on the underlying mechanisms, the
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improved running economy might be the result of increased neuromuscular activity
of type I motor units [76]. Possible training-induced adaptations in muscular and/or
tendinous stiffness led to increased muscle and tendon contractility, which allowed
for an increased storage of elastic energy in the elastic components of the musculotendinous system [76]. As a result, less energy is lost during each gait cycle, which
means that less energy needs to be produced to maintain running speed.

 o Interference of Additional Aerobic Training on Strength
N
Development
To study the interference effect of aerobic training on strength, power, and muscle
hypertrophy, a design where the effects of concurrent training are compared with
single-mode strength training should be used. However, our systematic review identified only a few studies that adopted such a design in untrained children [77–79]
and adolescents [80]. These identified studies were from the same research group
and contained an experimental series with similar research methods. All studies
were conducted at the same school cluster in Portugal and comprised one or more
concurrent training groups, a single-mode strength training group and a passive
control group. The strength training program was performed twice weekly for
8 weeks and consisted of medicine ball throws, jumping, and sprinting exercises.
Additionally, also twice weekly, the concurrent training groups performed a submaximal 20-m shuttle run test as aerobic training. The aggregated data [74] of these
studies showed that the addition of aerobic training to a strength training program
had a small effect on leg power, as indicated by vertical jump height (ES = 0.23).
The low heterogeneity in outcomes across training groups suggested that training
adaptations in children and adolescents were similar. These findings imply that
there was not an interfering, but an additive effect of aerobic training on power
development (vertical jump height) in untrained children and adolescents. However,
the methodological limitations of these four studies allow other interpretations as
well. A potential confounding factor was the use of the 20-m shuttle run test both as
a training and assessment tool. The repeated changes of direction in this test required
constant accelerations and decelerations of the entire body. The shuttle run test may
have been a sufficient stimulus to increase rapid force production in the lower limbs,
which expressed itself in increased vertical jump height. Other reasons for the
absence of an interference effect are the untrained status of the participants and the
low training volume, which should be kept in mind when interpreting these data.

Sequencing
Under specific circumstances (e.g., high training volume in young athletes), aerobic
and strength training have to be combined within one training day. The sequence in
which the individual components of aerobic (A) and strength (S) training are performed may affect training adaptations (see Chaps. 10 and 11). So far, two studies
are available that examined sequencing effects in youth [81, 82]. These studies
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included young soccer players aged 14 (around PHV) and 17 years (post PHV).
Here we calculated Hedges’ g [83] from the mean differences (i.e., post – pre) and
pooled standard deviations presented in the original data to determine which
sequence (i.e., aerobic training before strength training [A → S] or vice versa
[S → A]) produced the largest effects on muscle strength and power, muscle hypertrophy, and aerobic capacity. Figure 17.2 presents the Hedges’ g and examples for
each outcome. Two studies in adult soccer players [84] and non-athletes [85] were
also included in Fig. 17.2 for comparative reasons. Although many effect sizes
turned out to be trivial in magnitude, some interesting discrepancies between youth
and adults were observed which will be discussed in the following.
large moderate

small

trivial

small

moderate large
Around PHV
athletes (80)

Aerobic capacity
(e.g., VO2max)

Post PHV
athletes (81)
Adult athletes
(83)

Lower body muscle
power
(e.g.,
countermovement
jump)

Adult nonathletes (84)

Lower body muscle
hypertrophy
(i.e., cross-sectional
area m. vastus
lateralis)
Lower body isometric
muscle strength
(e.g., maximum leg
extension)

Lower body dynamic
muscle strength
(e.g., squat 1 repetition
maximum)

-1.0
Favors A®S

-0.5

0.0
Hedges' g

0.5

1.0
Favors S®A

Fig. 17.2 Sequencing effects of aerobic and strength training on aerobic capacity, muscle
strength and power, and muscle hypertrophy in different populations. Effect sizes were calculated
from the mean differences of the respective groups (A → S and S → A) and their pooled standard
deviations [83]
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In around PHV soccer players [81], small effects were found for proxies of muscle power in favor of S → A and trivial effects were observed for aerobic capacity
and dynamic muscle strength in favor of A → S. Another experimental group in this
study [81] performed A and S on alternating days, thereby allowing longer recovery
time between training sessions. Makhlouf et al. [81] reported that the performance
of A and S on one day resulted in similar or greater improvements in aerobic capacity, muscle strength and power compared with the group that performed A and S on
alternating days. Another study in post PHV soccer players [82] revealed small
effects on measures of dynamic muscle strength and muscle hypertrophy and trivial
effects on measures of static muscle strength and proxies of muscle power all in
favor of A → S. The discrepancy in findings between around PHV and post PHV
soccer players could be due to differences in maturational status of the examined
cohorts. In post PHV youth, the hormonal status allows training-induced muscle
hypertrophy [19]. In this context, Baar [86] suggested that S → A sequencing may
compromise protein synthesis and thus muscle hypertrophy following strength
training. This interference could specifically be attributed to post PHV youth.
In adult soccer players, moderate effects were found for proxies of muscle power
and muscle hypertrophy in favor of A → S and trivial effects were observed for
aerobic capacity and dynamic muscle strength in favor of S → A. For non-athletic
adults, trivial effects were detected for muscle hypertrophy as well as measures of
static and dynamic muscle strength. A consistent finding in adults appears that
S → A is favored over A → S if the goal is to improve dynamic muscle strength [84,
85]. This was in fact confirmed by two recent meta-analyses [87, 88].
The abovementioned findings indicate a discrepancy between the adult and youth
literature on sequencing effects of strength and aerobic training regarding improvements in dynamic muscle strength. While adults primarily benefit from S → A,
youth benefit from A → S. Children and adolescents compared to adults generally
demonstrate greater resistance to fatigue following high-intensity exercise [89].
Strength training quality may therefore be less affected by prior aerobic training
when youth perform A → S compared to adults. Another important distinction is the
difference in training status between the young and adult populations in the aforementioned studies. It was previously suggested that untrained individuals have a
greater adaptive reserve regardless of the training mode (A or S) [90]. Taken
together, preliminary data suggest that youth may be less susceptible than adults to
interfering effects due to better resistance to fatigue. In around PHV soccer players,
S → A may be favored over A → S to improve muscle power. Further, post PHV
athletes may benefit most from A → S, because S → A could be more susceptible to
interfere with muscle hypertrophy.

Concurrent Training for Health
Given the increasing number of obesity and rising levels of inactivity in young individuals, scientific interest has grown for exercise interventions to promote health
already in young populations. To evaluate the effectivity of such interventions,
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García-Hermoso et al. [73] have conducted a meta-analysis on data from 12 studies
on the effects of concurrent training on body composition and metabolic outcomes
in obese and overweight children aged 14–18 years. They specifically included the
results of studies that compared a concurrent training group to an aerobic training
group and found that additional strength training had small to intermediate effects
on body composition (ES: 0.14–0.47), low-density lipoprotein cholesterol (ES:
0.35), and adiponectin concentrations (ES = 0.79), suggesting improved metabolism. These data suggested that concurrent training is more effective than single-
mode aerobic training in controlling body weight, fat percentage, and reducing the
risk of cardiac and metabolic diseases. However, the authors did not report whether
strength training was performed additionally to, or as a replacement of aerobic
training, which limits the interpretation of this review. In another meta-analysis,
Marson et al. [72] looked specifically at studies that evaluated the effects of different training modes on factors associated with insulin resistance in obese and overweight children and adolescents aged 9–17 years. Increased insulin resistance is
associated with obesity and metabolic symptoms later in life. Marson et al. [72]
found that aerobic exercise was most successful in decreasing fasted state blood
insulin levels, while strength and concurrent training showed only limited effects.
Blood glucose levels were changed only minimally following any mode of exercise.
The results suggested that aerobic exercise should be part of training in order to
decrease resistance to insulin, which may reduce adverse outcomes later in life.
In two of the Portuguese studies mentioned in the previous section [79, 80], body
fat was measured in healthy young populations aged 12–14 years. Body fat was
reduced the most in concurrent training groups (2.6–2.8%), followed closely by the
strength training groups (2.1–2.4%), and to a lesser extent in the passive control
groups (0.0–0.9%). These results suggest that body fat can be reduced in young
people by performing strength training as well as aerobic training. In studies assessing fat percentage in young athletes [75, 91, 92] both concurrent (−1.6% to +4.0%)
and aerobic training (0.2–6.0%) seemed to increase, rather than decrease percentage
body fat. Although a similar trend as in non-athletic populations was found, it is
arguable that young athletes usually have normal or low levels of body fat and that
further reductions are not desired. Taken together, concurrent training has greater
and more diverse effects on body composition and other health-related factors than
singular strength or singular aerobic training but it remains unclear to what extent
this is the result of an increased training volume or of the higher diversity in exercise
modes (i.e., aerobic and strength exercises).

Recommendations for Concurrent Training in Youth
The distinction between children and adolescents is important for the design
of training programs. Age at PHV can be used as a valid measure to determine
the developmental stage of an individual. Unlike in children, strength exercise in
adolescents can promote muscle hypertrophy, but careful planning is required. Just
as in adults, when training is planned poorly (e.g., aerobic exercise immediately
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after strength exercise) and training volume is high, interfering effects of concurrent
aerobic and strength training may be expected in adolescents.
Recent models on physical development dictate that training in prepubescent
children should focus mainly on developing fundamental movement skills and
(neuro-)muscular strength. At this age, strength training should focus on developing
the correct exercise technique using loads corresponding to 60% of 1-RM. With
increasing maturity, age, and (strength) training experience, loads can gradually
progress up to 80% of the 1-RM and more advanced exercises can be introduced.
The training of movement skills should become increasingly sport specific. Training
with higher loads (>85% of 1-RM) should only be performed when exercise competence is high.
Aerobic activity should be part of any training program throughout all developmental stages due to its positive effects on health-related outcomes. When the goal
is to increase aerobic capacity, intensity of training should be sufficiently high (85–
90% of maximal heart rate).
The interference effect following concurrent training seems of little concern
for untrained and recreationally trained children and adolescents due to overall
low training volumes. When aerobic and strength training are performed within
a single day or a single training session, aerobic training should not be performed shortly after strength training in young athletes that are post PHV when
the goal is to improve muscle strength and hypertrophy. In younger athletes that
are around PHV, improvements in leg power (but not strength) may be greater
when strength training is performed before aerobic training. These recommendations are based on only two studies and therefore require confirmation.
Furthermore, training volume should be gradually increased with increasing
age. To reduce overuse injury risk, the total number of training hours per week
is recommended not to exceed the number of chronological age and the ratio of
training to play time should not exceed 2:1 [29]. Training volume (dose) must
be raised when age and training history increase in order to elicit an adaptive
effect (response) [28]. From these guidelines, it follows that weekly training
volume in children could be lower than in adolescents and thereby regeneration
time is increased. This, may in fact help to reduce the risk of interfering training
adaptations [90].

Summary
Systematic concurrent aerobic and strength training appears ideal to meet physical activity recommendations, to promote health- and skill-related components of
physical fitness and to improve athletic performance in children and adolescents.
No interference, but rather an additive effect in training adaptations was observed
when youth combine aerobic and strength training compared to single-mode
training. Especially adolescents improved their performance in time trials after
concurrent training compared to aerobic training alone. However, preliminary
evidence suggested that aerobic training should not be performed in short sequence
to strength training in adolescents post PHV. Finally, concurrent aerobic and

17 Concurrent Training in Children and Adolescents

271

strength training can help with weight management and reduce the risk of acute
and chronic adverse outcomes in young people with inactive lifestyles, overweight, or obesity.

References
1. Williams CA. Trainability of young athletes: short-term goals or long-term mission? Pediatr
Exerc Sci. 2016;28(4):485–7. https://doi.org/10.1123/pes.2016-0215.
2. Faigenbaum AD, Kraemer WJ, Blimkie CJ, Jeffreys I, Micheli LJ, Nitka M, et al. Youth resistance training: updated position statement paper from the national strength and conditioning
association. J Strength Cond Res. 2009;23:S60–79.
3. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical fitness:
definitions and distinctions for health-related research. Public Health Rep. 1985;100(2):126.
4. Lesinski M, Prieske O, Granacher U. Effects and dose-response relationships of resistance
training on physical performance in youth athletes: a systematic review and meta-analysis. Br
J Sports Med. 2016;50(13):781–95. https://doi.org/10.1136/bjsports-2015-095497.
5. Emery CA, Roy T-O, Whittaker JL, Nettel-Aguirre A, Van Mechelen W. Neuromuscular training injury prevention strategies in youth sport: a systematic review and meta-analysis. Br J
Sports Med. 2015;49(13):865–70.
6. Bouchard C, Blair SN, Haskell W. Physical activity and health. 2nd ed. Champaign: Human
Kinetics; 2012.
7. WHO. Global recommendations on physical activity for health. Geneva: WHO Press; 2010.
8. Faigenbaum AD, Bruno LE. A fundamental approach for treating pediatric dynapenia in kids.
ACSMs Health Fitness J. 2017;21(4):18–24.
9. Katzmarzyk PT, Barreira TV, Broyles ST, Champagne CM, Chaput JP, Fogelholm M, et al.
Physical activity, sedentary time, and obesity in an international sample of children. Med Sci
Sports Exerc. 2015;47(10):2062–9. https://doi.org/10.1249/MSS.0000000000000649.
10. Konstabel K, Veidebaum T, Verbestel V, Moreno LA, Bammann K, Tornaritis M, et al.
Objectively measured physical activity in European children: the IDEFICS study. Int J Obes.
2014;38(Suppl 2):S135–43. https://doi.org/10.1038/ijo.2014.144.
11. Faigenbaum AD, Stracciolini A, Myer GD. Exercise deficit disorder in youth: a hidden truth.
Acta Paediatr. 2011;100(11):1423.
12. Faigenbaum AD, Myer GD. Exercise deficit disorder in youth: play now or pay later. Curr
Sports Med Rep. 2012;11(4):196–200.
13. Faigenbaum AD, MacDonald JP. Dynapenia: it's not just for grown-ups anymore. Acta
Paediatr. 2017;106(5):696–7.
14. Tucker P. The physical activity levels of preschool-aged children: a systematic review. Early
Child Res Q. 2008;23(4):547–58. https://doi.org/10.1016/j.ecresq.2008.08.005.
15. Currie C, Zanotti C, Morgan A, Currie D, Looze Md, Roberts C, et al. Social determinants
of health and well-being among young people: Health Behaviour in School-aged Children
(HBSC) study: international report from the 2009/2010 survey. Social determinants of health
and well-being among young people: Health Behaviour in School-aged Children (HBSC)
study: international report from the 2009/2010 survey. 2012.
16. Bompa T, Buzzichelli CA. Periodization training for sports. 3rd ed. Champaign: Human
Kinetics; 2015.
17. Balyi I, Hamilton A. Long-term athlete development: trainability in childhood and adolescence. Olympic Coach. 2004;16(1):4–9.
18. Balyi I, Way R, Colin H. Long-term athlete development. Champaign: Human Kinetics; 2013.
19. Lloyd RS, Oliver JL. The youth physical development model: a new approach to long-term
athletic development. Strength Cond J. 2012;34(3):61–72.
20. Lloyd RS, Oliver JL, Faigenbaum A, Howard R, De Ste Croix MBA, Williams CA, et al.
Long-term athletic development-part 1: a pathway for all youth. J Strength Cond Res.
2015;29(5):1439–50.

272

M. Gäbler and U. Granacher

21. Lloyd RS, Faigenbaum AD, Stone MH, Oliver JL, Jeffreys I, Moody JA, et al. Position
statement on youth resistance training: the 2014 International Consensus. Br J Sports Med.
2014;48(7):498–505. https://doi.org/10.1136/bjsports2013-092952.
22. Mirwald RL, Baxter-Jones G, AD BDA, Beunen GP. An assessment of maturity from
anthropometric measurements. Med Sci Sports Exerc. 2002;34(4):689–94. https://doi.
org/10.1097/00005768-200204000-00020.
23. College of Kinesiology. https://kinesiology.usask.ca/growthutility/phv_ui.php. Accessed 18
Dec 2017.
24. Viru A, Loko J, Harro M, Volver A, Laaneots L, Viru M. Critical periods in the development of
performance capacity during childhood and adolescence. Eur J Phys Educ. 1999;4(1):75–119.
25. Ford P, De Ste Croix M, Lloyd R, Meyers R, Moosavi M, Oliver J, et al. The long-term athlete
development model: physiological evidence and application. J Sports Sci. 2011;29(4):389–402.
26. Wick K, Leeger-Aschmann CS, Monn ND, Radtke T, Ott LV, Rebholz CE, et al. Interventions
to promote fundamental movement skills in childcare and kindergarten: a systematic review
and meta-analysis. Sports Med (Auckland, NZ). 2017;47(10):2045–68.
27. Malina RM, Bouchard C, Bar-Or O. Growth, maturation, and physical activity. Champaign:
Human Kinetics; 2004.
28. Faigenbaum AD, Lloyd RS, Myer GD. Youth resistance training: past practices, new perspectives, and future directions. Pediatr Exerc Sci. 2013;25(4):591–604.
29. Jayanthi NA, LaBella CR, Fischer D, Pasulka J, Dugas LR. Sports-specialized intensive training and the risk of injury in young athletes: a clinical case-control study. Am J Sports Med.
2015;43(4):794–801.
30. Vandendriessche JB, Vaeyens R, Vandorpe B, Lenoir M, Lefevre J, Philippaerts RM. Biological
maturation, morphology, fitness, and motor coordination as part of a selection strategy in the
search for international youth soccer players (age 15-16 years). J Sports Sci. 2012;30(15):1695–
703. https://doi.org/10.1080/02640414.2011.652654.
31. Armstrong N, Barker AR. Endurance training and elite young athletes. In: Armstrong N,
Barker AR, editors. The elite young athlete. Basel: Karger Publishers; 2011. p. 59–83.
32. Clark BC, Manini TM. Sarcopenia≠ dynapenia. J Gerontol Ser A Biol Med Sci.
2008;63(8):829–34.
33. Pichardo AW, Oliver JL, Harrison CB, Maulder PS, Lloyd RS. Integrating models of long-term
athletic development to maximize the physical development of youth. Int J Sports Sci Coach.
2018. https://doi.org/10.1177/1747954118785503.
34. Faigenbaum AD, Lloyd RS, MacDonald J, Myer GD. Citius, altius, fortius: beneficial effects
of resistance training for young athletes: narrative review. Br J Sports Med. 2016;50(1):3–7.
35. McCambridge T, Stricker P. Strength training by children and adolescents. Pediatrics.
2008;121(4):835–40.
36. Bergeron MF, Mountjoy M, Armstrong N, Chia M, Cote J, Emery CA, et al. International
Olympic Committee consensus statement on youth athletic development. Br J Sports Med.
2015;49(13):843–51. https://doi.org/10.1136/bjsports-2015-094962.
37. Lloyd RS, Cronin JB, Faigenbaum AD, Haff GG, Howard R, Kraemer WJ, et al. National
Strength and Conditioning Association position statement on long-term athletic development.
J Strength Cond Res. 2016;30(6):1491–509.
38. Myer GD, Faigenbaum AD, Ford KR, Best TM, Bergeron MF, Hewett TE. When to initiate integrative neuromuscular training to reduce sports-related injuries and enhance health in youth?
Curr Sports Med Rep. 2011;10(3):155–66. https://doi.org/10.1249/JSR.0b013e31821b1442.
39. Büsch D, Prieske O, Kriemler S, Puta C, Gabriel H, Granacher U. Krafttraining im Kindes-und
Jugendalter: Bedeutung, Wirkung und Handlungsempfehlungen. Schweizerische Zeitschrift
für Sportmedizin und Sporttraumatologie. 2017;65(3):34–42.
40. Smith JJ, Eather N, Morgan PJ, Plotnikoff RC, Faigenbaum AD, Lubans DR. The health benefits of muscular fitness for children and adolescents: a systematic review and meta-analysis.
Sports Med. 2014;44(9):1209–23.
41. Payne VG, Morrow JR Jr, Johnson L, Dalton SN. Resistance training in children and youth: a
meta-analysis. Res Q Exerc Sport. 1997;68(1):80–8.

17 Concurrent Training in Children and Adolescents

273

42. Behm DG, Young JD, Whitten JH, Reid JC, Quigley PJ, Low J, et al. Effectiveness of traditional strength vs. power training on muscle strength, power and speed with youth: a systematic review and meta-analysis. Front Physiol. 2017;8:423.
43. Behringer M, Vom HA, Yue Z, Mester J. Effects of resistance training in children and adolescents: a meta-analysis. Pediatrics. 2010;126(5):e1199–e210.
44. Behringer M, Heede AV, Matthews M, Mester J. Effects of strength training on motor performance skills in children and adolescents: a meta-analysis. Pediatr Exerc Sci. 2011;23(2):
186–206.
45. Falk B, Tenenbaum G. The effectiveness of resistance training in children. Sports Med.
1996;22(3):176–86. https://doi.org/10.2165/00007256-199622030-00004.
46. Harries SK, Lubans DR, Callister R. Resistance training to improve power and sports performance in adolescent athletes: a systematic review and meta-analysis. J Sci Med Sport.
2012;15(6):532–40. https://doi.org/10.1016/j.jsams.2012.02.005.
47. Behm DG, Faigenbaum AD, Falk B, Klentrou P. Canadian Society for Exercise Physiology
position paper: resistance training in children and adolescents. Appl Physiol Nutr Metab.
2008;33(3):547–61.
48. Lloyd RS, Oliver JL, Meyers RW, Moody JA, Stone MH. Long-term athletic development and
its application to youth weightlifting. Strength Cond J. 2012;34(4):55–66.
49. Sale DG. Neural adaptation to resistance training. Med Sci Sports Exerc. 1988;20(5
Suppl):S135–45.
50. Sale DG. Neural adaptation to strength training. In: Komi PV, editor. Strength and power in
sport. 2nd ed. Oxford: Blackwell Scientific; 2008. p. 281–314.
51. Powers SK, Howley ET. Exercise physiology: theory and application to fitness and performance. 7th ed. New York: McGraw-Hill; 2009.
52. Folland JP, Williams AG. The adaptations to strength training. Sports Med. 2007;37(2):145–68.
53. Tesch P. Skeletal muscle adaptations consequent to long-term heavy resistance exercise. Med
Sci Sports Exerc. 1988;20(5 Suppl):S132–4.
54. Kraemer WJ, Deschenes MR, Fleck SJ. Physiological adaptations to resistance exercise.
Sports Med. 1988;6(4):246–56.
55. Seynnes OR, de Boer M, Narici MV. Early skeletal muscle hypertrophy and architectural changes in response to high-intensity resistance training. J Appl Physiol.
2007;102(1):368–73.
56. Pette D, Staron RS. Myosin isoforms, muscle fiber types, and transitions. Microsc Res Tech.
2000;50(6):500–9.
57. Toigo M, Boutellier U. New fundamental resistance exercise determinants of molecular and
cellular muscle adaptations. Eur J Appl Physiol. 2006;97(6):643–63.
58. Legerlotz K, Marzilger R, Bohm S, Arampatzis A. Physiological adaptations following resistance training in youth athletes—a narrative review. Pediatr Exerc Sci. 2016;28(4):501–20.
https://doi.org/10.1123/pes.2016-0023.
59. Granacher U, Goesele A, Roggo K, Wischer T, Fischer S, Zuerny C, et al. Effects and mechanisms of strength training in children. Int J Sports Med. 2011;32(5):357–64. https://doi.org/10
.1055/s-0031-1271677.
60. Ozmun JC, Mikesky AE, Surburg PR. Neuromuscular adaptations following prepubescent
strength training. Med Sci Sports Exerc. 1994;26(4):510–4.
61. Armstrong N, Tomkinson G, Ekelund U. Aerobic fitness and its relationship to sport, exercise
training and habitual physical activity during youth. Br J Sports Med. 2011;45(11):849–58.
62. Matos N, Winsley RJ. Trainability of young athletes and overtraining. J Sports Sci Med.
2007;6(3):353–67.
63. Armstrong N, Welsman JR. Assessment and interpretation of aerobic fitness in children and
adolescents. Exerc Sport Sci Rev. 1994;22(1):435–76.
64. Payne VG, Morrow JR Jr. Exercise and VO2max in children: a meta-analysis. Res Q Exerc
Sport. 1993;64(3):305–13.
65. Baquet G, Van Praagh E, Berthoin S. Endurance training and aerobic fitness in young people.
Sports Med. 2003;33(15):1127–43. https://doi.org/10.2165/00007256-200333150-00004.

274

M. Gäbler and U. Granacher

66. Costigan SA, Eather N, Plotnikoff R, Taaffe DR, Lubans DR. High-intensity interval training
for improving health-related fitness in adolescents: a systematic review and meta-analysis. Br
J Sports Med. 2015;49:1221–2.
67. Wilson JM, Marin PJ, Rhea MR, Wilson SM, Loenneke JP, Anderson JC. Concurrent training:
a meta-analysis examining interference of aerobic and resistance exercises. J Strength Cond
Res. 2012;26(8):2293–307.
68. Docherty D, Sporer B. A proposed model for examining the interference phenomenon between
concurrent aerobic and strength training. Sports Med. 2000;30(6):385–94.
69. Häkkinen K, Alen M, Kraemer W, Gorostiaga E, Izquierdo M, Rusko H, et al. Neuromuscular
adaptations during concurrent strength and endurance training versus strength training. Eur J
Appl Physiol. 2003;89(1):42–52.
70. Armstrong N, McManus AM. Physiology of elite young male athletes. In: Armstrong N,
McManus AM, editors. The elite young athlete. Basel: Karger Publishers; 2011. p. 1–22.
71. McManus AM, Armstrong N. Physiology of elite young female athletes. In: Armstrong N,
McManus AM, editors. The elite young athlete. Basel: Karger Publishers; 2011. p. 23–46.
72. Marson EC, Delevatti RS, Prado AK, Netto N, Kruel LF. Effects of aerobic, resistance, and
combined exercise training on insulin resistance markers in overweight or obese children and
adolescents: a systematic review and meta-analysis. Prev Med. 2016;93:211–8. https://doi.
org/10.1016/j.ypmed.2016.10.020.
73. García-Hermoso A, Ramírez-Vélez R, Ramírez-Campillo R, Peterson MD, Martínez-Vizcaíno
V. Concurrent aerobic plus resistance exercise versus aerobic exercise alone to improve health
outcomes in paediatric obesity: a systematic review and meta-analysis. Br J Sports Med.
2018;52(3):161–6.
74. Gäbler M, Prieske O, Hortobagyi T, Granacher U. The effects of concurrent strength and
endurance training on physical fitness and athletic performance in youth: a systematic review
and meta-analysis. Front Physiol. [Epub]. https://doi.org/10.3389/fphys.2018.01057.
75. Mikkola J, Rusko H, Nummela A, Pollari T, Hakkinen K. Concurrent endurance and explosive
type strength training improves neuromuscular and anaerobic characteristics in young distance
runners. Int J Sports Med. 2007;28(7):602–11. https://doi.org/10.1055/s-2007-964849.
76. Ronnestad BR, Mujika I. Optimizing strength training for running and cycling endurance
performance: a review. Scand J Med Sci Sports. 2014;24(4):603–12. https://doi.org/10.1111/
sms.12104.
77. Alves AR, Marta CC, Neiva HP, Izquierdo M, Marques MC. Concurrent training in prepubescent children: the effects of 8 weeks of strength and aerobic training on explosive strength
and V[Combining Dot Above]O2max. J Strength Cond Res. 2016;30(7):2019–32. https://doi.
org/10.1519/JSC.0000000000001294.
78. Marta C, Marinho DA, Barbosa TM, Izquierdo M, Marques MC. Effects of concurrent
training on explosive strength and VO(2max) in prepubescent children. Int J Sports Med.
2013;34(10):888–96. https://doi.org/10.1055/s-0033-1333695.
79. Santos AP, Marinho DA, Costa AM, Izquierdo M, Marques MC. The effects of concurrent
resistance and endurance training follow a detraining period in elementary school students. J
Strength Cond Res. 2012;26(6):1708–16.
80. Santos A, Marinho DA, Costa AM, Izquierdo M, Marques MC. The effects of concurrent resistance and endurance training follow a specific detraining cycle in young school girls. J Hum
Kinet. 2011;29A:93–103. https://doi.org/10.2478/v10078-011-0064-3.
81. Makhlouf I, Castagna C, Manzi V, Laurencelle L, Behm DG, Chaouachi A. Effect of sequencing strength and endurance training in young male soccer players. J Strength Cond Res.
2016;30(3):841–50.
82. Enright K, Morton J, Iga J, Drust B. The effect of concurrent training organisation in youth
elite soccer players. Eur J Appl Physiol. 2015;115(11):2367–81. https://doi.org/10.1007/
s00421-015-3218-5.
83. Durlak JA. How to select, calculate, and interpret effect sizes. J Pediatr Psychol. 2009;34(9):
917–28.
84. McGawley K, Andersson P-I. The order of concurrent training does not affect soccer-related
performance adaptations. Int J Sports Med. 2013;34(11):983–90.

17 Concurrent Training in Children and Adolescents

275

85. Eklund D, Pulverenti T, Bankers S, Avela J, Newton R, Schumann M, et al. Neuromuscular
adaptations to different modes of combined strength and endurance training. Int J Sports Med.
2015;36(02):120–9.
86. Baar K. Using molecular biology to maximize concurrent training. Sports Med.
2014;44(2):117–25.
87. Eddens L, van Someren K, Howatson G. The role of intra-session exercise sequence in the
interference effect: a systematic review with meta-analysis. Sports Med (Auckland, NZ).
2018;48(1):177–88. https://doi.org/10.1007/s40279-017-0784-1.
88. Murlasits Z, Kneffel Z, Thalib L. The physiological effects of concurrent strength and endurance
training sequence: a systematic review and meta-analysis. J Sports Sci. 2018;36(11):1212–9.
89. Ratel S, Duché P, Williams CA. Muscle fatigue during high-intensity exercise in children.
Sports Med. 2006;36(12):1031–65.
90. Coffey VG, Hawley JA. Concurrent exercise training: do opposites distract? J Physiol.
2017;595(9):2883–96.
91. Bluett KA, Croix M, De Ste BA, Lloyd RS. A preliminary investigation into concurrent aerobic and resistance training in youth runners. Isokinet Exerc Sci. 2015;23(2):77–85. https://doi.
org/10.3233/ies-150567.
92. Potdevin FJ, Alberty ME, Chevutschi A, Pelayo P, Sidney MC. Effects of a 6-week plyometric training program on performances in pubescent swimmers. J Strength Cond Res.
2011;25(1):80–6.

Concurrent Training in Elderly

18

Eduardo Lusa Cadore and Mikel Izquierdo

Concurrent Strength and Endurance Training in Elderly
Biological aging is associated with declines in the neuromuscular and cardiovascular systems, resulting in an impaired capacity to perform daily activities [1–5]. In
addition, age-related muscle power decrease is also an important predictor of functional limitations in healthy elderly [6–12].
Strength and endurance training promote specific neuromuscular and cardiovascular adaptations. The adaptations induced by strength training include muscle
hypertrophy [13, 14] and an increase in both the motor unit recruitment capacity
and motor unit firing rate [15–17]. These neuromuscular adaptations result in
improved muscle strength and power development [18]. In contrast, endurance
training induces central and peripheral adaptations that improve the cardiovascular
function and the capacity of skeletal muscles to generate energy via the oxidative
metabolism [19, 20]. Thus, a combination of strength and endurance training (i.e.,
concurrent training) in elderly populations is the most effective way to enhance both
neuromuscular and cardiorespiratory functions, and consequently to preserve functional capacity [21–25]. In addition, another benefit of prescribing both strength and
endurance training concurrently in elderly is that, in order to perform both modalities, the total time spent undergoing physical activity is increased, which is also
beneficial to prevent and control cardiometabolic diseases [26]. However, as has
been described in previous chapters of the book, the simultaneous development of
both neuromuscular and cardiovascular adaptations might be challenging; and, in
order to optimize the concurrent training prescription, it seems relevant to identify
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the most effective combination of training variables (i.e., intensity, volume, weekly
frequency, exercise order) to promote both neuromuscular and cardiovascular adaptations in the elderly.
Table 18.1 shows a summary of the methods and results from studies which
compared neuromuscular, cardiorespiratory, and functional adaptations to strength,
endurance, and concurrent training, as well as different concurrent training regimes
in elderly populations (i.e., mean age of above 60 years).

 ffects of Concurrent Training on Muscle Strength, Rate of Force
E
Development, and Power Output
In aging populations, most of the studies reported that concurrent training induced
similar strength adaptations using two sessions per week of each modality (i.e.,
strength and endurance) when compared with strength training alone [34–39].
However, we have previously demonstrated that three times a week of concurrent
training can result in an interference effect in elderly men [25]. In addition, the timecourse of strength development during a concurrent training periodization may be
influenced by the weekly training frequency [40, 41]. Furthermore, we have also
shown that the intra-session exercise sequence may influence the magnitude of
strength adaptations in the elderly, and performing strength training prior to endurance exercise may optimize the neuromuscular adaptations in this population [27, 28].
In previous study of our laboratory, Izquierdo et al. [22] investigated the effects
of 16 weeks of strength, endurance, and concurrent training among elderly men. In
this study, the strength and endurance training groups performed specific training
twice a week, and the concurrent training group performed strength exercises on
one day and cycle ergometer training on the other day. This study demonstrated that
after 16 weeks of training, similar lower-body strength gains were observed in the
strength and concurrent training groups, which suggests that a minimum weekly
frequency of concurrent training may promote an optimal stimulus to strength gains
in previously untrained elderly subjects [22].
When similar volumes of strength training only and concurrent training were
performed on separate days (i.e., four training sessions per week), Karavirta et al.
[39] observed similar strength gains (i.e., 21 and 22% in dynamic leg press) and
similar improvements in concentric leg extension power (~16%) after 21 weeks of
training twice a week in 40–67-year-old men. Using a similar training volume,
intensity, and weekly frequency, other studies have shown comparable strength and
power gains induced by strength and concurrent training in older men [35–37, 39],
and older women [38].
However, increasing the weekly training frequency of concurrent training from
two to three sessions per week may induce an interference effect in elderly men.
This was shown by our study in elderly men (65 ± 5 years), where 12 weeks of training performed three times a week led to greater dynamic and isometric strength in
the leg extensor muscles in the group that performed only strength training (dynamic
strength: 67%; isometric strength: 14%) when compared with a combined strength

16

12

Cadore et al. [25]

Period
(weeks)
12

Izquierdo et al.
[22]

Authors
Wood et al. [21]

ST: 3 x/wk;
ET: 3 x/wk:
CT: ST + ET, ET
prior to ST at
same session

ST: 2 x/wk;
ET: 2 x/wk;
CT: 1 x/wk
ST + 1 x/wk ET

Weekly frequency
ST: 3 x/wk;
ET: 2 x/wk;
CT: ST + ET

ST: 18–20 RM progressing to 6–8 RM
ET: 20–30 min cycling, 80–100% of HR at VT2

ST: 3–5 sets, 6–15 rep (50–80% 1 RM) slow +
fast contractions (20% of total volume, 30–50%
of 1 RM)
ET: 30–40 min cycling, at loads (W) of 2, 3,
and 4 mmol L−1 of lactate

Volume and intensity
ST: 2 sets, 12–15 rep (75% 5 RM) of 8–12 RM
ET: 60–70% of HRmax estimated, 20–45 min
cycling
CT: 1 set of 8–12 RM + 30 min cycling

(continued)

Main findings
ST: ↑ 5 RM (44%)
CT: ↑ 5 RM (38%)
No differences between CT and ST in 5 RM
gains.
All groups: ↑functional fitness, but greater ↑ in
CT
ST: ↑ 1 RM (41%);
↑ muscle power (37%).
↑ CSA QF (11%).
CT: ↑ 1 RM (38%);
↑ muscle power (38%).
↑ CSA QF (11%).
No differences among CT and ST in strength and
CSA gains.
↑ Wmax(16%) in ST, CT, and ET groups
ST: ↑ 1 RM (67%);
↑ PT (14%);
↑ EMG QF (30%).
CT: ↑ 1 RM (41%);
ST had greater increases in the 1 RM, PT, and
EMG than CT.
↑ VO2peak (20%);
ET: ↑ VO2peak (20%);
↑ 1 RM (22%)

Table 18.1 Neuromuscular, functional, and cardiorespiratory adaptations to endurance-, strength-, and concurrent training in the elderly
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12

12

10 after
previous
20 weeks
of
training

Cadore et al.
[28]

Ferrari et al. [30]

Period
(weeks)
12

Cadore et al.
[27]

Authors
Cadore et al. [24]

Table 18.1 (continued)

ST: 18–20 RM progressing to 6–8 RM
ET: 20–30 min cycling, 80–100% of
HR at VT2
CT performed with ET performed prior to (ES
group) vs. after ST (SE group)

ST: 10–12 RM progressing to 6–8 RM
ET: 30 min cycling, 85 progressing to 95% of
HR at VT2
CT performed with ST performed prior to ET

2 x/wk (CT2) vs.
3 x/wk (CT3) at
same day

ST: 18–20 RM progressing to 6–8 RM
ET: 20–30 min cycling, 80–100% of
HR at VT2
CT performed with ET performed prior to (ES
group) vs. after ST (SE group)

Volume and intensity
ST: 18–20 RM progressing to 6–8 RM
ET: 20–30 min cycling, 80–100% of HR at VT2

ST: 3 x/wk;
ET: 3 x/wk;
CT: ST + ET at
same day

Weekly frequency
ST: 3 x/wk;
ET: 3 x/wk:
CT: ST + ET, ET
prior to ST at
same session
ST: 3 x/wk;
ET: 3 x/wk;
CT: ST + ET at
same day

ST: ↑ dynamic NEURO ECO at 100 W of VL
(14%);
CT e ET: ↑ Wmax (19%);
↑ dynamic NEURO ECO at 100 W of VL (10%)
and 50, 75, and 100 W of RF (14–35%)
SE: ↑ force per unit of muscle mass (27%);
↑ MT QF (9%);
ES: ↑ force per unit of muscle mass (15%);
↑ MT QF (9%);
Greater changes in the SE than in the force per
unit of muscle mass (27 vs. 15%)
SE: ↑ 1 RM (35%);
↑ PT (8%)*; ↑ MT of VL, VM, RF, and VI
(4–16%);
↑ QF EMG (~20%);
↑ NEURO ECO of RF in SE (22%).
ES: ↑ 1 RM (21%);
↑ PT (5.7%);
↑ MT of VL, VM, RF and VI (4–16%);
↑ QF EMG (~20%).
Greater changes in the SE than in the 1 RM (35
vs. 21%)
↑ upper and lower-body 1 RM (35%) in both
groups;
↑ QF MT in both groups (8%);
↑ VO2peak in both groups;
↑ Wmax only in CT3

Main findings
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10 after
previous
20 weeks
of
training
12

Ferrari et al. [32]

↑ 1 RM similarly among groups;
↑ force per unit of muscle mass;
similarly among groups;
↑ RTD similarly among groups;
↑ SJ and CMJ performance similarly among
groups;
Greater ↑ MT QF in ENFG and RFG compared to
NFG

ST: 10–12 RM progressing to 6–8 RM
ET: 30 min cycling, 85 progressing to 95% of
HR at VT2
CT performed with ST performed prior to ET
ST: 65% progressing to 75% of 1 RM. RFG
performing repetitions to concentric failure;
NFG performing 50% of possible maximal
repetitions; ENFG performing 50% of possible
maximal repetitions but doubling the number of
sets
ET: 20–30 min at 60–65% of maximal HR,
progressing to 70–75%

2 x/wk (CT2) vs.
3 x/wk (CT3) at
same day

2 x/wk

↑ 1 RM;
↑ peak power;
↑ MT QF;
↑ RFEI;
↑ 30SS*;
↑ TUG performance;
↑ QF EMG;
No differences between SE and ES
↑ isokinetic PT at 60 and 180° s−1;
↑ force per unit of muscle mass;
↑ CMJ height;
No differences between groups

ST: 15–18 RM progressing to 8–10 RM
ET: 20–40 min cycling, 85–95% of HR at VT2
CT performed with ET performed prior to (ES
group) vs. after ST (SE group)

ST: 2 x/wk;
ET: 2 x/wk;
CT: ST + ET at
same day

↑ increases; min minutes; NEURO ECO neuromuscular economy; 1 RM lower-body one maximum repetition; PT isometric peak torque; CSA cross-sectional
area; MT muscle thickness; QF quadriceps femoris; VL vastus lateralis; VM vastus medialis; RF rectus femoris; VI vastus intermedius; EI echo intensity; 30SS
30 second sit-to-stand test; TUG timed-up-and-go-test; SJ squat jump; CMJ counter movement jump; x/wk training sessions per week; ST strength training; ET
endurance training; CT concurrent training; ES endurance prior to strength training; SE strength prior to endurance training; RFG repetitions to failure group;
NFG repetitions not to failure group; ENFG repetitions not to failure group with equalized volume; EMG electromyographic signal; VT1 and VT2 first and
second ventilatory threshold, respectively; VO2peak peak of oxygen uptake; Wmax maximal power at cycle ergometer; HR heart rate. Significant difference: All
mentioned differences are statistically significant

Da Silva et al.
[33]

12

Wilhelm et al.
[31]

Table 18.1 (continued)
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and cardiovascular group (dynamic strength: 41%; isometric strength: 2%), whereas
similar upper-body strength gains were evidenced in the strength and concurrent
training groups (30–33%) [25]. Based on these results, we suggested that the
interference effect of endurance training on strength adaptations occurs only in the
specific muscle groups that perform both strength and endurance exercises
(i.e., lower-limbs). Although an interference effect was observed in the concurrent
training group, this group exhibited a similar magnitude of strength gains in relation
to the results of the abovementioned studies (i.e., approximately 20–30%) [34, 35,
37–39], and the same strength adaptations occurred in a shorter period of time
(12 vs. 21 weeks). These different time courses in strength development could be
explained by the different weekly frequencies of training performed. In our study
[25], subjects performed three training sessions per week, while in other previous
studies only two training sessions per week were performed (i.e., ~30% lower
volume) [34, 35, 37–39].
In contrast, we have previously shown that a weekly frequency of three times a
week did not promote greater maximal strength [30] and jump performance [32]
gains in well-trained healthy elderly subjects when compared with twice per week
(20–22%, respectively). In this study, we suggested that in previously concurrently
trained elderly subjects, twice per week may be an optimal weekly frequency to
enhance muscle strength and jump performance. However, in another study on
elderly women, Fisher et al. [42] have shown that 16 weeks of 1, 2, and 3 sessions
of endurance and strength training lead to similar improvements in muscle strength,
cardiovascular fitness, and functional tasks performance. Therefore, it seems that
the recommended weekly frequency of concurrent training may differ for elderly
men and women. However, this issue needs to be further investigated.
Another factor that may influence the magnitude of strength adaptations in the
elderly is the intra-session exercise sequence. Greater maximal dynamic strength
gains (35 vs. 21%) and greater force per unit of muscle mass (27 vs. 15%) were
observed in a concurrent group that performed strength training prior to endurance
exercise, when compared with the inverse order [27, 28], after 12 weeks of concurrent training using a similar training periodization model, which had induced an
interference effect in our previous study [25]. It may, thus, be suggested that the
lower strength gains obtained after the endurance-strength exercise sequence could
be related to lower workloads used during the training in this group, which probably
was related to residual fatigue induced by high-intensity endurance training on the
cycle ergometer, especially during the last 4 weeks of training [28]. Regarding explosive force, no differences in the maximal rate of force development (RFD) and that
of 100 ms were observed when comparing the two exercise sequences, with both
achieving similar improvements after 12 weeks of training. Conversely, Wilhelm
et al. [31] observed similar strength and power output gains, irrespective of the exercise order. However, some differences between studies by Cadore et al. [28, 29] and
Wilhelm et al. [31] may explain the discrepant results: in our studies [27, 28], the
weekly frequency was three times per week, endurance training intensity achieved
100% of second ventilatory threshold (VT2), and strength training was performed
using 6–8 RM in the last 2 weeks. On the other hand, in the study by Wilhelm et al.
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[31], the weekly frequency was twice per week, endurance training intensity achieved
95% of VT2, and strength training was performed using 8–10 RM in the last 2 weeks,
which probably means a lower strength training intensity in the final phase of training. Along with differences in the training intensity in both modalities (i.e., strength
and endurance), the different weekly frequencies related on average to approximately
a 50% higher training volume in the knee and hip extensors when training was performed three times per week [27, 28], which may have caused these different results.
Since in young men and women no difference was observed between the two exercise orders following 24 weeks of training [43], it might well be suggested that
elderly individuals may be more sensitive to residual fatigue during the subsequent
strength training. Importantly, however, recently, we have shown that concurrent
training performed with repetitions to concentric failure did not provide additional
gains in the knee extensors maximal strength, explosive strength, in healthy elderly
individuals. In addition, even when performing 50% of the possible maximal repetitions with no volume compensation, elderly men optimized maximal and explosive
strength gains within 12 weeks of training [33]. From a practical standpoint, the
performance of submaximal sets promoted the same magnitude of strength enhancements, showing that this is an efficient alternative for improving neuromuscular
function in elderly men [33].

Effects of Concurrent Training on Muscle Hypertrophy
Although several studies have investigated the effects of strength training on muscle
mass in older subjects, a lower number of studies have explored the effects of concurrent training on muscle hypertrophy in this population. In the study by Izquierdo
et al. [22], no differences were observed between the strength (twice a week) and
concurrent training groups (one session per week of strength and one session per
week of cycle endurance training) in the magnitude of hypertrophy after 16 weeks
of training (increases of ~11%). A unique finding of this study was that only one day
of strength training combined with another day of endurance training performed on
a cycle ergometer resulted in enhanced muscle mass in the elderly after 16 weeks.
In another study, Karavirta et al. [39], have shown increase in the cross-sectional
area of type II muscle fibers of the vastus lateralis only in the strength training group
(~16%), whereas no changes were observed in the concurrent training group.
However, this difference did not result in different strength gains. In other studies,
utilizing a weekly training frequency ranging from two to three times with intensities of 40–80% of 1 RM (progressive load during training periodization) with multiple sets produced marked increases in muscle mass (9–16%), with no differences
between the strength and concurrent training interventions [34, 35, 37–39].
Moreover, although the intra-session exercise sequence influenced strength adaptations, it is important to note that the sequence of strength and endurance exercise
had no influence on muscle mass gains [28, 31]. Thus, independent of the intrasession exercise sequence, the performance of endurance training does not impair
the hypertrophy induced by strength training when both types of training are
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performed simultaneously. As observed with muscle strength, Ferrari et al. [30]
have shown similar muscle hypertrophy comparing a weekly frequency of three
times a week with only twice weekly training sessions (approximately 5% in the
quadriceps muscles) in previously concurrently trained elderly subjects. Regarding
the use of maximal or submaximal sets (i.e., repetitions to failure or not to failure)
during concurrent training in elderly, da Silva et al. [33] compared three types of
concurrent training interventions in healthy elderly men: one with the strength training performed with repetitions to concentric failure (RFG); another with strength
training performed with 50% of the repetitions to concentric failure (NFG); and a
third, with strength training performed with 50% of the repetitions to concentric
failure, but equalizing the total volume by adding more sets. We demonstrated that
the groups that performed a higher training volume showed greater muscle hypertrophy, although repetitions to failure did not provide additional muscle size gains
compared to repetitions not to failure using the same total load [33].

 o Changes in Anabolic and Catabolic Hormone Concentrations
D
Explain the Interference Effect in the Elderly?
The results regarding the effects of concurrent training on muscle mass enhancements in the elderly are in agreement with the studies conducted in young populations, as no difference was observed between the strength training and concurrent
training groups when imaging technics were used to evaluate these effects [44, 45].
However, studies that used muscle biopsies demonstrated the interference phenomenon in the cross-sectional area of type I fibers in young men who performed concurrent training with a high intensity and volume of both strength and endurance
training [13, 46]. The interference occurred concomitantly with increases in cortisol
levels, suggesting that these subjects may have been in an exacerbated catabolic
state [13, 47]. In the elderly, no evidence of an overtraining state has been observed.
In the study by Karavirta et al. [39], a moderate volume of training resulted in an
increase in the type II fiber area only in the strength training group, while no changes
were observed in the concurrent training group. Notwithstanding, no changes in the
basal anabolic or catabolic hormone levels were evidenced in this study [39]. In
addition, in a previous study of our laboratory, Cadore et al. [25] have shown that
the interference effect on neuromuscular adaptations occurred with no changes in
the levels of free and total testosterone or cortisol, suggesting that the interference
phenomenon occurred with no evidence of an overtraining state in the elderly.

 ffects of Concurrent Training on Maximal and Submaximal
E
Neuromuscular Activity
Early adaptations to strength training in the elderly include increases in the maximal
neuromuscular activity (i.e., EMG signal amplitude) [48–52]. These changes may
suggest the occurrence of neural adaptations, such as increases in the maximal
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motor unit recruitment [15], maximal motor unit firing rate [16], spinal motorneuronal excitability, and efferent motor drive [17]. Although neural adaptation impairments are suggested as a mechanism to explain the interference effect, few studies
have investigated the neural adaptations to concurrent training. In elderly subjects,
the interference effect may be related to impaired neural adaptations to strength
training, since the lower strength gains induced by concurrent training when compared with strength training alone may occur in parallel with lower maximal neuromuscular activity adaptations induced by concurrent training [25].
When investigating the mechanisms underlying the strength adaptations to
strength and concurrent training in the elderly, we observed a significant increase in
the maximal EMG amplitude of the rectus femoris and vastus lateralis only in the
strength training group (~30%), and these modifications were significantly greater
than those observed in the concurrent training group (~1.5%, not statistically significant) [25]. In addition, we also observed greater isometric neuromuscular economy (reduced submaximal EMG to the same absolute load after training) in the
rectus femoris and vastus lateralis only in the strength training group. It is important
to highlight that the greater neuromuscular activity changes observed in strength
training than concurrent training occurred in parallel with greater strength gains in
strength training [25], which suggested that the interference effect occurred at least
in part due to impairments in neural changes.
In another study, Cadore et al. [27] found significantly greater changes in the
force per unit of active muscle mass (i.e., muscle quality or specific tension) in
elderly individuals who performed strength training prior to an endurance exercise
sequence when compared with the inverse order (27 vs. 15%, P < 0.01). The force
per unit of active muscle mass provides an estimation of the contribution of neuromuscular factors associated with changes in strength development, as enhanced
strength with the same muscle mass suggests neural adaptations to training [53–55].
In addition, Cadore et al. [28] showed greater changes in the neuromuscular economy of the rectus femoris in elderly individuals who performed strength training
prior to an endurance exercise sequence when compared with the inverse order.
Taken together, these results suggest that the interference effect in the elderly might
be explained at least in part by impairments in the neural adaptations to strength
training. From a practical point of view, although the concurrent training performance may impair the neuromuscular adaptations, the performance of strength
prior to endurance intra-session exercise sequence seems to minimize this negative
effect and should be considered to optimize the benefits of concurrent training in the
neuromuscular function in elderly.

Effects of Concurrent Training on Cardiorespiratory Adaptations
Along with the decrease in the maximal cardiac output [56, 57], several authors have
demonstrated that the cardiorespiratory fitness declines are also associated with
strength and power decreases related with aging [1, 2, 27, 58]. In line with this, some
studies have shown that the combination of strength and endurance training is a
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better strategy to improve the cardiorespiratory fitness of the elderly when compared
with endurance and especially strength training alone. In addition, the performance
of strength training simultaneously with endurance training does not impair the aerobic adaptations produced by endurance training alone [21, 22, 34–37, 39, 58, 59].
Studies that have investigated cardiovascular adaptations to CT have demonstrated increases ranging from 10 to 18% in the maximum oxygen uptake and maximal cycle ergometer workload in elderly individuals who underwent training
periods ranging from 12 to 21 weeks, and a weekly frequency ranging from two to
three training sessions [21, 22, 24, 37–39, 58, 59]. Similar to the results observed in
strength performance and hypertrophy mentioned above, Izquierdo et al. [22]
observed similar aerobic power gains in elderly men who underwent one session per
week of strength training and one session per week of cycle endurance training in
the CT group (28%) and those who underwent ET twice per week (23%) after
16 weeks of training.
Interestingly, in the study by Cadore et al. [27], similar enhancements were
observed in the peak oxygen uptake, maximal workload at cycle ergometer, and the
workload at the second ventilatory threshold among groups that performed strength
training prior to an endurance exercise sequence and the opposite exercise order.
However, a greater improvement was found in the workload at the first ventilatory
threshold in the group that performed strength training prior to endurance exercise
in each session. It is possible that this difference was observed as a consequence of
the greater increases in muscle strength achieved by performing strength training
prior to endurance training, as strength gains have been associated with maximal
and submaximal endurance gains [2] and dynamic neuromuscular economy in the
elderly [24]. In another study, we have shown that, independent of the exercise order
(i.e., SE or ES), 12 weeks of concurrent training significantly reduced the submaximal oxygen uptake at the highest submaximal intensity (i.e., 100 W) in elderly men
[60]. Based on this study, we also concluded that the prevalence of non-responders
in the maximal aerobic power was lower in the elderly group who performed endurance training regularly before strength training [60]. Regarding different weekly
training frequencies, the aforementioned study of Ferrari et al. [30] showed similar
VO2peak increases after 10 weeks of concurrent training performed two or three times
a week in well-trained elderly men. However, greater maximal power at cycle
ergometer (Wmax) gains were observed in the group who trained three times per
week, suggesting that in trained elderly, a greater weekly training frequency may be
necessary to promote overall endurance gains.

Effects of Concurrent Training on Functional Capacity
Few studies have compared the effects of strength, endurance, and concurrent training on functional capacity in the elderly. In an investigation by Wood et al. [21], no
differences were observed between the strength-, endurance-, and concurrent training groups in functional performance gains assessed by the sit and reach test, agility/dynamic balance assessed by repeatedly standing from a chair, walking around
cones and returning to the chair (i.e., TUG test), and coordination tests. Holviala
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et al. [59] showed increases in the treadmill load carrying walking test performance
(10.1 kg in each hand) only in the concurrent training group (4.5%), whereas no
changes were observed in the strength training and endurance training groups. In
another study, Wilhelm et al. [31] have shown that concurrent training led to
improved sit-to-stand ability (i.e., number of repetitions in 30 s), as well as timedup-and-go test performance in healthy elderly men, independent of the exercise
sequence. Altogether, these results suggested that the combination of strength and
endurance capacities improves functional capacity in the elderly population.
However, it should be also mentioned that in the oldest aged individuals, especially
those individuals with frailty syndrome or at greater functional declines, the exercise intervention approach must combine balance and gait exercises along with
strength and endurance stimuli, in order to improve the functional capacity and
reduce the risk of falls [29, 61, 62]. In addition, in view of improving the concurrent
strength and endurance training prescription, strength training should be prescribed
combining slow and explosive mode contractions in order to optimize the functional
capacity enhancements. This recommendation is because maximal muscle power
output and rate of force development are more associated with functional capacity
than maximal strength per se [12, 63, 64].

Summary
Strength training is an effective intervention to improve muscle strength, power
output, and muscle mass in the elderly. Endurance training induces improvements
in VO2max and submaximal endurance capacity in these populations. Therefore, a
combination of strength and endurance training (i.e., concurrent training) seems to
be the most effective way to improve both neuromuscular and cardiorespiratory
functions. Based on recent evidence, concurrent training performed at a moderate
weekly frequency (i.e., two times per week) may promote marked gains in muscle
hypertrophy, strength and power gains in elderly subjects. The strength training
should be performed at moderate to high intensity (i.e., 60–80% of 1RM), and moderate volume (i.e., 2–3 sets per exercise). Each session should target the main muscle groups of the body. Also, endurance training should be performed at moderate to
high intensity (i.e., 60–85% of VO2max), and last for 25–40 min. For concurrent
training protocols in which both strength and endurance training are performed on
the same day, the strength and endurance gains may be optimized with strength
training being performed prior to endurance exercise. Moreover, two weekly sessions of both strength and endurance training may be an optimal weekly frequency
to promote additional muscle mass and strength gains, as well as cardiorespiratory
fitness in previously concurrent trained elderly. Furthermore, performing repetitions
until concentric failure does not provide further neuromuscular performance gains
and muscle hypertrophy compared to a lower number of repetition in this population. In terms of improving the functional capacity of the elderly, the concurrent
strength and endurance training prescription should include high-velocity strength
training, designed to improve muscle power output, as muscle power has been associated with the functional capacity.
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Introduction
Concurrent endurance and strength training (CT) has been used to enhance athletic
performance in a variety of sports, but its use as a health-promoting strategy for the
general population should not be overlooked. By combining endurance and strength
exercise modes, CT stresses both the cardiovascular and the neuromuscular systems. Besides traditional adaptation in endurance parameters (e.g. maximal aerobic
capacity, lactate threshold, exercise economy) and skeletal muscle function (maximal strength, muscle power, muscular endurance, etc.), CT can also influence body
composition, as well as traditional and non-traditional cardiometabolic risk factors.
This chapter will discuss the effects of CT on health-related outcomes, with an
emphasis on body composition and cardiometabolic biomarkers.

Body Composition
Total Fat Mass and Percentage of Body Fat
Obesity has become a worldwide problem, and besides being a modifiable risk factor
estimates from the World Health Organization are that obesity has increased dramatically in the past decades, affecting approximately 13% of the world’s adult
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population in 2014, with nearly 39% of adults characterized as overweight [1]. Obese
individuals are at greater risk for metabolic, orthopaedic and cardiovascular diseases
(CVD), as well as some types of cancer [1, 2]. Reducing body fat is of particular
relevance for those who are overweight and obese, and incorporating well-designed
exercise training routines as part of their weight loss and management agenda can be
an effective strategy [3]. Early investigations have employed skinfold thickness to
estimate relative changes in body fat mass with CT [4, 5] and although this is a valid
method, recent experiments have taken advantage of the more robust dual-energy
X-ray absorptiometry (DXA) technique to track changes in body composition [6–8].
This section will focus on results from experiments employing DXA or imaging
techniques for the assessment of total and regional fat distribution.
The effect of CT on total fat mass has been investigated in a variety of studies,
with controversial results found in the literature. Donges et al. [6] reported reductions in total body fat mass of middle-aged and older men performing 3 months of
endurance training (ET) or CT, while increases in muscle mass were only observed
in those allocated to strength training (ST) or CT programmes. Similar benefits of
CT in decreasing fat mass or percentage of body fat have been observed by others
[8–11], and the superiority of CT over single-mode training routines (e.g. ST) to
reduce total body fat mass has been a matter of debate, which may relate to the
larger overall training volume performed by the CT group compared to ET or ST
alone (i.e. participants engaged in CT performed the sum of each single-mode training routine) in some but not all experiments. Pooled data from 21 studies, however,
indicate that CT brings about a similar reduction in body fat compared to ET or ST,
but insufficient data precluded the analysis of performing different CT volumes in
comparison to single modalities in terms of reducing body fat [12]. Furthermore,
some studies have reported no alterations in body fat of individuals engaged in longterm CT [7, 9]. Instead of representing an inability of CT to ameliorate body composition, these divergent findings actually reflect differences in exercise and
methodological protocols, as will be discussed below.
Several of these experiments were not designed to directly tease out the influence
of exercise upon body fat mass and did not control for caloric intake, energy expenditure and potential compensatory behaviours that may increase or decrease one’s
energy balance. If participants’ energy balance is not precisely controlled, any
response (from decrease to increase) in body composition could be expected.
Following thermodynamics, alterations in body mass are regulated by one’s net
energy balance. Loss of total body and fat mass is attributed to a prolonged negative
energy balance [3, 13], with experimental evidence for this given by investigations
in which energy intake, as well as expenditure, of participants is manipulated to
introduce an energy deficit or surplus over a period of time. For example, Ross et al.
[3] demonstrated that diet or exercise alone can bring about equivalent reductions in
body fat, as long as a similar energy deficit is sustained.
That said, it seems evident that for any individual seeking exclusively for reducing his/her fat mass, one of the best options is to select exercise routines that generate the greatest total energy expenditure. Although not limited to ET (e.g.
high-intensity interval training), increase in muscle aerobic capacity and mitochondrial content have been traditionally linked to chronic endurance exercise [14], and
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ET may shift fuel utilization towards fat oxidation at rest and during submaximal
exercise [15, 16]. Conversely, hypertrophic gains due to ST contribute to increase
total energy expenditure, as fat-free mass is a major determinant of resting metabolic rate [17], although the absolute contribution of increasing skeletal muscle
mass to total metabolic rate is relatively small [18]. As such, endurance exercise
engaging a large muscle mass, such as walking/running and swimming, may be the
most obvious choice to increase energy expenditure as it allows a relatively high
metabolic demand to be sustained for prolonged periods, although similar reductions in fat mass would be expected from isocaloric strength exercise sessions. In a
meta-analysis of CT studies, Wilson et al. [12] have estimated marginally superior
decreases in body fat in response to strength training performed concurrently with
running compared to cycling. Although running engages greater amounts of muscle
mass, it may also impair hypertrophic gains to a greater extent in CT routines [12].
Hence, there is a trade-off between acutely increasing energy expenditure with running and improving fat-free mass, and thus resting metabolic rate, with cycling.
Moreover, the same authors identified that intensity of the endurance exercise component was directly associated with decreases in body fat, which probably reflects a
greater energy expenditure if exercise duration was matched between conditions.
It is worth noting, however, that there is always an upper limit of exercise volume
that one is able to perform, and it is less likely (though possible) that ordinary individuals will engage in extensive single modality training routines (e.g. >1.5 h/session) without losing motivation, not to mention the increased risk of injury related
to repetitive orthopaedic strain that may result from the same movement pattern in
long duration rhythmic activities. As such, CT may be a strategic alternative to
increase one’s weekly energy expenditure by enabling the incorporation of additional amounts and more diverse exercises in a single training session (when CT is
performed on the same day), or by increasing training frequency (when the endurance and strength exercise components are performed on alternate days).
Concurrent training can also be used to reduce one’s percentage of body fat by
directly reducing adipocyte mass, increasing fat-free mass or a combination of both.
The percentage of body fat reflects the proportion of fat stores relative to total body
mass, in a way that an increase in skeletal muscle mass can result in a reduction of
the percentage of fat, irrespective of changes in lipid stores. Since long-term CT
may bring about increases in muscle mass with concurrent decreases in fat mass
(Fig. 19.1), this training mode may be considered an ideal alternative to reduce the
percentage of body fat [11].

Abdominal Fat Depots
The site of body fat distribution plays a role in overall health, with excessive adiposity around the waistline (abdominal obesity) being a major risk factor for CVD and
metabolic disorders [19, 20]. The negative influence of central obesity as a cardiometabolic risk factor most likely derives from excessive accumulation of visceral fat
(visceral obesity) than that in the subcutaneous compartment in the abdominal
region [20], thus, even though decreasing total body fat content is a major goal for
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Fig. 19.1 Hypothetical model illustrating typical changes in selected body composition parameters to exercise training modalities. Endurance training engaging a large muscle mass holds a
potential for large caloric expenditure, which may lead to a negative energy balance and reduce
total body and fat mass (BM and FM, respectively). Strength training usually results in smaller or
even an increase in total BM due to increases in fat-free mass (FFM), whereas concurrent training
has the potential to ameliorate both FM and FFM. Ultimately, body composition changes will
depend on a complex interaction between exercise modality and net energy balance

overweight and obese individuals, reducing or preventing excessive deposition of
fat in the intra-abdominal compartment is considered of major relevance even for
lean individuals. Visceral obesity is associated with waist circumference [21, 22],
but it is more appropriately quantified through computerized axial tomography or
magnetic resonance imaging as these techniques can be used to distinguish between
fat in the subcutaneous and intra-abdominal compartment, and fair estimations can
be obtained by DXA through android fat measurements [21].
Currently, a body of evidence indicates that exercise training can effectively
reduce visceral fat depots. Results from a systematic review and meta-analysis
reveal that endurance exercise appears to be effective in reducing abdominal fat, but
the beneficial effect of ST is less evident [23]. Visceral fat reductions may be
attained with CT but results are not as clear as with single-mode ET, most likely
because of a reduction in the volume of the endurance exercise component during
CT sessions in many studies. Nevertheless, randomized trials have confirmed the
potential of CT to decrease central fat depots [6, 24] providing enough exercise
volume is attained. Moreover, a recent meta-analysis of 15 trials comparing ET, ST
and/or CT on metabolic and anthropometric parameters reported the latter to be
effective in reducing waist circumference and suggests that CT is a more effective
approach to prevent and treat obesity [25].
Recently, the distribution of strength and endurance exercise modes within a CT
routine has received considerable attention from the scientific community
(Fig. 19.2). Controversial results have been published regarding the influence of the
CT loading order upon muscle mass and strength, with some research groups reporting greater adaptations when endurance exercise was preceded by strength exercises
[26, 27], while others have found little or no exercise order effect upon neuromuscular parameters [7, 9, 28–31].
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Fig. 19.2 Example of concurrent endurance and strength training routines with different exercise
loading orders. Same session concurrent training can be performed with the endurance component
preceding strength exercises (A), or the reverse exercise sequence (B). Alternatively, each exercise
mode can be performed in separate exercise sessions (C). The latter has been reported to optimize
changes in android fat mass [9]

Different from the neuromuscular system, there appears to be consistent (yet
limited) evidence regarding CT loading order and body composition. A series of
Finnish studies has explored this topic and initially showed that the intrasession
concurrent exercise sequence does not play a relevant role influencing changes in
body fat, at least when an exercise routine with relatively low training volume is
employed (i.e. 60–100 min of exercise per session, 2–2.5 sessions per week) [7]. A
posterior study confirmed these findings and expanded the current knowledge by
demonstrating that splitting the CT session so that the endurance and the strength
exercise components were performed in different days resulted in superior fat mass
reduction compared to volume-matched CT performed in the same session [9].
When the site of body mass change was taken into consideration, a greater reduction
in android (central) fat mass was observed in both men and women performing the
endurance and strength exercise on alternate days. These are intriguing results as
each protocol was expected to have elicited similar exercise energy expenditure during the training sessions. One could speculate that participants performing CT in a
single session could have exercised at lower relative intensity as prior endurance/
high-intensity exercise can impair the performance of the subsequent strength component of CT [32], while maximal force capabilities may be less affected [32, 33].
Although excess post-exercise oxygen uptake (and rest energy expenditure) is
affected by strength exercise intensity, Thornton et al. [34] estimated that the magnitude of the post-exercise energy expenditure difference between a high (e.g. 85%
of 15RM) and low (45% of 15RM) intensity strength exercise session is minor.
Thus, it is unlikely that intensity-related excess post-exercise oxygen uptake would
account for the greater reduction in body fat when ST and ET are performed in
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separate sessions. Alternatively, shorter but more frequent exercise bouts in the separate session CT group may have contributed to a greater total energy expenditure
due to the cumulative effect of more frequent excess post-exercise oxygen consumption events, but this hypothesis remains speculative. Despite the uncovered
underlying mechanisms, these are promising findings with practical implication for
those interested in optimizing changes in body composition with exercise, but replication of these results in other populations more likely to benefit from reducing
total and regional body fat (such as obese and patients with type 2 diabetes) is still
necessary.

Cardiometabolic Health
Beyond increasing lean mass and reducing central fat content, CT bears the potential to improve additional risk factors for cardiovascular and metabolic diseases.
Poor regulation of blood lipids, glucose metabolism, and elevated systemic blood
pressure are among major modifiable cardiometabolic risk factors amenable through
exercise. The next sections will focus on the interaction between CT and these
health-related parameters.

Blood Lipids and Lipoproteins
Long-term exercise training is recommended to ameliorate blood lipid and lipoprotein concentrations. Results from cross-sectional studies have provided the first
evidence that increased physical activity levels were associated with improved
fasting lipid profile, with athletes displaying increased serum high-density lipoprotein cholesterol (HDL-c) values that may be as high as 50% greater than inactive
control counterparts. Triglyceride (TG) concentrations fluctuate in the opposite
direction, with those with higher fitness levels presenting lower blood TGs. There
is less evidence to support consistent total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-c) changes, and the benefits of being physically active is
normally reduced or even disappear when results are adjusted for confounding
factors [35]. Longitudinal experiments investigating exercise interventions generally agree with epidemiological data, but changes in lipids and lipoproteins are
normally of smaller magnitude. Based on a meta-analysis of 25 studies, including
1404 apparently healthy participants, it seems safe to expect a modest (+2.5 mg/
dL) though significant increase in HDL-c after long-term ET [36]. Conflicting
results have been reported in randomized controlled trials regarding the ability of
ST to alter blood lipids at rest, but an analysis of accumulated evidence suggested
that ST may ameliorate basal TC, the ratio of TC/HDL-c, TG, LDL-c and nonHDL-c in adults [37]. A smaller number of studies have investigated the potential
of CT to change one’s fasting lipids and lipoproteins, but it is generally accepted
that CT can improve parameters of dyslipidaemia in a variety of populations [10,
38, 39], which is not surprising considering the known effects of single ET and ST
upon HDL-c and TC.
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The protective effect of HDL-c against CVD likely reflects its role in reversal
cholesterol transport, not to mention its antioxidant, anti-inflammatory and vasoactive functions. Simply put, the reversal cholesterol transport involves a mechanism
by which stored cholesterol esters, for example in vascular wall macrophages, can
interact with extracellular apolipoprotein A1 to form nascent HDL-c, which then
continues to stock cholesterol to form mature HDL-c species [40]. Mature HDL-c
can selectively deliver their cholesterol content to the liver for elimination through
(1) a direct pathway, whereby efflux of cholesterol ester occurs directly from HDL-c
to hepatocytes; or (2) by indirect pathways, including cholesterol-triglyceride
exchange with other lipoproteins to produce cholesterol-rich LDL-c forms, which
then can transfer cholesterol to hepatocytes [40].
It is reasonable to consider that the combination of endurance and strength exercise could exert an additive effect in improving fasting lipid profile. To compare the
three different exercise modalities in blood lipids and lipoproteins adaptations in
young overweight/obese but otherwise healthy individuals, Tseng et al. [39] conducted a 3-month training study in which participants were allocated to ET (5 day/
week, ~60 min/day at 50–70% maximal heart rate), ST (5 day/week, ~60 min/session, multiple sets performed at 60–80% of one repetition maximum), CT (similar
endurance training and strength training sessions performed on alternate days for a
total of 5 day/week) or a control group. Although all exercise groups improved cardiometabolic parameters, the ET and CT groups presented greater increases in
HDL-c compared to the ST group. Interestingly, participants in the CT group displayed greater decreases in fasting glucose and TG compared to the other two exercise modalities, even though the total training volume (estimated by exercise time in
this study) of the CT group was not greater than the others. Similarly, Libardi et al.
[41] reported that ST and CT benefited middle-aged men by reducing fasting TC,
but only CT improved blood TG concentrations. These are important findings as
they indicate that CT may be superior to ET and ST alone to improve lipid profile,
but it is important to keep in mind that this premise does not always hold true as
studies comparing the three modalities have also reported similar responses after an
intervention period. In fact, meta-analyses by Schwingshackl and colleagues estimated that CT and ET were similar in improving blood lipids and lipoproteins in
overweight and obese individuals [25], but CT was reported to be superior to ST in
decreasing TG of type 2 diabetes mellitus patients [42].
Therefore, the current knowledge is that exercise training can lead to improvements in blood lipid and lipoprotein profile. Adding ST to an ET programme does
not hamper these positive adaptations, and there is even evidence indicating that CT
may be superior to each modality alone, although it is still uncertain whether this
response reflects an additive interaction between adaptations from different training
modalities or greater exercise volume with CT.

Glycaemic Control
Healthy individuals with preserved glycaemic control display fasting circulating
glucose concentrations below 100 mg/dL, and glycated haemoglobin (HbA1c)
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under 5.7%. Chronic impairments in normal glucose regulation, such as diabetes
mellitus, place individuals at an increased risk of mortality and long-term complications as neuropathy, nephropathy, CVD and amputations. Lifestyle modifications
including the adherence to a healthy diet and increasing physical activity levels are
considered major non-pharmacological strategies in the prevention and treatment of
type 2 diabetes mellitus and the metabolic syndrome [43–45]. Supervised exercise
training has been shown to be particularly relevant to improve one’s glycaemic regulation by decreasing fasting glucose and the absolute percentage of HbA1c in type
2 diabetic patients [46]. The effectiveness of ET to improve glucose metabolism in
these patients has been documented for decades [47], and later evidence led to the
recognition that supervised ST as well as the combination of endurance and strength
exercises are effective alternatives in improving patient’s glycaemic control [46].
As CT combines the benefits of ET and ST, it has the potential to optimize metabolic responses in type 2 diabetics. In a large trial comparing the three exercise
modalities upon long-term changes in HbA1c, CT brought about superior improvements in glycaemic control compared to single endurance or strength exercise
groups [48]. Furthermore, those with a lower initial fraction of HbA1c only benefited from CT. Although the referred work indicates superiority of CT, it is important to highlight that patients enrolled in the combined training group completed
greater weekly exercise volumes compared to those allocated to single modality
groups. Hence, it is difficult to determine whether the observed effects resulted from
a superiority of CT modality or from a greater total work performed.
Attempting to answer the abovementioned question, Church and colleagues [49]
conducted a 9-month exercise trial trying to match the total training volume between
exercise programmes, so that the CT group expended less time engaged in the
endurance and strength activities compared to single ET and ST groups. Only
patients engaged in CT attained reductions in HbA1c compared to a non-exercise
control group. A posterior study corroborated these findings by reporting greater
improvements in fasting glucose concentration in healthy males after CT compared
to ET or ST, even with the endurance and strength components reduced by half in
the CT group [39]. These results indicate a potential superior effect of CT in glucose
metabolism that is irrespective of exercise volume. Nevertheless, a meta-regression
of randomized controlled trials identified CT volume, particularly of the strength
component, to be associated with improvements in HbA1c of type 2 diabetes
patients [50], underscoring the importance to consider the interaction between exercise volume and mode in chronic adaptations for glucose regulation.
Exercise intensity was initially identified as a predictor of improvements in
HbA1c in endurance exercise trials [47], but not in a more recent meta-regression
including CT trials [50]. Inconsistent results about the putative benefit of higher
intensity CT programmes upon glucose regulation-related outcomes are found in
the literature, probably because of the interaction between training intensity and
volume which results in greater total work performed by a high-intensity compared
to low-intensity groups if the same exercise duration were used. A subgroup analysis of the Italian Diabetes Exercise Study helped to shed some light upon this topic,
as researchers compared the outcomes of type 2 diabetics performing energy
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expenditure-matched CT at low vs. moderate-to-high intensity. After 12 months of
exercise intervention, patients exercising at higher intensity displayed a greater
reduction of −0.5% in Hb1Ac compared to −0.33% in the lower intensity CT subgroup. Although an intensity dose-response could be identified, the additional benefit of higher intensity CT was deemed of little clinical relevance by the researchers
[38], but we stress that a ~0.15% difference in Hb1Ac should not be overlooked.
The benefit of CT in glycaemic control of apparently healthy individuals is less
clear. There seems to be mixed results in the literature comparing CT to single exercise modalities, with greater improvements in fasting glucose concentrations of
young males reported to occur after CT compared to ET or ST [39], while others
found potentially greater benefits of ET in glucose disposal during an oral glucose
tolerance test in men [6], or even superior effects of ST and CT in reducing fasting
glucose concentrations of older women compared to ET [8]. In some situations,
exercise training may not improve fasting glucose concentrations after either modality, but prevent an impairment in glycaemic control over time [41], which probably
reflects a narrower range for physiological adaptation in middle-aged otherwise
healthy individuals compared to patients with established metabolic disorders.
Taken together, CT seems to be at least as effective as ET and ST to improve
glycaemic control (or prevent its decline) in healthy individuals. There is evidence
that CT may be superior to either ST or ET alone in improving glucose-related outcomes in those with type 2 diabetes mellitus, but it is currently difficult to ascertain
whether this adaptation represents a superior effect of CT per se, or simply reflects
the potential greater total amount of exercise performed by concurrent trained individuals. Clearly, studies designed to directly compare different CT volumes are still
necessary for more definitive conclusions to be taken.

Blood Pressure and Vascular Adaptations
High blood pressure is a major cardiovascular risk factor, associated with alterations
in the structure and function of the vasculature. Traditionally, systemic hypertension
has been defined as (sustained) rest office-based systolic and/or diastolic brachial
artery blood pressure ≥140/90 mmHg, respectively, but in 2017 the American
College of Cardiology and the American Heart Association published new guidelines
with more aggressive blood pressure thresholds for the US population, with hypertension characterized as systolic blood pressure ≥130 mmHg and/or diastolic blood
pressure ≥80 mmHg [51]. The hypertensive population is more prone to adverse
events like stroke, heart failure, peripheral artery disease and target organ damage
[52]. Furthermore, increased haemodynamic forces can damage the vascular wall
leading to endothelial dysfunction and result in further vascular health impairment
[52]. A correlation between the increase in blood pressure and cardiovascular risk is
observed even in the normotensive range, which stresses the need of well-suited
approaches to prevent or delay progressive elevations in blood pressure [52].
Endurance exercise has been classically recommended as an essential part of the
antihypertensive treatment and it seems safe to expect hypertensive patients to
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benefit with reductions of 5–7 mmHg in resting blood pressure with long-term ET
[53]. Contrary to earlier beliefs, the practice of dynamic ST does not promote
chronic increases in blood pressure and can, thus, be used as an adjuvant blood
pressure-lowering strategy with effects comparable to ET [53]. The combination of
both modalities is well accepted and recommended for prevention and treatment of
hypertension. A meta-analysis of 68 trials investigating the influence of CT on
blood pressure estimated an overall reduction of −3.2 mmHg in systolic blood pressure, and −2.5 mmHg in diastolic blood pressure compared to non-exercise control
groups when all participants were taken into consideration [54]. Importantly, the
long-term antihypertensive effects of CT increased with baseline blood pressure
levels, stacking up at −5.3 mmHg for systolic blood pressure, and −5.6 mmHg for
diastolic blood pressure in hypertensive individuals, with decreases of almost
9 mmHg reported in the trials ranked as high methodological quality. These results
suggest that those in greater need of blood pressure reductions will be the ones to
benefit the most with training.
The mechanisms by which exercise brings about a chronic reduction in blood
pressure must relate to alterations in cardiac output and/or peripheral vascular resistance [52]. Since resting cardiac output is affected minimally or not at all by exercise training [55], changes in vascular resistance may mediate most of the benefits
of exercise. The long-lasting antihypertensive benefit of exercise results from a
complex interaction of improved vascular responsiveness, neurohumoral adjustments and/or structural vascular adaptation [52, 55]. Several of such mechanisms
are still being investigated, but particularly functional and structural vascular adjustments to exercise training have been well characterized. The vascular endothelium
plays a pivotal role control in vascular health and haemostasis. Endothelial cells are
prone to damage induced by chronic high blood pressure and dyslipidaemia, with
endothelial dysfunction being related to myocardial infarction, hypertension, and
even ageing without clinical evidence of CVD [56, 57]. The consequences of endothelial dysfunction are at least twofold: (1) an atherosclerotic-prone vascular bed;
with (2) impaired vasodilatory capacity, which may contribute to development and
progression of hypertension.
Impaired vascular function can be improved by either ET or ST alone [56, 58].
Acute dynamic exercise exerts direct stimulation on blood vessels by increasing
vascular anterograde shear stress, which acts as a potent stimulus to trigger endothelial adaptations. Transitory increases in anti-atherogenic shear stress may occur
even in non-exercising vascular beds, providing prolonged large muscle mass
dynamic exercise is performed. Moreover, changes in systemic factors including an
exercise-induced increase in circulating myokines (such as interleukin-6), as well as
chronic reductions in pro-inflammatory agents (e.g. C-reactive protein, tumour
necrosis factor α) and improvement in insulin signalling in endothelial cells all converge to exert a positive effect on the vasculature [59]. Besides acute haemodynamic
adjustments, CT has the potential to ameliorate lipid and low-grade chronic inflammation markers in selected populations [6, 25] and can be considered an effective
lifestyle strategy to increase endothelial function. Accordingly, individuals with risk
factors for vascular dysfunction or established CVD generally display increased
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endothelial-dependent vasodilation in conduit and resistance vascular beds after a
short period of CT [60, 61]. Interestingly, there is evidence that the within-session
CT loading order may influence vascular adaptations to exercise. Starting the CT
training sessions by the strength component (i.e. strength + endurance exercise
sequence) has been reported to lead to improvements in the endothelial function of
young females and males, whereas no improvements in vascular function were
observed with the loading order (endurance + strength) [62]. Although the precise
underlying mechanisms remain elusive, it has been speculated that a potential attenuation of resistance exercise-associated increase in circulating growth hormone by
prior endurance exercise [63] may have hindered endothelial adaptation in the
endurance + strength training group, since growth hormone infusion has been
reported to stimulate nitric oxide production (as estimated by nitrate balance) and
endothelial-dependent vasodilation [64].
Although it remains debatable whether arterial stiffness contributes to or results
from hypertension, it is established that augmented aortic stiffness is related to cardiovascular risk [65]. Deposition of collagen fibres and reduction of elastin content
in the blood vessels eventually results in stiffer arteries with reduced capacity to
accommodate pulsatile intravascular tension. High-intensity strength training is
generally linked to increased arterial stiffness in young healthy adults [66] probably
due to a compensatory adaptation to the large increases in blood pressure during
exercise manoeuvres. Increased vascular stiffness in young individuals to ST is
unlikely to represent a pathological adjustment, but alternatives to prevent this vascular remodelling process include the manipulation of ST intensity, as low to moderate intensity ST does not seem to impair central arterial compliance in young
individuals [67], or selective addition of an endurance component to a ST routine
[62, 68]. As reported by Kawano et al. [68], CT appears to be effective to prevent
chronic reductions in arterial compliance, typically associated with high-intensity
ST. Similar to vascular reactivity, Okamoto et al. [62] also observed that reductions
in brachial-ankle pulse wave velocity (a surrogate marker of central arterial stiffness) after 8 weeks of CT was only evident in participants who followed the
strength + endurance exercise sequence, suggesting that the CT loading order may
exert some influence upon vascular function and remodelling. However, the underlying mechanisms leading to superior vascular adaptations with the strength + endurance exercise sequence reported by Okamoto and colleagues remain largely
unknown.

Summary
Different from what may happen with maximal strength development, the combination of strength and endurance exercise training does not impair health-related adaptations. CT is effective to improve body composition, blood pressure, and blood
lipid/lipoprotein profile, with some evidence that this exercise modality may surpass single endurance and strength exercise training for enhancing glucose regulation. Maintenance and even improvement in vascular health can also be attained
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through concurrent exercise, and the endurance component of CT may be effective
to prevent strength training-induced increases in arterial stiffness. In a pragmatic
perspective, for reducing body fat the intensity of the CT endurance component may
be a relevant variable, with short duration (20–30 min) endurance exercise performed at a higher intensity as a potential choice to reduce body fat while limiting
a negative interference effect of CT on hypertrophic gains [12]. Those seeking for
greater skeletal muscle and strength development may opt for combining strength
and cycling training, whereas running as endurance modality may be slightly
favourable to reduce body fat [12]. Even though CT volume and intensity can play
a relevant role in improving glycaemic control and additional cardiometabolic risk
factors in selected populations, there is evidence that CT per se has a superior effect
compared to ST or ET alone. As such, a CT routine combines the benefits from each
single exercise modality and may be considered an optimal training alternative for
health improvement and maintenance.
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Introduction
As illustrated by the various chapters throughout this book, there are many different
aspects to concurrent endurance and strength training. However, the most basic
question is whether performing these two types of training concurrently will lead to
different physiological adaptations compared to performing only one type of training. Most attention in the literature has been given to the potential negative effects
on the traditional adaptations to a strength training program from concurrently performing endurance training, often called the interference effect. Furthermore, attention has also been given to the potential positive effects which endurance athletes
may gain by adding strength training to their normal training. The latter will be
discussed in depth in Part V.
Many studies have reported that concurrent training can lead to impaired neuromuscular adaptations as compared to strength training only [1–11]. Furthermore,
adding strength training to endurance athletes’ normal training has been reported to
improve performance in many endurance sports [12–26]. However, the data are
equivocal and many studies report no negative effect on strength-related adaptations
after concurrent training [27–34], or no beneficial effects on endurance performance
when endurance athletes additionally perform strength training [35–45]. The reasons for the different findings in these two aspects of concurrent training are discussed extensively in other parts of this book. The main focus of this chapter will be
to discuss possible sex differences in the adaptations to concurrent training.
Specifically this chapter aims to review whether the adaptations to concurrent
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training are sex-specific. Furthermore, it will be discussed if any sex differences are
apparent in the effects of adding strength training to normal endurance training for
endurance athletes.

Sex Differences in Performance and Relevant Physiology
Men are on average about 5–10% taller and 20–25% heavier than their female counterparts [46, 47]. In addition, men have about 40–50% and 30% more muscle mass
in the upper and lower body, respectively, while women have approximately 20–25%
of body fat compared to 13–16% in men [47, 48]. Furthermore, men have been
reported to have larger mean muscle fiber areas than women both in the upper (m.
biceps brachii) and lower body (m. vastus lateralis) [49].
As a result, review papers report that men are 40–55% stronger than women and
this difference is especially pronounced in the upper body. Men also generate
greater muscular power as well as higher anaerobic power compared to women
[48]. The difference in absolute strength and anaerobic performance narrows when
it is related to body mass and lean body mass [47], but it does not disappear.
Women have thinner ventricular walls with less myocardial tissue, smaller cavity
sizes, and smaller stroke volume than men [48]. Furthermore, women have on average 10–16% lower hemoglobin concentrations [48] and a lower total hemoglobin
mass both in absolute and relative values [50, 51] compared to men. Therefore,
women have on average 15–30% lower maximal oxygen consumption (VO2max)
than men [48].
When performing muscle contractions at the same relative intensities, women
have been shown to be more resistant to muscle fatigue than men [48, 52]. Since one
of the proposed mechanisms for the interference effect is residual fatigue induced
by the endurance training compromising the subsequent strength training [53, 54],
it might be speculated that sex differences in fatigability will lead to sex differences
in the response to concurrent training. The reason for the lower fatigability in
women is not completely understood, but it is probably related to the fact that
women exert less absolute force at a relative workload, leading to a smaller compression of the microcirculation and lower muscle oxygen demands [47, 52]. When
lifting the same absolute load, muscular endurance is greater in men [47, 48].
Also, the substrate utilization during exercise differs between men and women
[55, 56]. During endurance exercise at submaximal intensities, women oxidize proportionally more fat and less carbohydrates and proteins than men [55]. Since it has
been suggested that low glycogen stores after endurance training can lead to less
effective strength training sessions and impaired anabolic signaling after strength
training [53, 54, 57], sex differences in substrate utilization during endurance training sessions can in theory lead to sex differences in the adaptations to strength training sessions performed concurrently.
There are also some hormonal differences between men and women, the most
obvious being different secretion of sex hormones. The abovementioned differences
in muscle mass and strength are usually explained by the higher serum testosterone
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levels in men [48, 58], while the higher fat oxidation in woman has been attributed
to estradiol secreted by the ovaries [55]. Testosterone levels in the blood may
increase in both men and women in response to exercise, even though the increase
often is smaller in women [59]. Exercise may also increase estradiol levels in
women [59].
The menstrual cycle has a profound effect on the secretion of the ovarian hormones in women [60]. During the follicular phase there is a gradual increase in
estrogen concentrations, while progesterone dominates during the luteal phase.
However, it seems that the different phases of the menstrual cycle affect maximal
strength, muscle fatigability, and maximal aerobic power to a small degree only, even
though conflicting results exist [60, 61]. The same seems to be true for most physiological responses to submaximal exercise, even though increased oxygen consumption (VO2) at high intensities during the mid-luteal phase has been reported [60].
Based on the differences in physical performance and hormone levels between
men and women, it might be speculated that there are sex differences in the adaptations to strength and endurance training when they are performed separately.
However, the typical muscular adaptations to strength training seems to be similar
between the sexes, as studies show that there are no differences in the relative
increase in maximal strength [62, 63], increases in muscle mass [63], and the fiber
type shift from type IIX towards type IIA after strength training [62]. The same is
true for the relative increase in VO2max after endurance training [64].

Sex Differences in Concurrent Training
Unfortunately, most of the research dealing with concurrent training has been carried out using male participants. In addition, there is a lack of studies that directly
compare the effect of concurrent training between men and women. Therefore, this
chapter will mainly be based on results from separate studies performed in male and
female participants or results from the few studies that include both female and
male participants. The challenge with the first approach is that different studies
using male and female participants usually also differ in many other methodological
aspects that might be relevant. Similarly, the challenge with the second approach is
that most of these studies include both men and women to get a larger number of
participants and the total number of each sex are often too small for meaningful
comparisons. Therefore, these studies usually report pooled data from the male and
female subgroups.

 re There Any Sex Differences in the Effects of Concurrent
A
Training on the Adaptations to Strength Training?
Above it was shortly discussed that many studies report attenuated adaptations in
various aspects of muscle strength and muscle growth after concurrent training,
even though the results are conflicting. There are numerous variables that are
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possible to manipulate in the design of these studies and the conflicting results are
probably related to many different methodological aspects that vary between studies. For example, it seems that the improvement in maximal power and explosive
strength are more attenuated than maximal strength and muscle hypertrophy after
concurrent training [11, 65, 66]. It might also be speculated that the use of male and
female participants might explain some of the different findings. Unfortunately,
there are not many studies in this area that are performed with female participants
[29, 67–69], and some of these studies do not directly investigate if an interference
effect exists [68, 69]. However, the studies investigating the interference effect
using female participants do not report compromised neuromuscular adaptations
[29, 67]. Thus, based on these studies it might be concluded that there is no interference effect or that it at least is smaller in women compared to men. However, it
should be noted that in these studies the total training volume was quite low and no
impairment in training adaptations is also common in male participants performing
a low total training volume or a low number of training sessions per week [27, 28,
30–34]. Therefore, it is difficult to interpret if the lack of an interference effect is
sex-specific or just simply due to a low training volume or other aspects related to
the study design.
In recent work from our group we investigated if well-trained female endurance
athletes with no strength training experience adding 11 weeks of strength training to
their training would have different changes in muscle cross sectional area (CSA),
maximal strength, and explosive strength compared to a group of untrained women
performing the same heavy strength training program [70]. We observed similar
increases in the lean mass of the legs, one repetition maximum (RM) in one-legged
leg press, and maximal isometric knee extension torque in both groups. However,
the improvement in isokinetic torque at a contraction velocity of 240° s−1 and the
improvement in squat jump height were smaller in the female endurance athletes
compared to the untrained participants. The results from this study can be compared
to a study including male participants with a similar design and strength training
program [71]. Here it was reported that well-trained male cyclists showed smaller
increases in 1RM and CSA of the thigh muscles, squat jump height, and maximal
rate of force development (RFD) after 12 weeks of concurrent training compared to
a group of recreational active individuals only performing strength training. These
two studies again suggest that the magnitude of the interference effect may be
smaller in women than in men, at least in terms of maximal strength at slow contraction velocities and muscle growth. However, the different findings in these two studies might again be explained by the amount of endurance training performed. The
female athletes performed about 5 h of endurance training per week, whereas the
male cyclists performed endurance training for about 10 h per week. It is therefore
unclear if the different findings are explained by the amount of endurance training
or solely by sex. Reports that 1–3 h of weekly endurance training in recreationally
active male and female runners did not lead to any impaired strength adaptations [5]
suggest that the amount of endurance training probably is most important.
Furthermore, the smaller improvement in power-related measurements in the female
athletes compared to the untrained individuals illustrates that an interference effect
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also occurred in the female athletes [70]. The finding that negative effects of concurrent training are most pronounced in the development of power and explosive
strength compared to maximal strength is in accordance with studies using predominantly male participants [65, 66].
As described, there are studies that investigate the concurrent training phenomenon that include small subsets of both male and female participants [1, 2, 4, 5, 8, 27,
65, 72]. Unfortunately, most of these studies report pooled data for both sexes. The
reason for this is usually that preliminary analyses showed that there were similar
patterns of results for the male and female participants [1, 5, 8, 65, 72]. Furthermore,
other of these studies report no sex differences in regard to the interference effect [2].
Even though these analyses are carried out with small sample sizes, these studies
further indicate that the interference effect is similar between the sexes.
Based on the considerations above it appears that the possible interference effect
of concurrent strength and endurance in most cases are similar between men and
women. However, there might be other aspects of concurrent training that can differ,
for example how to optimal organize concurrent training for the smallest possible
interference effect to occur. Two recent studies, including both male and female
participants, investigated if it is best to perform strength and endurance training on
different days or on the same day, and whether the exercise sequence matters when
aerobic and strength training are performed in the same session [73, 74]. These
studies reported similar changes in both men and women after the different training
modes and no sex differences in which of the training modes that were best for the
measured outcomes. Further support for this is given when comparing separate
studies with male and female participants using almost identical training programs
[68, 75–77]. Therefore, it seems that the optimal organization of concurrent training
is similar between men and women.

 re There Any Sex Differences in the Effects of Strength
A
Training on Performance in Endurance Sports?
As described above, adding strength training to a normal endurance training routine
has been reported to improve running performance in some studies, while other
studies did not report any beneficial effects. However, there do not appear to be any
sex differences in the effects of strength training on running performance based on
these studies. Improved running performance or running economy has been reported
in studies using male [13, 15, 18, 19, 78] and female athletes [37, 79], as well as in
studies reporting pooled data from both male and female athletes [12, 16, 80, 81].
Furthermore, no effect of strength training on running performance has also been
reported in male [36, 39] and female athletes [82] or mixed groups of athletes [35,
83]. Even though the abovementioned studies do not indicate any sex differences in
the effects of strength training on running performance, none of these studies were
designed to directly answer this question. One of the few studies including a large
enough number of both male and female runners to make meaningful comparisons
is the study by Barnes et al. [12]. In this study, the effect of 7–10 weeks of
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traditional heavy strength training or heavy strength training in combination with
plyometric training on laboratory measures of performance and performance during
the competition season in male and female collegiate runners was assessed. This
study reported that both the male and female runners had improvements in peak
treadmill running speed and running economy, and that both sexes had larger
improvement in these measures after traditional heavy strength training. However,
it was only the female runners that improved actual competitions times and this was
evident after both types of strength training. Both types of strength training were
possibly harmful to competition times in men. The apparent sex difference in this
study is somewhat difficult to explain but the authors speculate that it might be
related to a larger proportion of training above 80% of VO2max and shorter race distances in the female runners. However, the results may also indicate that the effect
of strength training on real-world running performance is somewhat larger in
women than in men.
Improved performance after addition of strength training to normal endurance
training has also been reported in cycling, but as described, the results are equivocal.
Unfortunately, to the best of the author’s knowledge, there are no studies comparing
the effects of adding strength training to endurance athlete’s normal training on
cycling performance between men and women. In addition, until recently, almost all
research has been performed using male cyclists, and one of the few studies including female cyclists reported no improvement in cycling performance or cycling
economy [41]. However, the cyclists in this study only included one strength training exercise twice a week making the training volume quite low. This might explain
the lack of improved performance since studies using low strength training volume
usually do not report any enhanced cycling performance even in men [44, 84].
Therefore, some years ago, our group conducted a more thorough investigation on
the effects of strength training on various aspects of cycling performance and performance determinants in female cyclists [25, 26]. Furthermore, we used a strength
training program identical to what has previously been reported to improve performance in male cyclists [21, 23]. The strength training program lasted for 12 weeks
with two sessions per week with a training load of 10–4 RM. The effects of 12 weeks
of heavy strength training on muscle strength, muscle hypertrophy, and various
aspects of cycling performance were very similar in both the male [21, 23] and the
female cyclists [25, 26] in these studies, and the results from these studies are
summed up in Table 20.1. In neither men nor women did strength training have any
effect on VO2max compared to control cyclists only performing their normal endurance training. Furthermore, performance in a 40 min all-out test, lactate threshold,
and performance in the Wingate test improved similarly in both male and female
cyclists after strength training. On the other hand, strength training did only improve
cycling economy in the female cyclists. However, this is likely because the male
cyclists were on a somewhat higher performance level than the female cyclists and it
appears that it is difficult to improve cycling economy in very well trained cyclists
[20]. There have been reported improved cycling economy after heavy strength training in male cyclists on a lower performance level [17]. To simulate a typical mass
start race in cycling we performed a test consisting of a 3 h submaximal cycling trial
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Table 20.1 Percent change in strength and cycling performance after 12 weeks of heavy strength
training in male and female cyclists
1RM
CSA
VO2max
Cycling economy
Lactate threshold
40 min all-out
VO2 last hour, 3 h submax
5 min all-out
Wingate peak power
Wingate average power

Male cyclists
26.0 ± 6.6%
4.6 ± 1.7%
3.3 ± 4.6%
No change
4.1 ± 5.1%
6.0 ± 5.6%
−2.2 ± 2.0%
7.2 ± 6.6%
9.4 ± 9.6%
1.2 ± 3.6% (ns)

Female cyclists
38.6 ± 19.0%
7.4 ± 5.3%
−1.1 ± 2.6% (ns)
3.5 ± 3.1%
7.3 ± 12%
6.4 ± 7.9%
−3.3 ± 4.4%
7.0 ± 4.5%
12.7 ± 12.6%
3.4 ± 4.3%

The results from the male cyclists are from Ronnestad et al. [21, 23], and the results from the
female cyclists are from Vikmoen et al. [25, 26]
Values are mean ± SD. RM repetition maximum, VO2max maximal oxygen consumption,
VO2 last hour, 3 h submax oxygen consumption during the last hour of a 3 h submaximal cycling
trial, ns not statistically significant change

followed by a 5 min all-out test. The effect of strength training on the results from
this test was also strikingly similar between the male and female cyclists. Both had
showed a lower VO2 and hence an improved work economy during the last hour of
the submaximal trial, compared to before the strength training intervention. This
probably led to a lower magnitude of fatigue during the 3 h submaximal trial and
both the male and female cyclists improved similarly in the 5 min all-out test after the
strength training program (Table 20.1). None of these changes were observed in neither male nor female control cyclists. The results from these studies in both male and
female cyclists indicate that there are no sex differences in the improvements in
cycling performance when cyclists add strength training to their normal training.
However, caution is warranted since these studies did not directly investigate if sex
differences exist. Future studies should include sufficient numbers of both male and
female cyclists that in parallel carries out the same strength training program to
directly compare the effects between sexes.
Several adaptations to strength training have been suggested as important mechanisms for the improved cycling performance after strength training. These include
an increased muscle CSA, leading to increased muscle strength, a muscle fiber
transformation from type IIX towards type IIA, increased RFD that makes cyclists
capable of reaching their peak torque earlier in the pedal stroke, reduced motor unit
recruitment on the same absolute power output, and other neuromuscular factors
[25, 26, 84, 85]. These adaptations to strength training appear to be similar between
men and women and further support that the improvements in endurance performance resulting from these adaptations should be similar. For example, a fiber type
shift from type IIX to type IIA has been reported in both male and female cyclists
after heavy strength training [20, 25], and increases in muscle mass after strength
training is also similar in men and women [63].
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Summary
This chapter has discussed if the physical and physiological differences between
men and women will lead to any sex differences in concurrent endurance and
strength training. Men have more muscle mass and are leaner than age matched
women. Furthermore, men are stronger, have greater muscular power, higher anaerobic power, and higher VO2max compared to women. However, women are less fatigable than men on the same relative intensities and have a better ability to burn fat
on submaximal intensities. In addition, there are also hormonal differences between
men and women.
Unfortunately, the existing literature is not sufficient to provide a definitive
answer if there are sex differences in concurrent training. However, based on studies
including participants of only one sex and studies including small numbers of participants of each sex indicate that the interference effects will be similar in both men
and women, even though some findings points towards a smaller interference effect
in women. It is more likely that other factors concerning the training program will
be more important than sex to determine if an interference effect will occur. This is
thoroughly discussed in other chapters of this book. Based on the current literature,
it also appears that both male and female endurance athletes will similarly benefit
from strength training added to their endurance training routine, even though one
study indicates that female runners might have a better transformation of gains
made in laboratory tests to real competition running performance. However, the
research on sex differences in these areas is limited and more studies that directly
investigate possible sex differences in concurrent training should be performed.
These studies should include enough participants of both sexes that perform exactly
the same concurrent training programs, so that meaningful comparisons between
men and women can be made.
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Introduction
Strength training is currently regarded as an important part of endurance athletes’
long-term training program. However, the scientific evidence on long-term effects
of concurrent strength and endurance training is sparse and only a few strength
training interventions in endurance athletes last more than 15 weeks. This chapter:
(1) summarizes the current scientific evidence on the effects of long-term strength
training (i.e., defined as interventions lasting above 12 weeks) on aerobic capacity
and endurance performance, and (2) discusses the potential neural and cellular
mechanisms related to these effects, in order to provide a framework for generating
new hypotheses in this exiting area.

Scientific Evidence
The requirements of strength for endurance performance in sport depend on the
competitive duration and format, as well as the exercise mode employed. Endurance
training is the essential stimulus for endurance athletes and they do traditionally not
prioritize high volumes of strength training (i.e., training aimed to increase the muscles ability to generate maximum force). However, as highlighted in other chapters
in this book, recent research has demonstrated positive short-term intervention
effects of supplementing strength training concurrent to endurance training on aerobic capacity and performance. These studies have shown that aerobic capacity is
mainly enhanced by improvements in exercise economy/efficiency and delayed
fatigue when strength training is added. Partly because of the rising evidence
Ø. Sandbakk
Department of Neuromedicine and Movement Science, Centre for Elite Sports Research,
Norwegian University of Science and Technology, Trondheim, Norway
e-mail: oyvind.sandbakk@ntnu.no
© Springer International Publishing AG, part of Springer Nature 2019
M. Schumann, B. R. Rønnestad (eds.), Concurrent Aerobic and Strength Training,
https://doi.org/10.1007/978-3-319-75547-2_21

325

326

Ø. Sandbakk

showing its positive effects, strength training has become part of the training regime
of many successful endurance athletes over the last years. However, since the majority of training interventions lasted only 8–12 weeks, caution should still be used
when long-term effects are considered. We do currently not know the exact impact
of long-term strength training on endurance performance. However, based on
knowledge from power-based sports, it is logical to assume that progression and
periodization in load, velocity, and/or changes in types of exercises would stimulate
further long-term adaptations in strength in endurance athletes aiming to optimize
their aerobic capacity.
The longest strength training intervention on endurance athletes to date is done
by Rønnestad et al. [1], who performed a 25-week intervention in highly endurance
trained cyclists. This study showed substantial positive effects on maximal strength
and power variables, as well as power output at 4 mmol/L blood lactate concentration and maximal aerobic power. However, the effect sizes are in line with studies
of shorter duration, and no mid-test was performed to analyze the effect of intervention duration on subsequent responses. A recent meta-analysis by Beattie et al. [2]
confirms that, aside from Rønnestad et al.’s [1] 25-week strength intervention, the
intervention periods used in the literature were 16 weeks or less, and the average
duration approximately 10 weeks. Hence, much of what we know about neurological and structural adaptations from strength training derives from short-term interventions, and otherwise the interventions involve relatively untrained or
inexperienced subjects. In fact, there are only a few studies investigating the longterm strength adaptations in well-trained athletes; however, these are from strength
and power sports, e.g., rugby players [3]. Future research in well-trained endurance
athletes should focus on long-term strength interventions and the subsequent
changes in endurance performance.
Interestingly, Berryman et al.’s [4] recent meta-analysis of strength training on
well-trained endurance athletes revealed a significant effect of the duration of the
strength training, where protocols including more than 24 sessions led to greater
improvements in work economy compared to protocols of less than 24 sessions.
In addition, one case study used a scientific approach to combine strength and
endurance training and, additionally, measured both strength and endurance variables systematically over the annual cycle [5]. In this study, the authors found an
increase in 6RM leg press over 10 weeks before the progression plateaued over
the rest of the year. Although there were further improvements in peak aerobic
power over the year, it is unknown whether the strength training or other types of
training affected this.
Another important question is whether the effects from an intensive period of
strength training would be maintained in subsequent periods without or with less
strength training. This is highly interesting with relation to periodization of strength
training over the annual training cycle. Research shows that only a small part of the
strength gained during an intervention is maintained after 8–12 weeks without
strength training, which is accompanied by a relatively rapid reduction in muscle
cross-sectional area and peak power output. Even after the 25-week training intervention by Rønnestad et al. [1], there was a rapid decline of adaptations during the
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subsequent 8 weeks. Thus, in the long-term periodization of strength training for
endurance athletes, “maintenance training,” as previously shown effective by
Rønnestad et al. [6], seems to be required. However, strength training over longer
periods often have to replace other types of training in highly trained athletes with
already full training schedules to avoid overtraining. It can be argued that replacement of endurance training with strength training may have negative effects on
endurance capacity. However, this was not the case in the study by Paavolainen
et al. [7], who replaced endurance training by a mix of plyometric and explosive
strength training and found beneficial effects over a relatively short intervention
period (around 10 weeks). However, no studies have currently examined whether
such a replacement would positively or negatively affect overall performance over
longer time-scales. Thus, the question is not only what the possible positive effects
of strength training is, but also whether this compromises with a negative effect due
to less of the replaced training.
There are currently no reports of a negative effect of heavy strength training on
exercise economy, maximal oxygen uptake or lactate threshold in endurance sports.
Furthermore, a study performed on top-level endurance athletes did not observe a
negative effect after 16 weeks of concurrent heavy strength training and endurance
training on muscle capillarization [8], and after a period of concurrent strength and
endurance training, there seems to be no impairment of the oxidative enzyme activity in endurance-trained athletes [9, 10]. Thus, with regard to muscle vascularization
and oxidative potential, there seems to be no indications of negative effect of
strength training—at least not when strength training is added over a shorter period.
In fact, increased muscle mass without any reduced capillarization would in theory
increase the overall oxidative potential of the muscle and thereby improve endurance performance. In this setting, muscle hypertrophy can be a “long-term” mechanism for improved aerobic capacity and Vikmoen et al. [11] recently reported a
correlation between increased muscle mass and fractional utilization of VO2max
(and performance) in female cyclists.
Even though strength training can be added to endurance training without a
concomitant increase in total body mass, there seems to be a small, ∼3–6%,
increase in measurements of muscle hypertrophy in the main target muscles over
10–12 weeks [6, 8, 12, 13]. If this trend continues over longer strength training
regimes, it might potentially have some negative side-effects, especially if strength
exercises increase the mass of non-functional muscles. It can therefore be assumed
that it is particularly important that strength-training exercises should involve similar muscle groups and imitate the sports-specific movements when performed over
longer time-periods.
Based on the overall scientific evidence, endurance athletes are currently advised
to build up maximal strength in the important muscles during the preparatory period
by two strength training sessions per week, using a “daily undulating periodized
program” [14]. Loads between 4RM and 10RM are typically used, with 2–3 sets per
exercise and approximately 2–3 min of rest between sets. However, during the subsequent training periods and even during the competitive season, where development of strength is not prioritized, approximately one strength training session per
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week (low volume) with high intensity seems to be needed to maintain the previous
strength training adaptations [6]. However, for all these aspects, the athletes’ training history, modality of aerobic training, and intervention duration might represent
important variables potentially explaining individual effects. Since these recommendations are mainly based on short-term studies combined with practical work
with elite endurance athletes, future research should be conducted to study the
actual effects of different long-term periodization strategies. This would be helpful
to provide the practitioner with more precise guidelines regarding, for example, the
appropriate timing for the implementation of strength development within the
annual training plan for different individuals.
Although sport-specific requirements of strength and endurance are relatively
well understood in many endurance sports, we understand less of the optimal mix of
strength and endurance training puzzled into the daily training plan of elite endurance athletes. How should it optimally be periodized in micro and macro cycles
with changing volume of strength versus endurance training? How could employment of different muscle groups in strength and endurance training be done? Should
different types of nutrition and overall energy availability be prioritized before, during, and after strength vs endurance training? These are examples of areas that are
relatively unexplored, at least in a long-term perspective. The reality might be that
science has not caught up with the sophistication of modern training and recovery
techniques used by the best athletes. For example, world-class rowers or XC skiers
can build up and sustain a large and strong muscle mass while, at the same time,
developing an outstanding aerobic endurance capacity.

Potential Neural and Cellular Mechanisms
Although there is currently limited scientific evidence for the positive effects of
long-term strength training on endurance performance, many of today’s top athletes
in endurance sports use various types of strength training over longer time-scales in
order to enhance performance. Together with the results from short-term studies, we
therefore suggest that similar effects are present also over longer time-spans
although progression and periodization of both strength and endurance training is
possibly needed to gain long-term progress. However, as with other types of training, it is likely that the acceleration of these effects reduces over time, as the body
adapts to the “new” load. In the following, some of the main long-term mechanisms
that may be present when endurance athletes supplement their endurance training
with heavy strength training will be discussed. Still, the reader should be aware of
the limited evidence in this area and researchers should use this to generate new
hypotheses that can be tested in future studies.
The muscle fiber recruitment pattern may change with long-term strength training. Strengthening the type I fibers may lead to lower relative activity of the muscle
and postpone their fatigue over long-duration work, thereby also postponing the
employment of type II fibers that are normally less economical. The type II fibers
can subsequently be used later, which may be the reason why some studies show

21

Long-Term Effects of Strength Training on Aerobic Capacity

329

positive effects of strength training only after 2 h of submaximal cycling or skiing
[15]. A reduced reliance of type II fibers may also increase economy through longer
maintenance of glycogen stores that subsequently increase performance after prolonged exercise. However, long-term strength training may also increase the portion
of type IIA fibers, thereby reducing type IIX, as previously shown by Aagaard et al.
[8]. The type IIA fibers are more fatigue resistant, but still have the possibility to
produce relatively high power. The findings in this area are conflicting [9], so future
research needs to confirm the potential effect.
Increased maximum force and/or increased rate of force development capability
following strength training may facilitate better blood flow to the working muscles
[8, 14]. Increased rate of force development is likely caused by increased neural
activation and has been linked to improvements in movements/sports where faster
force development is positive for performance, e.g., to improve force effectiveness,
leading to less relative load on the muscle or longer recovery phases during a cycle,
thereby inducing less time with constriction of the blood flow. Although this has not
yet been shown directly, we suggest that it would lead to improved delivery of oxygen and substrates during exercise.
Another area with conflicting theories is how strength training may influence the
activation of muscle fibers during endurance exercise. One theory says that less muscle mass can generate the same work when the muscle is stronger, thereby reducing
the oxygen cost of exercise. Other theories say that the same muscle mass can do the
same work at lower relative activation levels when stronger, subsequently improving
the ability to increase power at the end of an endurance competition. However, longterm adaptations might occur also on the muscle-tendon level. In some sports, such as
running, increased muscle-tendon stiffness due to strength training may improve performance for some individuals [14]. However, this effect is influenced by the technical
demands of running and the baseline stiffness of the individual. In other sports, such
as cycling, this mechanism is unlikely to have an effect on performance.
There are also cellular effects of strength training occurring on a long-term perspective, such as activation of the phosphatidylinositol 3-kinase (PI3-k)-Aktmammalian target of rapamycin (mTOR) signaling pathway. This is regarded to
regulate the rate of protein synthesis and may, with long-term training, induce muscle hypertrophy. However, activation of adenosine monophosphate-activated protein kinase (AMPK) caused by high levels of endurance exercise may inhibit mTOR
and suppress myofibrillar protein synthesis. Thus, large volumes of endurance exercise may negatively affect intracellular pathways of importance for myofibrillar
protein synthesis [16], and placing strength sessions optimally will be especially
important for endurance athletes in periods where the goal is to increase muscle
mass. This also highlights the importance of sufficient amount of strength training
to maintain muscle mass and strength in periods with high volumes of endurance
training or competitions. However, note that the molecular research in the area is in
its infancy and can currently not be directly applied to the physical preparation of
endurance athletes.
While sufficient mechanical loading is important for gaining optimal strength
training effects, also the movement pattern during training is important. This should
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be similar to the movement in the corresponding discipline, to trigger specifically the
optimal activation patterns of the involved muscles and inducing cellular adaptations.
In addition, training models should aim to avoid strength- and endurance-training
interference during periods of concurrent aerobic and strength training by planning
training with awareness of the possible molecular interference and by including optimal nutrition. Overall, these different mechanisms should likely be triggered in different individuals and different sports, depending on the demands of the sport in
relationship to the individual’s capacity. This subsequently influences the choice of
load, series, repetitions, and type of exercise that should be chosen for a given athlete—indicating that there is no “ideal” strength training program for a give sport but
rather a toolbox that coaches and athletes should choose from in different contexts.

Summary
Overall, both scientific and practical evidence suggest that strength training could
be successfully included in elite endurance athletes’ training program, twice weekly
to build up strength in the preparation period and once per week to maintain strength
in the competition period. By using sport-specific strength programs, aerobic capacity seems to mainly be improved through exercise economy/efficiency and sometimes by delayed fatigue. Currently no negative effects of strength training on
aerobic capacity has been shown. The possible neural and cellular mechanisms
include: (1) a change in the muscle fiber recruitment pattern that postpones the
muscle’s fatigue over long-duration work and leads to longer maintenance of glycogen stores, (2) possible increase in the portion of type IIA fibers that are able to
combine high strength and endurance capacities simultaneously, (3) increased rate
of force development that facilitates better blood flow to the working muscles,
thereby improving delivery of oxygen and substrates during exercise, (4) increased
muscle-tendon stiffness in movements where this is beneficial, and (5) maintained
signaling from intracellular pathways of importance for myofibrillar protein synthesis, induced by a training pattern with low negative inference from the large amounts
of endurance training. However, the effects of long-term strength training on these
factors, as well as how progression and periodization strategies can be used to prolong the positive effects of strength training on endurance performance, are not
shown in scientific studies and need to be further examined.
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 ffects of Strength Training on Important Determinants
E
of Endurance Performance
Hickson et al. [1] were amongst the first to give us the idea that heavy strength training could positively affect cycling performance. Their study was performed on
untrained individuals, but lately the knowledge of the effects of adding strength
training to the endurance training in recreationally, well-trained and elite cyclists
has increased. This chapter will mainly focus on the effect of adding strength training to the ongoing endurance training in well-trained cyclists. To do this, the effects
of strength training on important physiological determinants of performance will be
evaluated. The interaction between maximal oxygen consumption (VO2max), fractional utilization of VO2max (%VO2max), and the anaerobic capacity explains how
long a given rate of aerobic and anaerobic metabolism can be sustained, which
altogether determines the performance VO2 [2]. The cycling economy or efficiency
then determines the power output at a given amount of energy consumption and thus
majorly determines the performance power output [2]. We will now look closer on
how strength training affects these performance determinants and performance
power output.
Combining heavy strength training with normal endurance training seems to
have neither a positive nor a negative effect on the development of VO2max [3–15].
When it comes to gross efficiency or cycling economy, the findings are more equivocal. When cycling economy is measured by the traditional method (i.e., short,
3–5 min, submaximal bouts of cycling), no additive effect of supplemented strength
training was observed in well-trained and elite cyclists [3, 10–12]. However, by
using the same approach to measure cycling economy, improvements were shown
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after adding heavy strength training in moderately trained cyclists [4, 9, 14].
Interestingly, during 3 h submaximal cycling in well-trained male and female
cyclists no benefit of heavy strength training on cycling economy was observed during the first hour, but during the last hour there was an improvement in cycling
economy in the strength training group [16, 17]. The latter indicates that also welltrained cyclists may improve cycling economy when measured during prolonged,
and maybe more ecologically valid, cycling.
In order to calculate the fractional utilization of VO2max, a common practice is to
use the percentage of VO2max at the lactate threshold. Unlike the impression of the
name, there is in practice no single unique lactate threshold, as it can be calculated
in numerous ways [18]. However, in order to measure training-induced changes, it
is important to use the same calculation method before and after the training period
[19]. In theory, the lactate threshold describes an estimation of a breakpoint on the
blood lactate concentration ([la−]) curve as a function of exercise intensity [19].
Lactate threshold expressed as a percentage of VO2max is largely unaffected by exercise economy and VO2max, which might explain the small correlation between lactate threshold expressed as %VO2max and time trial cycling performance in cyclists
[20]. The few studies that have reported the effect of concurrent training on lactate
threshold expressed as %VO2max in cyclists observe neither a positive nor negative
effect [12, 14]. However, we recently reported that concurrent training in welltrained female cyclists improved fractional utilization of VO2max during a 40-min
all-out trial, while no changes occurred in the group that performed endurance training only [15]. Interestingly, in the same study, no significant change was observed
when the lactate threshold was expressed as %VO2max, indicating that this method of
expression fractional utilization of VO2max might not be sensitive enough to detect
small changes [15].
There are numerous methods to determine the power output at the lactate threshold, resulting in diverse “thresholds” on the [la−] vs. power curve which all seem to
correlate well with long-term endurance performance [18, 19]. The power output at
the lactate threshold is, amongst others, affected by the cycling economy. Therefore,
the finding of improved lactate threshold power output in several studies after combined heavy strength- and endurance training is expected [10–13, 15, 21]. However,
there are also studies observing no improvements in power output at a defined [la−]
[3, 14, 22].
The traditional way of measuring cycling performance is to perform all-out tests
lasting between 30 and 60 min, where mean power output typically is the performance measure. When positive effects of concurrent training are reported, heavy
strength training is performed with multiple leg exercises during a period of minimum 8 weeks [3, 7, 11–13, 15, 17, 21]. In contrast, studies failing to show much
improvement in measurement of performance were typically either short term in
duration, included a low volume of strength training or used explosive strength
training [5, 6, 8, 22]. A measurement which can be looked at as a performance measurement is the power output at VO2max (Wmax), which is influenced by VO2max,
cycling economy, anaerobic capacity, and neuromuscular characteristics [23].
Accordingly, Wmax has been shown to predict endurance performance in cyclists [24,
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25] and to distinguish the endurance performance in well-trained cyclists [25].
Concurrent endurance and heavy strength training are reported to increase Wmax or
time to exhaustion at Wmax in trained to well-trained cyclists [7, 10–12, 14, 26].
A relatively new method of assessing cycling performance in the lab is an attempt
to imitate road cycling competitions, by performing prolonged submaximal cycling
for many hours followed by a short, 5-min, all-out trial which is the main performance outcome. Combining heavy strength training with usual endurance training
has improved 5-min all-out power after 3 h submaximal cycling in both well-trained
female and male cyclists [16, 17].
Another factor important for the outcome of a cycling race is the ability to close
a gap, break away from the pack, or perform well in the final sprint. The outcome of
these crucial moments of a race is largely decided by the size of the involved muscle
mass and the maximal leg strength [27]. The ability to generate high power output
for a short period is often measured in the lab as mean and peak power output in a
30-s all-out test. Based on the beneficial effects of heavy strength training on muscle
strength and muscle mass, it is expected that concurrent training improves the ability to generate a high power output for a short period of time [10–13]. A related
variable is the curvature constant (W′) of the power–duration relationship and it has
recently been observed that W’ has a strong positive relationship with both thigh
muscle size and maximal knee extensors force in elite cyclists [28]. This has practical implications, since the ability to generate high power output during a short
period of time is an important aspect of overall cycling performance [29].

 otential Mechanisms Behind the Effects of Strength
P
Training on Cycling Performance
There are multiple potential mechanisms behind the positive effects on cycling
performance of adding heavy strength training to the ongoing endurance training.
A potential mechanism for improved performance after combined strength and
endurance training is an increased force potential in the efficient muscle fiber type
I and thus postponed activation of the less efficient type II muscle fibers, resulting
in improved cycling economy and performance [30]. Since mainly type I fibers
are activated during traditional submaximal measurements of cycling economy,
this might explain why the literature is equivocal on improvements in cycling
economy in well-trained cyclists. Postponed activation of type II muscle fibers is
a plausible explanation for the findings of improved cycling economy in welltrained cyclists after a period of concurrent training after 2 h of submaximal
cycling [16, 17]. It is likely that prolonged cycling exhausts some of the type I
fibers and therefore can postponed activation of the less efficient type II fibers
explain improved cycling economy. The latter is in agreement with the observation of strength training induced reduction in the increased muscle activity during
the second hour of a 2-h cycling test [31], indicating postponed activation of type
II fibers. The latter may have a glycogen sparing effect that might contribute to
explain improved 5-min all-out performance after 3 h submaximal cycling after
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12 weeks of concurrent training [16, 17]. Another potential mechanism related to
muscle fiber recruitment is an increased proportion of type IIA fibers at the
expense of type IIX fibers. It has been observed increased proportion of type IIA
fibers at the expense of type IIX fibers after 12–16 week heavy strength training
in both well-trained female and top-level male cyclists [3, 15]. The increase in the
more fatigue resistant, yet high capability of power output, type IIA fibers may
contribute to improved endurance performance. Indeed, recent data from our lab
reveals a large correlation between change in mean power output during a 40-min
all-out test and change in IIX fibers (r = −0.63, p < 0.05). This means that reduced
proportion of type IIX fibers after 12 weeks of heavy strength training (and endurance training) was associated with improved power output during a 40-min all-out
trial in well-trained female cyclists [15].
Another putative mechanism explaining improvement in endurance-related
measurements after concurrent training is increased maximum force, and/or
increased rate of force development (RFD) facilitating better blood flow to exercising muscles [3, 14, 32]. Improvement in maximum force and/or RFD might lower
the relative exercise intensity and induce less constriction of the blood flow.
Alternatively, improved RFD may reduce time to reach the desired force in each
movement cycle and thereby potentially increase the relaxation phase with
improved blood flow. Interestingly, 25 weeks of combined strength and endurance
training in elite cyclists led to earlier occurrence of peak torque during the pedal
stroke, while endurance training only did not [12]. Whether blood flow is enhanced
after a period of concurrent training has not been thoroughly investigated, but in
theory will increased blood flow lead to increased delivery of O2 and substrates to
working muscles and thus contribute to increased power output at a fixed [la−], but
not necessarily improved cycling economy. Accordingly, it has been observed that
improvement in power output at 4 mmol∙L−1 [la−] and mean power in 40-min allout trial correlated largely with changes towards earlier peak torque during the
pedal stroke (r = −0.50 and r = −0.63, respectively, p < 0.05; [12]). On the other
hand, a recent study on moderately trained cyclists by Barrett-O’Keefe et al. [4]
showed that 8 weeks of heavy strength training improved work economy at a
cadence of 60 rpm, reduced muscular blood flow, while maintaining muscular arterial-venous oxygen difference. The latter indicates that improvement in muscular
efficiency is an important mechanism behind improved work economy and
improved endurance performance.
Coyle et al. [33] observed a positive relationship between lean body mass and
1-h all-out power output in well-trained and elite cyclists, suggesting that improved
ability to recruit a relatively large quantity of muscle mass in each pedal stroke
was associated with elite performance. Furthermore, cyclists that use a larger
amount of their muscles mass have been observed to have a larger fractional utilization of VO2max [33]. This was related to increased amounts of mitochondria
sharing the power production and leading to less metabolic strain at a certain
power output. Increased fractional utilization was actually indicated in a study
where elite cyclists improve 45-min all-out performance after 16 weeks of added
heavy strength training. The authors estimated that the power output during the
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test had increased from 76% to 83% of the power output at VO2max [3]. It might
thus be speculated that increased lean mass and increased absolute amounts of
aerobic enzymes, with no change in the concentration of aerobic enzymes, could
give a contribution to improved performance after adding heavy strength training
to normal endurance training. This is in agreement with the recent results from
our lab, where there was a very large correlation between change in mean power
output during the 40-min all-out test and change in the cross-sectional area of m.
quadriceps (r = 0.73, p < 0.05) with no change in the concentration of aerobic
enzymes [15]. Furthermore, in the later study, fractional utilization of VO2max
during the 40-min all-out test improved larger in the concurrent group than the
control group [15].

 ractical Recommendations for Implementing
P
Strength Training
In this chapter, we have shown that adding heavy strength training to the normal
endurance training can have a positive effect on cycling performance, at least when
it is performed above 8 weeks, with multiple exercises for the power generating
muscles in cycling. Nevertheless, it is important to remember that endurance training on the bike is the most important focus for a cyclist. If you normally have only
three training sessions available during the week, is it likely that you will have the
largest performance increments they are spent on the bike. However, if more time is
available, then the scientific literature indicates that adding some heavy strength
training can improve your cycling performance.
When choosing strength training exercises, you should have the specificity principle in mind. That means that the muscle action, the muscles engaged, and the
movement pattern should be somewhat similar to the action on the bike. Specificity
is recommended partly due to adaptations in the neural system (like optimal activation of the involved muscles) and partly due to structural adaptations (like optimizing the number of active cross-bridges in the particular range of motion). The latter
is indicated by findings from an isometric strength training study where the strength
improvement at the trained muscle length was twice the improvement of other muscle lengths [34]. The major contribution to the power output during cycling is
achieved from concentric muscle actions during the pedaling down stroke. Peak
force during pedaling occurs when the crank arm reaches an angle of approximately
90°, which is usually equal to a knee angle of approximately 100°. Therefore, a
general rule is to focus on strength training exercises with a knee angle between 90°
and almost full knee extension. That being said, the exercises should not be so difficult to perform that the mechanical loading and muscle mass involved is too low.
Mechanical loading is an important stimulus for strength training adaptations. For
instance, it has been shown that what somebody call “strength training” on the bike
or “power pedaling” which consists of cycling with a low cadence (around 40 rpm)
with relatively high force has no effect on neither maximal force capacity of the legs
nor cycling performance [35].
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It seems like it is the intended rather than the actual velocity that determines the
velocity-specific training response [36]. This means that even though the actual
movement velocity is quite low, you may increase your RFD if you focus on performing the lift as quick as possible. Therefore, you are recommended to have maximal effort in the concentric, cycling specific phase; performing the concentric phase
as quickly as possible, while the eccentric, non-cycling specific phase should be
performed more slowly (lasting around 2–3 s).
In terms of training periodization, it is recommended to build up the maximal
strength during the first phase of the preparatory period leading up to the competition season. Two strength training sessions per week are normally enough to achieve
a sufficient increase in strength during a 8–12 week period [10, 13–15]. We have
seen an increase in maximum strength of 23–26% after 10–12 weeks with a strength
training program designed as a “daily undulating periodized program” with progression in intensity, starting with 10 repetition maximum (RM) and ending at
4RM. This program varies the training load from session to session and progresses
towards heavier loads and fewer repetitions. It is recommended to perform between
4RM and 10RM and 2–3 sets with approximately 2–3 min of rest between sets.
Before you start with heavy loads, you must ensure that you have first developed a
proper lifting technique with lower loads.
Note that in the beginning of the strength training period, it is common to get
“heavy” and “sore” legs after the strength training sessions. Therefore, it is important to take it easy with the endurance training during the first two to 3 weeks of the
strength training. It may be a good advice to start strength training rather quickly
after the end of a competition season, when endurance training has a lower priority.
Some potential exercises to choose amongst when designing your strength training
program can be: half squat, single leg half squat, step-up, leg press with one foot at
a time, one-legged hip flexion (imitating the pedaling upstroke), and toe raises (to
ensure proper force transmission from the large thigh muscles into the pedal). You
should perform 5–10 min of general warm-up followed by a specific warm-up with
a gradual increase in loading of the strength training exercises. It is recommended
to start the session with the exercise that involves the largest muscle mass, often the
most coordinative demanding exercise. Thereafter, complete 2–3 more exercises
that focus on the important muscles for the pedaling action. Strength training sessions to increase cycling performance do not have to be time consuming, including
warm-up which can be done within 45 min.
There are phases during the preparatory period where you want to increase the
focus on endurance training. In these phases, you should try to maintain the strength
training adaptations. It seems like this can be done by performing one heavy strength
training session every 7–10th day [11, 12]. To avoid detraining effects, it is recommended that you perform high intensity muscle actions and maximal mobilization
in the concentric phase, but you do not need to follow the repetition maximum
principle. That means that you for example can perform 2–3 × 5 repetitions at a load
which you can perform maximally 8–10 repetitions. It is also recommended to perform strength maintenance training during the competition season. We have recently
seen that if you stop all strength training from the middle of April until the middle
of June, you will lose almost all your strength training adaptations [37].
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Summary
This chapter provides an updated review on the effects of adding heavy strength
training to the ongoing endurance training on the major physiological determinants
of endurance performance in well-trained cyclists. Although not universal, the scientific literature present findings of improved cycling economy, improved fractional
utilization of VO2max, and improvement in indices of anaerobic power after adding
heavy strength training to well-trained cyclists. More important, and more consistent, is the finding of improved cycling performance and/or improved Wmax or time
to exhaustion at Wmax after adding heavy strength training with multiple exercises
targeting the important muscles for power output during the pedal stroke for a longer duration (above 8 weeks).
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Introduction

Since the 1960s, maximal oxygen uptake ( VO
2 max ) has been the most popular
measurement for assessing performance in distance runners. Early assessments of
−1

VO
in champion athletes [1].
2 max recorded values greater than 80 mL kg min

Research has shown strong relationships between VO2 max and middle- (800 m,
r = 0.75) and long-distance (marathon, r = 0.78) running performance in heterogeneous groups [2, 3]. However, this relationship is trivial in elite populations (mara−1

min−1) may be a
thon time <2:30, r = 0.01) [3]. While a high VO
2 max (>70 mL kg
pre-requisite to be an elite distance runner, additional physical qualities are needed
to succeed at this level. Therefore, other physiological markers such as running

economy, fractional utilisation of VO
2 max , velocity at maximal oxygen uptake

VO
( v 2 max ) and sprinting ability play a vital role in world-class performances [4].
This is often demonstrated in middle- and long-distance championship finals, where
after a period of high-intensity racing, the winner is generally the runner who can
produce the best ‘kick’ during the final lap. For example, during the 2016 Rio
Olympic Games 5000 and 10,000 m finals, the gold medallist sprinted at a velocity
of over 7.5 m/s during the final stages of each race (see Fig. 23.1).

Strength Training
In addition to a superior cardiovascular system, limitations to world-class distance
running performance may therefore be dictated by the neuromuscular system’s rate
of force production (RFD). One training technique for improving force production
qualities in distance runners is through strength training (see Fig. 23.2). The
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Fig. 23.1 Velocity of the 2016 Rio Olympic Games gold medallist during the 10,000 m final.
Note the sudden increase in velocity during the sprint finish (mean race velocity: 6.2 m/s)
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Fig. 23.2 Hypothetical model of the determinants for elite endurance performance and the potential benefits from strength and speed training. Red font and bold arrows highlight the potential
benefit of strength and speed training on distance running performance [5] [LSD: long slow distance training; intervals: repeated bouts of exercise lasting 1–8 min and eliciting an oxygen demand


equal to 90–100% of VO
2 max ; PCr: phosphocreatine; VO 2 max : maximal O2 uptake; VMART:
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subcategories for strength training include: (1) maximal-strength (targets maximal
force development through high-load, low-velocity movements i.e. squats, trap-bar
deadlifts, Bulgarian split-squat); (2) explosive-strength (targets RFD through
medium-to-high load, medium-to-high velocity movements i.e. Olympic lifts,
jump-squats and squat-jumps); and (3) reactive-strength training (targets musculotendinous stiffness and ‘fast’ stretch-shortening cycle function (SSC) through lowload, high-velocity exercises i.e. pogo-jumps, drop-jumps, bounds, sprints). By
utilising all three strength methods in an appropriate manner, a ‘strength-trained’
distance runner would theoretically (1) be more economical as the sub-maximal
forces produced during each stride would decrease to a lower percentage of maximal force values, and (2) be able to produce higher maximum-velocities through an
improved ability to rapidly absorb and create force against the ground.
Research has shown that all types of strength training (maximal-, explosiveand/or reactive-strength) can improve 3 km [6] and 5 km time-trial performance

[4], running economy [4, 6–12], vVO
2 max [7, 8, 10] and maximum anaerobic running velocity (VMART) in competitive distance runners [4, 10]. However, it is
important to note that most of the strength interventions in previous research studies were relatively short-term (~8 weeks). Additionally, there is a lack of research
investigating the effect of sprint training in distance runners. For long-term strength
and speed development in distance runners, it is important to prescribe a holistic
mixed-methods approach to programming, utilising all strength-qualities (maximal-, explosive- and reactive-strength) and sprint training methods (technical
drills, maximum-velocity sprinting) [13, 14]. However, the proportion of each
strength quality, and the intensity of sprint training prescribed, will differ depending on the training age of the athlete and the training phase of the macrocycle (i.e.
general preparation phase [GPP], special preparation phase [SPP], competition)
(see Table 23.4).

Maximum-Strength
Maximal-strength is the ability to voluntarily generate maximum force without a
time constraint [15]. Maximal-strength training (also known as the ‘max-effort’
method) targets maximal force development through high-load (>80% one repetition maximum [RM]), low-velocity exercises such as squats and trap-bar deadlifts. The prescription of maximal-strength training has long been a hot topic of
debate within the track and field community, with some coaches viewing that
maximal-strength training lacks specificity for distance running [7]. However,
there has been a growing amount of research demonstrating the effectiveness of

maximal-strength training on running economy, vVO
2 max and overall distance
running performance [7, 9, 12, 16]. Additionally, maximum-strength training can
concurrently improve other strength qualities [17–19] and sprinting ability [20] in
relatively weak athletes.
It is important to note that for long-term maximal-strength development, the athlete eventually needs to be exposed to relatively high loads (>80% 1 RM) [21]. High
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loads create slow velocities, therefore enabling high forces to be expressed (i.e. the
force–velocity relationship). With this is mind, exercise selection may be important.
Some track and field coaches contend that for optimal transference, a strength exercise should be ‘specific’ to the running movement (i.e. a low-load, single-leg exercise). However, the aim of maximum-strength training is to promote specific
neuromuscular adaptations (e.g. motor-unit recruitment, intramuscular coordination) to increase maximal force capabilities [22]. Consequently, to create an environment where high forces can be expressed, the athlete must be stable. Therefore,
traditional multi-joint exercises such as back squats and trap-bar deadlifts provide
adequate stability to lift relatively large loads. If the athlete cannot squat or deadlift
competently, a single-leg exercise such as a Bulgarian split-squat can provide a
stable unilateral alternative. Otherwise, these single-leg exercises can be utilised as
an ‘assistance’ exercise following squats or deadlifts to target further strength development (see ‘Assistance Exercises’ section) [23].
A simple linear loading progression provides a sound programming strategy for
maximal-strength development in distance runners. During GPP, there may be an
initial period where loading is <80% 1 RM (i.e. 5–8 reps per set). These relatively
extensive sets allow technical competency and prepare the musculature for more
intensive loading in subsequent training phases. During the latter mesocycles of the
GPP, or during the SPP, loading can be increased >80% 1 RM (i.e. 3–5 reps per set).
For distance runners who have an advanced strength training age, partial lifts such
as ½ squats and ¼ squats can be progressively introduced to increase transfer to
explosive-strength and sprinting adaptations [24]. During the competition phase
where racing is precedence, concentric or isometric lifts can be incorporated to
maintain maximum-strength but reduce likelihood of soreness or fatigue (see
Table 23.4).
Maximum-strength can be monitored throughout the macrocycle by RM tests
(i.e. 2–5 RM), sub-maximal load-velocity equations or isometric mid-thigh pulls/
squats [25]. When the transfer of training diminishes (i.e. lack of improvement in

economy, vVO
2 max or maximum-velocity sprinting), the athlete has achieved an
adequate level of maximum-strength for distance running. At this point maximumstrength should be maintained, and training should emphasise more specific stimuli
such as reactive-strength and sprint training. However, this threshold for diminishing returns may very between athletes (e.g. >1.6 kg*kg of bodyweight back squat

1RM) and highlights the importance of economy and vVO
2 max monitoring.

Explosive-Strength
Explosive-strength is the ability to produce large forces in minimal time [15].
Explosive-strength training improves RFD and impulse through medium-to-high
load, medium-to-high velocity movements (i.e. Olympic lifts, jump-squats, squatjumps) [15]. However, maximal-strength training is a foundational component of
explosive-strength development [21]. Research has shown that the neuromuscular
adaptations from maximal-strength training can improve both explosive-strength
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and maximal-strength in relatively weak athletes [17–19]. A simple explosivestrength exercise such as the countermovement jump provides a time-efficient exercise prior to (or between sets of) maximal-strength exercises (see Table 23.4).
Additionally, the countermovement jump produces the highest maximal power values when compared to other explosive exercises [26]. Regular monitoring of countermovement jump metrics (i.e. jump height, relative peak power), using force
platforms, contact mats or phone apps, may help to gain a quick and informative
insight into explosive-strength adaptations [25].

Reactive-Strength
Reactive-strength is the ability of the musculotendinous unit to produce a powerful
concentric contraction immediately following a rapid eccentric contraction (the
stretch-shortening cycle [SSC]) [27]. Research in competitive distance runners has
shown that interventions focusing on reactive-strength can improve 3 km [6] and
5 km time-trial performance [4], running economy [4, 6] and VMART [4]. Reactivestrength training is commonly referred to as ‘plyometrics’. Plyometrics, originally
coined the ‘shock regime’ by Yuri Verkhoshanky, is a method of jump training that
involves a rapid eccentric ‘shock’ stimulation to the musculotendinous unit [28].
The kinematic and kinetic characteristics of fast SSC plyometrics (i.e. bounding,
hurdle hops) are similar to that of running (i.e. elastic force production; acute knee
and hip angular displacement) [29].

Extensive Plyometrics
Traditional ‘shock’ plyometrics can be demanding on the ankle and knee musculotendinous structures. Therefore, to prepare the athlete for these intensive jumps, it is
important to condition the musculotendinous structure during GPP through basic
and sub-maximal plyometrics (i.e. pogo-jumps—stiff leg jumps with acute ankle,
knee and hip angular displacement). These foundational jumps are also an excellent
teaching tool to improve yielding ability (timing of ankle, knee and hip pre-activation prior to ground contact), limb position, coordination and rhythm—characteristics that are required for intensive plyometrics and competent sprinting [30].
Extensive pogo-jumps should be performed in a sub-maximal and rhythmical manner, focusing on dorsi-flexed and flat-footed landings [30]. Pogo-jump height is
seldom more than 10 cm, and jump distance between 20 and 50 cm (see Table 23.1).
Intensive Plyometrics
Once the athlete attains an appropriate physiological and technical foundation,
jumps can be intensified during the SPP. The [double-leg] pogo-jump from the
extensive phase can be intensified by focusing on fast ground contacts and maximal
jump height. Due to the increased jump height, there will be an increase in eccentric
loading on the landing phase, therefore targeting further SSC adaptations. For distance runners with an intermediate plyometric training age, maximal pogo-jumps
can be progressed to tuck jumps (again focusing on fast ground contacts and
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Table 23.1 Extensive
plyometric suggestions
during GPP and SPP for
distance runners with a
beginner, intermediate, or
advanced plyometric
training age
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Intensity
Frequency per week
Distance
Surface
Reps
Beginner

Intermediate/advanced

Cues

Sub-maximal (low/moderate)
2
2 × 10 m per exercise
Grass or soft track surface
20–40 contacts per exercise
(i.e. 10–20 contacts per 10 m)
Pogo-jumps (double-leg)
 – 2 × 10 m forwards
 – 2 × 10 m side-ways
 – 2 × 10 m backwards
Pogo-jumps (double-leg)
 – 2 × 10 m forwards
 – 2 × 10 m side-ways
 – 2 × 10 m backwards
Pogo-jumps (single-leg)
 – 2 × 10 m forwards
 – 2 × 10 m medial side-ways
 – 2 × 10 m backwards
‘bouncy’ ‘relaxed’ ‘rhythmical’
‘land flat-footed’

Table 23.2 Intensive plyometric suggestions during the SPP and competition phases for distance
runners with a beginner, intermediate or advanced plyometric training age
Intensity
Frequency per week
Reps
Sets
Recovery
Beginner
Intermediate
Advanced
Cues

Maximal (high)
1–2
3–8 jumps
3–5
>3 min per set
Pogo-jumps
Tuck jumps or hurdle hops
Drop-jumps (box height greater than jump height)
‘get off the ground as quick as possible & jump as high as possible’
‘bouncy’
‘land flat-footed’

maximal jump height). Tuck jumps involve ‘tucking’ or flexing the hip and knee
during flight (as if the athlete is jumping over hurdles), with a rapid extension prior
to landing [29]. Once the athlete is competent at tuck jumping, they can be progressed to hurdle hops. Appropriately spaced hurdles give an excellent external cue
to promote jump height while keeping ground contacts low. Lastly, the most intense
jumps in the plyometric progression are drop-jumps [28]. Drop-jumps consist of the
athlete stepping off a box, landing with minimum ground contact time and jumping
for maximum height. Drop-jumps are true ‘shock’ plyometrics due to the supramaximal eccentric loading (especially when box drop heights exceeds the athlete’s
normal vertical jump height) and should only be administered to distance runners
with an advanced plyometric training age (see Table 23.2).
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It is important to note that throughout the macrocycle (GPP → competition),
there should be a fluid and logical progression from extensive to intensive jumps
(see Table 23.4). Depending on the athlete’s jumping competency and plyometric
training age, some elements of the extensive jumps may remain throughout the SPP
and competition phases. Reactive-strength is commonly monitored utilising the
drop-jump ‘reactive-strength index’ (RSI). Originally developed at the Australian
Institute of Sport in the early 1990s, the drop-jump RSI (RSI = jump height ÷ contact time) is usually assessed from a set box height (i.e. 0.3 m) to control the eccentric stretch loads [31]. Regular monitoring of RSI using force platforms, contact
mats or phone apps provide a quick and informative insight into reactive-strength
adaptations [25].

Assistance Exercises
Assistance exercises can be carried out in a circuit format utilising the ‘sub-maximal effort’ method (8–15 repetition range, 50–80% 1RM) [15]. Depending on the
phase of the macrocycle and the physical readiness of the athlete, 1–5 assistance
exercises are performed at the end of a strength session. Assistance exercises target
the muscles utilised within the ‘competition exercise’, such as the quadriceps (e.g.
split-squat, goblet squat), hamstrings (e.g. short- and long-lever hamstring bridges,
Nordics, single-leg RDLs), glutes (e.g. hip thrusts, X-band walks), core (e.g. planks,
crunches, lower back) and calves (e.g. straight- and bent-leg calf raises). The aim of
assistance exercises is to (1) target further strength development through specific
musculature hypertrophy (i.e. quadriceps, hamstring, calves, glutes, abdominals
and lower back) [15], (2) improve localised muscular endurance [28] and (3) reduce
injury prevalence through improved musculotendinous adaptations and increased
pelvic, femoral and overall postural control [32].

Sprint Training
Speed is a vital component of world-class distance running performance. As mentioned earlier, successful world-class distance runners can sprint at velocities over
7.5 m/s during long-distance races, and over 8.5 m/s during middle-distance races
[33]. Speed can be enhanced in developmental athletes through general means such
as maximal-strength training and plyometrics [20]. However, for optimal speed
development, progressive and consistent sprint training is needed [14]. Nevertheless,
sprinting is a complex skill. Like most skills, sprinting can be improved through
sound technical coaching and appropriate programming. Competent sprint coaching and technical knowledge is common within the track and field sprinting community, however lesser so within distance running.
The neuromuscular adaptations from sprint training (i.e. intermuscular coordination, rate coding, musculotendinous stiffness) may have the potential to improve

important physiological factors such as running economy, vVO
2 max and anaerobic
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speed reserve (ASR) [7]. The anaerobic speed reserve (ASR) is the difference


between a distance runner’s velocity at VO
2 max ( vVO 2 max ) and their maximal sprinting velocity [34]. Figure 23.3 demonstrates the importance of ASR for two athletes

possessing similar vVO
2 max , but differing maximal sprinting velocities [34]. During
a race (especially middle-distance events where mean race velocities can exceed

vVO 2 max ), an athlete with a large ASR (i.e. Athlete B) will theoretically work at a
lower percentage of their maximum-velocity, and will therefore have a lower metabolic load compared to other competitors (i.e. Athlete A). Additionally, a higher
maximum-velocity increases an athlete’s potential to ‘kick’ and be successful at the
end of a race.

Sprinting Drills
Sprint drills are intended to serve as a simplified or broken-down version of a
technically sound sprint cycle [14]. Sprint drills such as dribbles and straight-leg
scissors (see below) can be effective for distance runners in rehearsing limb position, rhythm and coordination strategies needed for competent maximum-velocity
running. Additionally, these drills provide a specific plyometric conditioning stimulus in areas such as the hamstring and ankle musculotendinous structures.

Dribbles
The mechanics of dribbles are similar to maximum-velocity sprinting; however,
the range of motion and velocity of the sprint cycle is truncated. Dribbles reinforce sprint cycle coordination, timing and front-side leg positioning [35].
Additionally, dribbles are less intensive than maximal-velocity sprints, therefore
offering an excellent opportunity to practise technically sound sprint mechanics
on a regular basis.
There are three types of dribbles in the progression series: ankle-, calf- and kneedribbles. Teaching progression can start with the ankle-dribble, which has the shortest ‘swing-phase’ range of motion (see Fig. 23.4a). Once an athlete is competent,
they can progress to calf-dribbles (Fig. 23.4b), knee-dribbles (Fig. 23.4c) and finally
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in the height of the
swing-leg foot during
the (a) ankle-dribble,
(b) calf-dribble,
(c) knee-dribble

a

Ankle
dribble
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b

Calf
dribble

c

Knee
dribble

dribble-bleeds (blending of a dribble to a full sprint) [35]. Coaching points during a
dribble should focus on (1) stepping over the ankle/calf/knee (see Fig. 23.4) (e.g.
‘imagine you are running through knee-high surf/long-grass’), (2) flat-foot strike
directly under centre of mass (see Fig. 23.4), (3) ‘bouncing’ vertically, and (4) circular and symmetrical leg cycles (see Fig. 23.5).

Straight-Leg Scissors
The straight-leg scissor bound drill focuses on the latter part of the late-swing phase
of a sprint cycle, emphasising the long-lever ‘down-strike’, pre-activation of posterior leg musculature prior to ground contact, and hip projection during the stance
phase. Additionally, this drill provides a specific plyometric stimulus for conditioning the hamstring musculature at long lengths. Coaching points during a straight-leg
scissor bound should focus on (1) straight leg, (2) ‘snapping’ the leg/foot downwards and backwards, and (3) ‘bouncing’ vertically and horizontally (i.e. projecting
the hip vertically and horizontally) (Fig. 23.6).
 arm-Ups and ‘Bleed’ Drills
W
Dribbles and scissor drills are best utilised during the warm-ups of sprint and
strength sessions, endurance sessions and races (see Table 23.4). Towards the end
of the warm-up, ‘bleed’ drills can be incorporated to blend the dribble or scissor
drill into the full sprint cycle. For example, a dribble-bleed would start off as a
knee-dribble (see Fig. 23.5c), however once the athlete is dribbling at a high speed
(i.e. around 20–30 m), the knee-dribble is smoothly ‘bleeded’ into a full sprint
cycle. The kinaesthetic feeling of rhythmically stepping over the knee and bouncing off the ground during a knee-dribble is instantaneously incorporated into a full
sprint cycle.
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a

ANKLE DRIBBLE
“step over ankle”

b

CALF DRIBBLE
“step over calf”

c

KNEE DRIBBLE
“step over knee”

Fig. 23.5 The circular and symmetrical leg cycle during the (a) ankle-dribble, (b) calf-dribble,
(c) knee-dribble

23 Strength Training for Endurance Runners

351

Fig. 23.6 The leg cycle during a straight-leg scissor bound
Table 23.3 Sprint training and warm-up suggestions for distance runners during GPP, SPP and
competition
Intensity
Frequency per week
Reps
Recovery
GPP
SPP/competition
Warm-up

Maximal (high)
1–2
5–10
3–5 min
5–10 × [10–20 m accelerations or sub-max flying runs]
5 × [30–40 m sprints or flying runs]
2 × 20 m:
 – Ankle-dribble
 – Calf-dribble
 – Knee-dribble
 – Straight-leg scissors
 – Dribble-bleed
 – Scissor-bleed

Sprint Training
To prepare distance runners for running at maximal velocities, sprinting should be
introduced in a gradual and progressive manner. One approach to speed training is
to initially focus on short, maximal accelerations (from a standing start) during the
GPP phase (i.e. 10–20 m), and progress by building sprint distances every micro-/
mesocycle until maximum-velocity is attained (i.e. 30 or 40 m). Another approach
is to perform ‘flying sprints’ from a rolling start, with a longer sub-maximal (and
less intensive) acceleration. This type of run-up allows maximum-velocity to be
reached without excessive anaerobic cost and fatigue. Once maximum-velocity is
attained, it is held for a set distance (i.e. 10 m). This session can be introduced in a
progressive manner during GPP, where the athlete initially focuses on accelerating
to 80% of maximum, and progressing their velocity every mesocycle (see
Table 23.4). Once the athlete is conditioned for sprinting at maximum-velocity for
10 m, this distance can be gradually progressed (i.e. 20–30 m). To ensure speed
development, it is important that each repetition consists of maximal effort, with
full recoveries in between repetitions (5–10 repetitions, with 3–5 min recovery
between). Sprint development requires quality, not quantity (see Table 23.3).
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Programming
There has been a growth in the literature investigating the compatibility of strength
and aerobic training (i.e. concurrent training) and the effect on the mechanisms
underpinning protein synthesis [36, 37]. Therefore, it is important that coaches are
aware of this potential ‘interference effect’ associated with combined strength and
endurance training. While it has been demonstrated that high volume endurance
training may compromise the absolute gains in maximal-strength [38], the neuromuscular gains achieved through regular strength training in endurance athletes
have been shown to be sufficient for improving endurance performance. However,
for optimal adaptation and development of a distance runner, speed and strength
sessions (both combined together, see Table 23.4) should be carefully programmed

around ‘intense’ aerobic endurance training (i.e. zone 4 and 5, >LT2 > 80% VO
2 max )
—possibly on the same days as recovery sessions or low-intensity aerobic training.
Research has found that successful elite distance runners spend approximately 80%
of their training in these low-intensity, aerobic-dominant training zones [39], therefore giving opportunities to programme strength and speed training sessions without hampering the preparation or recovery of more specific and intense aerobic
sessions.
For long-term neuromuscular development in distance runners, it is advised to
prescribe a mixed-methods approach to programming, utilising all strength-qualities
(maximal-, explosive- and reactive-strength) and sprint training methods (technical
drills, maximum-velocity sprinting) within the same session [13, 14]. However, the
proportion and volume of each strength quality (including speed training) will differ
depending on the training age of the athlete and the training phase of the macrocycle
(i.e. general preparation phase [GPP], special preparation phase [SPP], competition)
Table 23.4 Strength and speed programming design during GPP, SPP and competition
GPP

SPP
Sprint Drills
(i.e dribbles, straight-leg scissors, bleeds)

Warm-Up (Sprint Drills)

1. Speed
2. Reactive-Strength

Sub-max sprints
(i.e 80% of max V)

10m ‘Flying’ sprints
(i.e 90% of max V)

Extensive Plyometrics
(i.e sub-max pogo-jumps)

Ext / Int Plyometrics
(i.e maximal pogo-jumps)

5. Assistance

10m ‘Flying’ sprints
(i.e 100% of max V)
Intensive Plyometrics
(i.e tuck jumps)

Countermovement Jumps
(i.e 3 × 3 – can be implemented between sets of squats)

3. Explosive-Strength
4. Maximal-Strength

Competition

Squats (full ROM)*
(i.e 3 × 8)

1/2

Squat*
(i.e 3 × 5)

1/4

Squat (Con / Iso)*
(i.e 3 × 3)

Single-leg squats, hamstrings, glutes, core, calves
(i.e 1 – 5 exercises ‘circuit’ style, 8 – 15 repetitions)

max V maximum-velocity, ext extensive, int intensive, ROM range of motion, con concentric, iso isometric
a
Can be replaced with trap-bar deadlift or a single-leg squat alternative
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(see Table 23.4). When programmed and coached appropriately, the combined speed
and strength session (including sprint drills warm-up) should last no more than
45–60 min. For full-time distance runners, it is advised that the combined speed and
strength session should be prescribed 1–2 times per week during the GPP and SPP,
and once every 7–10 days during competition phases [7]. However, for experienced
distance runners who are already ‘strong’ and have high force capabilities, there may
need to be greater emphasis on intensive plyometrics and maximal-velocity sprinting

to gain further improvements in speed, economy and VO
.
v

2 max

Summary

Exercise economy, VO
2 max and sprinting ability play a vital role in elite distance
running performance. Research has shown that the neuromuscular adaptations from
strength training can improve these key performance indicators. Therefore, strength
and sprint training can be useful for improving elite distance running performance.
For long-term strength and speed development, it is important to prescribe a mixedmethods approach to strength (maximal-, explosive- and reactive-strength) and
speed programming (technical drills and maximum-velocity training). However, the
focus of each strength quality, and the intensity of speed training prescribed, will
depend on the phase of the macrocycle (i.e. GPP, SPP, competition) and the training
age of the athlete. Additionally, for optimal adaptations, strength and speed sessions
should be carefully programmed around ‘intense’ aerobic training and racing.
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Strength Training for Cross-Country
Skiers
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Introduction
Remarkable changes have occurred in cross-country (XC) skiing in recent decades,
with the introduction of races such as the sprint event and mass start, as well as better track preparation, improved skiing equipment, and changes in course profiles
[1]. As an example, the race velocity in distance skiing (>10/15 km for women and
men respectively) has increased by ~5–8% in World Cup races over the last decade
and in sprint skiing (<1.8 km; ∼3 min), a ~20% higher average velocity is evident
compared to distance skiing [2]. Moreover, in World Championships and Olympics,
five of six race events for each gender are sprints or mass starts and the placings are
often determined by a final sprint. Therefore, the ability to conserve power for the
final sprint and consequently perform supramaximal workloads is an important
determinant of performance in today’s XC skiing. Although aerobic endurance
training has always been mandatory for skiers, the “high speed techniques,” such as
double poling (DP) and the V2 skating technique, also demand well-developed
upper-body power. Therefore, specific upper-body training, performed as speed,
strength and muscular endurance training, has gained increased attention over the
past decade [3–7]. This chapter therefore provides an updated synopsis of the
demands for muscle strength in today’s XC skiers, with a special focus on the upper
body. It also provides an overview of the effect of training models in enhancing
upper-body power, with a special emphasis on heavy strength training in endurance
performance in highly trained XC skiers. In addition, alternative models such as
sport-specific speed training and muscular endurance training are addressed. Finally,
a practical application of efficient strength training is provided based on the distinctiveness of movement patterns in skiing techniques, and thus, the specificity of
training for XC skiers.
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Performance in XC Skiing
XC skiing is a typical endurance sport where the average speed (m s−1) for a required
distance is mainly determined by energy turnover (J s−1) and work economy (J m−1) [8].

(

)

Speed m·s-1 =

(

Energy turnover J·s-1

(

Work economy J·m

-1

)
)

Accordingly, a greater energy turnover (aerobic and/or anaerobic) and/or an
improved work economy will increase speed and thus improve performance.
Although it is widely accepted that aerobic energy turnover is closely related to
performance in XC skiing (e.g., [9–11]), the importance of a high anaerobic energy
turnover rate has gained increased attention in recent years (e.g., [12, 13]). In particular, sprints and mass starts require the ability to perform supramaximal workloads during parts of the races. Hence, the combination of a high aerobic power and
anaerobic power/capacity coupled with an efficient technique is a distinctive feature
of today’s skiers [12, 13]. This complexity of energy sources used during races
demands different training models to target specific adaptations. Although aerobic
endurance training has always been mandatory, skiers have developed different
strength training regimes over the years, aiming to optimize performance. It is well
documented that skiers can initially increase their strength by 0.5–1.2% per session
when they start systematic heavy strength training, despite their already large volume of endurance training [4, 6]. Further, increased cross-sectional area can be
expected, at least in upper-body muscles, which seem as an important factor for
achieving further strength gains [4]. However, in order to utilize the strength gain
into enhanced skiing performance, the energy turnover and/or economy must be
enhanced. The following section will discuss the potential effects of strength training on performance and show how strength training may influence skiers’ energy
turnover and work economy.

The Effect of Strength Training on Skiing Performance
An overview of the effect of heavy strength training on XC skiing performance is
shown in Fig. 24.1. The early studies conducted by Hoff et al. [3, 14] and Østerås
et al. [15] found large effects of heavy strength training on XC performance, while
more recent investigations [4, 6, 16, 17] found mostly trivial effects. The reason
for the discrepancy is unknown, but different outcome measures (i.e., time to
exhaustion vs. constant duration tests) might explain some of the differences. In
addition, testing equipment is an important factor when translating a specifically
increased ability into actual performance. In most studies that found a “significant” effect of heavy strength training on performance (Fig. 24.1) [3, 4, 14, 15], a
double poling ergometer was used. However, results from more sport-specific
movements (such as rollerskiing outdoors) indicate that the effect of strength
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*

Skattebo et al (2016) (b)
Skattebo et al (2016) (a)
Rønnestad et al (2012)
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Losnegard et al (2011) (a)
Mikkol et al (2007)
Østerås et al (2002)
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Hoff et al (1999)
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*
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1,5

2,0

2,5

Effect size

Fig. 24.1 The effect size of adding strength training to endurance training on performance in
comparison to the control group. Calculated as the difference in change score between groups (raw
data) standardized by the pooled standard deviation from baseline. *Significant differences from
pre- to post-test between strength and control group (P < 0.05). Hoff et al. [3, 14] and Østerås et al.
[15]: double poling ergometer with a time to exhaustion test (>~4 min); Mikkola et al. [16]: 2-km
time trial in double poling (>~4.5 min); Losnegard et al. [4]: (a) 1.1 time trial classic style uphill
(>~4.5 min), (b) 1.3-km time trial freestyle uphill (>~5 min), (c) double poling ergometer (5-min
all-out); Rønnestad et al. [17]: 7.5-km time trial freestyle (>~19 min); 6: (a) 3-min all-out double
poling ergometer from “rested state”, (b) 3-min all-out double poling ergometer from fatigued
state; [19]: (a) Time to exhaustion followed by a prolonged submaximal test in double poling on a
roller ski treadmill. (b) Time to exhaustion in double poling in “rested state” on a roller ski
treadmill

training is less pronounced [4, 16, 17]. This is probably attributed to the finding
that rollerskiing outdoors demands a higher technical ability than a double poling
ergometer, which in turn demands a higher technical ability than a strength test
(e.g., more complex timing of force application). Thus, the effect of increased
muscle strength on performance clearly reduces, and sometimes vanishes, when
the exercise modes demand a higher degree of coordination of skiing
movements.
The trivial effects shown in Fig. 24.1 could also be related to the duration of the
performance tests. The nature of today’s competition format such as mass starts has
increased the importance to conserve power for the final sprint, which has also been
the interest in some recent studies [6, 18, 19]. Recently, Øfsteng et al. [19] investigated the effect of heavy strength training on DP performance in “rested state” and
after a prolonged 90-min submaximal intensity. Although no significant effects
were found in the “rested state”, the strength training group improved performance
after submaximal intensity more than the control group (Fig. 24.1). Further, Børve
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et al. [18] performed a similar study (DP performance test following 50-min submaximal test), but with focus on muscular endurance training (4 × 30 rep twice a
week). Here, we found similar effects on DP performance as in Øfsteng et al. [19].
Taken together, these studies indicate that upper-body training (maximal strength or
muscular endurance) could enhance “finishing abilities” after a prolonged exercise
in XC skiers. However, the mechanisms behind these improvements are to date not
clear and if these tests conducted on a treadmill are valid on snow needs to be further examined.
In a comprehensive study, aiming to investigate the effect of heavy strength training on XC skiing performance, we found a strong correlation between maximal
strength and performance in females, whereas this relationship was trivial in men [4].
We argued that female skiers (and perhaps weaker male skiers) could benefit from
adding strength training to their normal training. As differences in performance
between gender are larger with exercises that involves a significant upper-body contribution [20], improved upper-body strength can potentially improve skiing performance more in female than in male skiers. Therefore, we conducted a new controlled
study on elite junior female skiers (~16 years) and investigated their sprint abilities
during both a rested 3-min all-out test and a 3-min all-out test after 27 min of DP on
an ergometer [6]. Surprisingly, despite a significant increase in strength (~24% in 8
weeks), no beneficial but also no harmful effects of strength training was found on the
3-min performance tests, work economy, VO2max, or 20-s all-out DP. We concluded
that athletes and coaches should carefully consider whether young skiers should prioritize such training. Further, it was also found that skiers experienced the strength
training as very demanding, indicating that an accumulated fatigue influenced the
post-test. Thus, coaches should carefully plan and evaluate strength training in order
to minimize the risk of unplanned “overload,” especially during the late preparation
phase when the intensity of endurance training is increased. Hence, this study highlights what type of training young skiers should perform to optimize performance. In
contrast to their senior counterparts, these athletes have limited time for training due
to school and other activities in addition to the developmental factors accompanying
puberty. It is well documented that aerobic energy turnover and work economy
(including technique development) are the most important factors in achieving worldclass level [9, 11, 13, 21, 22]. Clearly, these aspects must be prioritized and strength
training may therefore be considered individually and perhaps differently (including
endurance training) than in adult athletes.
For adult athletes, skiers have to plan their strength training in conjunction with
their endurance training to maximize potential strength gains. Notably, strength
training for XC skiers is preferably executed during the pre-season, while during the
competition season body mass is reduced to optimize performance [22]. This is
clearly challenging since muscle strength and muscle cross-sectional area are highly
related [4]. Personal communications with world-class athletes and unpublished
data from our lab indicate that the strength level is reduced in line with the anthropometrical changes.
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Aerobic Energy Turnover
Aerobic energy turnover is the product of the maximal aerobic power (VO2max) and
the fractional utilization of VO2max, also called the “performance VO2”. A number of
studies in various sports, including XC skiing, have shown that VO2max is not affected
by heavy strength training e.g., [6, 17, 23]. The fractional utilization of VO2max is
closely related to performance in numerous endurance sports such as running, onand off-road cycling, and possibly XC skiing [24, 25]. Recent studies involving
cycling suggested that the fractional utilization during a 40-min time trial was
improved after adding heavy strength training [26]. Due to no changes in mitochondrial density, the authors proposed that the increased cross-sectional area of the
muscles led to increased numbers of activated mitochondria and thus increased fractional utilization. In XC skiing, no data is available on the effect of strength training
on fractional utilization VO2max.
A unique aspect of XC skiing is the variety of techniques used during a competition, with different use of the upper and lower body. This affects the maximal
aerobic power achieved in the sub-techniques, where skiers normally exhibit
3–10% lower peak aerobic power (VO2peak) during ski skating and the DP technique than during running [27]. Therefore, for already highly trained XC skiers
where the VO2max during a whole body exercise does not seem to change over
time [22], reducing the “gap” between other techniques has been speculated to be
one of the possible training benefits of increased upper-body training [28]. These
aspects have received attention in recent decades, especially with increasing use
of the V2 ski skating and DP techniques in certain terrains. The lower VO2peak in
DP has been found to be related to intrinsic factors (e.g., O2-extraction) in the
arm muscles compared to the legs, even in highly trained XC skiers [29]. It has
also been proposed that the upper body has a great potential to increase its aerobic energy turnover rate, with a subsequently enhanced upper-body VO2peak, in
response to intensive endurance training [29]. However, to date no studies have
been able to demonstrate such an effect [5, 18, 30]. In addition to intrinsic factors, the muscle mass involved is a limiting factor for VO2peak in many exercises
[31], and in DP specifically [32]. Hegge et al. [32] investigated the VO2peak in DP
with different muscle masses involved and found that the VO2peak increased
sequentially with increased body mass contributions. Hence, theoretically, an
increased muscle mass could increase the VO2peak and reduce the “gap” between
sub-techniques such as DP or skating and running. Losnegard et al. [4] found that
12 weeks of heavy strength training increased trunk lean body mass in XC skiers.
Interestingly, the VO2peak in skating also increased with no changes in running
VO2max. However, later studies have not verified this assumption [6, 17] and the
findings should therefore be approached with caution. In summary, little data
supports the suggestion that specific upper-body training in general (heavy,
explosive or muscular endurance) leads to enhanced VO2peak in skiing
sub-techniques.
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Anaerobic Energy Turnover
Anaerobic energy turnover is divided into anaerobic power and anaerobic capacity.
While anaerobic power is an important determinant of performance during short spurts
of activity and acceleration, anaerobic capacity is more related to performance in middle distance competitions [33]. Due to the nature of XC skiing competitions, with
repeated high-intensity periods, the O2-demand is well beyond VO2peak during parts of
the competition [12, 13, 34–37]. This influences the energy system contribution during
a race and suggests that anaerobic power and capacity are important determinants of
performance. Losnegard et al. [12] found a strong correlation between performance
and accumulated oxygen deficit (ΣO2-deficit) in a simulated sprint race on a rollerski
treadmill in a group consisting of long-distance (>50 km), distance (>15 km), and
sprint skiers (<1.8 km). Moreover, sprint skiers have a higher body mass and body mass
index than distance skiers due to the nature of the competition format and subsequently
the race demands [2, 13]. Since ΣO2-deficit is related to the muscle mass involved in the
exercise [38, 39], long-term heavy strength training with a subsequent increase in muscle cross-sectional area could increase the ΣO2-deficit. Moreover, the total volume of
strength and speed training in international-level sprint skiers seems to be significantly
higher compared to international-level distance skiers (~ 12% vs. 7% of total training
time) in the preparation phase (6 months before the season), but similar with respect to
total time of training during the year [2]. Thus, it can be suggested that some of the differences in ΣO2-deficit (and body mass) between skiers are related to differences in
training focus regarding maximal strength, speed, and endurance training.
Several studies in XC skiing have investigated the relationship between “strength”
and short performance tests where anaerobic power turnover represents the main
energy source [6, 4, 13, 40–42]. Sandbakk et al. [13] investigated physiological and
training differences between world-class and national class sprint skiers and found
that acceleration (30-m test) and maximal strength did not differ between groups.
This is supported by the findings of Losnegard et al. [4] who found no effect of
heavy strength training on the acceleration phase during skating on roller skis.
However, a tendency towards a reduced time during a 100-m test for the strength
training group was found, indicating that strength training could potentially improve
maximal speed [4]. Stöggl et al. [41] analyzed the relationship between general
strength and “maximal speed” (test duration of ~60 s) with related kinetic and kinematical variables. They concluded that maximal strength had only a low to moderate correlation with “maximal speed,” whereas timing of the force application was
the main discriminating factor between different levels of skiers. However, they
proposed that strength ability is technique dependent, indicating that movement pattern is an important factor to consider during strength training.

Work Economy
The importance of work economy is emphasized by the finding of a close relationship with performance in groups of heterogeneous XC skiers (e.g., [43]). Further,
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recent studies have shown that a within subject change in work economy (O2-cost),
based on changes in equipment and technique, leads to enhanced speed at VO2max
and thus improved performance [44, 45]. Several studies in various sports indicate
that both intrinsic factors (muscle fiber types, neuromuscular characteristics) and
biomechanical factors (technique) contribute significantly to the variation in exercise economy seen between highly trained subjects (see review by [23]). Further, it
has been shown that strength training influences work economy in endurance sports
such as cycling [46, 47] and running [23]. In XC skiing, Mikkola et al. [16], Østerås
et al. [15], and Rønnestad et al. [17] showed significant reductions in the O2-cost
between pre- and post-tests in the strength groups, but the changes did not significantly differ from that of the control groups. Skattebo et al. [6], Carlsson et al. [48],
Øfsteng et al. [19], and Losnegard et al. [4] found no effect of strength training on
work economy on a double poling ergometer, double poling or ski skating on a
rollerski treadmill. In addition, Hoff et al. [3, 14] used unconventional methods to
measure work economy and it has recently been argued that they actually did not
measure the O2-cost (see Skattebo et al. [6] for details). Overall, no study has found
a convincing beneficial effect of heavy strength training on work economy in XC
skiing. The discriminating findings between endurance sports might be related to
the fact that XC is an extremely technically demanding exercise, involving both
arms and legs to different extents. Moreover, in elite skiers it has been shown that
the O2-cost is typically reduced by ~3% during the preparation phase with a “traditional Norwegian training regime.” In this period, skiers included ~7% strength
training as part of the total training volume [22], although it should be noted that no
clear evidence for a “cause-effect” exists. Nevertheless, the reduced O2-cost corresponds to 0.5% per month or 1–1.5% during a typical strength training intervention
period (8–12 weeks) used in research. This implies that an eventual effect of strength
training is difficult to detect, and that future research should use appropriate methods to evaluate whether such effects exist.

Practical Recommendations
In order to elicit the desired physical adaptations, it is important to evaluate correct
muscle use and movement pattern before implementing strength training. In XC
skiing, DP and V2 skating are the most-used techniques in races and are both very
technically demanding exercises. Here, the joints are engaged in a sequential pattern
before and during the poling phase to optimize propulsion and transfer potential and
rotational energy as forward kinetic energy (e.g., [44, 49]). The upper-body muscles
are therefore engaged in a “first in-first out pattern” involving (I) the abdominal
muscles and hip extensors, followed by (II) the shoulder extensors latissimus dorsi,
teres major, delta and pectoralis major, and (III) the shoulder and elbow extensor
triceps brachii [49–51]. Such timing of force application is, thus, considered one of
the most important characteristics of effective technique and resulting performance
[41, 45]. To optimize strength training it is therefore necessary to (I) elicit an exercise mode covering the correct muscle use and (II) simulate the specific movement
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patterns used in the respective techniques. During indoor maximal strength training,
Losnegard et al. [4] used two relatively simple exercises: “seated pull-down” and
“standing double poling.” These two exercises served as main exercises and supplemental exercises for core stability (including the use of Swiss balls, sling exercises,
and various mat exercises) as additional training models either before or after the
main program.
As stated previously, it is generally agreed that “stronger is not necessarily better” in optimizing performance in XC skiing [4, 6, 13, 41]. Hence, for skiers who
already have high strength levels, the overall goal might be to maintain maximal
strength and improve other physiological or technical mechanisms. One factor of
interest is the metabolic response during DP, which seems to be different for the
arms and legs [29, 52, 53], indicating that intense upper-body endurance training
may increase the arms’ ability to extract oxygen and thus enhance DP performance.
To enhance muscular endurance, the number of repetitions is high, while the loads
are relatively low (20–100 reps/set; [54]). Such training for endurance performance
has received attention in various sports including running [55, 56] and rowing [57,
58] as it seems to target different muscular and neurological adaptations compared
to maximal strength training [54]. Specifically for XC skiing, Nilsson et al. [5]
showed that 20-s or 180-s interval training in a DP ergometer increased both 30-s
and 6-min power output in well-trained XC skiers, while Vandbakk et al. [30] demonstrated increased time to exhaustion after 8 weeks of 30-s DP intervals. The short
duration speed training (“explosive”; >30 s) is a widely used training model for
competitive XC skiers and could serve as a training model to maintain or enhance
performance. However, such training methods are relative new in XC skiing, and
further studies are encouraged to develop such models (combined with technique
training) directly for XC skiing.
Carlsson et al. [48] tested two different training regimes in junior skiers (adding heavy strength training or interval training on a ski ergometer to their normal
training routines) and found that both groups improved maximal speed during DP
on a treadmill. However, there were no differences between groups in DP VO2peak,
maximal speed, or work economy. Moreover, Børve et al. [18] showed that replacing part of high-intensity running intervals with training using the “standing double poling” exercise, 4 × 30 reps twice a week, improved well-trained skiers’
finishing abilities during a simulated race on a rollerski treadmill. Further, even
though the aim of the training was to increase muscular endurance, the strength
gain (1RM) per session was in the range to studies using heavy strength training
for XC skiers with similar strength exercise mode (0.6% vs. 0.5–1.2% per session) [4, 6, 17]. This implies that low-resistance strength training with high mobilization could be an alternative to heavy strength training in well-trained skiers, at
least for short-term adaptations prior to competitions or during short block periodization. Together, these studies indicate that short-term upper-body endurance
training may be a promising training model that could have direct applications for
well-trained skiers aiming to improve their DP performance. From a practical
point of view, outdoor rollerskiing with extra weight (e.g., a weight-west), uphill
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Table 24.1 Example of a 6-week training program for heavy strength training
Week
Day 1 (sets/reps)
Day 2 (sets/reps)

1–2
4/10RM
4/6RM

3–4
4/8RM
4/5RM

5–6
4/6RM
4/4RM

Note: RM; repetition maximum. When athletes manage more repetitions than planned, the loads
increase. Test of 1RM is performed before and after the training period
Table 24.2 Example of a 6-week muscular endurance training program
Week
Day 1 (sets/reps)
Day 2 (sets/reps)

1–2
4/40
4/30

3–4
4/35
4/25

5–6
4/30
4/20

Note: Loads represent 60–70% of 1RM, depending on the level of the athletes. Tests of 1RM/60%
of 1RM are performed before and after the training period

skiing or slow resistance (manipulation of rollerski wheels) might serve as appropriate exercise modes to enhance sport-specific “muscular endurance training” for
XC skiers.
A detailed training program for strength and muscular endurance training,
respectively, as used by world-class skiers, is presented in Tables 24.1 and 24.2.
Both programs consist of a 6-week period in a linear periodized fashion.

Summary
This chapter provides an updated review, based on scientific evidence, of the specific needs and effects of strength training on performance in high-level cross-country skiing. Based on the available literature, a certain level of strength is necessary
for optimizing performance in XC skiing, based on skiers’ race preferences and
techniques. In sprint skiing, a higher level of strength seems necessary than in distance skiing due to the ~20% higher average speeds and very high intermittent
workloads. Further, the strength level seems to be dependent on technique with
respect to different contributions from the upper and lower body. Specifically, the
V2 ski skating and classic DP techniques are the major techniques used in today’s
races. These techniques demand well-developed upper-body power; therefore,
developing specific upper-body training seems important. However, most studies
investigating the effect of heavy strength training have shown trivial effects on performance in XC skiing, implying that a substantial individual variation exists. These
findings emphasize that in general “stronger is not necessarily better” in optimizing
performance in XC skiing. Coaches and athletes are therefore encouraged to develop
training programs that include: (I) ways to combine strength training with skiers’
endurance training to minimize the risk of unplanned overload and subsequently
achieve optimal performance development; (II) training stimuli (heavy, explosive or
muscular endurance) based on the needs of the individual skier; (III) sport-specific
strength exercises designed to stimulate correct muscle use in the required
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techniques, but simple enough to achieve the necessary overload; and (IV) ways to
translate the movement patterns and timing of force applications needed in specific
techniques to strength exercises to optimize technique.
Acknowledgements The author thanks Prof Øyvind Sandbakk for valuable comments on the
manuscript and Ph.D. student Øyvind Skattebo for his ideas to Fig. 24.1 in this chapter.
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Concurrent training is nowadays an integral part of most competitive swimmers’
preparation process, as they often combine their long, mostly aerobic swimming
sessions with some form of strength training, either on dry-land or in the water.
Swimming events at World Championships range in duration between approximately 21 s in the men’s 50 m freestyle and 5 h 15 min in the women’s 25 km
open water event. This huge range in distance and duration, along with the contribution to swimming performance of explosive actions such as starts and turns,
makes the relative contribution of aerobic and anaerobic pathways to power production highly variable. Therefore, training to improve both muscle strength and
aerobic endurance seems to be essential to enhance competitive swimming
performance.

Interest of Strength Training for Swimmers
To achieve competitive success at national or international level, swimmers must
include a year-round resistance training programme to either maintain or increase
strength and power, improve movement patterns, and limit the risk of injury [1, 2].
The application of muscular force in swimming results in a horizontal displacement
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Fig. 25.1 Illustration of the strength training methods prescribed to improve swimming performance and results from the literature

of the athlete at a velocity proportional to the magnitude, direction, and duration of
the resulting force. The main aim of the mechanical work performed by a swimmer
is to overcome hydrodynamic resistance, which increases proportionally with the
square of velocity, whereas the metabolic power required is proportional to the cube
of the velocity. Therefore, any increase in swimming velocity demands a proportional increment of muscular force to overcome active drag and increase propulsive
force, suggesting that muscular strength could be considered a performance determining factor in swimming [3].
Increments in muscular strength should theoretically translate into increased
ability to generate propulsive force in the water, but technical aspects of swimming
stroke mechanics will also determine the extent to which increased force transfers
into faster swimming velocity [4–10] (Fig. 25.1). In this respect, it is important to
keep in mind that strength training for swimmers should complement, not replace,
sport-specific in-water training, and it should enhance, not hinder, the swimmer’s
in-water sessions by improving the quality of training, contributing to recovery and
reducing the risk of overuse injury [2].
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Impact of Strength and Power on Swimming Performance
Strength training is employed to manipulate the force-velocity curve and the ability to apply large amounts of muscular force under sport-specific conditions. A
positive transfer to swimming performance should be achieved through improvements in both physiological and biomechanical parameters. Upper-body strength
in particular is imperative in swimming, as most of the propulsive forces [11–13]
and swimming velocity [11, 14–16] are generated by the upper-body musculature.
Indeed, Carl et al. [17] reported a strong correlation between one repetition maximal lift (1RM) for the bench press, in-water force generation as measured during
tethered swimming, and a timed 22.9 m swim. Such correlations were particularly
relevant in male swimmers. Leg press 1RM, on the other hand, showed a weak correlation with swimming performance and did not correlate with tethered swimming force. Morouço et al. [18] assessed the mean power of the propulsive phase
in three dry-land tests (squat, concentric phase of the bench press and latissimus
pull down back), and analysed their associations with force production in water
(mean force production during 30 s maximal effort tethered swimming in front
crawl using whole body, arms only, and legs only) and swimming velocity in a
maximal bout of 50 m front crawl. Mean propulsive power of bench press and latissimus pull down showed moderate–strong relationships with mean force production in whole body and arms only, whereas swimming performance was related
with mean power of latissimus pull down back. The authors concluded that latissimus pull down back is the dry-land test most related with swimming performance, whereas bench press best related with force production in-water arms only,
and work during counter-movement jump with tethered forces legs only. These and
other similar findings [19] emphasized the need for separate evaluation of arms’
and legs’ force-velocity characteristics and the consideration of these measures in
training design.
However, an increase in force generation capacities needs to be performed in a
swimming-specific manner. Neuromuscular adaptations such as improved motor
unit recruitment, synchronization, co-contraction, rate coding, intra- and inter-neuromuscular coordination, and neural inhibition have been thought to be responsible
for an improvement in swimming performance. Whether a transfer-training method,
based on a combination of dry-land weight training immediately followed by maximum velocity swimming could be a useful means to increase swimming power
requires confirmation [20].
Pool swimming is comprised of three distinct phases: free swimming, starts,
and turns (Fig. 25.1). The impact of strength training on free swimming performance has been widely researched. A recent review by Crowley et al. [21] reported
that low volume, high velocity and/or force, and swim-specific strength training
programmes showed a positive transfer to swimming performance, but the lack of
high quality methodological studies using elite swimmers makes the literature
hard to interpret. In addition, in spite of the similarities between the arm actions
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in dry-land swim simulations and sprint swimming, only the power measurements
made in the water are specific to the propulsive forces of front crawl swimming.
Besides, the power contribution from each limb [22, 23], as well as intra-cycle
force production and power output vary during different propulsive phases of
front crawl swimming [24, 25].

Starts
Swimming starts are comprised of the unique coordinative effort of reaction
time, vertical forces, and horizontal forces. The key component of start performance is lower-body strength, which is strongly correlated to swimming start
performance [26]. The peak velocity reached during jumps with external loads
relative to body mass is a good indicator of swimming start performance [27],
and swimmers that possess the capacity to generate high levels of force have the
ability to swim faster to 10 m [28]. Indeed, elite swimmers generate higher horizontal and vertical impulses than non-elite counterparts [29]. Lower-body plyometric interventions have resulted in positive effects on swimming start
performance [30–32], which also highlights the key role of lower-body strength
and power for start performance.

Turns
Swimming turning literature is sparse and does not provide a clear insight into the
benefits of strength training for turning performance. Reduced drag forces, high
peak propulsive forces, and increased wall push-off time produce the fastest turn
performance, i.e. 2.5 m on approach and push off [33]. Lyttle et al. [34] studied the
net forces created when towing swimmers while gliding and kicking underwater to
establish an appropriate speed for initiating underwater kicking, and the most effective gliding position and kicking technique to be applied after a turn (prone streamline glide, lateral streamline glide, prone freestyle kick, prone dolphin kick, lateral
dolphin kick). The optimal range of speeds to begin underwater kicking to prevent
energy loss from excessive active drag was 1.9–2.2 m/s, but no differences were
found between the prone and lateral streamline glide positions or between the three
underwater kicking techniques. Faster swimmers, however, show greater squat
jump power, counter-movement jump height, vertical height, and velocity at push
off [35]. Elite male and female swimmers also possess ~30–50% superior leg extensor strength/power characteristics during dry-land jumping (particularly unloaded
squat jump peak velocity and power) and in-water turning tasks when compared to
sub-elite counterparts [36]. Short-term ballistic training and maximal strength training can enhance leg extensor force characteristics and improve aspects of the pushoff stage of the swim turn in elite swimmers [37]. A well-planned and executed
strength and conditioning programme is therefore needed for emerging and elite
swimmers to develop these qualities [36, 37].
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I mpact of Strength Training on Swimming
Biomechanical Parameters
Swimming velocity is the product of stroke length and stroke rate and has an important role to play in improving swimming performance. Factors such as training,
intensity, physiological capabilities, race distances, sex and swimming technique
influence the relationship between stroke length and rate [38–40], and coaches often
prescribe training to improve either of these technical parameters [41–43].
Unfortunately, no research to date has specifically looked at improving either stroke
length or stroke rate through the application of strength training.
Stroke length maintains swimming propulsive forces in the horizontal direction,
improves swimming efficiency, and determines swimming velocity [13, 44–50].
Although some studies suggest that low repetition and high force strength training
induced an increase in stroke length [51, 52], others showed no significant increase
[10, 53], so further investigation is warranted. Nevertheless, real-life examples
show that swimmers achieving the fastest times in the world have the greatest stroke
length, which requires high levels of strength. Stroke rate has a great impact on
swimming velocity over shorter duration events, such as 50 m performance [10, 46,
49, 54]. A training intervention using resisted swims can improve 100 m swimming
performance, as the swimmer has to produce sufficient propulsive forces to move
forward by increasing stroke rate, rather than being pulled back by the resisted
band. In addition, a faster second half of the 100 m swimming performance suggests
that resisted swims improve muscular strength endurance [48].

Concurrent Training in Swimming
Berryman et al. [55] recently assessed the net effects of strength training on
middle- and long-distance performance through a meta-analysis of the available literature. Results indicated that the implementation of a strength training
programme was associated with moderate performance improvements in running, cycling, cross-country skiing, and swimming. Such performance benefits
were mainly due to improvements in the energy cost of locomotion, maximal
force, and maximal power. Maximal force training (sets of 1–5 repetitions of
isoinertial contractions at 80% of 1RM or more) and a combination of methods
produced greater benefits than submaximal (sets of 6–25 repetitions of isoinertial contractions between 60 and 80% of 1RM) and maximal power (plyometric
training, sprint training, and sets of 4–6 repetitions at the load that elicits maximal power during a specific isoinertial movement) training, and the beneficial
effects on performance were consistent irrespective of the athletes’ calibre.
Strength training volume was associated with energy cost reductions, and concurrent programmes including more than 24 strength training sessions led to
greater effects on energy cost than shorter programs. All sports included in the
analyses, including swimming, seemed to benefit similarly from such a training strategy [55].
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Dry-Land Strength Training
Improvements in a swimmer’s strength and power are predominately generated during dry-land training (i.e. in the gym), but an adequate programme incorporating the
right exercises can improve the in-water results attainable from strength and power
training [1] (Fig. 25.1). Swimmers performing a combined intervention consisting
of maximal strength and high-intensity interval endurance training twice per week
over 11 weeks, in addition to their regular swimming training, improved dry-land
strength, tethered swimming force and 400 m freestyle performance more than a
control group that continued regular training within their teams. The improvement
in 400 m performance correlated with the gain in tethered swimming force only in
the female swimmers, and there were no changes in stroke rate and length, performance in 50 or 100 m freestyle, swimming economy or peak oxygen uptake. These
results suggest that this type of strength training may be effective for improving
middle-distance swimming performance [53].
Given the beneficial effects of strength training on anaerobic performance, a better understanding is needed of the relationship between strength training, anaerobic
factors, and middle- and long-distance performance in endurance events in general
and swimming events in particular. A better understanding is also needed regarding
the influence of strength training duration. Berryman et al. [55] reported greater
benefits on cost of locomotion after longer training protocols (>24 sessions), but the
chronic effects of such a training regimen are less understood. More research is
required to study the effects of different long-term periodization strategies to provide the athletes and coaches with detailed guidelines regarding, for example, the
most appropriate timing for the implementation of strength development within the
annual training plan [55].

In-Water Strength Training
Mujika et al. [56] reported on the training contents of a group of 18 elite 100 and
200 m swimmers over a 44-week season. Training volume in these swimmers
ranged between 749 and 1475 km, 95% of which were swam at intensities below, at,
or slightly above the onset of blood lactate accumulation. There was a huge variability in dry-land strength training, with some swimmers performing up to 40 h in
the season, whereas some others performed no dry-land training at all. Interestingly,
the amount of dry-land training bore no relationship with performance outcomes
over the season. All swimmers, however, carried out large amounts of in-water submaximal strength training, such as arm pulling, kicking, and swim-specific strength
training by swimming against an increased resistance to advance. Interestingly,
swim-specific strength training seemed to have a negative impact on performance
capacity in the short-run, but its medium- to long-term contribution to performance
could not be determined [41].
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Methods of Strength Training for Swimmers
Swimmers today include a wide variety of strength training practices in their preparation for competition. These include, but are not limited to, dry-land warm-ups,
circuit training, traditional strength training, plyometrics, biokinetic swim bench
training, measurement of active drag system (i.e. MAD-system), core training,
resistive band training, pull training and drag suit training, eccentric overload training, vibration training, and instability training. A systematic review of the available
controlled training intervention studies found indications that heavy strength training on dry-land (1–5 repetitions maximum with pull-downs for 3 sets with maximal
effort in the concentric phase), or sprint swimming with resistance towards propulsion (maximal pushing with the arms against fixed points or pulling a perforated
bowl) may be efficient for enhanced performance. Such strategies may also have
positive effects on stroke mechanics, with largest effect size in 50 m freestyle after
a dry-land strength training programme of 3 sets of 6 repetitions maximum in relevant muscle groups, and after resisted- and assisted-sprint training with elastic surgical tubes [57]. In the following section, we discuss the scientific evidence behind
these training practices, where available, as well as their practical applications.

Dry-Land Warm-Ups
Dry-land warm-ups are an integral part of every elite swimming programme. They
are prescribed for activation purposes as well as injury prevention. The inclusion of
dry-land-based activation exercises before a race can improve freestyle sprint performance by 0.7–0.8% [58, 59]. The dry-land warm-up routine in these studies consisted of 3 × medicine ball (2 kg) throw downs, 3 × 10 s simulated underwater
butterfly kick with an oscillation device above the swimmers head, and 3 × 0.4 m
box jumps. The dynamic component of this warm-up routine would result in
improved total body temperature, metabolic, neural, and psychological mechanisms
[60]. This suggests that dry-land warm-ups are an important component of a swimmer’s training schedule to compete at the highest level, and provide a great opportunity for both pre-habilitation and rehabilitation.

Circuit Training
Circuit training is included in many sports as an additional strength and aerobic
stimulus. It encompasses a range of exercises and can be prescribed in various manners. The implementation of light loads (40–60% 1RM), brief rest intervals and
repeated circuits, 3–5 sets, is a typical circuit training structure [61, 62]. Circuit
training has been prescribed to improve body composition, muscular strength, muscular endurance, and cardiovascular fitness in recreational participants [63, 64].
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Untrained individuals show large improvements in VO2max as a result of this type of
training, but trained athletes show no improvement [65]. Similar outcomes are seen
for power and strength measures. Although circuit training does not seem to provide
clear improvements for elite athletes, it does provide several practical benefits, such
as early season conditioning (aerobic, body composition, buffering capacity, etc.),
structure for novice strength training swimmers, and time efficiency. Therefore, circuit training should not be overseen and can be an effective training tool for swimming programmes at the beginning of the season or for swimmers that require
additional aerobic conditioning.

Traditional Strength Training
Traditional strength training is most frequently prescribed in elite swimming programmes and encompasses the prescription of conventional gym-based strength
training exercises such as bench press, latissimus pull-downs, triceps extensions,
triceps dips, bent arm flies, pull ups, and squats. Low volume, high velocity/force
resistance training programmes result in significant improvements in swimming
performance [21]. Indeed, Girold et al. [52] found a 2% increase in 50 m performance after 4 weeks of strength training; Strass [51] reported a 2.1% improvement
and Girold et al. [10] a 2.8% increase after a 12-week programme. Strass [51] prescribed a power programme, whereas Girold et al. [10, 52] and Aspenes et al. [53]
prescribed traditional strength training. Aspenes et al. [53] found large improvements in strength (20.7%) and this is not uncommon across all strength training
programmes for swimmers and other sports. The need for high velocities during the
concentric phase should be emphasized, as this can elicit greater neuromuscular
adaptations and a higher recruitment of type II muscle fibres [66–68].
The practical application of traditional strength training programmes should be
sport specific (e.g. joint angular ranges, muscles recruited, contraction mode,
strength quality required), but specific training for muscular endurance, which is a
critical component of swimming performance, does not need to be part of a strength
training programme for swimmers. The focus should be on getting swimmers stronger and more powerful, while leaving the development of muscular endurance for
the in-water swim training [1].

Plyometrics
Plyometrics is a sport-specific training modality used across a wide variety of
sports, especially those requiring sprint and jumping performance, that utilizes the
stretch-shortening cycle to produce high levels of force and power [69]. Plyometrics
can improve swimming start performance and may also improve turning performance. The underlining principles of plyometrics require an eccentric contraction
followed rapidly by a concentric contraction, therefore improving muscle function,
coordination, and the direction of the resultant force [32]. Research by Rebutini
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et al. [32] found that plyometric long jump training improved lower limb joint
torque and improved swimming start performance. Bishop et al. [31] showed positive effects of an 8-week intervention period of plyometric training on swimming
start performance through explosive power training. Potdevin et al. [30] found an
increase in swimming velocity over 50 and 400 m swimming performance, but the
influence of start performance is unknown. Adolescent swimmers’ turning performance, on the other hand, did not seem to improve after a plyometric training programme [70].
Taken together, the above data suggest that plyometric training has a significant
role to play in increasing swimming performance in general and start performance
in particular. The large eccentric contribution due to plyometric training may also
aid in kicking performance. Greater eccentric strength allows the swimmer to
maintain greater knee and hip extension resulting in the retention of more water.
However, it is important to include gradual progressions when prescribing plyometric training and the exercises should be specific and progressive in both intensity and volume [32].

Biokinetic Swim Bench
The biokinetic swim bench is a training tool used in many swimming programmes
to simulate swimming techniques on dry-land [5]. The swimmer lies prone on a
sliding bench with a slight incline, arms outstretched over his/her head and hands
secured in hand-paddles. The swimmer is then able to pull along the sliding bench
and therefore mimic the kinematics of front crawl swimming. The maximal power
output produced on the biokinetic swim bench has a strong relationship (r = 0.92)
with swimming velocity in semi-tethered conditions [71]. There are, however, limitations to the biokinetic swim bench. Its lack of specificity has been highlighted
several times. This is due to the longer pulling pathway and the distribution of
pulling forces throughout a range of joint angles which are not similar to free
swimming [72]. Roberts et al. [73] designed a 3-week intervention using the biokinetic swim bench three times weekly. Results showed no improvement in swimming performance. Tanaka et al. [8] used the biokinetic swim bench to monitor
improvements in strength due to a traditional strength training programme, but
even though there was a significant improvement in swimming performance, there
was no improvement in power outputs on the biokinetic swim bench. These results
show no beneficial outcomes of the biokinetic swim bench, but similar dry-land
tools may be advantageous when it comes to improving swimmer’s technical and
strength deficiencies.

MAD-System
The Measurement of Active Drag system (MAD-system) directly measures the
forces of the hand as it pushes off from a series of pads placed 1.35 m apart and
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attached to a 22-m long rigid aluminium rod mounted 0.8 m below the water surface. The rod is connected to a force transducer enabling direct measurement of
push-off forces. Swimmers use their arms only for propulsion, and their legs are
floated with a small buoy [74]. The MAD-system has previously been used to predict individual power requirements for swimming a world record in the 50-m freestyle [75], but also as a water-based strength training device. A study reported that
swimmers sprinting on the MAD-system 3 times a week simultaneously improved
power and free swimming 50, 100, and 200 m race time significantly more than a
control group [76]. However, the MAD-system should be used with caution, as
swimmers are known to adapt their high speed stroke and usual head position to
carefully adapt to the spatial arrangements of the pads [77].

Core Training
Core training is a widely used training method across a variety of sports and should
be considered part of any strength training programme. Swimming performance
requires a unique balance and stability in order to overcome the unstable and dynamic
nature of water. During each stroke cycle, propulsive forces are produced through the
hand which creates a dynamic reaction of the rotational aspects of the vertebrae causing an increase in lateral movement and excessive kicking movements, which results
in a decrease in propulsive efficiency. Overcoming this instability requires a high
level of core strength and stability. It is important to note that the best swimmers
accelerate themselves in the horizontal direction and minimize vertical and lateral
deviations. Any excessive movement, vertically or laterally is counterproductive for
the swimmer’s overall performance. Weston et al. [78] incorporated a 12-week core
training programme and found significant improvements in swimming performance,
as well as an increase in electromyography data. Dingley et al. [79] who employed a
similar programme on paraplegic swimmers also found a significant improvement in
swimming performance. It can be presumed that this improvement must be largely
associated to an improvement in overall core strength and stability. It would seem
plausible, and Weston et al. [78] alluded to this, that core strength increases stability
in the lumbar and thoracic regions through a variety of exercises which in turn result
in greater control through the rotational axes.

Resistive Band Training
Resistive bands are often used by swimmers during training for assistive purposes,
but can also be used as a resistive tool. The resistive band is attached around the
swimmer’s waist using a belt and then secured to the diving block. The athlete swims
out against the resistance of the elastic band and then maintains his or her position in
the pool. Girold et al. [48] showed a 1.9% improvement in performance over 100 m
following resistive band training over a 3-week period and followed up this research
with another study showing significant improvements in 50 m swimming
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performance [10]. Juárez Santos-García et al. [80] also showed that four rounds of
resistive bands followed by a maximum sprint improve swimming performance. This
training method implies that swim-specific resistance training [81, 82] is necessary
to elicit improvements in swimming performance. Sport-specific resistance training
has also been seen in water polo, and it was speculated that the reason for an improvement in performance was the development of specific performance skills, again
emphasizing the necessity for specificity. It is important to note, however, that this
type of training can lead to overuse injuries and needs to be monitored carefully.

Pull Training
The isolation of the arms during swimming training is a commonly used training
technique, as the majority of the impulse in swimming comes from the upper-body.
It is thought that the isolation of the arms will result in an increase in upper-body
strength, and, therefore, an improvement in swimming performance. Unfortunately,
this seems to be untrue as in comparison to whole-body swimming, arms-only
swimming reduces maximal oxygen uptake [83, 84], which is assumed to occur due
to the increased buoyancy provided by the pull-buoy. Konstantaki et al. [85] confirmed this as they replaced regular swimming training with arms-only training,
three times weekly. The arms-only training consisted of breathing drills, one arm
only, hand-paddles, pull-buoy, etc. The findings of this study showed that arms-only
peak exercise intensity, ventilatory threshold, and movement economy improved,
but no improvement was observed in swimming performance. This lack of transfer
may be due to numerous reasons, including loss of coordination between the arms
and legs, additional buoyancy and, therefore, a reduction in core strength and stability, and changes in torque due to the changes in body-roll and stability in the water.
However, arms-only training can be advantageous for novice swimmers to improve
upper-body strength, emphasizing technical constraints, or allowing swimmers to
swim more without expending high levels of energy. In order to elicit greater results
from arms-only swimming, the exclusion of the pull-buoy and the inclusion of an
elastic band around the ankles may result in greater core activation in order to maintain an optimal body position [86]. It is important to note that many coaches prescribe hand-paddles within their swimming programmes, but unfortunately no study
has investigated the effects of hand-paddle interventions on swimming performance.
From an observational perspective, hand-paddles do provide a swim-specific
strength stimulus for swimmers, but their overuse can result in poor propulsive
mechanics and overuse of the shoulder joint. It is advised that hand-paddles are used
in moderation and are carefully monitored.

Drag Suit Training
Training specificity is a key element in the enhancement of swimming performance, and drag suits provide swimmers with an additional training tool. The
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logic behind drag suits is that the mesh clothing retains water and therefore
increases the resistive drag forces, resulting in the swimmer applying more propulsive forces to the water to achieve the same time for a specific distance. A
study by Dragunas et al. [87] found no significant improvement in swimming
performance when the drag suit stimulus was removed. Training under this condition can result in swimmers losing their “feel for the water” [88], which may
result in altered body position and, therefore, slower swimming times. It must be
documented that most elite swimmers today have moved away from using drag
suits due to the aforementioned concerns. Another training tool used is parachutes, which have been shown to induce no alterations in kinematic characteristics of front crawl swimming [89]. Further investigation is needed in this area, but
parachutes may be the optimal training tool to increase resistive drag forces,
resulting in the swimmer having to apply more propulsive forces to the water to
achieve the same time for a specific distance.

Eccentric Overload Training
Concentric-eccentric actions are the most common modalities of dry-land strength
training, but eccentric overload training could also be used as an alternative training
stimulus for competitive swimmers. Eccentric muscle actions occur when the load
applied to the muscle exceeds the force produced, resulting in a lengthening action
and high muscle forces. During traditional concentric-eccentric resistance training,
load is prescribed on the basis of concentric strength, which leads to the eccentric
phase of movement being insufficiently loaded. Eccentric training is a potent stimulus to enhance muscle mechanical function, and muscle-tendon unit morphological
and architectural adaptations. Recent research suggests that eccentric overload
training can be superior to traditional resistance training at improving variables
associated with strength, power, and speed performance for several groups of athletes [90], and it could represent an interesting addition to strength training programmes for swimmers.
To this aim, the use of flywheel inertial resistance is an effective way to induce
an eccentric overload. Flywheel inertial devices generate resistance as a function of
the mass, distribution of mass, and angular acceleration of the flywheel, and they
require a mechanical demand most suited for exercises involving dynamic lower
and upper extremity muscle actions [91].

Vibration and Instability Training
Whole-body and upper-body vibration training has recently become a popular alternative and/or complementary method to resistance training because of its potential
beneficial effects on the neuromuscular, endocrine, cardiovascular, sensory, circulatory, and bone systems [92, 93]. Similarly, resistance training involving base or
platform instability by standing, sitting, kneeling or lying on balls, discs, wobble
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and rocker boards, foam rollers, low-density mats, and similar devices inducing
varying degrees of instability has become a popular training method in recent times.
Because swimmers perform their activity in an unstable fluid environment, this
training modality could be particularly suitable for them, as it forces the athlete to
stress and coordinate synergistic, stabilizing, and antagonistic muscle groups [94,
95]. The impact of such training methods on power production during swimming,
however, has not been assessed.

Periodization of Strength Training for Swimming Performance
A well-planned and periodized strength training programme should allow proper
long-term athlete development, limit the risk of injury and maximize competition performance [4]. Both dry-land and in-water strength training may have a direct impact
on a swimmer’s ability to apply force and move through the water, therefore strength
training plans should adequately complement swim training throughout a season.
Hellard et al. [96] recently carried out a systematic examination of the relationships between periodized training loads and performance in a large cohort of elite
swimmers over the final 11 weeks of training prior to a major competition.
Although dry-land strength loads during the taper phase were shown to be detrimental to performance, relatively higher loads in the medium- (6–8 weeks before
competition) and long-term (9–11 weeks before competition) meso-cycles were
typically associated with faster competition performance. Differences were also
observed among various distance specialists. Sprinters’ priority was maximal
strength and power in the long-term meso-cycle (weeks 9, 10, and 11 before competition). This was followed by a period of low-to-medium intensity training in
the medium-term meso-cycle (weeks 6, 7, and 8). The peak high-intensity load
was periodized in the medium-term and in the short-term meso-cycles (3–8 weeks
before the main competition). For the middle-distance swimmers, the maximum
concentration of strength training occurred typically in the long-term cycle,
whereas low-to-medium intensity training was most effective in the medium- and
long-term cycles, and the high-intensity load exerted the greatest positive effects
3–5 weeks before the final competition of the season. Taken as a whole, these data
indicated that swimmers’ strength and power capacities should be developed progressively in the medium- and long-term training meso-cycles, maintained in the
short-term meso-cycle, and loads finally reduced to avoid detrimental effects during the taper period [96].
Newton et al. [1] suggested that in a periodized progression, the training programme should change before competition to emphasize neural activation and help
swimmers in the taper process to be more coordinated and be able to deliver forces
where they need to. Taper periods leading to major competitions are known to
induce gains in swimming force and power [97–99], even in the absence of dry-land
strength and power training stimuli. All of the above is consistent with the practices
of leading international swimmers and indicates that periodization plans should be
adapted to the distance specialty of swimmers.
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Summary
Current evidence indicates that concurrent strength and endurance training could be
a beneficial strategy for a majority of competitive swimmers. Increments in upperbody muscular strength and power should translate into increased ability to generate
propulsive force in the water, improved stroke length and/or stroke rate, and
increased free swimming speed. Lower-body strength and power can translate into
faster start and turns. The ability of a swimmer to execute these performance components with high levels of technique, skill, and power will result in a greater overall
performance. Both dry-land and in-water strength training can be beneficial to
swimming performance. Swimmers today include a wide variety of strength training practices in their preparation for competition, including dry-land warm-ups,
circuit training, traditional strength, plyometrics, biokinetic swim bench, MADsystem, core training, resistive band, pull and drag suit training, eccentric overload,
vibration, and instability training. A well-planned and periodized strength training
programme should adequately complement swim training throughout a season,
allow proper long-term athlete development, limit the risk of injury, and eventually
maximize competition performance.
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Introduction
Many team sports require players to perform high-intensity efforts repeatedly and
intermittently in competition. Specific training strategies such as concurrent strength
and aerobic training are proposed to improve players’ ability to repeat high-intensity efforts [1]. Development of the aerobic system aids in improving recovery
between efforts by replenishing phosphocreatine and improving muscle buffer
capacity, factors which are critical to performance in team sports [2, 3]. The aerobic
energy system is also suggested to aid in post-match recovery following match-play.
This quality has implications for team sport schedules where multiple matches are
performed over a week (e.g. basket-ball, handball, volleyball, rugby, futsal, water
polo) or a day and over consecutive days with only few hours separating matches
(rugby sevens) [1]. While there is good evidence to suggest that resistance training
could be beneficial for performance in a single maximal effort (sprint, jump, tackle
etc.), the impact of this training format on player capacity to successively repeat
these efforts is less clear [3]. However, several studies have reported that resistance
training produces similar increases in mean work capacity during a repeated sprint
test (~12%) [4] compared with high-intensity interval training (~13%) [5].
Resistance training also improved both initial sprint performance (8–9%) and the
sprint decrement score (~20%) [5] in a repeated sprint test. The increases in repeated
sprint ability (RSA) previously reported are likely to be linked to strength gains [3].
The issue of concurrent strength and aerobic training is seemingly at the center
of attention of many contemporary team sport practitioners. A survey led by Jones
et al. [6] examined training and monitoring strategies of strength and conditioning
coaches of rugby union players. The results showed that 77% of respondents
accounted for the aforementioned interference effect while programming training
J. Robineau
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for rugby union players. In addition, 47% of coaches believed it was very important
to consider possible incompatibilities between aerobic and strength training when
generating conditioning plans. The findings of this survey emphasized periodization
would be the most effective means of avoiding any potential effect of aerobic type
stimulus on strength and power development [6].

I nfluence of Concurrent Training Variables on the Interference
Effect: A Case Study with the French Rugby Union
Previous studies showed that strength training combined with aerobic exercises in a
single program is known to impair strength and power gains in comparison with
strength training alone, if training frequency is high [7–9]. This was discussed in
previous chapters of the present book as well as in a meta-analysis by Wilson et al.
[10]. Modality, duration and frequency of endurance exercises were identified as the
main factors supporting the interference effects of endurance training on the expected
improvement of strength and power in response to concurrent resistance training.
Moreover, the influence of several training factors such as intensity and volume of
concurrent exercises as well as the order of training sessions have been previously
addressed to minimize this neuromuscular interference [11–13]. An important factor
potentially affecting the magnitude of interference in team sport athletes might also
be the duration of the recovery period between strength and endurance exercises.

Recovery Delay Between Sequences
In a previous study in rugby union players [14], we assessed whether the recovery
between strength and aerobic high-intensity interval exercises would determine the
magnitude of possible interference. The sequence of performing strength training
prior to aerobic exercise was chosen to avoid residual fatigue induced by the metabolic session and, therefore, maintaining the intensity of strength training. The question of recovery duration is warranted because the training load in elite team sport
has increased over recent years. Sessions are often scheduled twice-a-day, separated
by none or only a few hours. In our aforementioned study, daily training without
recovery between sequences and, to a lesser extent, training twice-a-day with 6 h
recovery between strength and aerobic training sessions did not seem to be optimal
for strength and power gains, nor for adaptations in VO2peak, while daily training with
24-h recovery between sessions appeared to be favorable. These results suggest that
strength and conditioning coaches should avoid scheduling two different exercise
modalities (strength vs. aerobic) in close proximity but rather aim for a 24-h recovery
period in order to assure optimal neuromuscular and cardiovascular adaptations.
In team sports like rugby, coaches also have to program specific technical and
tactical training sessions. These can generate high aerobic demands similar to those
observed during traditional endurance training. Thus, care should be taken when
scheduling specific training sessions in close proximity to strength exercise sessions. Therefore, it is recommended to monitor the specific technical and tactical
training load and the induced physiological responses, e.g., by means of global
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positioning system technology, and portable HR monitors. These devices allow
regulation of the intensity of specific training and, thus, may help to minimize the
risk of interference in strength development [14].

Type of Aerobic Training
High-intensity interval training (HIT) of various modes (i.e., different lengths of
exercise and recovery bouts) is today considered one of the most effective means
of improving cardiorespiratory and metabolic function and, in turn, the physical
performance of athletes. HIT involves repeated short-to-long bouts of high-intensity exercise interspersed with recovery periods (short and long intervals). For
team sport athletes, the inclusion of sprints and all-out efforts into HIT programs
has also been shown to be an effective methodology. These types of HIT (short and
long intervals, repeated sprint and sprint interval training) elicit different acute
physiological metabolic responses and neuromuscular strain [15]. In light of this,
it would seem relevant to determine whether the type of endurance exercise would
influence the magnitude of interference on neuromuscular adaptations. The
research and development department of the French Rugby Union Federation
investigated the impact of 2 HIT protocols (i.e., short interval vs. sprint interval,
Fig. 26.1) in amateur rugby sevens players, performed over 8 weeks on maximal
strength and power, and RSA [16] (Fig. 26.1). The main finding of this study was
that strength development was not compromised following concurrent training
with short intervals (INT) but showed a slight impairment of slow concentric
torque production gains following concurrent training with sprint interval (SIT).
However, while strength gains were somewhat compromised in the strength and
SIT group, this training actually led to the largest gains in VO2 peak. Thus, according to these findings, coaches may need to carefully consider the needs of a given
athlete as both optimal VO2peak and strength gains may be difficult to achieve in
amateur rugby sevens players. Tables 26.1 and 26.2 gives an example of how rugby
Monday
Familiarization

Final tests

Wednesday

Thursday

Graded maximal
aerobic test

MVC

Friday

Session 2

Session 1

Initial tests

Training duration
8 weeks

Tuesday

RSA

SIT

Strength

Sprint-interval

Strength

Sprint-interval

INT

Strength

Short-interval

Strength

Short-interval

CON

Strength

–

Strength

–

MVC

Graded maximal
aerobic test

RSA

Fig. 26.1 Experimental design of the study. Abbreviations: CON strength training, INT concurrent strength and short interval training, MVC maximal voluntary contraction, RSA repeated sprint
ability, SIT concurrent strength and sprint interval training. Sprint interval workload: 4–8 run allout efforts interspaced by 4 min passive recovery. Short interval workload: two series of 8–12 min
30 s run at maximal aerobic velocity (MAV) interspaced by 30 s of active recovery at 50% MAV,
3 min of passive recovery between the series

Afternoon

Morning

Nap
Rugby—tactical
Recovery

Monday
Well-being/
Medical
Resistance (LB)

Tuesday
Warm-up
Rugby—tech/tact
Aerobic (short/long
interval)
Nap
Resistance (UB)
Recovery

Wednesday
Warm-up
Agility/Sprint
Rugby—tactical
Recovery

Thursday
Warm-up
Rugby—tech/tact
Aerobic (short/long
interval)
Nap
Resistance (L&UB)
Recovery

Table 26.1 A sample rugby sevens weekly training schedule with short-/long interval training

Nap
Rugby—tactical
Aerobic suppl.
Recovery

Friday
Warm-up
Core training
Running skills

Saturday
Warm-up
Rugby—tech
Active recovery
(swimming pool)

Sunday
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Afternoon

Morning

Monday
Well-being/
Medical
Resistance
(L&UB)
Nap
Running skills
Rugby—tactical
Recovery

Nap
Core training
Aerobic (SIT)
Recovery

Tuesday
Warm-up
Rugby—tactical

Wednesday
Warm-up
Running skills
Rugby—technical
Recovery

Friday
Warm-up
Rugby—tech/tact

Nap
Core training
Aerobic (SIT)
Recovery

Thursday
Warm-up
Resistance
(L&UB)
Nap
Rugby—tactical
Recovery

Table 26.2 A sample rugby sevens weekly training schedule with sprint interval training (SIT)
Saturday
Warm-up
Rugby—tech
Active recovery
(swimming pool)

Sunday
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sevens schedule a weekly training INT or SIT. The observed interference effect
could be explained by an exacerbated residual fatigue mechanism. While we
allowed 48 h of rest between subsequent training sessions in this study, Howatson
and Milak [17] suggested that this may be insufficient. In their study, it was shown
that repeated sprint exercises may induce a significant decrement of quadriceps
MVC and a significant increase in muscle soreness lasting for up to 48 h. These
results further confirm that sprint interval training-induced muscle fatigue can
impair the quality of a subsequent resistance training sessions, even though this is
performed multiple days later.
Therefore, it is recommended to consistently monitor the fatigue generated by
repeated sprint or sprint interval training in order to limit the likelihood of neuromuscular interference. Many variables, such as increased recovery time between
sequences or different recovery strategies (ice bath, cryotherapy, and nutritional
strategies) can be manipulated to optimize recovery at baseline performance. The
one-sequence a day training configuration, with prolonged recovery between aerobic and strength exercises has to be programmed especially when HIT is composed
of repeated short or long sprints. Another solution is to reduce muscle soreness and
damage and, therefore, exacerbated residual fatigue caused through intense efforts
by performing SIT on a bicycle. Indeed, it was shown that performing concurrent
cycle sprint interval and resistance training does not seem to attenuate the strength
response when compared to resistance training alone [18].

 ffects of Concurrent Training During Pre- and In-Season
E
in Other Team Sports
The effects of pre- and in-season concurrent training on maximal strength and
power have been observed in other team sports during real training conditions and
account for technical and tactical workload. The effects of two different HIT programs (long intervals, i.e., 4 × 4 min vs. short intervals, i.e., 16 × 100 m) performed
concurrently with maximum strength and specific water polo training during preseason has been compared [19]. The results demonstrated that improvements in
swimming endurance parameters and maximum strength occurred following both
programs in national elite players. It should, however, be noted that the training
frequency with two combined sessions per week was rather low but may have been
adequate and effective to elicit significant strength and endurance increments in
national elite water polo players [19]. Similar results were also shown in futsal players performing concurrent strength and repeated sprint training (RST). The main
results of this study emphasized faster mean RSA time following concurrent training than after only specific futsal training [20]. Hence, additional strength and RST
can be an effective strategy to improve futsal-specific performance.
Although strength and power may be relatively easy to develop during preseason
training periods as observed in the two previous studies [21, 22], there is some disagreement as to whether preseason levels of strength and power can be maintained
during the long in-season playing periods, especially when a large amount of energy
system (aerobic and anaerobic) conditioning or lengthy team practices are
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performed [23–25]. Scheidner et al. [23] and dos Remedios et al. [24] reported a
significant reduction in maximal strength 13–14 weeks into the in-season in college
football players. Legg and Burnham [25] reported losses in shoulder strength by as
much as 25% over the course of a 10-week in-season period in college-aged football
players. Beyond aiming to develop neuromuscular qualities in-season, the main
objective of concurrent training for team sport athletes should, therefore, be to
maintain strength, power, and speed performances. In this way, Baker [26] investigated the effects of an in-season program of concurrent training in professional
rugby league football players and noted that maximal strength and power can be
maintained at the maximum preseason levels for long periods of up to 29 weeks.
The key to maintaining strength and power during the in-season may lie in:
• Having athletes initially better conditioned to perform concurrent training
• It has been postulated that athletes who typically perform little metabolic aerobic
training in the preseason and who may possess low aerobic capacities may experience greater decreases in maximal strength during the in-season compared to
athletes with a long training history of concurrent strength and aerobic training
[26]. If athletes are better conditioned to perform concurrent resistance and
endurance training, then the interference effects of training, game, and practice
demands on strength development or maintenance may be reduced to some
degree.
• A sufficient workload
• According to practical recommendations in professional soccer players edited by
Rønnestad et al. [27], one strength maintenance session per week, during a
12-week period, may be sufficient to maintain initial gain in strength and sprint
performance achieved during a preceding preparatory period. In contrast, performing only 1 strength maintenance session every 2 weeks seemed too low to
maintain leg strength and 40-m sprint performance.
• The prioritization of training goals, sequencing, and timing of training
• Leveritt and Abernethy [28] suggested that training goals need to be prioritized
so that the primary training goal should be trained first in an unfatigued state.
This prioritization of training goals would then dictate the sequencing and/or
timing of other training sessions.
• Utilizing an appropriate periodization model that allows for periods of high,
medium, and low training volumes and intensities. This variation of training load
would avoid overreaching and stimulate physiological adaptations [22].
A common training method in team sport, called small-sided games (SSGs), has
recently become the focus of scientific research because of its ability to develop
physical capacities together with sport-specific tactical and technical skills [29].
The primary benefits of SSGs training are that the game can replicate the movement
patterns, physiological demands, and technical requirements of competitive match
play [29], while also requiring players to make decisions under pressure and fatigue.
In addition, compared with traditional fitness training sessions, SSGs training is
thought to increase player compliance and motivation because it is perceived to be
sport-specific exercise that maximizes the training time spent with the ball [29].
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Iacono et al. [30] have shown that HIT and SSGs training were equally effective in
developing aerobic capabilities and supra-maximal intermittent performance
(according to the Yo-Yo intermittent recovery level 1 test) in elite handball players.
Moreover, 8 weeks of SSGs training led to greater improvement in anaerobic performance assessed by 10 and 20-m sprints, vertical jumps and agility test compared
with HIT. Consequently, during the in-season period, handball coaches may prefer
the SSGs training instead of HIT to optimize anaerobic and aerobic training. Finally,
coaches and players could simultaneously stimulate higher physical demands than
those presented in official match-play (maximal aerobic power, changes of directions, and high-intensity actions) to continually develop handball players’ fitness
components while also encompassing handball-specific technical and tactical elements. Other studies, achieved notably in junior elite basket [31] and volleyball
players [32], corroborated these results emphasizing significant improvements in
fitness and technical skills following the SSGs training period. Therefore, SSGs
could be considered as an optimal training method during in-season period, not only
to maintain but also develop aerobic and anaerobic physical qualities.

Summary
In conclusion, concurrent training variables such as the exercise order, recovery
period as well as the type and modality (run or cycle) of HIT may influence the
interference effect. Practitioners have to keep in mind that the training program
should be structured according to the prioritized objective. Moreover, they have to
be cautious to aid the recovery process when recovery time is restricted.
Strategies and objectives with regard to managing concurrent training-induced
interference should be different according to the phase of the season. In preseason,
the main objective is to maximize the development of physical qualities whereas
practitioners seek to maintain these during in-season period. However, we emphasized that SSGs training could allow development of both aerobic and anaerobic
qualities (through agility and vertical jump) even in the competitive phase. Its effect
on muscular strength however remains to be proven.
All previous studies mentioned in this chapter showed the large complexity when
implementing concurrent training. Sometimes, this would be mainly dependent on
the coach’s preferences, the philosophy of the sports science staff, the demands of the
competition, and the availability of facilities [33]. The aim of further studies should
be to stimulate the interest of practitioners to objectively develop periodization models for concurrent aerobic and strength training, especially for team sport athletes.
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Concurrent Aerobic and Strength
Training for Performance in Soccer

27

Joao Renato Silva

Soccer as a Concurrent Modality
Demands of Football
Elite soccer players cover 8–13 km during matches [1] with an average intensity
near the anaerobic threshold (70–75% of VO2max) [1–3], which suggests that performance at the elite level may, in part, be determined by aerobic fitness [2].
However, despite low- to medium intensity running being the predominant activity
pattern of soccer players, high-impulsive efforts, such as sprints, jumps, duels, and
kicking, require maximal neuromuscular efforts [4]. These have the goal of maximizing the impulse produced [5] as this determines the decisive decision-making
situations in professional football (e.g., speed) [6]. Moreover, the acceleration and
deceleration activity profile in soccer results in high neuromuscular strains, even
when speed is low [7]. Nowadays, players are experiencing an increase in match-
play physical demands in part due to shorter between-match recovery periods and
high neuromuscular demands (e.g., greater number of high-intensity running
actions and acceleration requirements) [2, 8, 9]. Competitive soccer places a considerable stress on the physiological and biomechanical load (e.g., stress in joints
and muscles) adaptation pathways. It seems that match-play represents an important component of the strength/power training stimulus; indeed higher match exposure is associated with improved neuromuscular qualities such as jumping height
and power [10–12].
In soccer, potentiated neuromuscular and endurance-related qualities provide a
competitive advantage, as they are associated with improved fatigue resistance
J. R. Silva
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during the game [13, 14] faster post-match recovery [15] and injury prevention
[16–18]. Therefore, players perform intense training programs (e.g., strength/power,
endurance, speed endurance) aiming to improve neuromuscular and specific endurance performance.

Methodological Considerations
Recently, it has been highlighted that particular attention should be given to the
selection of the modes of strength/power and endurance training [19]. It is believed
that when they are at opposite ends of the biomechanical and neuro-coordinative
spectrum, the anatomical and performance adaptations may be reduced, and the
accuracy of the intended movement, fluidity, and elegance that characterize excellence may be compromised [19]. These methodological considerations call for the
adoption of an integrated approach in training design (e.g., exercise, session plan),
involving all technical staff such as the coach, the physical coach, and the physiologist. For example, two “physical conditioning” training exercises (e.g., 4 × 4′ speed
running at 15 km/h vs. 4 × 4′ situational drill) may result in similar internal load (e.g.,
90% maximal heart rate), but may differ in the highly impulsive requirements (e.g.,
more acceleration/decelerations during the drills). As so, manipulation of exercise
structure is key for strength gains transfer to the high-impulsive actions required during soccer [19]. In fact, coaches adopt small-sided games to develop player’s endurance qualities [20], but usually, even more to prepare next game strategic plan and
consolidate players and team technical-tactical behaviors. The later aspect comprises
the greater proportion of training time in strategic sports. In fact, different game
structures (pitch size and player numbers) may influence the frequency and fatigue
development of high-impulsive actions [21, 22]. Consequently, the neuromuscular
involvement during the “overall” training sessions is an important consideration in
soccer. Notably, the physiological and molecular events associated with endurance
fitness development and maintenance (expression of PGC-1α mRNA) [23] are usually targeted during the typical soccer training (e.g., tactical exercise, technical circuits that often involve frequent displacements or small-sided game exercises
performed during a 90-min soccer competition/training session) [19].

Research in Concurrent Training in Soccer
The physiological and performance adaptations to different CT program (Tables 27.1
and 27.2) have been investigated in youth (13–15 years), [24] young adults
(17–19 years), [25, 26] and adult soccer players [27–30]. Generally, studies have
examined the training effects of two sessions per week [24–27, 30]. Nevertheless, the
effect of higher frequency of concurrent training sessions (i.e., three) [29] and a combination of different frequencies of endurance and strength session during the CT
(endurance block composed of two endurance training sessions and one strength
training session by week and vice versa) have been investigated [28].

Professional/
Hong-Kong/9
(24.6 ± 1.5)

Elite youth/
Tunisia/14
(13.7 ± 0.5)

Makhlouf et al. [30]

Level/Country/n
(age)
Semi-
professional/
Spain/16
(28 ± 3.7)

Wong et al. [24]

Study
Nunez et al. [25]

Type of training
Strength and Endurance with
24 h rest between sessions;
SE and END—a sequence of
general, special, and specific
exercises incorporated in
different training blocks. ET
block (2 sessions END + 1
session SET) SET block (1
session END + 2 session SE)
Strength in the morning and
Endurance in the afternoon
(5 h interval)
SE: 5 exercises; high-pull,
jump squat, bench press, back
half-squat, and chin-up; 4 sets
at 6RM with 3-min rest
between sets)
END: 16 × 15 s at 120% of
MAS with 15 s rest
Strength and Endurance with
24 h rest between sessions
SE: traditional resistance
exercises, olympic lifts,
plyometrics, 3 sets, 5–10 reps)
END: 2 × 12–16 runs at
110–120%MAS)

P
S

PS

IS

D
4 blocks of
12 weeks

2×/
week/8 weeks

2×/
week/12 weeks

Table 27.1 Physiological and functional adaptations to concurrent training on alternating sessions

↑40.1% 1RMSquat

Physiological adaptations

(continued)

↑6.9% T10m
↑5.7% T30m
↑5.7% Agility15m
↑13.6%SJ
↑8% CMJ
↑4.1% MAV
↑54.5% YYIR1
↔5JT

↑4% VJ,
↑5.9% T10m
↑2.8% T30m
↑19.7% YYIR1,
↑3.1% MAS
↑9.2% MASdistance

Performance changes
↑73–80% Probst test
↑11.1–16.2% SJ
↑8–8.7% CMJ
↑6–7% CMJWAS
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Level/Country/n
(age)
Professional/
Premiere League
Club/7 (17 ± 2)

*

significantly different between groups [29]

Study
Enright et al. [29]

Table 27.1 (continued)

Type of training
Endurance and Strength and
with 120-min rest between
training components,
SE: 5 traditional resistance
exercises, 4 sets × 6reps 85%
1RM)
END: small-sided games, 4 V
4, 4 × 4 min/3-min rec,
85–95% maximal heart rate

D
2×/
week/5 weeks

P
IS

media/proximal

Physiological adaptations
19.1%1RMSquat*
↑27.3%IMVC LR
↑13.3%ConcQuads180°
↑11–19.2%ConcHams60–180°
↑23.1%EccHams120°
↑14.3%AoP*
↔ MVICpeak force,
EccQuads120°,
ConcQuads60°, FL, MTdistal/

Performance changes
↑8.2%SJ
↑5.6%10 m*
↔ T30m, CMJ
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Elite/Spain/23(25;
range 20–31)

14 (13.7 ± 0.5)

Helgerud et al.
[27]

Makhlouf
et al. [30]

Level/Country/n
(age)
Study
Strength plus endurance
Semi-and
McGawley
and Andersson professional/
Sweden/9 (23 ± 4)
[26]
P
PS

PS

IS

D
3×/
week/5 weeks

2×/
week/8-weeks

2×/
week/12 weeks

Type of training

5-min rest between training components
END: repeated sprint ability, speed
endurance, high-intensity interval
dribbling track and speed agility, and
quickness circuits)
SE: (olympic lifts and traditional
resistance exercises, 2–3 sets/5–10 reps,
75–85%1RM; plyometrics 3–4
sets/4–15 reps, core strength)
15-min rest between training
components
END: 4 × 4-min runs in a treadmill
(5.5% inclination) 90–95% maximal
heart rate separated by 3-min jogging at
50–60% maximal heart rate
SE: 4 sets × 4 RM half-squats 90° with
3-min rest between sets
15-min rest between training
components
SE: traditional resistance exercises,
olympic lifts, plyometrics, 3 sets, 5–10
reps)
END: 2 × 12–16 runs at 110–120%
maximal aerobic speed

↑1.4% T10
↑7%CMJ
↑1.1% Agility
↑1.9% RSA
↑19.6% perf dec
RSA
↑15.4% YYIR2
↑3.2%T10
↑1.6%T20
↑5.2%CMJ

↑5.8% T10
↑2.6% T30
↑4.3% Agility15m
↑78.6% YYIR1
↑5.3% MAS
↔ SJ, CMJ, 5JT

↑6–7.6% fat (%, kg)
↑1.5–3% lean mass (% and
KG)
↑18.7%1RM Half-squat
↑28.5%1RM Lunge
↑97.3%Iliopsoas (°)
↑5.3%Hamstrings (°)
↑8.6% VO2max
↑3.7% RE(11km.h)
↑ 52%1RMSquat
↑49%1RM/BW

↑47.2%1RMSquat

(continued)

Performance
changes

Physiological adaptations

Table 27.2 Physiological and functional adaptations to different within-sessions order concurrent training (strength plus endurance and endurance
plus strength)
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Semi-and
professional /
Sweden/9 (23 ± 4)

Elite/Spain/19
(18.4 ± 0.6)

McGawley
and Andersson
[26]

Lopez-
Segovia et al.
[28]

Level/Country/n
(age)
Study
Endurance plus strength
Makhlouf
Elite youth/
et al. [30]
Tunisia/15
(13.7 ± 0.5)

Table 27.2 (continued)

PS

PS- ↑5.8%Fsquats20kg
IS
↑7.1% Fsquats30kg
↑5.2% Fsquats40kg

3×/
week/5 weeks

2×/
week/16-weeks

5-min rest between training components
END: repeated sprint ability, speed
endurance, high-intensity interval
dribbling track and speed agility, and
quickness circuits)
SE: (olympic lifts and traditional
resistance exercises, 2–3 sets/ 5–10 reps,
75–85%1RM; plyometrics 3–4
sets/4–15 reps, core strength)
SE + END
SE: jumps with and without external
loads, traditional resistance exercises.
Speed agility and quickness exercises
with and without external loads
END: high-intensity runs, physical-
technical circuits and small-sided
games, with maximal intensity during
4–6-min periods.

↑5.2–7.1% fat (% and kg)
↑1.6–3.6% lean (%and KG)
↑19.1%1RM Half-squat
↑19.1%1RM Lunge
↑165.2% Iliopsoas (°)
↑10.3% Hamstrings (°)

↑40.5% 1RMSquat

IS

2×/
week/12 weeks

15-min rest between training
components
SE: traditional resistance exercises,
olympic lifts, plyometrics, 3 sets, 5–10
reps)
END: 2 × 12–16 runs at 110–120%
maximal aerobic speed

Physiological adaptations

P

D

Type of training

↑6.8%CMJ(20kg)
↓ 2.3%T20 and
T30
↓3.2%Tst/10–20↓1.6%Tst/10–30↓2.6%Tst/20–30-

↑3.2–4.3% T10
and T30
↑1.6% Agility15m
↑7–11% SJ and
CMJ
↑4.7% MAS
↑58.8% YYIR1
↔5JT
↑2.2% T10
↑1.9%CMJ
↑0.9% Agility
↑0.8% RSA
↑16.8% perf dec
RSA
↑22.9% YYIR2

Performance
changes
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Professional/
Premiere League
Club/8 (17 ± 2)

SE + END with 30–45-min rest between
training components
SE: 5 traditional resistance exercises,
4 sets × 6reps 85% 1RM)
END: small-sided games, 4 V 4,
4 × 4 min/3-min rec, 85–95% maximal
heart rate
2×/week/
5 weeks

IS

↑10.3% 1RMSquat*
↑20.3%IMVC LR
↑2.6%ConcQuads180°
↑9–12%ConcHams60–180°
↑16.5%EccHams120°
↑7.5%AoP*
↔MVICpeak force,
EccQuads120°,
ConcQuads60°, FL, and
MTdistal, media and proximal
↑7.5%SJ
↔ T10m*, T30m,
CMJ

↑ significant improvement, ↓ significant decrement, ↔ no significant alterations, ~ approximately, NS not specified, F/D frequency and duration of training
protocols, P period of the soccer season, SE strength training, END endurance training, SJ squat jump, CMJ countermovement jump, CMJWAS countermovement jump with arm swing, MAS maximal aerobic speed, VJ vertical jump, Fsquats(20–40kg), speed of movement during full squats exercise (range of the external
load); T5–30m, sprint performance; Tst/10–30, sprint performance in predetermined split distances; VO2max, maximal oxygen consumption; RE (11 km h), running
economy (velocity); 1RMHS, one repetition maxim in half-squat strength exercise; 1RM/BW, strength per kg of body weight; Rec recovery, CJS continuous
jumps with legs extended, YYIR1 Yo-Yo intermittent recovery level one, MASdistance maximal aerobic distance, SSG small-sided game, CMJ(20kg) countermovement jump (external load), SAQ speed, agility, and quickness, HRmax maximal heart rate, PS performed during preseason, IS performed during in-season, RSA
repeated sprint ability, PT plyometric training, perf dec RSA performance decrement in the repeated sprint ability test, YYIR2 Yo-Yo intermittent recovery level
two, FL Fascicle length, MT muscle thickness, AoP Pennation Angle; Traditional resistance exercises (e.g., multi-joint closed-chain exercises such as squats,
dead lifts, lunges)
*
significantly different between groups [29]

Enright et al.
[29]
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The training-induced adaptations of CT performed in alternating sessions (e.g.,
strength training on Tuesday followed by endurance on Wednesday or endurance in
the morning and strength in the afternoon, Table 27.1) [24, 26–28], or within the
training session (strength plus endurance-based drills or endurance plus strength-
based drills, SE + END, and END + SE, respectively) [24–26, 29] have been investigated (Table 27.2 and Fig. 27.2).
Strength/power training component of CT involved isolated (e.g., closed-chain
multi-joint traditional resistance exercises, TRE) or a combination of distinct movement patterns (e.g., TRE, ballistic exercises, plyometrics, and sport-specific force-
based actions within the same workout) with distinct loads (e.g., 4RM, 6RM, and
75% 1RM) and a wide range of movement velocities to improve player’s performance in relevant motor tasks (Tables 27.1 and 27.2). Endurance-based element consisted of isolated (high-intensity aerobic training, HIA) or a combination of
high-intensity training methods (e.g., HIA + speed endurance + repeated sprint ability, Tables 27.1 and 27.2). These loading schemes involved different intensity ranges
(e.g., % of maximal heart rate and % of maximal sprinting speed) and exercises formats/structures (running based, dribbling tracks and small-sided games). Moreover,
the independent variables (e.g., intensity, frequency, volume, work:rest ratio) of the
strength or endurance loading scheme were manipulated in different ways, resulting
in different training stimulus (Part II). Being so, players were exposed to a wide
range of CT combinations (Tables 27.1 and 27.2). Small differences in the manipulation of the different mechano-biological descriptors of strength/power stimulus (e.g.,
load magnitude, volume) may result in distinct performance adaptations in soccer
players [19]; determines the responses of cellular and molecular signaling pathways
[31] (Part II). Consequently, the drawing of precise conclusions regarding the role of
the different individual CT variables results in a complex equation. This is related to:
(1) the wide variety of adopted training methods; (2) the short-term duration of the
interventions; (3) the distinct season time lines used throughout the pre-season [25,
27–30] and/or in-season periods [24–26, 28]; (4) the different weekly loading
schemes applied (endurance vs. strength); and (5) the different players’ standard.
In fact, from the authors’ knowledge just one study detailed the overall exposure
(e.g., total distance covered, volume) during the exercise intervention [26].
Nevertheless, as discussed below, independently of the manipulation of the different
concurrent variables, CT programs may result in substantial short-term physiological and performance improvements (Tables 27.1 and 27.2). Moreover, the magnitude of physiological and performance enhancements is comparable to the ones
reported after strength/power studies conducted in soccer [19].

 hysiological and Performance Adaptations to Concurrent
P
Training in Soccer
Data related to the players’ physiological parameters (e.g., % 1RM) and performance parameters (e.g., soccer-specific endurance tests and jump tests) were
extracted and presented as the percentage of change, training efficiency, and corrected effect sizes (see Appendix for formulas).
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Physiological Adaptations
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The effectiveness of a training program is evaluated by the magnitude of sport-
specific improvements (e.g., jumping, sprinting, and intermittent running capacity).
Our analysis suggests that CT may result in improvements in different motor tasks
and performance qualities in high- and low-level players (Tables 27.1 and 27.2 and
Fig. 27.1). CT promote improvements in body composition (increased lean mass and
decreased body fat) [29] endurance-related (VO2max and running economy) [30]
and neuromuscular-related characteristics (e.g., 1RM, rate force development) [24–
26, 29, 30]. In fact, independent of the players’ standard, enhanced (large magnitude)
dynamic maximal force production [24, 26, 29, 30] can be obtained during different
concurrent approaches [24, 26–30] (e.g., alternative days and within-session order).
Specifically, increases in 1RM were observed during the performance of bilateral
(Squat, Fig. 27.1) [24, 26, 29, 30] and unilateral (lunge) multi-joint exercises [29].
CT may also result in increases in relative maximal strength and peak torque during
knee extension and flexion tasks both during concentric and eccentric isokinetic
muscle actions [26]. Particularly, the increase in eccentric hamstring strength capabilities is especially relevant given the high rate of injury and subsequent recurrence
that target this specific “vulnerable” muscle in soccer [32–34].

Fig. 27.1 Performances gains (solid bares), training efficiency (% improvement by session, circles), and magnitude of change (Weighted Effect Size, ES, squares) in 1 RM [24, 26, 29, 30], Jump
[24, 26, 27, 29, 30], Sprint [24, 26, 27, 29, 30], COD [24, 29], YYIR1 [24, 27], YYIR2 [29], and
MAS [24, 27] after short-term concurrent training interventions (5–12 weeks); studies included had
to report changes in 1 RM. Training efficiency = % performance improvement/number of training
sessions; 1RM one repetition maximum, COD change of direction ability, YYIR1 Yo-Yo intermittent
recovery test level 1, YYIR2 Yo-Yo intermittent recovery test level 2, MAS maximal aerobic speed.
Dashed horizontal lines represent the threshold values for corrected effect sizes (see Appendix)
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Performance Adaptations
Pooled data from different studies (Fig. 27.1) [24–30] reveals an enhancement of
neuromuscular performance (moderate magnitude) when measured by the performance of different multi-joint tasks such as jumping (SJ, CMJ, and CMJ-WAS),
sprinting (10–30 m) [24, 26–30], and COD abilities (t-test and agility15 s test)
[24, 29]. Although a similar magnitude of change is observed between these different motor tasks, the training efficiency is greater for jumping abilities followed by
sprinting and COD abilities (Fig. 27.1). There are systematic [19] and meta-analytic
evidences [35] showing that strength increases during the performance of traditional
resistance exercises (e.g., squats and lunges) transfer positively to the performance
of sprint-and-jump-related actions [19, 35]. In fact, associations between the measures of maximal (1RM) [36] and relative strength (1RM/BM) [37], as well as
between mechanical properties of specific muscles (e.g., quadriceps), such as peak
torque [19, 38] and peak power [39], and the ability of soccer players to perform
complex multi-joint dynamic movements (e.g., jumping and sprinting actions) have
been reported [11, 36–39]. Additionally, CT results in substantial gains in the performance of nonspecific (Fig. 27.1, Probs-test and MAS, extremely large and moderate magnitudes, respectively) [24, 27] and specific endurance tests (Fig. 27.1,
YYIR1 and YYIR2, very large and moderate magnitudes, respectively) [24, 27, 29].
Notably, these performance improvements are relevant to optimize soccer players’
match performance. Improved neuromuscular capacity (e.g., strength and power)
and soccer-specific endurance (assessed by the Yo-Yo tests) have been linked to a
greater fatigue resistance (e.g., during a worst-case match scenario) [13, 14], faster
post-match recovery (e.g., lower match-related muscle-damage markers) [15, 40]
and injury prevention (e.g., offers greater injury protection when players are exposed
to rapid changes in workload) [16–18].

Considerations for Concurrent Training Design
There is a multitude of potential CT variables (within-session exercise order,
between-mode recovery length, endurance training intensity, and endurance training volume) that may play a role in the acute and chronic interference [41] consequently influencing the chronic adaptations (Part II).

Within-Session Order
Clubs’ obligations may involve team travelling and competing frequently within
the in-season, limiting structured training and recovery opportunities within this
important period [42]. The limited time for training results in coaches prescribing
training sessions involving the training of different physical components (strength
and football-specific endurance training) within the same day (e.g., morning and
afternoon sessions during training camps) or within the same session. Nevertheless,
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it’s believed that the order in which these exercise modes are performed may
potentially modulate interference and so, result in different training stimuli [41].
Although scarce, researchers have examined the short-term influence of SE + END
[24–26, 29] and END + SE [24, 29, 30] within the same session. Generally, both
forms of within-session order result in substantial improvements in neuromuscular performance assessed by means of 1RM (squat lunge and knee extension and
flexion tasks), jumping, sprinting, and COD abilities (Table 27.2, Fig. 27.2b).
Particularly, pooled data of the studies measuring strength gains revealed that
END + SE results in a greater magnitude (Fig. 27.2a) of change in 1RM, acceleration (10 m sprint), and COD actions. Nevertheless, both organizations resulted in
similar magnitude of gains on CMJ performance. The superior training effect of
END + SE in sprinting abilities is further confirmed when pooling the different
sprint distances (Fig. 27.2b). Notably, sprint “training efficiency” scores, representing the percentage of improvement by session, is higher for the END + SE

0

Fig. 27.2 Performances gains (solid bares), training efficiency (% improvement by session, circles), and magnitude of change (Weighted Effect Size, ES, squares) after (a) Concurrent training
within-session order END + SE [24, 29, 30] and SE + END [24, 26, 29] within the same session
(5–12 weeks). (b) Concurrent training performed in alternating sessions [24, 26–28] (5–12 weeks)
and within-session order (5–12 weeks). Training efficiency = % performance improvement/number of training sessions, END + SE endurance plus strength, SE + END strength plus endurance,
1RM one repetition maximum, CMJ countermovement jump, T10 10 m sprint time. Dashed horizontal lines represent the threshold values for corrected effect sizes (see Appendix); Note: data
extracted from study [28] are from the second season block (SE—6 sets/8 RM/fast loads, END—6
medium extensive intervals of 8 min)
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independently of the method of analysis (10 m sprint vs. sprinting pooled data,
Fig. 27.2a, b).
Almost 90% of all muscle injuries of professional soccer players are localized in
lower limbs [34] with hamstrings muscle strains accounting for 12–16% of all injuries [34, 43, 44]. Particularly, the injury rate is higher in the last parts of the soccer
matches [45]. Eccentric hamstring strength is a fundamental etiological factor associated with hamstring muscle strains [46]. As so, researchers investigate the short-
term [46, 47] and acute [48] timing-induced effect (PRE vs. POST training session)
of eccentric-based strength exercises (Nordic hamstrings exercises, NHE) targeting
this soccer-specific “vulnerable” muscles. Lovell and colleagues [47] examined the
short-term (2 times a week during 12 week) timing-induced effect of NHE within the
session order. The authors observed that training adaptations were independent of the
within-session exercise order; similar gains in strength, flexibility, architectural (pennation angle), and morphological changes (muscle thickness) were observed.
Nevertheless, Small and colleagues [46] applying an identical research design in a
shorter exposure period (8 weeks, 2 times a week, 3 sets of 12–10–8 reps) observed
that the performance of NHE exercises at POST significantly reduced the negative
influence of fatigue during soccer-specific exercise; players significantly increase
eccentric hamstrings peak torque and the functional ratio (eccentric hamstrings; concentric quadriceps) at half-time (45 min) and post (90 min) soccer-specific simulation protocol (SAFT90) compared to the PRE group. However, PRE had a greater
improvement in eccentric hamstrings strength and functional ratio
(eccHams:concQuads) after the training intervention (assessments performed prior
the soccer-specific protocol). Lovel and colleagues [48] investigated the acute neuromuscular and performance responses to NHE completed PRE vs. POST training
session. The authors observed that PRE increased sprint performance but had a
greater fatiguing effect on hamstrings strength (decreased eccentric peak torque) during 60-min soccer-specific exercise (peak torque assessed in 15-min intervals) [48].
Therefore, this greater fatiguing effect may render the players more susceptible to
hamstring strain injury acutely during the remaining training session [48]. Specially,
a higher injury predisposition might occur in the high-loaded players. Accordingly,
the external load completed by players is highly variable within and between soccerspecific exercises, such as small-sided games and team strategic combinations.
Different tactical and technical roles dispose to a high inter-player variability in specific locomotor activities [49, 50]. These previous factors (fatigue responses and interplayer variability within a session) along with the similar or greater gains of POST
organization should be considered by coaches when defining the timing of the strength
component. Nevertheless, it is important to highlight that these previous studies [46–
48] were performed with amateur soccer players that are subject to a smaller training
exposure (2–3 sessions a week) than professional players [46–48]. We believe that
soccer-related technical staff should adopt an integrated approach when defining the
exercise timing of the strength-based element of the session. Some of these are:
• Is the player returning from injury or not?
• Is the target increasing player’s maximal strength or strength endurance?
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• Is the team in a congestive schedule period or not?
• What is the expected metabolic/mechanical stress of the “overall” session?
• Does the player show enough technical competency to perform a complex
strength exercise in fatigued state?

Between-Mode Recovery Length (Proximity)
The recovery length allowed between concurrent exercise sessions is another important practical consideration [41]. Increasing training time available, as the observed
within specific periods of the season (e.g., in-season periods with one competition
per week or during pre-season and transition period) may allow coaches to implement isolated mechanical-and metabolic-based sessions [42] on alternating days
[24, 28] or within the same day (morning and afternoon training sessions) [26, 27].
It’s believed that an increase in recovery length will allow to not compromise the
resistance training stimulus (via residual fatigue and/or substrate depletion) and
anabolic response (via molecular interference, Part II) that is thought to occur when
undertaking concurrent exercise sessions [41]. Enright and colleagues [26] observed
small but substantial improvements (larger corrected effect sizes, ESs) in physical
performance parameters in the END + SE vs. SE + END concurrent organization.
Importantly, the recovery time allocated between the training of the two physical
components was very different between exercises modes. The time allocated
between the END + SE was of 120 min and of 45 min between the SE + END organization. As so, the authors attributed the superior results of the END + SE organization to the higher recovery time allocated between training bouts and the superior
nutritional arrangements that could be applied when a greater interval period occurs
[26]. The relevance of the between-mode recovery length is further confirmed in the
study of Wong and colleagues [27] (5 h recovery between the strength and endurance session). In this study [27], were observed the greater improvements in jumping (large ESs) and sprinting abilities (very large ESs) among the seven selected
studies. This is particularly relevant given that in professional football unexpected
changes in team’s training schedule occur that alter the organization of CT and the
timing of food intake around each exercise session [51]. Nutrition plays a key role
in modulating the physiological adaptations to CT (Part III) [51].
CT performed in alternating sessions [24, 27, 28, 52] may result in greater magnitude of changes in overall sprint and jump performance (Fig. 27.2b) than within
same session arrangements [24, 29, 30, 51] or within the day [26]. This greater magnitude of change could be explained not only by a decrease in the interference effect
(e.g., decrease training proximity) but as well as by a possible superior organization
of the overall training session. Coaches may be able to structure the individual training sessions with the strategic and technical-tactical exercises that are dependent of
strength or endurance qualities. This type of organization (strength/power vs. endurance-based sessions) may allow a greater input in the independent physiological and
biomechanical load pathways of neuromuscular or endurance-related adaptations as
well as in other relevant factors of soccer performance (technical-tactical) [42].
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Intensity and Volume
Another practical consideration is the intensity and volume of the endurance component applied in the CT [53]. It has been suggested that given the conditional
concurrent nature of soccer, concurrent high-intensity strength (high load few repetitions), and high-intensity endurance training modes (e.g., speed endurance)
may enhance a player’s overall performance [19]. In this regard, CT studies have
mostly analyzed different combinations of these training methods (Tables 27.1
and 27.2).
A combination of resistance exercises, plyometric, and sport-specific strength
exercises (e.g., accelerations and deceleration drills) is recommended to target a
broad range of the force–velocity spectrum [19, 42]. This type of approach has been
suggested not only due to its superior efficiency but also due to its ecological value
[19]. Coaches should be conscious that a reduced transfer of strength gains to high-
impulsive actions of soccer may occur when the prescribed exercises have a “poor”
biomechanical specificity [54]. In this regard, open-chain, isolated and machine-
based exercises (i.e., leg extension, leg press,) may target differently the intra-
muscular and inter-muscular aspects of athletic performance; they may not provide
adequate movement pattern specificity for optimal performance improvements in
closed-chain sporting movements (e.g., sprinting and COD) [55]. Given the scarcity
of studies in CT in soccer, an analysis of strength training studies performed in soccer may allow to draw better conclusions regarding the efficiency of different
strength and endurance training methods. In fact, the majority of strength training
studies in soccer have been performed during the pre-season period (for references,
see [19]. The detraining during the transition period results in large reductions in
endurance-markers (e.g., VO2max and time to exhaustion) and performance of
soccer-specific endurance exercise (Yo-Yo intermittent endurance exercise level 2)
[42]. Therefore, a substantial amount of endurance-based work is prescribed during
pre-season [42]. In this regard, Bogdanis and colleagues [56, 57] analyzed the
effects of high-repetition/moderate-load (hypertrophy) and low-repetition/high-
load (neural adaptations) programs on anthropometric, neuromuscular, and endurance performance; a considerable amount of interval training and small-sided games
were performed [56, 57]. The hypertrophic mode was associated with increases in
lower limb muscle mass, while the neural mode was more effective in improving
relative strength, sprint, and COD performance, running economy, and fatigue resistance measured with a repeated cycle ergometer sprint test [56, 57]. Other researchers [58] found that explosive-strength training performed in parallel with endurance
training resulted in improvements in the individual anaerobic threshold and neuromuscular parameters (e.g., low-force portion of the load-vertical jumping curve).
These results suggest, at least in part, a better efficacy of neural-based programs in
high-level players [56, 57, 59].
High-intensity endurance training modes (single and combined forms of HIT,
Tables 27.1 and 27.2) have been suggested to better fit in the soccer training periodization puzzle than the adoption of high volumes/low intensity endurance modes
[19]. This rational is based on the following observations: (1) the acute anabolic
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(e.g., growth hormone and insulin-like growth factor-I) [60–64] and redox environment; (2) HIT maintains a muscle fiber phenotype associated with strength and
power capabilities [65]; (3) commonality of muscle action (brief and intense muscle
contractions) [19]; (4) the adaptations in skeletal muscle and improvements in laboratory and field endurance-related parameters that are comparable to the observed
after high-volume endurance training [66–71]; (5) increase in endurance and
neuromuscular-related outcomes [72]; and (6) may improve muscle power-based
actions [71–73]. Nevertheless, independent of the HIT training mode, exercise
design should recreate the high-impulsive structure/nature of soccer (e.g., acceleration and deceleration, multidirectional running patterns).

Summary
Research in concurrent training in soccer reveals similar physiological and performance adaptations than the typically observed after strength/power training studies
in soccer. Concurrent high-intensity strength and high-intensity endurance training
modes may represent the most efficient combination to implement in soccer periodized training program. Within a CT, the observed magnitude of change and training efficiency seems as follows: alternating sessions>endurance plus strength within
the same session>strength plus endurance within the same session. As discussed in
this chapter, coaches should adopt an integrated approach considering the exercise
timing of the strength element of the session (e.g., individual player, exercise structure, training methods, performance constructs, moment of the season). In fact, soccer is a concurrent sport by nature, due to the associated-endurance related demands
triggered by the training of the other relevant constructs of performance (technical-
tactical) and competition format (volume and intensity).

Appendix: Analysis and Interpretation of Results
To evaluate the magnitude of the effects, percent change was calculated for each
dependent variable for each study using the below equation:
éë M post - M pre ùû / M pre ´ 100

(Eq. 27.1)

where Mpost was the post-training mean and Mpre the baseline mean. ESs (Effect size)
were computed to present standardized training-related effect on the outcome
variables [74]. The different ES within individual studies were calculated with
Cohen’s d, by dividing the raw ES (difference in means) by the pooled standard
deviations, as proposed by Bornstein et al. [75] as followed (Eq. 27.1):
ES = g =

(M

post

– M pre )

SD pooled

(Eq. 27.2)
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SDpooled is the pooled SD of the measurements and was calculated as follows
(Eq. 27.2):
SD pooled =

( ( n - 1) ´ SD

2
Pre

+ ( n - 1) ´ SD2Post

( 2n - 2 )

)

(Eq. 27.3)

where SD2Pre is the standard deviation of the performance test completed before the
training intervention and SD2Post is the standard deviation of the performance test
completed after the training intervention. To account for possible overestimation of
the true population, ESs were corrected accounting for the magnitude of the sample
size of each study [76]. Therefore, a correction factor (CF) was calculated as proposed by Hedges and Olkin [76].
CF = 1 -

3
4df - 1

(Eq. 27.4)

where df = n − 1. The corrected ES was calculated as follows:
Corrected ESc = g ´ CF

(Eq. 27.5)

Threshold values for ESc were defined as trivial (<0.2), small (0.2–0.6), moderate (0.6–1.2), large (1.2–2.0), and very large (>2.0) [77].
Training efficiency for each dependent variable was calculated as follows:
Efficiency =

% of improvement éë M post - M pre ùû / M pre ´ 100

Number of training sessions ( number of weeks ´ number of sessions per week )

(Eq. 27.6)
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