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Abstract

The question whether the muscle hypertrophy induced by resistance training, hormone
administration or genetic manipulation is accompanied by a proportional increase in muscle
strength is still open. This review summarizes and analyses data obtained in human and rodent
muscles in studies that have monitored in parallel changes in muscle size and changes in muscle
force, measured in isometric contractions in vivo, in isolated muscles ex vivo (in rodents) and in
single muscle fibers. Although a general positive relation exists among the two variables, a
number of studies show a clear dissociation with increase of muscle size with no change or even
decrease in strength and, vice versa, increase in strength without increase in size. The possible
mechanisms of such dissociation, which involves neural motor control and/or cellular and
molecular adaptations of muscle fibers, are briefly discussed.
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In the competitive sport world, several disciplines
involve high level of muscle hypertrophy, as for example
weight lifting and throwing sports (shot put, discus throw
and hammer throw) among the field and track events.
Actually, all these sports require a specific training,
aimed at increasing muscle performance in terms of force
and explosive power and based on resistance exercise,
i.e., repeated muscle contractions against a resistance or
a weight, and this type of training produces a significant
muscle hypertrophy. At first sight, similar training
protocols are adopted in a parallel and independent
world, which is represented by bodybuilding. Athletes
who train for bodybuilding develop highly hypertrophic
muscles with specialized protocols of resistance training.
If we compare by eye a body builder and a weight lifter
we can detect differences and similarities in their body
structure. Both have large muscle mass in limbs and
trunk, which in athletes trained for throwing sports and
power lifting are often covered by subcutaneous fat,
while in body builders the combination of bulking and
cutting phases remove all unnecessary fat to make
muscles well visible! Some degree of asymmetry
between left and right limbs is often detectable in trained
athletes of throwing sports but never in body builders. If
we then determine the contractile performance, for
example by measuring the maximal voluntary

contraction (MVC), we will likely discover that trained
athletes perform better than body builders.? Thus, if we
ask a coach about the training protocols, which are
followed by a body builder and a power lifter, the answer
will be that they are very different. In both cases, the
athletes will perform repeated sets of contractions against
resistance, mostly given by weights or elastic bands, but
the distribution of volume (number of sessions per week,
or sets in each session or repetitions in each set), intensity
(load or resistance), timing (intervals between sets or
between exercise sessions) will be adapted to the final
goal and the same holds for the nutritional support. This
implies that different pathways of training have to be
followed if the goal is to maximize hypertrophy or to
maximize performance.®> The same question, i.e., the
relation between increasing muscle mass and improving
muscle performance, has been asked in the world of
muscle biology and physiology for many years. The
pioneering work of Rasch, published in 1955,* asked
openly whether a "relationship exists between
hypertrophy and increase in strength" starting from the
critical statement that "it seems unlikely that any simple,
direct correlation exists". A key advancement on this
issue was the identification of two phases in the
resistance training, a first phase where the increase in
strength was neural in origin and a second phase where
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Cartoon showing three alternative relations between increase in muscle size, measured as mass or Cross
Sectional Area (CSA-mass) and increase in muscle strength. Force can be normalized to CSA, specific force
or tension. Both size and strength can be expressed as % change (% A) of initial values. Alternative A:
force and size increase in proportion, their ratio remains constant, Alternative B: force increases more
than size, their ratio increases, Alternative C: force increases less than size, their ratio decreases.
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muscle hypertrophy becomes the dominant factor in
strength gain (Moritani and De Vries 1979).5 More
recently, however, the relation between hypertrophy and
increased contractile strength has been critically revisited
by several authors.5® A debated issue is whether the
hypertrophy is required to increase performance, and an
even more general question is whether the increase in
muscle mass is always associated with an increased

summarized in the cartoon in Figure 1, where three
alternative responses to resistance training or to hormone
administration are depicted: i) strength increases in
proportion to muscle size (A), ii) strength increases more
than size (B) and iii) strength does not increase or
increases less than muscle size (C). The present short
review aims to discuss under this perspective some of the
available data from experimental works done in humans

contractile performance. This latter question is and in animal models.
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Fig 2. Average values of triceps size and triceps isometric strength in high level body builders and weightlifters.
Size is expressed as triceps cross sectional area (CSA) determined with ultrasonography. Strength of arm
extensor is measured at the wrist with elbow at 80° and is then normalized to CSA. Body builders n = 32,
weightlifters n = 20 , means and standard errors, * p<0.05. Original figure from data reported in lkegawa
et al. 2008.2
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Human resistance training: gain in mass and gain
in strength

The number of skeletal muscle fibers is by and large fixed
from the first year of life and a skeletal muscle
hypertrophy is the physiological process, which allows
transversal and longitudinal growth of muscles during
childhood and puberty. This occurs mainly under
hormonal (steroids and GH/IGF-1) control and with the
mechanical stress applied by bone longitudinal growth
and by increasing loads in relation to body weight growth
and physical activity. After the end of maturation,
skeletal muscle hypertrophy can be achieved in the frame
of training protocols aimed to increase muscle
performance or muscle size.

As discussed above, two main models of skeletal muscle
hypertrophy in humans should be considered, both based
on resistance training. The first model is based on
training protocols aimed to increase power or explosive
strength, while the second is based on training protocols
aimed just to increase muscle mass, so called body
building.®1° A clear example of differential outcome in
terms of hypertrophy, strength and strength normalized
to muscle size is reported in Figure 2, which shows how
two distinct training protocols, selected by body builders
and, respectively, by weight lifters, lead to enhanced
muscle size or, respectively, muscle strength.?

Several studies have compared the determination of force
in vivo in humans with the muscle size, most often on leg
extensors (Quadriceps, Vastus Lateralis) or on arm
flexors (Biceps). The degree of hypertrophy is
determined with magnetic resonance imaging (MRI),
computed tomography (CT), dual-energy x-ray
absorptiometry (DEXA) and ultrasound echography. The
latter technique allows the collection of data on muscle
architecture, for example pennation angle, in vivo. Force
is measured during MVC in isometric conditions, often
with interpolated twitch to assess the level of activation,
or during movements using isokinetic dynamometers,
sometimes with conflicting results.*2 The most accurate
reference for force is given by the physiological cross-
sectional area (PCSA) of the muscle, that accounts for the
change in pennation angle, which invariably
accompanies the development of hypertrophy.

The results available leave many doubts about the
correlation between force and size. For example,
Ahtiainen et al.*® and Erskine et al.* found very weak
associations between increase in mass and increase in
force in large (>200) groups of young healthy people,
which included both high responders and low responders
to the training protocol. As can be seen in Figure 3 (from
Ahtiainen et al.’®), 20-24 weeks of resistance training
were followed by an average increase in force by 21%,
with an average increase in size by 7%. Several
individuals (low responders) were able to improve their
lower limb strength without any increase in muscle mass
(lower right quadrant), while very few increased their
muscle size without functional improvement (upper left
quadrant). These recent results are consistent with the

weak correlation between force and size reported in the
pioneering study by Maughan and coworkers.’> A
negative correlation between strength normalized to
cross-sectional area (CSA) and CSA was observed by
Alway et al.*® in the arm flexors of recreational resistance
trained subjects. This latter finding suggests that the
relation between strength and CSA is not linear.

A living debate is ongoing as to the impact of the
modalities of resistance training on muscle size and
strength. As shown by Schoenfeld and coworkers,*” high
training volume, i.e. high number of repetitions of a given
exercise, is instrumental in the increase of muscle mass
but not muscle strength. There is evidence, however, of a
ceiling or a maximal volume per week above which no
further gain in volume can be achieved.'®. The increase
of strength is similar regardless of the exercise volume,
as one set training may be similarly effective at
increasing muscular strength as three or five sets per
exercise, but it is very sensitive to the load (intensity).
For this reason high volume training, i.e. more sets at
lower load, is preferred by body builders.3° There are
further indications that varying volume, intensity and
timing of the exercise lead to different degrees of
hypertrophy and possibly also to different quality of
hypertrophy.®

Among the possible explanations of the lack of a robust
correlation between increase in mass and gain in strength
is the contribution of neural adaptations, as training
implies learning of the relevant motor unit recruitment
and firing rate and simultaneous de-activation of
antagonist muscles.>*® Some protocols of resistance
training might not be suitable to sufficiently develop the
neural control on the hypertrophic muscles, while some
other protocols might be sufficient to improve neural
motor control but not to stimulate hypertrophic growth.
Inter-individual differences and adaptations of tendon
compliance to training could further dissociate the force
generated by the hypertrophic muscles and from that
exerted on the bones and measurable with a
dynamometer.?°

The analysis of the correlation between hypertrophic
growth and increase of force at the level of single muscle
fibers removes any possible interference of the neural
control and of the tendon compliance. A number of
longitudinal studies on the response of single muscle
fibers to resistance training prolonged from a few weeks
(12 in most studies) up to 1 year (see for example:
Widrick et al.?!, Pansarasa et al.??) consistently show that
specific tension, i.e. maximal isometric force/cross
sectional area, is unchanged or even increased by
hypertrophy. Similar results were obtained with a
transversal comparison between myofibres from people
trained with resistance training for 7 years with those of
untrained people.?® This indicates parallel or proportional
variations of fiber size and fiber contractile performance.
In contrast with these results, two studies on isolated
hypertrophic fibers of body builders, have shown that in
well trained professional body builders increase in size
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Relation between increase in leg extensor force and increase in quadriceps cross sectional area in a
heterogeneous population (n = 283 ) at the end of 20-24 weeks of resistance training. An overall correlation
(continuous line) is present (r = 0.157, p = 0.008). However, individuals who gained strength and lost
muscle mass and individuals who increased their muscle mass without gaining force are easily detectable.
Dashed lines allow identification of the lowest and highest quintiles in changes of muscle size and strength.
From Ahtiainen et al. 2016 with kind permission of the American Aging Association.

and in force are dissociated, resulting in a lower specific
tension for all fiber types,?* or only for slow fibers.?
Since determination of isometric force in single fibers ex
vivo is carried out after sarcolemma permeabilization
with a full supply of ATP and complete maximal calcium
activation, the discrepancy likely finds a structural basis.
The search for such structural basis brings to a debated
issue: how much myofibrils and how much sarcoplasmic
proteins and organelles contribute to hypertrophic growth
or in other terms what is the balance between myofibrillar
and sarcoplasmic hypertrophy. Transmission electron
microscopy (TEM) studies aimed to quantify the two
components have shown that, although myofilament
packing is unchanged in fibers from body builders,? the
fractional volume occupied by myofibrils is reduced
with a corresponding increase in the space occupied by
sarcoplasmic components.?”?8 Accumulation of glycogen
in the sarcoplasm of myofibers of body builders has been
reported by Mac Dougall et al.?® Thus, the protocols
adopted by body builders could alter the proportion

between the myofibrillar and the sarcoplasmic fraction,
organelles included, as discussed by Haun et al. (2019)%°
and Roberts et al. (2020).° This could, in turn, leads to a
reduced development of specific tension.

The discrepancy between myofibrillar and sarcoplasmic
components of hypertrophy has been investigated also
with the determination of the protein fractional synthesis
rate (FSR) of the two components using D,O as probe.
As shown by Brook et al (2015),3! myofibrillar protein
synthesis is enhanced mainly in the first weeks of training
of leg extensor muscles and then shows a decay in the
following weeks. The activation of protein synthesis with
resistance training is accompanied by increased
phosphorylation of mMTORC1 and its substrates,
p70S6K1 and S6rp, and in addition to decreased eEF2
phosphorylation. The change in phosphorylation of these
proteins tends to fade over time.3? A similar approach
applied not only to the myofibrillar component but also
to the sarcoplasmic component,® shows that the early
decline of the myofibrillar FSR is accompanied by a
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trend to an increase in the FSR of the sarcoplasmic
component. A recent study on a high volume resistance
training,*® which is favored by body builders, seems to
confirm a decrease in concentration of myofibrillar
proteins (actin and myosin) and an increase in the
sarcoplasmic component.

Altogether, these observations provide support to the idea
that body builder muscle fibers might be less gifted in
developing force and power due to a limited
accumulation of myofibrillar proteins.

A further interesting protocol to induce hypertrophy in
humans is the combination of resistance training and
blood flow restriction, indicated with the acronyms
BFRRE (Blood Flow Restricted Resistance Exercise) or
simply BFR (Blood Flow Restricted). The exercise with
relative low load with blood flow restriction is able to
produce significant hypertrophy in a relatively short time,
definitely more than a training with similar protocol
without ischemia.3* With sufficiently high frequency of
the sessions, the increase in muscle fiber CSA can reach
almost +40% compared to pre-training values,® with
increment in MVC of +7% only. This suggests a
component of edema in the first period of training, later
followed by a "true™ hypertrophy. Significant increases
in satellite cells and myonuclei accompany the
development of the hypertrophy.®

Some information is available also on hypertrophy
induced by testosterone treatment in humans, in relation
to the administration of this compound to sarcopenic
elderly or cachectic patients to counteract atrophy and to
the use as a doping in athletes and body builders. In a
longitudinal study, Fitts et al. (2015)% described parallel
increase in fiber diameter and isometric force without any
change in maximum shortening velocity in both slow and
fast fibers, slow fibers showing a greater responsiveness.
A greater sensitivity to androgens of slow fibers in terms
of force and size has been also confirmed by Lamboley
et al. (2018)¥ in prostate cancer patients exposed to an
anti-testosterone treatment. Specific tension was reduced
only in slow fibers and indications of a slow-to-fast fiber
type transition were observed, thus confirming a specific
response of slow fibers.

Animal Studies

Animal models of resistance training meet several
limitations, as it is difficult to create experimental
conditions, which motivate animals to overload their
muscles. Climbing a steep ladder to reach a reward, with
a load applied on the tail or on the back can be an
example.®® The ablation of synergist muscles as a model
of muscle hypertrophy was first introduced by Goldberg
in 1967,% and has been often used in rodents,*® however
it is very far from physiological conditions.

In contrast, genetic manipulation of the signalling
pathways which control protein synthesis/degradation
and hormone administration can be easily implemented
in small rodents. Thus, four main models of muscle
hypertrophy have been implemented in rodents.

1. synergist ablation, where compensatory hypertrophy
develops in few days after a chronic overload, which
is generated by surgical removal of all or part of
synergistic muscles. Plantar flexors, and less
frequently dorsal flexors of the ankle are the muscles
involved in this model

2. simulation of resistance training

3. administration  of  anabolic
pharmacological compounds

4. genetic manipulation of the signalling pathways
controlling muscle growth

The two latter models find equivalent also in other animal
species, either for reasons related to commercial interest,
for example administration of hormones to cattle or
poultry, or for spontaneous genetic mutations, for
example the myostatin null mutation in belgian blue
COWS.
The availability of those animal models allows the
investigation of functional counterparts of muscle
hypertrophy with experimental approaches not possible
in human muscle models, for example the study ex vivo
of isolated whole muscles or experimental manipulations
by pharmacological or genetic approaches using control
animals with identical background. Although a large
number of experimental studies has applied the synergist
ablation in rodents to study muscle hypertrophy, only a
limited number has considered the functional changes
which accompany the hypertrophic response and can be
summarized as loss of contractile force, prolongation of
the time parameters, slight increase in resistance to
fatigue and impaired energy metabolism. The depression
of contractile force of both isolated plantaris and soleus
occurs during the first weeks after excision of the
synergist gastrocnemius muscle (3-30 days,* or 14
days*?). In the first week, hypertrophy is accompanied by
edema and cell infiltration so that fiber CSA increase is
also lower than whole muscle mass increase. The
functional contractile deficit persists, as isometric force
increases less than CSA even after several months.* In
contrast, working on skinned single muscle fibers,
Mendias et al. (2017)* showed that specific tension had
recovered 28 days after synergist ablation, thus
suggesting that alteration outside the fibers, such as
accumulation of extracellular matrix (ECM), could be
responsible for the lower specific tension of isolated
whole muscles. Combining mechanical analysis with
expression studies (RNA and proteins) Perez-Schindler
et al. (2013)*2 suggested that the fast-to-slow transition in
isoform expression (both in myofibrils and in SR) that is
known to accompany the hypertrophy of overloaded
plantaris muscle could explain both the reduced
contractile force (slow fibers develop lower specific
tension than fast fibers) and the prolongation of timing
parameters and resistance to fatigue.

The principle of resistance training in animals is similar

to that in humans, i.e. a training based on the movement

of body segments with application of a progressively
increasing load. Various protocols have been designed

hormones  or
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for this purpose, for example inviting rats to climb a
vertical ladder carrying a progressive load on the tail (5
days per week, during 8 weeks,* or 4 days per week for
26 weeks®) to receive a reward. With this protocol,
hypertrophy of EDL (+ 12% ) and soleus (+ 15% ) was
not accompanied by any change in specific tension and
by a modest improvement in fatigue resistance.*®
Hypertrophy of rat adductor longus was achieved by Roy
et al. (1997)% by training rats to move from quadrupedal
to bipedal posture carrying increasing loads in response
to a light signal. The hypertrophy (muscle weight/body
weight + 16%) was not accompanied by any change in
force or in time to peak twitch contraction and time to
half-relaxation, while a reduction in maximum
shortening velocity and a small but significant increase in
resistance to fatigue were detected. A novel voluntary
weightlifting model, which elicits squat-like activities
against adjustable load during feeding has been recently
implemented for mouse (Cui and coworkers (2020).46
Hypertrophy (CSA +14%) of hindlimb muscles
accompanied by increased contractile performance of
plantar flexor muscles was achieved in 8 weeks with a
significant improvement in insulin response but without
changes in fiber type distribution or energy metabolism.*6
Two other models of exercise leading to muscle
hypertrophy were recently developed in mice: a
progressive weighted wheel running protocol, which was
reported to increase myofiber size, although muscle
function was not examined,*” and a high intensity interval
training protocol based on treadmill running by
progressively increasing the angle of incline and speed of
the treadmill *84° The latter protocol leads to significant
muscle hypertrophy with a parallel increase in muscle
force which is dependent on satellite cell proliferation
and fusion, because it is abolished by the genetic ablation
of myomaker, a muscle specific membrane protein
essential for myoblast fusion.*®

Several interesting models of hypertrophy in rodents are
based on chronic administration of anabolic hormones or
chemical compounds. Androgens and, although less
studied estrogens, are endowed with a powerful anabolic
action. Some rodent muscles, as levator ani (LA), are
specifically responsive to androgen stimulation, thus
creating a peculiar sexual dimorphism.*%t All skeletal
muscles, however, respond to androgen chronic
administration with hypertrophic growth, which is more
evident in female and castrated animals. In rat plantar
flexor muscles (Gastrocnemius, Soleus, Plantaris) slow
fibers were found to be more responsive (+35-40%
increase in diameter at the end of 12 weeks treatment)
than fast fibres.5? Chronic treatments in adult male mice
showed that fast-twitch muscles (EDL and Tibialis) are
more sensitive to androgen withdrawal than slow-twitch
muscle (Soleus), but that soleus may be more sensitive to
androgen administration.>® Isometric force changes in
proportion to muscle size, however androgen
administration improves fatigue resistance in Soleus
muscle.

The hypertrophic growth induced by chronic
administration of beta agonist, such as clenbuterol or
fenoterol, causes a proportional increase of isometric
force and muscle size,>% or even a greater increase in
force than in size leading to higher specific tension.%” The
hypertrophy induced by beta agonist is also accompanied
by a slow-to-fast fiber type shift and more pronounced
hypertrophic response in fast fibers. The responses of
skeletal muscle fibers to beta agonists are abrogated by
ablation of the beta-arrestin gene.’

When hypertrophy is induced by genetic modifications of
the signalling pathways controlling muscle fiber growth,
pronounced dissociations between the ability to develop
force and muscle size have been reported. Null mutations
of myostatin, spontaneous® or engineered in mice,
induce huge hypertrophy, possibly also accompanied by
hyperplasia, without corresponding increase in force
generation,®® thus with a reduction of specific tension.
The contractile impairment has been attributed to altered
intracellular calcium dynamics.%° In contrast short-term
(3 wk) activation of the Akt-mTOR pathway via
inducible expression of a constitutively active Akt in
adult mice was followed by marked hypertrophy (+50%
of muscle mass) accompanied by increased force
generation, both in vivo and ex vivo in intact isolated
diaphragm strips, and in single-skinned muscle fibers.5
IGF-1 constitutive overexpression under the MCL1f
promoter was followed by a pronounced hypertrophy
which could reach +40% in fast fibers and in fast muscles
without significant changes in fiber type distribution.®?
Determination of isometric tetanic force in EDL,%%%% and
in FDB (Flexor Digitorum Brevis) muscles® showed that
active force increased in proportion to muscle size and,
thus, specific tension was unchanged. More detailed
study on FDB single fibers of transgenic mice
overexpressing IGF1 under MLC1f promoter confirmed
that average cross-sectional area and tetanic force almost
doubled in single muscle fibers, so that specific force was
the same in both preparations.546

Potential mechanisms for dissociation between
hypertrophy and force

According to the most simple and straightforward way of
reasoning, hypertrophy should be accompanied by a
proportional increase of active contractile force. If
hypertrophy implies build up of more myofibrils and
more myosin motors and if each myosin generates the
same force, force should increase in close proportion to
increase of muscle mass during a maximal activation.
However, the brief review of the available literature in
humans and animals reported in this paper shows that the
situation is much more complex. Three alternative cases
are depicted in the cartoon of Figure 1 and only one of
them assumes a proportional increase of force and mass
(case A). Since there are many conditions leading to case
B, force increases more than mass, and even more leading
to case C (force increases less than mass), it is worth
discussing how the dissociation between force and
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muscle mass can occurr. Actually, the comparison
between slow and fast fibers can be of help for this
discussion. Taking as a model the human vastus lateralis,
single fibers of similar size develop different force in
relation to their type (slow vs fast). The lower tension
developed by slow fibers finds its explanation in a lower
density of myofibrils related to a larger volume occupied
by mitochondria and nuclei, and a lower force generated
by individual myosin motors,®® which is only partially
compensated by a greater fraction of attached myosin-
actin bridges.

The cartoon in Figure 4 summarizes the main steps
leading to increase in mass and, respectively, in isometric
strength in skeletal muscles. Although the accumulation
of proteins determines an increased abundance of myosin
motors, the proportion between sarcoplasmic proteins
and myofibrillar proteins could be altered during
development of hypertrophy thus producing a higher or
lower density of molecular motors.®3 There are several
lines of evidence supporting this view, given by
TEM,?"?8 and by determination of glycogen content.?® It

is important, however, to underline that this evidence
only comes from some specific models of hypertrophy.
In addition, the functional properties of myosin isoforms
might change and affect not only maximum shortening
velocity or ATPase activity but also force generation.®’
The difference in stiffness and in cross bridge kinetics
can lead to higher force generation in fast than in slow
fibers.%¢ Thus, if hypertrophy is associated with a myosin
isoform shift (slow-to-fast or vice versa), also a change
in specific tension can be expected. Further variations in
myosin properties including force development can be
due to post-translational modifications. There are several
examples of such modifications, which involve slow
myosin in body builder muscles,?* fast 2A myosin after
12 weeks of resistance training,® and myosins of elderly
heart failure patients exposed to resistance training.?®
Finally, the activation of the thick filament,®® and thin
filament,”* might change with resistance training. In
particular, it has been shown that intracellular calcium
signals, i.e. calcium release from SR following
sarcolemma depolarization, can be modified in skeletal
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muscle fibers made hypertrophic by chronic clembuterol
administration,”> and by myostatin ablation.®

The release of calcium from SR is triggered by action
potential generated at neuro-muscular junction (NMJ)
and sensed by the dihydropyridine receptor (DHPR).
This brings us to the chain of events which form the basis
of the neural motor control and that is profoundly
affected by all types of training. Cortical motor neurons
and spinal motor neurons (see for reviews, Folland and
Williams,™ Mason et al.®) and even the NMJ and its
efficiency,” respond to training. Neural adaptations are
essentially changes in coordination and learning how to
improve recruitment and activation with appropriate
firing rates of the muscles involved in a specific strength
task.

Last but not least, the changes in muscle architecture, and
in particular the increase in pennation angle with
hypertrophy first reported by Gollnick et al (1981)7 can
alter the relation between muscle size and contractile
performance.”” The change in tendon properties,’”® can
modify the internal shortening during isometric
contraction and possibly alter the segment of the length-
tension curve where sarcomeres operate.”

In summary, the above list, although not exhaustive,
shows that there is a wealth of factors, which can produce
the dissociation of gain in strength and gain in mass in
skeletal muscles after overload in relation to resistance
training as well as after hormone administration or
genetic manipulations.

Conclusions and perspectives

The presently available data support the view that the
relation between increase in muscle size and in muscle
contractile performance is far from being simple and
straightforward. Different types of muscle adaptations
converge under the model of hypertrophy, defined as an
increase of muscle mass with a constant number of fibers.
Specific components of the muscles, such as myofibrils
and sarcoplasm with organelles inside muscle fibers and
ECM around them, react differently to specific stimuli
and trigger specific responses, which may involve the
adaptation of the contractile machinery.

There is not only one type of hypertrophy and the study
of the relation between increase in mass and increase in
force helps to identify each specific type of hypertrophy
and to select suitable means (training protocols, nutrition,
pharmacological interventions) to achieve it. The
progress of the knowledge on different types of
hypertrophy and how to obtain them is relevant not only
for basic myology. The relation between increase of mass
and improvement of performance is relevant to the sport
field and also for rehabilitation after conditions, which
have caused atrophy or for prevention of sarcopenia and
cachexia.

List of acronyms

BFR - Blood Flow Restricted
BFRRE - Blood Flow Restricted Resistance Exercise

CSA - cross-sectional area

CT - computed tomography

DEXA - dual-energy x-ray absorptiometry
DHPR -. dihydropyridine receptor

ECM - extracellular matrix

FSR - fractional synthesis rate

LA - levator ani

MRI - magnetic resonance imaging

MVC - maximal voluntary contraction
NMJ -. neuro-muscular jucion

PCSA - physiological cross-sectional area
TEM - transmission electron microscopy
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