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Introduction:
Why the interest in sarcopenia?
Pierre Godeau
The topic of sarcopenia is well aligned with the objectives of l’Institut Servier. In
fact, while the 2012 symposium focused on muscle aging, discussion had taken
place previously, in 2003, with a first meeting on “Vulnerability, frailty and aging”,
and in 2007, when speakers talked about the study of states of functional dependence. Presentations and discussions at both gatherings touched briefly on the role of
muscle aging, but it was not addressed specifically.
Muscles have indeed spent decades as the “poor relation” in the field of research,
while osteoporosis, heart disease, neurological disorders and diseases, and dementias
have featured prominently at numerous conferences, with researchers and clinicians
engaging in hundreds of therapeutic trials that rarely achieve conclusive success.
Medical practitioners were clearly aware of the importance of maintaining or
regaining proper muscle function after immobility and ensuring that suitable
physiotherapy is provided to help patients recover adequate musculature, before the
concept of sarcopenia was identified.
Lessons learned from sports settings have shown that, even at an advanced age and
without doping, it is possible to develop a powerful musculature.
Nonetheless, it was not until 1997 that the term sarcopenia was put forward, by
Irving Rosenberg, to denote the decline in muscle structure and function in the
elderly. In fact, as early as 1988, the same author had highlighted the correlation
between involuntary weight loss and a decline in lean body mass on the one hand,
and falls, fractures and loss of autonomy on the other. The term stuck, and the simple
fact of having devised a word doubtless played a part in attracting the attention
of a generation of geriatric specialists, despite ongoing discussion surrounding the
definition of sarcopenia.
There is really no need to highlight the importance of developing research in this
area, given that 30% of the population aged over 65 years are affected by this form of
muscle wasting and that 45 – 55% of total body mass is made up of over 600 skeletal
muscles.
As J.-P. Michel and P.O. Lang reiterated in an editorial in 2011, sarcopenia and
frailty are closely linked. The reason that the two concepts have developed in
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parallel, without the interaction that would appear to be crucial, is that sarcopenia
has primarily been studied by nutritionists while frailty was essentially a concern for
geriatric medicine.
In fact, the European scientific community has recently adopted a definition of
sarcopenia: “Sarcopenia is a syndrome characterized by progressive and generalized
loss of skeletal muscle mass, strength and function with a risk of adverse outcomes
such as physical disability, poor quality of life and death.”
The interest of this geriatric syndrome lies in its potential reversibility, as demonstrated by prospective studies. The role played by the combination of physical
exercise and nutritional supplements with the positive impact of particular amino
acids, such as leucine, is good reason to intensify research efforts.
The formation of the European Working Group on Sarcopenia in Older People
(EWGSOP) in 2010 led to the consensus definition of sarcopenia set out above.
The next step is to undertake therapeutic trials and evaluate the results. Our symposium has a rather more modest theme: providing useful information to members
of the medical community with no specialist knowledge in this narrow field.
There were four parts to the programme for the day, which was kindly coordinated
by Professor Jean-Pierre Michel:
During the morning, three presentations addressed the complexity of the skeletal
neuromuscular system and then examined the internal mechanisms of sarcopenia.
The imbalance between the processes of protein synthesis and protein degradation
is the result of a decreased uptake of dietary protein and a reduced muscular ability to respond to factors stimulating protein anabolism. The role of calcium (Ca++)
in muscle contraction is better understood now that it is known that the ryanodine
receptor (Ry A) calcium channel (particularly the type 1 isoform) mediates the release
of calcium from storage in the sarcoplasmic reticulum for use in skeletal muscle,
the action of which is modulated by regulatory proteins that form part of a macromolecular complex. The impact of muscle aging on this channel complex is justification for research into targeted pharmacology, which will be a major challenge for
future therapeutic trials.
Following on from a consensus definition of sarcopenia, the next three presentations addressed the differential diagnosis between undernutrition, sarcopenia and
cachexia, and evaluated the respective roles of an increase in body fat and a loss of
lean mass in muscle aging. These two processes are not independent, because the
production of adipokines by fatty tissue predisposes to muscle loss. The difficulty
lies in identifying the fatty zone and the muscle mass proper within the muscle.
Communication on sarcopenic obesity has already raised this issue, and it will
be covered in depth this afternoon in the third part of this symposium, where two
presentations will focus, first, on the clinical assessment of muscle strength and
function, and second, on the role of imaging at the boundary between research
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and practical usage. Impedance analysis, dual-energy absorptiometry, whole body
magnetic resonance imaging scans, computerised tomography scans and ultrasound
all have their advantages and disadvantages, and the foci of current thinking are
cost price, the time taken for an examination, and the ease of use and availability of
equipment. This variety of factors impacts on the spread of the technique and the
transition from research to everyday practice.
The interest of this discussion is not just theoretical: the use of indices is undoubtedly essential in assessing the degree of sarcopenia and the effectiveness of any
treatment as accurately as possible.
The focus of the last three presentations of the day is exactly this point: the role
of sarcopenia in declining mobility and balance disorders encourages physical exercise, to limit the pathology and to stimulate recovery, assuming that the programmes
proposed are effective and suitable in the long term.
Nutrition clearly continues to feature prominently in the prevention and treatment
of sarcopenia.
These simple physiological methods (suitable physical exercise and diet and, when
appropriate, dietary supplements such as amino acids, calcium, vitamins and trace
elements) do not preclude targeted pharmacological research, and the challenge in
this area over the next few years will be the transition from theory to practice.
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Neuromuscular system and sarcopenia
Patrick Cherin

THE NEUROMUSCULAR SYSTEM
Voluntary movement and the nervous system
The nervous system comprises the encephalon, spinal cord and many connections
linking them to various receptors, including muscle receptors. The central nervous
system is responsible for coordinating and automatically adjusting voluntary movement so that it is adapted to initial mental representation.
Motor cortex

Oropharyngeal
muscles
Medulla
oblongata

Brainstem

Bulbar motor
neuron

Cervical
spine

Thoracic
spine
Limb muscles
Spinal
cord

Lumbar
spine
Spinal motor
neuron

Figure 1. The neuromuscular system.
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Voluntary movement involves a large number of neurological and muscle structures. Nerve centres responsible for the realization of voluntary movement are spread
over the entire central nervous system from the cortex to the alpha motor neurons
(see fig. 1).
In the cerebrum, these include: (1) cortical areas, including somatic motor areas
that occupy the ascending frontal convolution, in front of the central sulcus; (2) premotor areas located immediately in front of the aforementioned areas; (3) various
associative areas including the basal ganglia; and (4) the caudate and lenticular
nuclei.
The subcortical structures, including the cerebellum, play an essential role in the
smooth functioning and correct coordination of movement. The cerebellum is the
only centre that receives information from neuromuscular spindles.
The somatic motor area offers precise topographical representation of the various
parts of the locomotor system. The surface of each of these parts is proportional to
the number of motor neurons that control their musculature, determining the accuracy and fineness of movement that can be performed.
The muscular system accurately executes motor pulses triggered by the somatic
motor areas and extends along the pyramidal tract as far as the alpha motor neurons,
which in turn each innervate several skeletal muscle fibres (or cells) via a nerve
terminal called the motor plate.
Neuromuscular junction
At the neuromuscular junction, the electrical excitation of the motor neuron (cholinergic) causes, as the result of released calcium, the vesicles loaded with neurotransmitters (acetylcholine) to fuse with the muscle plasma membrane, discharging
their contents into the synaptic cleft. The neurotransmitters then bind to specific
receptors of the motor plate of the striated muscle, causing it to contract. The excess
neurotransmitters are then broken down by acetylcholinesterase that releases acetic
acid and choline, which can then be recaptured by the receptors of the presynaptic
axon and recycled (see fig. 2).
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Figure 2. The neuromuscular junction.

Muscle contraction
Muscle contraction is triggered by an increase in intracellular calcium concentration.
At rest, this concentration is around 0.1 μmol/l. When stimulated, this concentration
can increase to 0.1 mmol/l (× 1000). In skeletal muscle, this increase is mainly due
to the massive release of calcium ions stored in the sarcoplasmic reticulum.
The occurrence of an action potential in the nerve ending of a motor neuron triggers the release of the neurotransmitter (acetylcholine) in the synaptic cleft. After
release into the intersynaptic space, acetylcholine will bind to its specific receptor,
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the nicotinic acetylcholine receptor (cation channel receptor). Its opening causes local depolarization of the post-synaptic muscle membrane, which spreads throughout
the entire sarcolemma (muscle cell membrane) corresponding to a muscle action
potential. The propagation of this depolarization is due to the opening of voltagedependent sodium and calcium channels (L-type channels [L for “late” as inactivation is slow], also known as dihydropyridine receptors [DHPRs]). There is thus an
influx of extracellular calcium, increasing intracellular concentration.
Furthermore, the wave of depolarization penetrates the cells via the transverse tubules. Ryanodine receptors (RyR1 in skeletal muscle) can be found in the membrane
of the terminal cisternae of the sarcoplasmic reticulum. This protein is a four-leaf
clover-shaped calcium channel that almost comes into contact with the membrane
of the transverse tubules. The depolarization of the membrane and the increased
intracellular calcium concentration owing to the opening of the DHPRs causes the
RyR to open, which is also encouraged by calcium and ATP. Nevertheless, this result
is achieved even without extracellular calcium, demonstrating that depolarization
of the plasma membrane alone is sufficient to cause the RyR to open. The DHPR
can thus be regarded as a depolarization sensor leading to the opening of the RyR,
probably due to the direct link between these two types of channels.
Calcium is stored in the sarcoplasmic reticulum by binding to a soluble protein:
calsequestrin, itself bound to RyRs. The opening of RyRs allows a massive release
of stored calcium, leading in turn to an extreme increase in its cytoplasmic concentration, and in the immediate vicinity of the myofibrils (contractile proteins).
Muscle
In muscle, motor neurons and its innervated cells form a motor unit. Excitation of a
motor neuron excites several muscle cells.
In skeletal muscle, the muscle cells of the same motor unit are distributed throughout the muscle: contraction is distributed throughout the muscle. A growing number
of motor units are recruited so that the muscle has increasing force.
Muscle consists of fascicles of thousands of muscle fibres in an external fibrous
envelope, the epimysium. It ends with the tendon that is attached to the bones.
Muscle fibres are gathered in large bundles (fascicles) and each bundle is surrounded by perimysium (a layer of collagen-producing fibroblasts). The muscle
fibres are securely held by connective tissue, the endomysium.
In skeletal muscle, the cells have an elongated shape, are mutually parallel and
striated on optical microscopy. The striae correspond to the organization of contractile proteins. Contractile proteins, present in large quantities in the muscle, are made
up of actin and myosin filaments. The mutual sliding of these filaments shortens the
muscle fibre and enables the muscle to contract.
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The muscle is a heterogeneous tissue. It consists of several different types of
muscle fibres. Slow muscle fibres, type I, are small in diameter, slow in contraction
rate, but have a high resistance to fatigue. Glycogen reserves are low but triglyceride
reserves are substantial. Above all, their predominant metabolism is oxidative with
aerobic respiration, with a large number of mitochondria. They are predominant in
high-level endurance athletes (cycling, marathon, etc.).
In contrast, fast muscle fibres, type IIB, are large in diameter, fast in contraction, with no resistance to fatigue. Glycogen reserves are high with low triglyceride
reserves. Their predominant metabolism is glycolytic with anaerobic respiration,
with a small number of mitochondria. The maximum force that a muscle group can
develop is directly related to its type II fibre content.
The proportion of these different types of fibres in a given individual is genetically determined. It thus determines the ability of the individual to a particular type
of sport. However, regular sports training can help develop, depending on the type
of exercise, endurance or counterresistance, the proportion of slow or fast muscle
fibres within the muscle mass. Specialization in a discipline is associated with a high
proportion of specific fibres of the type sought. On average, 100-m runners have
75% type II fibre while marathon runners only have 20%. Between the two types,
there are intermediary fibres, known as type IIA.
Muscle function
The proper functioning of muscle, and the sliding of actin and myosin filaments that
allows muscle contraction, requires energy in the form of ATP.
In the first seconds of exercise, the required ATP is provided by creatine phosphokinase. ATP reserves in the cell and the creatine phosphate system enable the
muscles to work during the first 10–15 s of intense activity. A 100-m sprint relies
principally on this source of ATP.
Continued exercise requires an energy source supplied by sugar or fats from food
(fuel) and oxygen taken from the air by the lungs (oxidizer).
This transformation of food substrates into energy then into movement is realized
by the Krebs cycle in the muscle mitochondria. The Krebs cycle consists of a series
of biochemical reactions the purpose of which is to produce energy intermediaries,
which are used in the production of ATP in the mitochondrial respiratory chain.
The cycle is the final and common conclusion of the catabolism of carbohydrates
(glycolysis, pentose phosphate pathway), lipids (β-oxidation) and amino acids. This
muscle cell activity generates heat and toxic metabolites (carbon dioxide, ammonium ions, lactates, etc.) of which intracellular accumulation is partly responsible for
muscle fatigue and stopping exercise.
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SARCOPENIA
Epidemiology
Muscle mass decreases by an average of 1–2% per year after the age of 45–50 years,
while muscle strength declines by an average of 1.5% per year from 45 to 50 years
and 3% per year from the age of 60 years [1]. The more rapid decline in strength
compared to mass is the reason for the decline in muscle quality. The extent of
muscle aging varies according to the individual, depending on many genetic and
environmental factors [2]. The prevalence of sarcopenia also varies according to
the diagnosis criteria used. However, it is estimated that between 27% and 59%
of women over 60 years (defined by a threshold of 5.45 kg/m2) have moderate
sarcopenia and 10% have severe sarcopenia when assessed using biphotonic X-ray
absorptiometry (DXA). In men over 60 years, the prevalence of moderate sarcopenia
is 45% (defined by a threshold of 7.26 kg/m2) and 7% for severe sarcopenia [3, 4].
According to the New Mexico Aging Study, the prevalence of sarcopenia is 20% for
men aged 70–75 years and 50% for men aged over 80 years, according to criteria
based only on the extent of muscle mass [3]. In the same age group, 25–40% of
women were sarcopenic according to the same study. More recently, a French study
showed, according to new international standards (DXA plus hand grip test) in 1445
apparently healthy outpatients, a prevalence of sarcopenia of approximately 9% after
45 years of age, increasing to 64% in men in the 75–84 year age group [5].
Isolated camptocormia will be dealt with separately; apparently idiopathic (lateonset spinal extensor myopathy – INEM), a reduced form of sarcopenia of the
spinal extensor muscles, (dropped head syndrome) with, on examination, a deficit
of cervical spinal extensors, reducible in the lying position [6]. Different, normal
assessments, can eliminate conventional aetiologies of camptocormia (neurological disorders, myopathies, endocrinopathies, etc.) [7–12]. In this instance, medical
imaging shows no particular disco-vertebral or bony abnormalities, but inhomogeneous fatty muscle degeneration. All spinal extensor muscles (multifidi and long
spinal extensors) generally appear heterogeneous, with fatty replacement in contrast
to the normal psoas and abdominal muscles. Muscle biopsy (generally unnecessary
for diagnosis) performed in suspected territory without fatty involution, identifies
degeneration of fibres, especially type II fibres, inhomogeneous and irregular in
distribution. Due to the risk of cervical myelopathy, treatment of INEM is based
primarily on equipment and the symptomatic treatment of pain [13].
Muscle histology in sarcopenia
During aging, the relative number of type I fibres (muscle cells rich in mitochondria
and glycogen, responsible for slow contractions, and which are fatigue resistant)
increases. This is largely due to the atrophy of type II fibres (muscle cells causing
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powerful and fast muscle responses, but which fatigue quickly), but also to the conversion of type II fibre to type I. This phenomenon is related to aging, but also to the
more limited physical activity of older people.
Therefore, the histological study of the muscle (in general unnecessary in diagnosis)
shows a sharp decrease in the number and diameter of muscle fibres, of approximately 50% in patients aged 70 years or older. This decrease preferentially affects
type II fibres, especially type IIB fibres, involved in fast muscle responses and fine
movements. This explains the loss of strength and muscle force, well before the
reduction of muscle mass, while older individuals display relatively good endurance
during prolonged exercise.
Mechanisms of sarcopenia
The mechanisms involved in age-related muscle wasting are multifactorial. This is
based on the fact that muscle consists almost entirely of protein, part of which is
renewed daily, with a normal balance between synthesis and muscle protein catabolism. However, over time, this balance will disappear with a reduction in synthesis
and increase in catabolism. The main factors are lack of exercise, physical inactivity,
inadequate supply of protein and various hormonal disturbances [14]. These factors
are addressed by other speakers in this conference and we focus particularly on the
role of decreased neuromuscular function.
“Neurogenic factors” appear to be involved, with a decrease in the number of alpha
motor neurons and denervation of motor units. After 70 years of age, the person loses
an average of 50% of his or her motor neurons, particularly in the lower limbs, and
especially to the detriment of the alpha motor neurons that innervate type II fibres.
In addition, with aging, the slow process of denervation–reinnervation of motor
units contributes to inefficient muscle remodeling, leading to a group of muscle
fibres favoring type I fibres (slow oxidative fibre).
“Muscle factors” also seem to be involved, with alterations in signal transduction
leading to a decrease in intracellular calcium mobilization with the role of RyR1
suspected [15–18].
CONCLUSION
In total, the neuromuscular system is a delicate and complex system with many
functions. These are mainly the production of strength and movement, maintaining
posture and the stabilization of joints. Muscle also plays an active role in the production of energy during exercise and heat to maintain body temperature. Muscle also
contributes to the balance of basal metabolism and blood glucose regulation via its
role as carbohydrate, lipid and amino acid storage. Finally, skeletal muscles (more
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than 600 in humans, representing 40–45% of total body mass) constitute more than
50% of the body’s protein reserves. As such, they play an essential role in protein
and immunological synthesis (immunoglobulin, etc.) and defence against infection.
Any muscle disease, and especially muscle aging, will interfere with these different
roles.
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The internal mechanisms of sarcopenia
Yves Boirie
Aging is characterised by a variable decline in a number of biological functions that
may have a serious impact on the quality of life of elderly people [1]. One of the
changes associated with the process of aging, muscle wasting, also known as sarcopenia, equates to a loss of skeletal muscle mass, quality and strength. This process
should be distinguished from cachexia, a more rapid loss of muscle and fat by a
mechanism that is often the result of inflammation [2]. This form of muscle wasting
has multiple consequences, such as weakness, fatigue, an increased risk of falls and
fractures and loss of autonomy, which contribute to the additional healthcare costs
associated with increased morbidity in this population.
It is therefore important to understand the underlying mechanisms of age-related
muscle loss, to be able to devise nutritional strategies that will slow the progression
towards dependence and the loss of autonomy.
INTEGRATED APPROACH TO MUSCLE FUNCTION
First and foremost, muscle is the contractile organ that enables movement and
balance, but it also plays a key role in bone maintenance through the force that it
exerts on the bone. The muscle is also a metabolic organ mainly involved in glucose
uptake, lipid oxidation, the production of heat and the release of amino acids.
Beyond its role in motor function, muscle also ensures good overall metabolic
equilibrium. Lastly, it contributes indirectly to immune response, particularly as a
“reservoir” of rapid-access amino acids for servicing the needs of other tissues such as
immunocompetent cells.
GENERAL FEATURES OF PROTEIN METABOLISM
The two mechanisms of muscle protein synthesis (anabolism) and degradation
(catabolism), which are in equilibrium in adults, exert a constant influence on the
maintenance of body protein mass. Both these components of protein metabolism
are dependent on a number of factors, such as nutritional intake (of proteins and
energy in particular), hormonal regulation, and also physical exercise [3].
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Protein synthesis requires sufficient amino acids, either derived from dietary intake
or recycled post-proteolysis. It also requires sufficient underlying energy and may
slow down if there is a chronic energy deficit. A third significant factor in protein
synthesis is the intracellular signaling process that triggers anabolism. The signal
is transmitted mainly through the IGF-1 insulin receptor pathway (IGF-1/AKT/
mTOR), which, when activated, stimulates protein synthesis and simultaneously
inhibits protein degradation. The role of genetics and epigenetics in modulating
global protein synthesis remains poorly understood.
Catabolism involves a number of specific proteolytic pathways, particularly the
ATP-dependent ubiquitin proteasome complex. As with anabolism, catabolism is
affected by a number of factors that can lead to muscle loss: poor nutritional intake,
physical inactivity, hormone deficiencies, inflammation (inflammatory cytokines
stimulate protein degradation), insulin resistance and, in some cases, specific abnormalities such as metabolic acidosis in kidney disease.
Ultimately, the increase or decrease in muscle protein mass, and the quality of this
mass, is determined by the balance between protein synthesis and proteolysis [4].
EXAMINING PROTEIN METABOLISM USING STABLE ISOTOPES
Examination of the protein metabolism in humans involves the use of amino acids
marked by stable isotopes. First, these marked amino acids are injected into the
general circulation and isotopic enrichment measurements are taken by means of
biopsy, to determine the rate of renewal of amino acids at the systemic level, or at the
level of an individual organ, such as the muscles. Measurement of the general protein
metabolism balance shows that the body synthesises and degrades 300 g of protein
per day—an enormous amount when you consider that a 100 g steak contains 18 g
of protein! This protein renewal accounts for 30 – 40% of daily energy expenditure.
At the muscular level, proteins are renewed at the relatively low rate of 2% per day
(compared with 40% for the intestine and 25% for the liver), but given the body’s
total muscle mass, muscle protein metabolism accounts for around a third of total
protein synthesis, at approximately 100 g/day.
SARCOPENIA:
FEWER SIGNALS OR GREATER ANABOLIC RESISTANCE?
Despite the profusion of studies and hypotheses in this field, the mechanisms of sarcopenia remain poorly understood. A decline in muscle protein mass necessarily results
from an imbalance between proteolysis and proteosynthesis. Studies in humans have
shown that the synthesis of muscle proteins, including proteins involved in muscle
contraction and mitochondria, declines progressively with advancing age [5].
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However, the reduction in muscle protein synthesis in the basal situation does
not explain the age-related decline in muscle mass, suggesting that muscle protein
degradation also declines with age, but the data on the subject remain contradictory.
A reduction in the mitochondrial capacity for ATP synthesis is likely to be a limiting
factor in the ATP-dependent processes of synthesis and degradation [5].
CHANGES IN POST-PRANDIAL ANABOLIC RESPONSE
Anabolic resistance develops with age
The idea that emerges from all the studies on the subject is that aging is associated
with a reduced anabolic response to food intake rather than a basal disturbance of
protein renewal (see fig. 1). On fasting, the rate of proteolysis exceeds the rate of
synthesis and the protein balance is negative. Conversely, the post-prandial protein
balance is positive, with increased protein synthesis and a reduction in catabolism on
food intake, particularly in young adults ingesting protein-rich foods. The capacity
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Figure 1. Loss of the anabolic effect of meals over the course of aging. The rate of synthesis of muscle
proteins in healthy young people (average age 30 years) and elderly people (average age 72±1 years)
in the basal state and after taking a mixture of amino acids and glucose. Values are expressed as mean
averages plus or minus standard deviations from the mean; *P<0.01 versus basal; §P<0.05 versus
young people.
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for protein synthesis in response to different nutritional factors, particularly dietary
protein or the oral administration of amino acids, appears to be impaired over the
course of aging [6, 7]. Old muscle tissue incubated in vitro with increasing concentrations of amino acids requires twice as much leucine as young muscle tissue
to obtain the same stimulant effect on protein synthesis. A number of studies have
highlighted this concept of leucine resistance [8, 9]. Similarly, beyond carbohydrate
metabolism disorders, insulin resistance of protein metabolism, i.e. a reduced
anabolic response, has been demonstrated in elderly patients, compared with young
patients [10, 11].
In other words, the muscle tissue of older patients is more “resistant” to the action
of anabolic factors in normal protein intake and even more so when protein ingestion
is reduced.
Reduced activation of intracellular signaling pathways
Eating stimulates post-prandial muscle anabolism at the cellular level by activating
the intracellular signaling pathways linked to translation initiation. This activation
is reduced with age and does not compensate for the protein mobilisation that
occurs in the post-absorptive state. This translates as a regular, day-to-day loss of
protein reserves, which may explain the slow erosion of protein observed during
aging. Another hypothesis is that of reduced recovery following a catabolic episode,
with a reduced capacity for reversion to the previous state, hence the requirement to
encourage muscle gain during convalescence [12].
Age-related reduction in the pro-anabolic action of insulin
It is also important to consider aspects of hormone regulation. Meal-induced insulin is
a hormone that has a potent anabolic effect on protein metabolism in combination with
a protein intake-induced rise in aminoacidemia. Insulin acts on protein metabolism
at different levels: in the cellular transport of amino acids, proteosynthesis and
proteolysis. It stimulates the transport of amino acids into tissues and protein synthesis,
and inhibits proteolysis, but as highlighted above, it appears to become less effective
with age [13]. Persistent insulin resistance to glucose metabolism may impact on the
capacity for anabolic response. This metabolic change is associated with internal
disturbances in the intracellular transmission of the insulin-induced signal [10].
These elements are a major aid to understanding protein loss in the elderly.
Other hormones (GH, IGF-1, glucocorticoids and androgens) are associated with
age-related changes in protein metabolism. For the moment, they have not been
identified as potential therapeutic tools to treat the loss of muscle protein, although
they (particularly androgens) are so effective that they may support muscle recovery
following a catabolic episode.
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SARCOPENIC OBESITY AND LIPOTOXICITY
Comparison of the muscle metabolism in obese patients with the metabolism of those
whose weight is normal has shown that in overweight patients, protein synthesis is
abolished in response to insulin, particularly in the muscle mitochondria. It is interesting to note the inverse correlation of muscle protein renewal with body fat. This type
of observation raises the possibility that fat mass is deleterious to protein synthesis.
A study in rats confirmed this hypothesis of lipotoxicity, showing that the synthesis
of muscle protein is slowed when there is fat infiltration in the muscle [14]. Trials
involving muscle cell cultures have also shown that the accumulation of ceramides
in muscle cells modifies particular regulatory pathways and induces insulin resistance and anabolic protein resistance. Lastly, it has been shown that in elderly animals
receiving a high-fat diet, the expandability of adipose tissue is reduced in response
to a hyperlipidic diet. As a result, the ability of adipose tissue to capture lipids is
reduced in elderly animals, and the toxicity of lipids to non-adipose ectopic tissues,
particularly muscle, where they accumulate as a result of steatosis, is increased.
In this situation, it is reasonable to assume that lipid accumulation in muscle may
encourage sarcopenic obesity.
REACHING THE POST-PRANDIAL ANABOLIC
MUSCLE RESPONSE THRESHOLD
The identification of the phenomenon of anabolic resistance has led to two types of
proposed strategy: (1) increasing the signal to the level of the anabolic threshold;
(2) lowering the anabolic threshold.
Michael J. Rennie’s team showed that taking omega-3 fatty acid dietary supplements for 3 months improves anabolic response to insulin and increases the rate of
protein synthesis in the elderly [15]. This study shows that it is therefore possible to
modulate the anabolic threshold in response to insulin in the elderly. A similar effect
is demonstrated by oleic acid in animals, when insulin-triggered muscle protein
synthesis is restored [16].
The distribution of protein intake throughout the day may impact on the nutritional
regulation of protein metabolism throughout the aging process. A series of experiments [17, 18] showed that ingesting 80% of protein requirements during a meal
increases the effectiveness of nitrogen retention in elderly women, particularly in
stimulating protein synthesis, compared with an intake spread throughout the day. In
addition, younger patients do not show an improvement in protein anabolism with
a protein loading diet [19], indicating that the effect of the specific modulation of
protein metabolism that derives from the rate of protein intake is the result of aging
rather than the effect of diet. Protein anabolism may therefore be stimulated during
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Figure 2. Physical exercise and amino acid supplementation. Physical exercise enhances the positive
impact of amino acid (AA) supplementation on protein synthesis.

aging by increasing the peripheral availability of amino acids through, for example,
modifying the circadian rhythm of nitrogen intake [17, 18] or by supplementing
meals with amino acids such as leucine [8, 20]. The use of rapid-absorption proteins
may also encourage post-prandial protein anabolism [21–23]. Finally, it has been
shown that physical exercise enhances the impact of amino acid supplementation
(see fig. 2) [24]. All these avenues for exploration are possible strategies for combating sarcopenia.
CONCLUSION
The main impact of aging on protein metabolism is a reduction in lean mass, corresponding to a loss of protein occurring primarily in the muscles. These changes are
a result of the imbalance between the processes of protein synthesis and degradation,
but may also stem from a reduction in the capacity of muscle to respond to the factors that stimulate protein anabolism. Therefore, the elderly experience a daily loss
of a protein fraction associated with the reduced uptake of dietary protein, which
translates into a decrease in muscle reserves. For this reason, it is essential that
the elderly maintain an adequate protein intake. However, beyond the quantitative
aspect, the distribution and speed of protein administration and their association
with non-protein nutrients may encourage their assimilation or restrict their uptake.
Current strategies for combating age-related protein loss rely on nutritional factors,
physical exercise and the potential use of hormone treatments.
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Ryanodine receptors
and muscle pathophysiology
Alain Lacampagne and Yannis Tsouderos
In striated muscles, changes in intracellular free calcium concentration ([Ca2+]) can
precisely determine the magnitude and duration of contractile activity. This variation in Ca2+ concentration is essentially determined by the excitation–contraction
(EC) coupling mechanism, which is characteristic of contractile cells in skeletal and
cardiac muscle. EC coupling refers to the processes that ensure the conversion of
an exciter electrical stimulus (action potential) into an intracellular signal effector,
activating the contraction of the muscle cell (fig. 1). In skeletal muscle, membrane
depolarization leads to the activation of L-type calcium channels (also called dihydropyridine receptors [DHPRs]) located mainly on membrane invaginations known
as transverse tubules. Affixed to the T-tubules is the sarcoplasmic reticulum (SR),
the main intracellular reservoir of Ca2+, which has a second calcium channel on its
membrane that is known as a ryanodine receptor (RyR). DHPRs and RyRs interact
both structurally and functionally. DHPR activation leads to the activation and opening of RyRs. Therefore, cytoplasmic [Ca2+] changes locally from a concentration
of ~100 nM at rest to 1 µM, sufficient to activate contractile proteins and muscle
contraction. This highly specialized cellular function, which regulates intracellular
variations in [Ca2+], is based on membrane architecture, cellular compartmentalization and perfectly adapted molecular organization, which render RyRs central to EC
coupling in physiological conditions but also during pathological processes.
RyRs: A MACROMOLECULAR COMPLEX
Three RyR isoforms (RyR1, RyR2, RyR3) have been identified and cloned. They
are encoded by three different genes and are highly homologous (70%) [1]. The
RyR1 isoform is predominantly expressed in skeletal muscle. It is a homotetrameric
receptor (565 kDa per subunit). The quadrangular association of the subunits creates a central pore allowing Ca2+ ions to be diffused. The entire three-dimensional
structure of this macromolecule is not yet known. However, it is known that each
subunit comprises a C-terminal transmembrane part spanning the channel pore
region and a large N-terminal cytoplasmic “foot” part, involved in the regulation of
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RyR activity by “protein–protein” interactions [2]. This foot is a globular structure
of about 12 nm, which ensures interaction between the SR membrane and the transverse tubule membrane [3]. The three-dimensional data currently available for the
channel indicate that the pore opening is created by transconformational changes
in both the transmembrane and cytoplasmic domains that open and close like the
diaphragm iris of a camera [4]. Each subunit is associated with regulatory proteins
to form a macromolecular complex. Among the principal regulatory proteins interacting with RyR1 is calstabin-1 (FKBP12), a 12 KDa peptidyl-prolyl-cis-trans
isomerase enzyme, which binds to each RyR1 monomer with high affinity and 1:1
stoichiometry. Electrophysiological measurements of RyR1 activity show that its
interaction with calstabin-1 stabilizes the closed state of the channel and its dissociation increases the opening probability and induces subconductance states [5]. RyR1
interacts strongly with calmodulin (CaM), which is a ubiquitous 17 kDa protein
with a high affinity for Ca2+, which can also bind with 1:1 stoichiometry to each RyR
monomer [6]. When [Ca2+] is low (100 nM), CaM, also known as apo-CaM, slightly
increases RyR1 activity, whereas when high in concentration (≥1 µM), Ca-CaM
strongly inhibits channel activity. The interaction of CaM on RyR1 also protects it
from proteolytic cleavages at residues 3630 and 3637. Moreover, RyR/CaM interaction depends heavily on the redox environment. The S100A1 protein is a dimeric
protein (21 kDa per monomer), which, like CaM, interacts strongly with Ca2+. It has
a high-affinity site for Ca2+ (1–50 μM) and a low-affinity site that binds Ca2+ in a
concentration range of 100–500 μM. The low-affinity site may be potentiated by glutathionylation. S100A1 and CaM competitively bind to RyR1 near to residue 3625.
At rest, the interaction site is predominantly occupied by S100A1, which activates
the channel and potentiates the release of Ca2+ from the SR and the production of
force. During sustained electrical stimulation, increased Ca2+ concentration encourages Ca–CaM interaction, leading to the inactivation of the channel [6]. The CaM/
S100A1 couple is therefore considered a late EC coupling regulator, the disruption
of which might contribute to alterations in muscle performance. Pathophysiological
conditions that may affect the competitive interaction between CaM/S100A1 and
RyR1 are nevertheless yet to be demonstrated [6].
PKA is linked to RyR1 by the anchor protein mAKAP; it phosphorylates serine
2844. mAKAP also binds phosphodiesterase 4D (PDE4D3) [2] to this macromolecular complex and regulates cAMP levels in the channel. The rate of RyR phosphorylation at S2844 is regulated by type 1 phosphatase on the RyR by its anchoring
protein, spinolipine.
The proteins mentioned above exert their action on RyR1s by interacting on the
cytoplasmic loop or channel foot. There are, however, important regulations that
operate via the luminal surface or inner surface of the SR membrane. Such regulation particularly involves the high chelating proteins of Ca2+ such as calsesquestrin
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or histidine-rich Ca2+-binding protein, which maintain high levels of [Ca2+] in the
SR in bound and free form (~1 mM). Calsequestrin interacts directly with RyR1 and
modulates its activity. Moreover, a significant reduction in [Ca2+] of the SR leads to
the closure of RyR1s and to a refractory period that is maintained until SR calcium
is replenished by Ca2+ ATPase of the SR (SERCA). Other transmembrane proteins
interacting with RyRs have finally been identified, such as triadin, the specific role
of which has yet to be explored. Most importantly, it should be noted that this list is
certainly not exhaustive.
REGULATION OF RyR1
Due to its complex macromolecular structure, RyR1 has different levels of channel activity regulation, with an important role in post-translational modifications
(phosphorylation, nitrosylation, oxidation). However, RyR1s are also regulated by
various “small molecules” and essential non-protein regulatory factors.
The integrity of their interaction with RyR1 subunits plays a determining role in
heart disease.
Cationic regulation
RyR1 focuses on creating two binding sites for Ca2+ of which one, with high affinity,
is responsible for activation and channel opening. The other site, with low affinity,
is responsible for channel inactivation. These two sites may also bind Mg2+, which,
however, exerts an inhibitory activity on both sites. In normal conditions, the concentration of Mg2+ is relatively stable [7, 8]. Ca2+ is thus the only divalent cation to
exercise an important functional role. RyR1 is also described as sensitive to protons,
and consequently to intracellular pH. Although its role is disputed, pH effects may
be produced for significant cytosol acidification. It seems, however, that the effect of
pH is more related to changes in the concentration of free Ca2+ and ATP [9].
Purinergic regulation
The cytoplasmic loop of RyR1s has a binding site for ATP [7]. In the presence of
Ca2+, ATP plays an activating role. However, just like Mg2+, ATP concentration is
relatively stable during normal EC coupling. The role of ATP seems to take into
account physiopathological conditions during which a drop in ATP concentration
could lead to an inhibition of RyR1 activity.
Regulation by redox potential
Each RyR monomer contains a significant number of cysteine residues of which
25–50 are in a reduced state, with eight of them considered as hyper-reactive to
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oxidation reactions [10, 11]. Reducing elements generally have an inhibitory effect
on the channel while oxidants are activators. Glutathione, which is the predominant
redox buffer in eukaryotic cells, inhibits the channel in its reduced form (GSH)
and activates it in its oxidized form (GSSG). Nitric oxide is also regarded as a
physiological modulator of the RyR redox state by S-nitrosylation [12]. Oxidation of
certain thiol functions modifies the channel’s response to modulating agents such as
nucleotides or caffeine, and modifies the channel’s sensitivity to Ca2+ and Mg2+. The
effects of redox agents can therefore be direct or can also modify the protein–protein
interactions of the macromolecular complex. In this context, it has been shown that
oxidizing agents can dissociate CaM [11].
ROLE OF RyRS IN THE CONTROL OF MUSCLE CONTRACTION
In skeletal muscle, muscle contraction is triggered by electromechanical coupling
[13, 14]. The conformational change of DHPR during a membrane potential variation results in a shifting of intramembrane charges carried by the channel. This low
amplitude electrical signal, also called intramembrane charge movement or gating
current, describes a sigmoidal proportional relationship to the membrane potential of
the muscle fibre. This relationship is superimposed on the contraction variation [13]

Sarcolemma
SR

REST

Contraction

Figure 1. Muscle excitation–contraction coupling in physiological situations. At rest, cytosolic Ca2+
is kept at a low concentration by SERCA activity and a low probability of RyR1s opening. During an
action potential, activation of DHPR causes the RyRs to open and allows a massive release of Ca2+ into
the cytosol and the activation of contractile proteins.
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and the overall variation in the cytoplasmic concentration of Ca2+ [15]. Since DHPR
was identified as a membrane channel involved in EC coupling [14], the sequences
of this channel interacting specifically with RyR1s have been clearly identified [16].
Furthermore, electron microscopy has precisely revealed the respective organization
of these two channels on the surface of SR membranes and T-tubule membranes [17].
RyRs are in clusters and only one channel in two is coupled to a DHPR. At rest, RyRs
can open at a very low frequency and release a small amount of Ca2+ into the cytosol
(fig. 1). These random and spontaneous RyR openings, measurable on confocal
microscopy using Ca2+ are called Ca2+-sparks [18, 19]. These calcium sparks are
literally elementary releases of Ca2+ by the SR at rest. The overall variation of Ca2+
during an electrical stimulus results from the summation and recruitment of these
elementary releases or Ca2+-sparks [20–22] (fig. 1). RyR1 is thus a major player in
normal EC coupling and any structural-functional violation of this channel is likely
to affect this EC coupling in one way or another.
RyR PHARMACOLOGY
RyRs owe their name to the plant alkaloid that it binds with high specificity.
Ryanodine binds to two high and low-affinity sites located on the C-terminal end
of the foot [23]. Low in concentration (~10 nM), it maintains the channel in a state
of subconductance, which in turn causes Ca2+ to leak and the SR to drain. High in
concentration (>1 µM), the channel is maintained in a closed state. Ruthenium red
is a powerful RyR blocker, but it is rarely used due to its low specificity for RyRs.
Dantrolene is a powerful RyR antagonist. It is currently one of the few pharmacological agents clinically used to block RyR function in muscle diseases associated
with channel mutations, such as malignant hyperthermia or contractures related to
pyramidal hypertonia in spinal cord injuries.
Caffeine is another plant alkaloid widely used in the functional analysis of RyRs
and the level of SR calcium load. By binding to the RyR, this agent increases its
sensitivity to Ca2+, its opening probability, average opening time, and induces a
significant and transient release of Ca2+, which leads to a rapid draining of the SR.
RyRs are very sensitive to the anaesthetic agents commonly used clinically.
Volatile compounds such as halothane or isoflurane exert an agonist effect on the
channel. Local anaesthetic agents such as tetracaine, procaine and bupivacaine are
agonists or antagonists depending on the molecule used.
Significant efforts have recently focused on the development of a benzothiazepine
derivative more commonly known as JTV-519. This pharmacological agent has been
widely studied in cardiac pathophysiology but has a low specificity as it can also
inhibit DHR. Analysis of the effects of this molecule indicates that it stabilizes the
closed state of diastolic cardiac RyRs via a better binding of calstabin-2. In functional
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terms, this results in a decrease in spontaneous Ca2+ leak from the SR [24]. By acting
on the RyR2, this molecule could improve systolic function and could have great
anti-arrhythmic potential [24, 25]. More recently, a similar derivative, S107, with
good specificity for RyRs, was developed and used in cardiac or peripheral muscle
pathophysiology [26] with promising results that are described below [27].
RyRS AND MUSCLE PATHOPHYSIOLOGY
In view of the major roles played by RyR1 in the normal function of skeletal muscle,
and given the complexity of its structure, it appears intuitive that dysfunction of
RyR1 or one of its protein partners may have significant functional consequences.
Certain muscle diseases are directly attributable to point mutations of RyR1.
This is the case in, for example, malignant hyperthermia or even central core myopathy [28]. However, some acquired pathologies, such as heart failure, also induce
RyR1 and RyR2 dysfunction, respectively, involving the dissociation of calstabin-1
and calstabin-2 [29, 30] by analogy with the pathophysiological mechanisms observed in the heart during heart failure [31].

Stress
ROS/NO
Chronic βAR stimulation

Sarcolemma

SR

REST

Contraction

Figure 2. Role of RyR1s in the pathophysiology of skeletal muscle. Different post-translational modifications of RyR1 lead to the dissociation of the RyR1/calstabin-1 complex, Ca2+ leaking from the SR
at rest, a partial depletion of Ca2+ content in the SR and reduced contractile activity.
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Therefore, the regulation of RyRs by calstabin is probably the signaling pathway
that has generated the greatest interest in terms of mechanics, because of its important role in muscle physiology and pathophysiology and the potential therapeutic
perspectives (fig. 2) that it opens up.
Heart failure and muscle fatigue
During heart failure, there is a major functional impairment of peripheral and
respiratory skeletal muscle, which increases the severity of the heart disease. This
muscle dysfunction is characterized by a loss of contractility and an intolerance to
exercise. At a cellular level, these effects seem to be explained by an impairment
of the EC coupling with alteration of transient calcium signals [29, 32]. Abnormal
recapturing has been described as the reason for partial depletion of Ca2+ content
of the SR. In addition, it has been suggested that during heart failure, chronic
b‑adrenergic stimulation could cause hyperphosphorylation of the channel, leading
to the dissociation of calstabin-1 from RyR1s similar to what is observed in the heart
on RyR2 [29, 30]. These post-translational changes are responsible for changes in
the electrophysiological properties of RyR1s that result in the in vivo disruption
of spatiotemporal properties of calcium sparks and consequently transient calcium
signals [29, 30]. More surprisingly, these RyR1 post-translational modifications
are perfectly correlated with muscle fatigue [30], and lead to the conclusion that
exercise intolerance in heart failure patients may be partly due to a RyR dysfunction. This was also confirmed in an animal model of fatigue following high-intensity
exercise that demonstrated a major alteration of the RyR1 channel characterized by
a dissociation of the RyR1/calstabin-1 complex, following dependent phosphorylation of PKA as well as S-nitrosylation of the channel [27] (fig. 2). During muscle
fatigue, dissociation of the RyR1/calstabin-1 complex was prevented by chronic
treatment of animals with a JTV-519 analogue, known as S107. Remarkably, this
treatment restored normal muscle calcium homeostasis in these animals subjected
to high-intensity exercise, but also slowed down the development of muscle fatigue,
demonstrating for the first time the direct involvement of this channel in the process
of muscle fatigue [27].
RyR1 and muscular dystrophy
Duchenne muscular dystrophy (DMD) is the most common and severe myopathy
caused by a mutation carried by the X chromosome, resulting in the absence of
the expression of dystrophin, a 427 kDa protein that binds the cytoskeleton to a
membrane protein complex linked to the extracellular matrix. DMD is characterized by progressive skeletal muscle degeneration and loss of muscle regeneration
capacity over time. This condition affects one in every 3500 newborns. Patients
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with this disease die at around the age of 30 years from respiratory and/or cardiac
complications.
Despite extensive research conducted to understand the pathophysiology of this
disease, there is still no effective treatment. However, it is now widely accepted that
an alteration of calcium homeostasis is central to the pathophysiological mechanisms responsible for this disease, triggering intracellular signaling pathways such
as apoptosis, the activation of proteolytic enzymes and the activation of inflammatory processes [33]. In this context, it was recently demonstrated at a very early stage
of the disease that RyR1 was the main actor involved in these changes in calcium
homeostasis [34]. In mdx mice (DMD mouse model), it has been demonstrated
that there is a leak of calcium from the SR via the RyR1 calcium channels due
to progressive nitrosylation of the channel and the dissociation of the RyR1/calstabin-1 (FKBP12) complex (fig. 2). Remarkably, stabilizing RyR1 function using
Rycal S107, by promoting the integrity of the RyR1/calstabin-1 complex, reduces
calcium leakage from the SR and prevents disturbances of the contractile function of
peripheral muscle, but also protects against this disease’s characteristic proteolytic
damage [34].
This study thus demonstrates for the first time the importance of RyR1s in the
establishment of early pathophysiological mechanisms in DMD and opens up major
perspectives in the therapeutic management of patients. However, there are many
DMD patients who die from cardiac causes. The cardiac phenotype is highly variable. Dilated cardiomyopathy (DCM) leading to heart failure is observed most frequently. The incidence of DCM increases significantly with age and was estimated at
25% at the age of 6 years, 59% at 10 years, and reaching 100% in adults. Moreover,
cardiac electrical activity measured by electrocardiogram in DMD patients shows
abnormalities, such as extrasystolic arrhythmias (tachycardia) that precede contractile dysfunction and can cause sudden death [35]. In this context, and by analogy
to skeletal muscle, it was demonstrated on the ventricular cardiomyocytes of mdx
mice that a leak of calcium from the SR via RyR2 calcium channels is also due to a
progressive nitrosylation of the channel and the dissociation of the RyR2/calstabin-2
complex. These RyR2 alterations are responsible for a rise in diastolic Ca2+ concentration likely to trigger calcium waves responsible for inducing arrhythmias [36].
Interestingly, these arrhythmic processes measured at the cellular level as in vivo
are significantly potentiated by catecholamine stress and their release is stopped by
S107 treatment [36].
In the heart and peripheral muscle, RyR1/2 nitrosylation is due to the relocation
of nitric oxide synthase (NOS). Indeed, the neuronal NOS and inductive NOS forms
interact with the RyR, and their activity in a pro-oxidant context nitrosylates the
channel, probably by forming peroxynitrite, a nitrate derivative deriving in vivo from
the rapid reaction of nitric oxide with superoxide anion O2- [36]. Stabilization of
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RyRs by S107 prevents calcium from leaking from the SR, restores the interaction
of the RyR/calstabin complex but does not change the nitrosylation level of the
channel [34, 36].
In mdx mice, arrhythmias recorded in vivo are comparable to those observed
in models of catecholaminergic polymorphic ventricular tachycardia (CPVT-1).
CPVT‑1 is an orphan genetic disease caused by mutations in RyR2s, the prevalence
of which is estimated at 1/10,000. It induces arrhythmias and cardiac arrests causing
sudden death. It manifests itself during stress or significant muscle exercise from
early childhood (mean age at diagnosis: 7 years). The therapies available (b-blockers,
defibrillators) provide only incomplete protection, and 50% of patients continue to
receive electric shocks in order to reduce episodes of ventricular tachycardia, despite
drug treatment. In this context, the stabilization of RyR2 function by Rycal S107
reduces calcium leakage from the SR and prevents the onset of arrhythmias [26].
RyR1 and sarcopenia
During the aging process of humans and numerous animal species, there is a gradual
decline in the strength exerted by striated muscles and an inability to maintain muscle tension after a prolonged activation of the muscle [37]. It now seems accepted
that muscle dysfunction related to age, known as sarcopenia, cannot be explained by
loss of muscle mass alone. Indeed, various studies report a violation of the intrinsic
properties of the contractile function of muscle fibres with alteration of EC coupling
in particular. It was originally suggested that EC decoupling was characterized
by a greater number of RyRs functionally decoupled from DHPRs [38]. In rats,
a decrease in DHPR expression during aging also seems to have been observed,
contributing to the DHPR/RyR functional decoupling and decrease in contractile
activity [39]. Abnormal Ca2+ release by the SR associated with a disruption of the
transverse tubules was also demonstrated [40]. These authors postulate that the
decoupling between DHPR and RyR could be explained by the reduction in expression of the mitsugumin-29 (MG29) protein involved in membrane maintenance and
ultrastructure and, more specifically, of the transverse tubules [40].
Recently, analyses of older mice (24 months) highlighted RyR1 dysfunction, characterized by S-nitrosylation, oxidation of the channels and dissociation of the RyR1/
calstabin-1 complex, resulting in an increased probability of the channels opening
and of a calcium leak from the SR [41] (fig. 2). Treatment with Rycal S107 in older
mice, as with myopathic mice (see above), prevents these RyR1 functional abnormalities by encouraging the re-binding of calstabin-1. Moreover, this treatment improves
contractile function in these older mice but is inefficient in the knock-out calstabin-1
mouse that, at a young age, has a phenotype comparable to that of 24-month-old
wild mice [41]. In this study, an excessive production of reactive oxygen species by
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the mitochondrion during aging may partly account for the oxidation and nitrosylation of the channel [41]. These data demonstrate for the first time the involvement of
RyR1s as potential targets of the intrinsic pathophysiological mechanisms involved
in sarcopenia. However, calstabin-1 exercises significant control in the physical
and functional coupling between RyRs and DHPRs [42]. Therefore, damage to the
integrity of the RyR/calstabin-1 complex could partially account for the decoupling
between DHPRs and RyRs originally proposed [38]. Finally, a calcium leak from
the SR could also contribute during aging to the activation of calpains, proteolytic
enzymes sensitive to Ca2+ whose activity seems responsible for cleaving sarcomeric
proteins – alpha-actinin-3-, mitochondrial proteins – subunit α of ATP synthase – or
even SR proteins and in particular RyRs [43]. It seems that RyR1s are heavily involved in early pathophysiological processes established during sarcopenia.
Overall, RyRs play an essential role in the physiology of muscle contraction
and in the pathophysiology of muscle diseases of the heart or striated muscles.
Consequently, they are the subject of research into new drugs for the treatment of
unmet medical needs.
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Towards a consensus definition of sarcopenia
Jean-Pierre Michel
The short history of the term sarcopenia (devised in 1989), the various definitions
put forward since then, and the incorporation of sarcopenia within the narrow sphere
of geriatric syndromes have led to a first European consensus definition, which has
now been endorsed at world level. The ongoing discussions regarding the diagnostic
criteria for sarcopenia demonstrate the importance of recognizing the key role played
by age-related muscle decline and its impact on function. However, significant research is still required for better understanding of the interplay between lean and fat
body mass, the mechanisms of sarcopenic obesity and the pathophysiological differences between sarcopenia and cachexia. Another key—and highly topical—question
concerns the relationship between sarcopenia and physical frailty.
BACKGROUND TO THE TERM SARCOPENIA
AND DEVELOPMENT OF THE DEFINITIONS
PUT FORWARD UP TO 2010
In 1988, a research symposium on the theme of “age–nutrition–health and associated
pathologies” took place in Albuquerque in the USA. At the end of this symposium,
I.H. Rosenberg declared that, ”There is probably no more dramatic loss of structure
or function than the lifelong decline in lean body mass (muscles)”. The following
year, he proposed assigning the name “sarcopenia” to this muscle decline, based on
two Greek roots, sarx, or flesh, and penia, or loss, defining it as “the age-related loss
of skeletal muscle mass” [1].
A second symposium on the same theme was organized in 1994. These two research
symposia mark the start of intensive efforts to create a better definition of the term
sarcopenia through the progressive incorporation of new elements of knowledge. As
a result, in 1995, sarcopenia was defined as “normal age-related muscle wasting” [2].
In 1997, I.H. Rosenberg refined his original definition, adding the amplification that
sarcopenia is “an involuntary age-related loss of skeletal muscle mass” [3]. In the same
year, it was stated for the first time that “in addition to the loss of protein mass, there
is a loss of muscle strength and function” [4]. The new definitions include elements
of pathophysiological knowledge: “atrophy and loss of muscle cells are linked to a
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reduction in muscle protein synthesis and mitochondrial dysfunction” and “to the loss
of myofibrils, mainly type II ‘rapid’ myofibrils” [5, 6]. It was not until 2006 that a
definition incorporating the functional impacts of sarcopenia finally appeared: “Human
age-related loss of skeletal muscle mass, a major factor in the decline in muscle strength
that causes mobility disorders, falls and functional dependence” [7]. In 2008, sarcopenia
was finally defined as a “complex, multifaceted process encouraged by a combination
of voluntary and involuntary elements such as a sedentary lifestyle and poor diet” [8].
In less than two decades (1989–2008), the definition of sarcopenia has therefore
clearly developed: (1) through the addition of the concepts of loss of muscle strength
and function to that of loss of skeletal muscle mass; (2) next, by specifying its possible aetiologies: aging, undernutrition and inactivity, and certain internal mechanisms
such as the loss of type II myofibrils and mitochondrial dysfunction; (3) and lastly,
by introducing the relationship between sarcopenia and decline, then functional
dependence and death.
SARCOPENIA APPEARS TO BE A GENUINE GERIATRIC SYNDROME
In 2007, an article by outstanding US geriatricians questioned the traditional use of
the label of geriatric syndromes, asserting that, according to data from randomized,
controlled longitudinal studies, this label could be applied to only five clinical conditions: falls, delirium, functional decline, urinary incontinence and pressure ulcers
[9]. These five conditions did not meet the traditional definition of a “disease”, which
corresponds to a clinical entity that is clearly defined by a single aetiology, a unique
pathophysiology and one, or a combination of, well-defined clinical signs [9, 10].
Conversely, the label “geriatric syndrome”, deriving from evidence-based medicine,
must apply to highly prevalent, multifaceted clinical conditions, associated with a
variety of chronic diseases with a poor prognosis, such as functional dependence,
impaired quality of life and increased mortality [9].
Can it be concluded from a study of the literature published on sarcopenia that it
is a “real” geriatric syndrome?
• The prevalence of sarcopenia (mass in kilograms divided by the square of the
height in square meters) increases from 13% to 24% in individuals aged under
70 years and to more than 50% in individuals aged over 80 years [11].
• Sarcopenia is multifactorial in origin, as evidenced by its multiple risk factors (see
table 1) [12].
°° Aging is responsible for the increased renewal of muscle protein: catabolism is
increased and protein anabolism declines, leading to a reduction in the number of
muscle cells, particularly motor neurons [13–15]. These losses are compounded
by mitochondrial dysfunctions and intensive apoptosis involving a decline in the
number and function of neuromuscular junctions [16, 17], phenomena that are
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Table 1. Risk factors for sarcopenia [12].

Constitutional
factors
Female gender
Low birth weight
Genetic susceptibility

Lifestyle
+ Poor nutrition
Low protein intake
Alcohol abuse
Tobacco dependency
++ Physical inactivity

Living conditions
Fasting
Prolonged bed rest
Weightlessness

Aging
 Muscle protein renewal
 Catabolism
  Protein degradation
 Subclinical inflammation
 Anabolism
  Synthesis
 Number of muscle cells
 Cellular uptake
 Apoptosis
Hormonal dysfunction
 Testosterone and DHEA
production
 Oestrogen production
 Vitamin D1-25 (OH)2
 Thyroid function
 Growth hormone and IGF-1
 Insulin resistance
Changes in the nervous system
Motor neuron loss α
Changes in the neuromuscular
junction
++ Mitochondrial dysfunction
 Peripheral vascularization

Chronic clinical
conditions
Cognitive disorders
Emotional disorders
Sugar diabetes
Failures
 Cardiac,
 hepatic,
 renal or
 respiratory
Osteoarthritis
Chronic pain
Obesity
Drug-induced
catabolism

Cancers?
Chronic inflammatory
diseases?

exacerbated by multiple hormonal irregularities (relating to growth hormone,
IGF-1, thyroid hormones, testosterone, DHEA and vitamin D1-25 (OH)2 and
insulin resistance). Lastly, the decline in peripheral vascularization simply compounds these changes related to increasing age.
°° It is clear that aging is itself influenced by particular constitutional risk factors such as being female, possible genetic susceptibility and low birth weight
[18–20].
°° Aging is also modulated by lifestyle habits such as dietary imbalance or inadequate protein intake and smoking or alcoholism, as well as a lack of exercise,
or complete inactivity [21, 22].
°° Living conditions also have an impact on the quality of aging: fasting and/or
prolonged bed rest and periods of weightlessness are deleterious to the muscles.
°° Lastly, diseases such as organ failure (affecting the heart, liver, kidneys or respiratory system), cognitive, emotional or mobility disorders, metabolic diseases,
particularly sugar diabetes, and the catabolic side effects of some medicines,
have an adverse effect on muscle metabolism [23]. These multiple aetiological
factors may also be associated with numerous chronic diseases that exacerbate
the loss of muscle mass, strength and function.
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Sarcopenia thus appears to be a critical element of the pathological cycle leading
to frailty, which is characterized by anorexia, a decrease in walking speed, increased
levels of fatigue, a feeling of exhaustion and, of course, a reduction in physical
activity [24]. The consequences of this condition of frailty are the same as those
of sarcopenia itself, i.e. functional decline, then physical dependence leading to
institutionalization and then death [25].
It therefore seems clear that sarcopenia conforms to the new evidence-based definition of a genuine geriatric syndrome.
THE EUROPEAN CONSENSUS DEFINITION
OF SARCOPENIA
In 2010, the European Working Party on Sarcopenia put forward the following
definition of sarcopenia: “a syndrome characterized by a progressive, generalized
loss of skeletal muscle mass, strength and function with increased risk of physical
dependency, impaired quality of life, and death” (see fig. 1) [26].
This new approach makes it possible to evaluate the severity of sarcopenia, which
is useful in both epidemiological research and in daily clinical practice.
• A pre-sarcopenic state corresponds simply to a decrease in muscle mass.
• A sarcopenic state comprises a decrease in muscle mass combined with a loss of
muscle strength or function.

Figure 1. Sarcopenia is a geriatric syndrome characterized initially by a decrease in muscle mass,
which results in a deterioration in muscle strength and physical performance as it worsens [26].
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• S
 evere sarcopenia, or sarcopenia with mobility disorders, reflects the loss of a
combination of muscle mass, strength and function [26].
• This working group also distinguished the two broad aetiologies of sarcopenia:
• Primary sarcopenia is merely age related.
• Secondary sarcopenia, however, may result from:
°° an absence of physical activity, inactivity, prolonged bed rest or weightlessness;
°° inadequate protein and/or energy intake, malabsorption, gastrointestinal disorders
or the catabolic side effects of certain medicines;
°° one or more diseases: organ failure (of the heart, liver, lungs or kidneys), inflammatory disease, cancer or endocrinopathy [26].
To identify sarcopenia in clinical practice (from the pre-sarcopenic state to severe
sarcopenia), this same working group proposed a systematic exploration of muscle
function (with a reference walking speed of less than 0.8 m/s over a distance of 4 m)
and strength (reference grip strength of less than 30 kg in men and less than 20 kg in
women). If both tests are normal, sarcopenia is unlikely to be present, but the measurement of muscle mass using bioimpedance or X-ray dual-energy absorptiometry
may provide evidence of a pre-sarcopenic state (in which the measurement is lower
than two standard deviations from the young, ethnically homogeneous, reference
population). If one of the tests is abnormal, muscle mass must be measured using
one of the techniques above. This will establish whether or not a disorder, sarcopenia
or severe sarcopenia is present [26].
Since it emerged, this European consensus definition of sarcopenia, involving loss
of muscle mass, strength and function, appears to have received international validation [27–29].
BY WAY OF CONCLUSION
It is important to remember that the term “sarcopenia” has developed rapidly since
its creation and initial description in 1989, which was then limited to the loss of muscle mass only. Sarcopenia is currently recognized as a genuine geriatric syndrome
combining multiple aetiologies, a complex pathophysiology and, in the absence of
the combination therapeutic approach required (which currently combines physical
activity and nutrition), a poor prognosis. Despite a new European, now internationally recognized, definition that extends the sarcopenic syndrome to encompass
muscle mass, strength and function, there remain numerous questions that require
prompt resolution. In the short term, simple, reproducible diagnostic criteria tailored to different ethnic backgrounds are a must, if mass intervention is planned to
prevent frailty and functional decline. These questions can only be resolved through
translational studies of the relationship between lean and fatty tissue and large-scale
epidemiological studies within different ethnic groups.
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Differential diagnosis between undernutrition,
sarcopenia and cachexia
Stéphane Schneider
Semantics is essential in medicine and the field of nutrition is no exception. Accurately
defining the three key terms of this paper aims to ensure that health professionals
and researchers employ the same language, that various nutritional status disorders
are better diagnosed and, consequently, that the latter are treated more effectively.
The term “undernutrition” is Latin in origin (under [lower] nutritio [feed]) and
“sarcopenia” (sarcos [flesh] penia [lack]) and “cachexia” (kakos [bad] hexis [state])
are Greek in origin. The term “malnutrition” refers to a mismatch between nutrient
intake and expenditure that leads to disorders, either by excess or the contrary. We
therefore prefer the term “undernutrition”, which is more suited to the problem addressed in this paper. As for the terms “emaciation” (extreme leanness), “starvation”
(which was very popular during the 18th and 19th centuries), “de-assimilation”
or “kakotrophy” (poor nutrition), these are indicative of an extremely incomplete
pathophysiological approach. Sarcopenia has long been defined as the only loss of
muscle mass. Definitions integrating the notions of strength and function have in
turn led to the emergence of “myopenia” (loss of mass), “dynapenia” (loss of function) and “kratopenia” (loss of muscular power).
DEFINITIONS OF UNDERNUTRITION,
SARCOPENIA AND CACHEXIA
Undernutrition
In the past, “undernutrition” was defined as “the process by which living matter is
separated from the body to become residue”. According to this definition, undernutrition occurs when a person can no longer assimilate the amount of energy the body
needs. A more recent definition, better suited to current knowledge, describes it as
“primarily an energy and protein deficit, or of any other specific macro/micronutrient, producing a measurable change in bodily functions and/or body composition,
associated with a worsened disease prognosis”. This definition thus evokes the negative consequences of undernutrition on prognosis.
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The World Health Organization distinguishes two forms of undernutrition. Pure
marasmic form or marasmic form of protein-calorie malnutrition, is linked to a lack
of energy and protein intake, with a loss of more than 20% of ideal body weight,
mainly affecting fat mass. It has little impact in terms of morbidity and mortality.
The hypoalbuminaemic form of protein-calorie malnutrition has a clinical picture
similar to kwashiorkor, with less weight loss, but affecting lean mass, and with a state
of metabolic stress in response to aggression. It has a strong impact on morbidity
and mortality [1].
There is a pathophysiological continuum between these two forms: first, there is
loss of fat mass in situations of deficiency, with few consequences for prognosis.
Second, often in favour of aggression, lean mass is affected, albuminaemia decreases
and oedemas appear with worsened prognosis. We cite as an example the death of
a model reported in an article in Le Monde newspaper. She had been eating only
apples and tomatoes. She contracted a urinary infection that developed complications: pyelonephritis, followed by renal failure, septicaemia and death. The urinary
infection pushed the diagnosis of this anorexia nervosa patient from marasmus to
kwashiorkor.
Sarcopenia
European consensus on the definition and diagnosis of sarcopenia has defined it as a
genuinely geriatric syndrome: “It is a syndrome characterized by a progressive and
generalized loss of mass and skeletal muscle strength with a risk of complications
such as disability, poor quality of life and death” [2, 3]. Sarcopenia is everything
but physiological loss, with age, of mass, muscle strength and function, but denotes
a situation in which the prognosis is compromised. It should be noted that it has
long been the source of opposition between nutritionists and geriatricians because
sarcopenia, whatever the definition, can be observed in situations other than aging,
like osteoporosis, which may occur in young patients.
Cachexia
Cachexia can be defined as a multifaceted syndrome characterized by weight loss
and increased catabolism in connection with an underlying disease. This syndrome
increases morbidity and mortality. Contributing factors are anorexia and inflammatory syndromes that cause increased muscle proteolysis and impaired metabolism of
carbohydrates, fats and proteins [4].
This term is often incorrectly used to describe what is, in reality, emaciation. It is
said, incorrectly, that a patient who is mere skin and bones is cachectic. In reality,
cachexia is a syndrome in which undernutrition is placed in the context of a chronic
disease with an inflammatory component. It has severe consequences and, in chronic
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obstructive pulmonary disease or cancer, cachexia is a decisive step in the prognosis
of the patient.
DIAGNOSTIC CRITERIA OF UNDERNUTRITION,
SARCOPENIA AND CACHEXIA
Undernutrition
Historically, weight is the first criterion to be considered in the diagnosis of under
nutrition. The 2007 HAS report on the strategy of care management in proteinenergy undernutrition in the elderly states that the diagnosis of malnutrition is
based on weight loss, body mass index (BMI) (weight/[height]2), albuminaemia
and mini nutritional assessment (MNA) [5]. The BMI is insufficiently sensitive in
the diagnosis of undernutrition. Weight loss, with thresholds at 1 month (≥5%) and
6 months (≥10%), is, however, a more relevant diagnostic criterion. Albuminaemia
signals protein undernutrition and kwashiorkor. The use of MNA, an extremely
well-validated index in the elderly, aims to increase the diagnostic sensitivity of
the definition. There are also many other indexes (NRS-2002, MUST, SNAQ, APG,
PG-SGA, NRI, GNRI, etc.) [5, 6].
Sarcopenia
Consideration of mass
As it is cell mass and not weight that bears the consequences of undernutrition,
body composition should be explored. Baumgartner et al. [7] defined sarcopenia as a
decrease of two standard deviations of appendicular skeletal muscle mass measured
by dual-energy X-ray absorptiometry (DXA) divided by height squared (kg/m2)
compared to the average of this ratio in healthy individuals aged under 30 years
included in the study, i.e. a value of less than 7.26 kg/m2 in men and less than
5.45 kg/m2 in women. A study by Janssen and colleagues [8], which used a North
American database, showed that aging, in both sexes, produces a loss of muscle
mass accompanied by a gain in fat mass.
A longitudinal study, conducted in Boston and published in 2002, determined the
changes in body composition in response to changes in weight in 53 healthy men and
78 healthy women followed-up over 10 years. Body composition was determined
by densitometry, an old technique, but well validated. This work demonstrated that
in people who had lost weight during follow-up, weight loss involved lean mass
as much as fat mass in men, and preferentially fat mass in women. Weight gain
corresponded to a gain of fat mass, and when weight remained stable, there was loss
of lean mass and a gain of fat mass (see fig. 1) [9].
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Figure 1. Changes in body composition in accordance with weight changes in healthy, elderly subjects
(adapted from Hughes et al. [9]). FM: fat mass; LM: lean mass
The longitudinal study included 53 men and 78 women evaluated by densitometry at 60.7 ± 7.8 years
then 9.4 ± 1.4 years later.

Our team used impedancemetry to study the body composition of 97 patients
treated for undernutrition due to deficient intake. Patients were divided into two age
groups (young average age 48 ± 15 years; older 79 ± 6 years). In the young group,
weight loss was adaptive by essentially concerning fat mass while lean mass was
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Figure 2. Body composition in undernourished patients. (Adapted from Schneider et al. [10]). BMI:
body mass index; BCM: body cell mass; ECV: extra-cellular volume; FM: fat mass. Ninety-seven
undernourished patients (C-reactive protein [CRP] <5 mg/l) were divided into two groups, young
(48 ± 15 years) and older (79 ± 6 years). Body composition was measured by impedancemetry.
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preserved. In the older patients, however, weight loss primarily concerned lean mass
while fat mass was largely unaffected (see fig. 2) [10].
In elderly individuals, weight loss clearly occurs with an increase in the proportion
of fat mass to the detriment of lean mass.
Consideration of strength
Muscle mass only accounts for about half of the variation in muscle strength, and
this is especially true in the elderly. Other determinants come into play. Therefore,
the longitudinal study in Boston that has already been cited showed that the loss of
muscle strength was faster than the loss of muscle mass in the knee (see fig. 3) [11].
Grip strength (handgrip strength; HGS) can be easily assessed using a hand dynamometer. A study involving the measurement of HGS in a healthy elderly population demonstrated that it was directly related to functional, psychological and social
health. An impaired score predicted dependence and faster cognitive decline [12].
It is therefore possible to achieve greater accuracy in prognosis by taking strength
into account. Re-analysis of data in the USA appears to show that the criterion of
muscle mass could be removed from mortality-predictive equations, retaining only
the criterion of force.
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Figure 3. Change in muscle strength and mass of the thigh between 65 and 72 years. (Adapted from
Frontera et al. [11]). Muscle strength and mass (tomodensitometry) of nine healthy subjects were
evaluated in 1985–6 (age 65.4 ± 4.2 years) and reassessed in 1997–8.
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Table 1. European Working Group on Sarcopenia in Older People (EWGSOP) stages of sarcopenia.
Stage
Pre-sarcopenia

Muscle mass

Muscle strength

Performance

÷

Sarcopenia

÷

÷

Severe sarcopenia

÷

÷

or

÷
÷

Adapted from Cruz-Jentoft et al. [2].

Consideration of muscle function
In addition to muscle strength, muscle function is also a criterion that falls into
the definition of sarcopenia. European consensus on the definition and diagnosis
of sarcopenia thus takes into account muscle mass, strength and performance in
order to define and distinguish the stages of pre-sarcopenia, sarcopenia and severe
sarcopenia (see table 1) [2].
Cachexia
In 2008, a consensus conference on cachexia suggested a new definition of cachexia.
Its criteria are weight loss (≥5% in the past year or BMI <20) with concomitant
chronic illness plus at least three of the following five criteria: decreased muscle
strength (lowest tertile); fatigue; anorexia (<70% of normal ingesta, <20 kcal kg/
day, VAS, etc.); lean mass index (MAMC <10th percentile, DXA according to
Baumgartner et al.); biological abnormalities (inflammation [CRP >5], anaemia
[<12], hypoalbuminaemia [<32]) [13].
Again, this definition of cachexia overlaps that of sarcopenia.
More recently, a British group has proposed a definition of cancer-related cachexia as
characterized by an involuntary weight loss greater than 5% in 6 months or a BMI of
less than 20 and a weight loss greater than 2% or sarcopenia based on muscle mass [14].
This group very clearly stated that sarcopenia forms part of the definition of cachexia. Therefore, it is clear that a cachectic patient is also sarcopenic and that the
negative prognosis of cachexia is largely due to the existence of sarcopenia.
What is the differential diagnosis between sarcopenia and cachexia?
The European definition distinguishes between primary and secondary sarcopenia.
According to this definition, primary (or age-related) sarcopenia occurs in the absence of any obvious cause other than age. Secondary sarcopenia is related to the
presence of one or more causes: low muscle use (bed rest, inactivity, deconditioning,
lack of severity); disease (organ failure, inflammatory disease, cancer, endocrine
disease, etc.); deficient intake or other [2].
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This definition clearly raises the question of the distinction between cachexia and
sarcopenia secondary to a disease with inflammatory syndrome.
Changes in body composition, however, seem different in sarcopenic and cachectic
patients. We have seen that in age-related sarcopenia, the loss of mass, strength and
function is accompanied by an increase in or maintenance of fat mass. In a recent
Norwegian study, cancer patients with an average age of 63 years were divided into
three groups: (1) cachectic; (2) patients with stable weight over recent months;
(3) patients with digestive obstruction. That study showed a significant decrease
in subcutaneous and perivisceral adipose tissue in cachectic patients [15]. Body
composition thus appears different depending on whether the patient has age-related
sarcopenia or cachexia.
Why an accurate diagnosis?
What is ultimately the interest, in terms of management, in specifying whether
a person is malnourished, cachectic or sarcopenic? We have seen that there is a
continuum between the different forms of undernutrition, marasm, cachexia, and
overlaps between secondary sarcopenia and cachexia. In addition, undernutrition,
sarcopenia and cachexia have many common determinants.
Table 2 illustrates the distinction between different situations.
However, tools are needed that allow us to perform a differential diagnosis because,
depending on the case, the picture may be reversible, for example, at the stage of
cancer-related pre-cachexia, whereas at the stage of cachexia there is unfortunately
nothing more to be done. In our department, we followed up patients fed enterally,
divided into one “good responder” group and a second “resisting renutrition” group,
the latter is more likely to have cancer and always presenting with inflammatory syndrome. In such a situation, as is common in clinical practice, it would be interesting
to establish a more accurate syndromic diagnosis, because it could lead to different
treatment.
Ideally, definitions should allow us to distinguish clearly between different situations. A recent Italian study was conducted to investigate the relationship between
sarcopenia and the risk of falls after 2 years in a population of 260 older people aged
80 years and over. The diagnosis of sarcopenia was made according to the definition
by EWGSOP, i.e. the presence of low muscle mass (mid-arm circumference) combined with low strength (grip strength) or low physical performance (walking speed
over 4 m). Sarcopenia meeting this definition has been associated with a risk of falls
increased by more than a factor of 3 during the follow-up period of 2 years [16].
The definition of sarcopenia by the European group has thus been validated. In
contrast, the relevance of the new definitions of pre-cachexia and cachexia need
to be improved. Therefore, in a study conducted in 103 patients with rheumatoid
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Table 2. Differential diagnosis of nutritional status diso rders.
Starvation
Starvation
Stress-related Age-related
(young subjects) (older subjects) undernutrition sarcopenia

Cachexia

Appetite

ìèî

èî

î

è

îî

Inflammation

è

ìè

ìì

ìè

ìì

Weight

î

î

î

è

îî

Muscle
mass

èî

î

î

î

îî

Muscle
strength

èî

î

î

î

îî

Fat mass

î

èî

èî

ì

î

Marker

–

(Albuminaemia) Albuminaemia, C-terminal
CRP
agrin
fragment

CRP,
albuminemia

Prognosis

î

î

î

î

îî

Treatment

Nutrition

Nutrition

(Nutrition)

Physical
resistance
training

Antiinflammatories?

arthritis, recent definitions of pre-cachexia and cachexia have not identified or diagnosed patients despite impaired body composition and muscle function, mainly
because of a low prevalence of weight loss and loss of appetite [17].
CONCLUSION
Sarcopenia and cachexia are conditions related to undernutrition (muscle wasting)
without initially satisfying the diagnostic criteria for undernutrition. It is therefore
necessary to clarify their definitions. The interest of differential diagnosis when
the patient is undernourished currently appears very moderate. On the other hand,
the therapeutic interest of an earlier differential diagnosis is clear in sarcopenic,
non-undernourished, older outpatients and in pre-cachectic, chronic patients, when
therapeutic efficacy can still be expected. We must move from simple weighing to
the measurement of body composition and muscle strength.
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The definition of sarcopenic obesity
José A. Morais
Reaching a definition of sarcopenic obesity means defining each of its components.
Firstly, it is very interesting to note that these two conditions are linked by common
aetiological factors including age, gender, dietary intake, physical activity, hormonal
context (insulin, IGF-1 insulin-like growth factor, testosterone and oestrogens, etc.)
and proinflammatory state.
Beyond this common aetiology, it will probably never be possible to determine
which of the two factors, increase in body fat or loss of muscle mass, exerts the
greater influence over the other, but it is becoming ever clearer that a change in one
creates a predisposition for a transformation in the other [1–7].
Lastly, from the perspective of function, sarcopenia is an addition to the impairments associated with obesity, which has the greatest impact on mobility disorders.
BODY COMPOSITION CHANGES WITH AGE
Aging is associated with changes in body composition, characterized by a reduction
in muscle mass and an increase in adipose tissue. Certain lifestyles may influence
this process, particularly with regard to physical exercise and dietary intake. Their
role is crucial in the development of both obesity and sarcopenia [8–10].
Increasing age is also associated with the incorporation of adipose tissue, affecting the intra-abdominal organs and the musculature. Thus, a magnetic resonance
imaging comparison of mid-abdominal cross-sections in a young woman and an
elderly woman with the same body mass index (BMI) show that the elderly patient
has a high level of perivisceral adipose tissue and significant fat infiltration of the
paravertebral and abdominal muscles. Beyond a certain point, this muscle loss
affects resting metabolism. This accounts for 60–75% of our energy expenditure,
and a reduction in energy expenditure associated with a sustained dietary intake
will result in an increase in fat mass. Adipose tissue is also an endocrine organ
secreting numerous proteins, particularly cytokines (adiponectins, leptin, TNF-a,
IL-6 and MCP-1), which play a role in muscle catabolism. An increase in fat mass in
conjunction with a reduction in muscle mass will lead to the combination of obesity
and sarcopenia (see fig. 1).
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Figure 1. Relationship between muscle tissue and fat [8–10].

Thinking on sarcopenia
The European Working Group on Sarcopenia in Older People put forward a broader
definition of sarcopenia, which takes into account both the loss of muscle mass and the
loss of muscle function [11]. In this scenario, sarcopenia is defined as a reduction in
muscle mass and (grip) strength [12] associated with a decline in physical performance
in the short physical performance battery test or the walking speed test [13]. Understood
in this way, sarcopenia has much in common with another geriatric syndrome, frailty.
The syndrome of frailty is defined by the presence of at least three of the following
criteria: (1) shrinking body mass (unintentional weight loss >4.5 kg in 1 year or sarcopenia); (2) muscle weakness (grip strength <20th percentile for BMI and gender);
(3) self-reported fatigue; (4) slowness (determined via the time up and go (TUG) test
or walking speed); (5) a low level of physical activity [12]. Shrinking body mass, weakness and slowness are all features of both frailty and sarcopenia. There is a clear overlap
between the two entities, such that it would probably be reasonable to earmark the term
“sarcopenia” for use by researchers and the term “frailty” for clinicians.
Sarcopenic obesity
The definition of sarcopenic obesity combines the definitions of sarcopenia and
obesity. Both entities have their own diagnostic criteria.
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Baumgartner’s definition criteria
Baumgartner defined obesity as a body fat mass percentage above the 60th percentile
of the data from the New Mexico Aging Process Study (NMAPS) of patients aged
over 60 years. Sarcopenia was defined as a two standard deviation reduction in limb
skeletal muscle mass measured using dual-energy X-ray absorptiometry (DXA) and
divided by the square of the height (kg/m2) in elderly individuals, compared with the
average value for this ratio in persons aged under 30 years, in good health, in the
young reference population [14, 15]. The threshold values for body fat are around
38% for women and 27% for men, i.e. a BMI of 27 kg/m2. According to this definition,
2% of people aged 60–69 years and 10% of people over 80 years meet the criteria
for sarcopenic obesity [14]. In the 3-year prospective NMAPS study, which aimed
to predict impairments in the activities of daily living (ADL) in a North American
population in the western USA, the prevalence of sarcopenic obesity was 5.7%; for
sarcopenia, it was 18%; and for obesity alone, it was 32.4%. Sarcopenic obesity was
associated with an incidence of ADL incapacity two or three times greater than the
incidence with either obesity or sarcopenia alone [14]. Sarcopenic obesity was a
possible predictor of incapacity occurring within the following 3 years [15].
The EPIDOS study (épidémiologie de l’ostéoporose [epidemiology of osteoporosis]) of a population of women aged over 75 years, carried out in Toulouse by
Professor Yves Rolland’s group, used the same criteria for defining sarcopenic
obesity. Sarcopenic obesity was found in 2.8% of the women, 7% of them were
sarcopenic and 33% had obesity alone. Those with sarcopenic obesity experienced
2.5 times more difficulty in undertaking three of the seven assessment activities; the obese patients experienced 1.7 times more difficulty; and the sarcopenic
individuals experienced no more difficulty in executing these tasks than normal
individuals [16].
WHO criteria
Sarcopenic obesity may also be defined using WHO criteria based on BMI.
According to this definition, any person with a BMI over 30 kg/m2 is obese. This
diagnosis of sarcopenia uses muscle mass as measured via bioimpedance spectroscopy. Results are given in the form of a lean mass index (kg/body weight × 100), in
which sarcopenia is present at more than two standard deviations below the mean in
comparison with a young population. These criteria were used in the US NHANES
III study (Third National Health and Nutrition Examination Survey), which included
approximately 2500 subjects, both men and women. This study found that sarcopenic
obesity was present in 6.9% of the population, sarcopenia alone was present in 3.2%
and obesity alone in 17%. The presence of sarcopenic obesity increased the risk of
developing insulin resistance [17].
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National Center for Health Statistics criteria
National Center for Health Statistics (NCHS) criteria define obesity as a waist circumference measurement of 102 cm or more in men and 88 cm or more in women.
Threshold values of 94 cm for men and 80 cm for women have been used in Europe.
The NHANES III study of individuals aged over 60 years found sarcopenic obesity
in 10% of this population, sarcopenia in 3.6% and obesity in 48%, based on the
NCHS criteria. Individuals with sarcopenic obesity or obesity alone scored less
well on the Nagi physical performance scale, which includes tasks such as walking
a quarter of a mile, climbing 10 steps, standing up and sitting down and lifting
weights. It can therefore be seen that obesity and sarcopenic obesity have more of an
impact on performance [18].
In the absence of a reference group
A final approach to the classification of sarcopenic obesity dispenses with a young
reference group. It uses data quintiles for both the fat mass percentage and the
muscle mass index. Obesity is most often defined as the upper two quintiles for
fat mass percentage and sarcopenia as the lower two quintiles for muscle mass.
A study using these criteria showed an incidence of 8% for sarcopenic obesity, 28%
for sarcopenia and 33% for obesity. Only women defined as obese according to these
criteria, and not those defined as having sarcopenic obesity, had increased difficulty
in accomplishing the tasks involved in the Nagi score [19].
The Quebec NuAge study
The Quebec NuAge study was conducted to determine the critical factors for successful aging. With this in mind, a random sample was selected from a population of
36,000 elderly people in three age bands (68–72, 73–77 and 78–82 years) [20]. The
prerequisites for the inclusion of an individual were reasonably good health, an absence
of cognitive difficulties and a sufficient level of independence to carry out day-to-day
tasks. The body composition of the Montreal group was measured using bioimpedance
analysis; DXA was used to measure the Sherbrooke group. A considerable number of
performance aspects were measured: TUG, walking speed and the strength of several
muscle groups (grip, knee extension, elbow flexion, five repetitions of the sit-to-stand
test, and balancing on one leg). Blood tests were taken and nutritional intake, etc., was
also examined. One thousand three hundred individuals without known diabetes were
included, resulting in complete final datasets for 1062 subjects.
With regard to the performance of study subjects, the TUG took longer in obese
patients and less time in normal subjects. There was no difference between the other
two groups. The group of sarcopenia patients and the group of normal subjects had
a faster walking speed than the obese group, but not the sarcopenic obesity group.
165

José A. Morais

N (%)
Age (any)
LMI (kg/m2)
%BF
BMI
TUG (s)
Walking speed
(m/s)
Grip strength D
Biceps
strength D
Quad
strength D
Hamstring
strength D
One foot
balance
Figure 2. NuAge Study: body composition and performance [20]. The Quebec NuAge study, which
included 1062 non-diabetic elderly individuals in three age bands (68–72, 73–77 and 78–82 years),
compared performance in four groups: sarcopenic obesity, sarcopenia, obesity and normal. a, SO
versus S; b, SO versus O; c, SO versus N; d, S versus O; e, O versus N; f, S versus N.

There was no difference in grip strength between the four groups. The sarcopenia
patients (with and without obesity) recorded lower scores than the other two groups
on assessment of the muscle groups, biceps, quadriceps and hamstrings. The individuals with sarcopenia and the normal individuals were able to remain balanced on
their dominant leg for longer than the other two groups (see fig. 2).
Quintiles were calculated for lean mass index (LMI) and body fat percentage.
Sarcopenia was defined as corresponding to the lowest two LMI quintiles, while
obesity corresponded to the highest two body fat percentage quintiles. Four groups
166

The definition of sarcopenic obesity

were formed (sarcopenic obesity, sarcopenia, obesity and normal); these were
compared using generalized linear models taking age, gender, tobacco dependence,
number of chronic illnesses and physical activity as co-factors (physical activity
scale for the elderly questionnaire).
Approximately 16% of the study population was found to have sarcopenic obesity,
24% had sarcopenia and 24% had obesity alone; 36% of subjects were normal.
The average age was slightly higher in individuals with sarcopenia, with or without
obesity, while normal subjects were approximately 2 years younger. LMI was lower
in individuals with sarcopenia, with or without obesity, and higher in those subjects
who were simply obese or normal. Obese individuals (with and without sarcopenia)
had more body fat. The BMI was different for all groups. Non-sarcopenic obese
individuals had a higher BMI.
Subjects were reclassified according to criteria defining the metabolic syndrome,
i.e. according to waist circumference (≥108 cm in men; ≥88 cm in women). Using
this criterion, the prevalence of obesity and sarcopenia was reduced from 24% to
14%, and sarcopenic obesity increased from 16% to 25%; normal subjects increased
from 36% to 48%. The results of the various tests were similar, but the use of different criteria led to a different definition of the subjects, which clearly has a practical
impact.
By way of conclusion on the results of the NuAge study, although sarcopenia
contributes to a reduction in the strength of several muscle groups, it has less of
an impact than obesity on muscle function as assessed by the TUG test or walking
speed. The impact of obesity on muscle function appears to be mediated by a change
in balance.
It should also be highlighted that all the studies carried out in this area, bar one,
have been cross-functional studies. There is therefore a real need for longitudinal
studies that will enable a better definition of the impact of sarcopenia alone, sarcopenic obesity and obesity on function and incapacity.
CONSIDERATION OF SARCOPENIC OBESITY
AND ASSOCIATED CRITERIA
––Consensus is required on the way that obesity, sarcopenia and sarcopenic obesity
are defined. Any kind of choice will always impose limitations. The definition of
obesity according to BMI masks cases of obesity that result from the loss of muscle mass with increasing age. The definition of obesity based on the percentage of
body fat may underestimate sarcopenia, given that obese individuals whose body
weight necessitates some degree of exercise have a larger muscle mass.
––There is a need for additional longitudinal data. Is it worse to have sarcopenic
obesity than simply to be obese or sarcopenic after the age of 75 years? Studies
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carried out in very elderly subjects have shown that only sarcopenia in isolation
has a negative impact on function.
––The needs of clinicians must also be considered. It must be possible to carry out
screening with a minimum of instrumentation. The physician must be able to
identify a sarcopenic or obese sarcopenic patient with ease in their office and take
action without the need for sophisticated instrumentation. The limitations of the
BMI and waist circumference-based definitions must be accepted in this situation,
because these are the measures available in common practice.
––Lastly, action is needed from middle age onwards, in the form of exercise and a
healthy diet.
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Evaluation of muscle volume, strength
and function in clinical practice
Yves Rolland
The current definition of sarcopenia is based on the quantitative and functional
features of the muscle tissue. This results in problems of methodology as no single
evaluation technique can capture all these characteristics. Limb skeletal muscle
mass can be quantified using whole-body dual-energy absorptiometry (DXA). The
lean soft tissue mass of the four limbs can be regarded as the muscle mass of the four
limbs (known as appendicular muscle mass). The skeletal muscle mass index is defined as the appendicular muscle mass divided by the height squared. Threshold limits have been proposed to define sarcopenia patients. There are different limitations
to the evaluation of muscle mass, as it is impossible to evaluate features of muscle
tissue such as fatty infiltration and water retention using DXA. This approach also
underestimates the prevalence of sarcopenia in obese subjects and overestimates it
in lean subjects. In particular, it fails to account for muscle function. Other quantitative evaluation techniques, such as impedance analysis, offer a cost-effective means
of determining the percentage of lean mass, but the reliability of this approach is
limited by the patient’s state of hydration. Nuclear magnetic resonance imaging is
costly, but can detect the slightest change in muscle mass and enables muscle fatty
infiltration to be evaluated. Computerized tomography scans also offer a means of
assessing muscle mass and fatty infiltration.
However, these methods currently pertain to the field of research and are not commonly used in practice as screening tools for sarcopenia.
The ideal clinical measurement test for sarcopenia for use in everyday practice
should be a validated test that is reliable, specific to muscle and sensitive to change,
with the capacity to predict adverse events. It should also be non-invasive, practical,
inexpensive, feasible in all locations and consistent from one population to another.
Unfortunately, it is rare that all these conditions are met.
ANTHROPOMETRIC MEASUREMENTS
Anthropometric measurements aim to appraise muscle mass and volume, but do
such measurements provide a good indicator of sarcopenia?
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As part of the EPIDOS study (Épidémiologie de l’ostéoporose [epidemiology of
osteoporosis]) of 1 500 women in Toulouse, France, correlations were sought between the appendicular muscle mass as determined using DXA and anthropometric
variables. Age, weight, height, body mass index, waist measurement, hip measurement, calf circumference and upper limb strength all appeared to have a significant
correlation with appendicular muscle mass. However, this relationship remained
weak, with the noteworthy exception of calf circumference, which appeared to be
the most important anthropometric guide to identifying elderly people with a low
muscle mass. The most significant threshold value for identifying sarcopenic and
non-sarcopenic individuals was 31 cm, in a prone position, with the knee extended
and the lower legs at 90º. This threshold value defines a sarcopenic population with
91% accuracy, which means that nine times out of 10, a person with a calf circumference of more than 31 cm is not sarcopenic based on their densitometric definition.
However, with a level of sensitivity of 44.3%, the test is still not sufficiently accurate,
and in half of all cases, a calf circumference of less than 31 cm does not signify
reduced muscle mass [1].
A cross-functional study was undertaken to investigate links between sarcopenia
as defined using DXA or a calf measurement of less than 31 cm, and autonomy,
functional capability and the risk of falls. No significant association was demonstrated between sarcopenia as defined by DXA (MM2 index <5.45) and the items
that characterize autonomy. Conversely, there was a significant association of calf
circumference with autonomy in basic activities (difficulty walking, washing and
dressing), autonomy in instrumental activities (five items on the instrumental activity of daily living scale) and functional capabilities (difficulty going up and down
stairs, lifting heavy objects and moving around).
Calf circumference measurement appears to have irrefutable clinical relevance.
It is a validated, simple test with a good level of reliability, but is not specific to
muscle. It undoubtedly reflects the nutritional status of the patient. It is not known
whether it is sensitive to change or a predictor of adverse events. This method has
the advantage of being a simple, non-invasive, practical clinical test. It may be of
use in carrying out screening or pre-screening in populations likely to be included
in research protocols.
MEASURING STRENGTH AND POWER
There is no clear association between motor difficulties and muscle mass. Between
the ages of 30 and 80 years, around 30% of muscle mass is lost but, more crucially,
muscle strength and power diminish much more quickly. In other words, muscle
mass is lost with age, and the remaining muscle mass is of lesser quality than previously (see fig. 1).
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Figure 1. Link between muscle mass, strength and power (according to Aubertin-Laheudre)

The loss of muscle mass between the ages of 30 and 80 years is in the order of
30%, but strength and power are lost much more rapidly.
Measuring strength
Muscle strength can be assessed using grip strength. This is a well-standardized tool
providing reproducible data that can be used for comparison with other cohorts. The
Southampton protocol, which standardized the measurement of grip strength, has
recently been proposed for use.
Grip strength is a reliable but rather inaccurate means of measuring muscle. Its
main limitation is its low sensitivity to change. An individual following a physical
exercise protocol may make dramatic improvements to their motor performance,
without any change in their results in the grip strength test. This tool is therefore
useful for screening those individuals at risk of dependence, but it is not well suited
to monitoring and evaluating the effectiveness of a therapeutic intervention. Very
few general physicians currently have this equipment, which remains the preserve of
specialists and some geriatric units.
Different muscle groups may be studied, but quadricipital strength is often preferred
because of the importance of the lower limbs in maintaining motor performance.
Numerous types of equipment are available, with some appearing better suited to
elderly patients than others.
A more precise evaluation of strength involves the use of more complex equipment
to examine reductions in different forms of strength, such as isometric (the subject
bends their arm and tries to hold the position without changing the angle), concentric,
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eccentric and isokinetic strength. These different forms of strength diminish at varying rates with age. Overall, isometric strength is reasonably well maintained with
age, while concentric and eccentric strength is more rapidly impaired. Use of this
equipment requires expert knowledge.
Measuring power
Muscle power declines considerably with age and more rapidly than strength.
Its evaluation is more complex because it incorporates the idea of time taken to
accomplish a motor task, but it enables particular parameters of muscle quality to
be understood.
For the elderly individual, maintaining a good level of power is of day-to-day
benefit. For example, it enables falls to be avoided, which requires significant energy
mobilization in a short period of time. Getting out of a chair also requires the deployment of a short burst of considerable strength. The measurement of power is therefore
a very good predictor of adverse events. Sports medicine uses some well-established
tests. For example, an athlete will be asked to pedal as fast as possible at maximum
power [2]. However, these tests are not particularly suitable for frail, elderly people
who have difficulty moving around, and different techniques are therefore required.
In the Takai protocol, the individual must get out of a chair as quickly as possible
10 times in succession, with their arms crossed (see fig. 2) [3]. This procedure is
Psit-stand =

(L – 0.4) × body mass × g ×10
Tsit-stand

400
y = 3.96x + 17.0

Psit-stand (W)

300

r = 0.801
p < 0.001

200
100

0

20

40
CSAKE (cm2)

60

80

Figure 2. Takai protocol: getting out of a chair 10 times, as quickly as possible [3].
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reasonably well validated, reliable if carefully standardized, specific to muscle function, sensitive to change and non-invasive, with the ability to predict adverse events.
It appears difficult for general physicians to implement in daily practice, but may be
of real interest within therapeutic trials.
The Takai protocol is a reliable, well-standardized measure of power.
FUNCTIONAL PERFORMANCE
There are numerous tests available for the study of functional limitations such as
difficulty climbing stairs, getting out of a chair and walking. One example is the
6-minute walk test, which measures the distance covered in 6 minutes, and the short
physical performance battery (SPPB), the gold standard of geriatric functional performance tests. The SPPB is based on three tasks: time taken to get out of a chair five
times, a balance test with three different stances (feet together, semi-tandem position, full tandem position), and a measurement of walking speed over 4 m [4]. The
SPPB is a very good predictor of adverse events. It revealed significant disparities
in performance between individuals when applied to 1 122 fully autonomous elderly
individuals with an average age of 71 years and no health complaints. Monitoring
over a 4-year period showed that the individuals who performed least well became
dependent sooner (see fig. 3) [5].
The study covered 1 121 subjects with an average age of 71 years who had no
incapacity on inclusion.
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Figure 3. Incapacity status at 4 years based on SPPB scores on inclusion [5].
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Figure 4. Walking speed over 400 m and risk of mobility limitations [6].

The SPPB is therefore relevant from a clinical perspective. The walking speed test
included in the test battery appears to be of particular interest. It has been shown that
the study of walking speed in an elderly population can identify those subjects who
will become dependent and experience motor difficulties and incapacities within a
few years (see fig. 4) [6].
Walking speed over 400 m was established for 3 075 subjects aged between 70 and
79 years. Every additional minute was associated with an average risk factor of 1.52
for mobility limitations within 4.9 years.
The 400-m usual pace walk test is currently the most widely used motor capacity test. Its aim is simply to determine whether or not the individual is capable of
covering 400 m. It is clinically relevant (it translates an inability to accomplish a
motor task) and reasonably simple to carry out in practice: it requires a corridor with
two sites 20 m apart, and the individual must walk back and forth between them
10 times in a 15-minute period [7]. This test is not muscle-specific and is sensitive
to changes. The inability to accomplish the test is in itself an adverse event. It is
non-invasive and is relatively convenient, although not necessarily easy to carry out
in a physician’s office.
CONCLUSION
Calf circumference measurement and grip strength may be of interest in screening
patients at risk of sarcopenia, and both are predictors of adverse events. A reduction
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in muscle power is manifest earlier than a decrease in mass or strength and has
prognostic value. The SPPB allows for screening of a population at risk, and delivery
of a diagnosis and a prognosis. The test of inability to cover 400 m is a motor incapacity test, which determines whether an individual is capable of completing a motor
test [8].
All these tests continue to require a degree of specialist knowledge, and do not
form part of the practice of general physicians. This may change when the screening,
prevention and treatment of sarcopenia become priorities for general physicians.
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The contribution of imaging to clinical research
Anne Miquel
The evaluation of muscle mass is integral to the diagnosis of sarcopenia. Imaging
features prominently among the various methods that may be used to make this
evaluation.
STUDY OF BODY COMPOSITION
Human body composition is analyzed by dividing the body into separate compartments. Nutritionists have long used this approach in managing obesity. Oncologists
also began to take an interest when it emerged that muscle mass plays a role in patient survival and the toxicity of chemotherapy. In sports medicine, muscle training
programmes involve body composition analysis. Finally, in geriatrics, it is relevant
to the diagnosis and management of sarcopenia.
The oldest approach to dividing the human body into different compartments is the
anatomical model. Cadaver dissection has established that skeletal muscle accounts
for 40% of body volume, adipose and bone tissue for 20% each, the skin for 7% and
the different organs for 0.5% each.
The biochemical model is another approach to segmenting the body and is also
based on the study of cadavers. In this model, the body is composed of 65% oxygen,
18% carbon, 10% hydrogen, 3% nitrogen, 1.5% calcium and 1% phosphorus.
However, it is the physiological model that is of particular interest here. The simplest
is the two-compartment model, which distinguishes fat (20%) from non-fat (80%)
mass. The three-compartment model subdivides non-fat mass into lean mass (60%)
and bone mineral content (20%). In the four-compartment model, lean mass is itself
subdivided into two parts: extracellular water (20%) and active cellular mass (40%).
Finally, the five-part model splits the active cellular mass down into organs and muscles.
HYDRODENSITOMETRY AND PLETHYSMOGRAPHY
Hydrodensitometry and plethysmography are used by approaches that estimate
muscle mass based on the measurement of body density. These techniques require
the use of unwieldy equipment, making them impossible to use in daily practice.
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In hydrodensitometry, the subject is fully immersed in a water tank, and in accordance with Archimedes’ principle, the volume of water displaced is equal to the
volume of the subject. Plethysmography consists of placing the subject in a chamber
of known volume and the volume of the subject is determined according to Mariotte’s
law (Boyle’s law), in which PV = constant. Total body density can be derived from
the volume of the subject (D = M/V), with Siri’s equation (FM% = 100(4.95/d–4.5)
used thereafter to determine the percentages of fat and lean mass.
IMPEDANCE ANALYSIS
A much simpler technique, impedance analysis, is in common usage by nutritionists
and sports physicians. This is an indirect measurement technique based on differences in electrical conductivity in response to the nature of the tissue through which
the current is passed (fat contains no water, but 73% of non-fatty mass is water). It
has the advantages of being easy to perform and is radiation free. Its major limitations are the variances introduced by the model of the device used and the patient’s
state of hydration, the fact that it is unreliable in obese patients and the lack of any
specific evaluation of skeletal muscle mass.
DUAL-ENERGY ABSORPTIOMETRY
Dual-energy absorptiometry (DXA) is the current reference technique for evaluating
lean mass. It is a direct method of measurement based on differences in the attenuation of X-rays emitted at two different energy levels, in response to the type of tissue
through which the X-ray passes. It distinguishes three compartments: fat, non-fatty
mass and bone mineral content.
Examination of the trunk or limb regions may provide an approach for estimating the appendicular skeletal muscle mass. The skeletal muscle mass index is the
appendicular muscle mass measured using absorptiometry over standing height
squared. The index offers a means of quantifying sarcopenia, which is defined as
moderate when the index is one standard deviation below the younger reference
population; beyond two standard deviations, it is defined as severe [1]. The limitations of absorptiometry are its cost, the radiation hazard, and its failure to reflect the
fatty infiltration of muscle mass in obese subjects.
IMAGING
Muscle imaging can be performed using a computed tomography (CT) scanner,
magnetic resonance imaging (MRI) or ultrasound. Their major advantage is that
they are much more widely available than DXA.
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Figure 1. Axial scanner cross-section at L3, indicating subcutaneous and visceral fat [2].

CT scanner
A cross-sectional scan is taken at the L3 vertebral level, where the surface area (in
cm2) of the muscles (SM) and subcutaneous and perivisceral fat (SF) is measured in
order to detect the presence of sarcopenia. A Canadian nutritionist Mourtzakis and
her team developed equations to derive lean mass, in kilograms, from the measurement of the muscle surface at L3 (see fig. 1). Lean mass (kg) equals 0.3 SM + 6.06;
fat (kg) equals 0.042 SF + 11.2 and lumbar skeletal muscle mass index (SMI) equals
SM at L3/height2. According to Mourtzakis et al., sarcopenia is defined as a lumbar
SMI of less than 38.5 cm2/m2 in women and 52.4 cm2/m2 in men [2].
Oncology makes particular use of the CT scanner to diagnose sarcopenia [3]. It is
also used to assess lipomatous myopathy in HIV-positive patients and in endocrino
logy to assess the impact of Cushing’s syndrome on the muscle (psoas density) [4, 5].
MRI
Whole-body MRI provides images of the whole body in any reference plane, in
a relatively short time. T1-weighting provides an excellent contrast between the
muscle structures and the surrounding fat. Whole-body MRI is therefore a possible
alternative to absorptiometry for measuring total muscle mass. However, its dayto-day use is restricted by the time required to acquire and then process the images.
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Figure 2. Cross-sectional images of the arm, trunk, mid-thigh and mid-calf of a 72-year-old woman
[6]. IMAT, intermuscular adipose tissue; SAT, subcutaneous adipose tissue; SM, skeletal muscle; VAT,
visceral adipose tissue.

Song et al. used this technique in a study of 26 women with an average age of
75 years, in good health and with an average body mass index of 27 kg/m2 (see
fig. 2). An axial section of a whole-body MRI was acquired to quantify the skeletal
muscle mass, visceral fat, subcutaneous fat and intermuscular fat. The results confirmed that body composition changes with age, with muscle mass decreasing at a
rate of 0.37 kg/year and a simultaneous increase in perivisceral and intermuscular
fat. This loss of muscle mass had no impact on physical performance [6].
The scan can be limited to the thigh to, for example, express the ratio of the mass
of the femoral biceps muscle to the total volume of the thigh. It is also possible to
measure the surface area of intramuscular fat. A significant correlation has been
shown between intramuscular fatty infiltration and a loss of muscle strength and
function. To this end, Marcus et al. took T1-weighted axial cross-sections of the
middle third of the thigh in 109 patients (32 men and 77 women) with an average
age of 75 years (see fig. 3). Having first used manual contouring to discount subcutaneous fat and bony structures, investigators measured the fat and muscle within
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Figure 3. MRI image of a cross-section of the mid-thigh area, showing lean and intermuscular adipose
tissue [7].

each pixel (the surface unit of the MRI cross-section), to estimate fatty infiltration.
Muscle strength and performance were assessed in conjunction with this analysis.
As expected, the study found a positive correlation between muscle surface area and
performance and, conversely, a negative correlation between fat surface area and
physical performance [7].
Concluding this section on MRI scans, two groups of rats, one young and one
old, were subjected to a dynamic MRI scan after injection with gadolinium. Twenty
T1 cross-sections were taken over a period of 3–5 minutes, to show enhancement
curves in the gastrocnemius muscle. The muscle of the young rat took on more of
the contrast than the muscle of the old rat, indicating impaired muscle microcirculation in the old rat. This hypoperfusion may partly explain the decrease in muscle
performance in the elderly population [8].
Ultrasound
Ultrasound is not currently used to assess or diagnose sarcopenia. However, a number of studies have shown that this technique provides a reliable measurement of
the cross-sectional surface area of a muscle (MRI and the CT scanner remain the
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Figure 4. Ultrasound image of the rectus femoris, indicating diameter [9].

reference methods). Ultrasound may well offer a simple, non-invasive, cost-effective
means of demonstrating the effectiveness of a therapy such as a physical training
programme in combatting muscle wasting. To this end, Thomaes et al. used ultrasound and a CT scanner to measure the anterior–posterior diameter of the rectus
femoris muscle in 45 elderly coronary patients (see fig. 4). Muscle strength and
performance were assessed using appropriate clinical tests. The results showed an
excellent correlation between the ultrasound and scanner measurements of muscle
thickness and strength. The authors therefore consider ultrasound a reliable technique for measuring the anterior–posterior diameter of the rectus femoris [9].
CONCLUSION
DXA remains the reference method for evaluation of muscle mass, but imaging appears to be of significant interest, despite its indirect nature, because of its simplicity
and the widespread availability of equipment. However, measurement systems must
be validated in wider populations than the trial populations used to evaluate them,
and more specifically, in an elderly population.
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Sarcopenia, mobility and balance:
the importance of physical exercise
René Rizzoli and Mélany Hars
Sarcopenia refers to a decrease in muscle mass and function with advancing age. The
muscular strength and power of the lower limbs is diminished to a greater extent than
muscle mass. This deficiency is the result of multiple factors, including dwindling
use (immobilization), hormonal changes, disease and chronic inflammation, insulin
resistance and malnutrition. It is generally acknowledged that, of the measures for
prevention and treatment, physical exercise is effective in increasing muscle strength
and to a lesser extent, muscle mass.
EXERCISE AND PHYSICAL ACTIVITY
The concept of physical activity denotes any bodily movement produced by skeletal
muscles in conjunction with an increase in energy expenditure above resting level or
an increase in heart rate. By contrast, in exercise, movements are planned, structured,
repetitive, and purposeful with the aim of improving or maintaining physical fitness
or functioning.
“Moderate” physical activity is distinguished from “intense” or “vigorous” physical
activity.
There are also various types of exercise. Endurance or “aerobic” exercise is a
medium intensity activity over an extended period, featuring rhythmic and repetitive
movements. Walking, jogging and water-based exercise are typical aerobic activities.
In “resistance” activities, muscles must work against a force such as a counterweight
or elastic bands. Small numbers of repetitions of these exercises are undertaken
in a short space of time. “Stretching” exercises, such as yoga, involve muscle and
connective tissue, which are stretched to improve and/or maintain the range of motion. “Balance” exercises are based on dynamic movements that alter the centre of
gravity, postures that reduce the base of support and walking on an unstable surface,
to improve balance.
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IMPACTS OF PHYSICAL EXERCISE
Physical exercise exerts an influence on all the body’s systems: on muscle, of course,
but also on the heart, the brain, and hormone secretions. Insufficient physical exercise may lead to organ failure [1].
The primary objective of physical exercise is to improve muscle strength and
power, i.e. the strength that can be deployed per unit of time. Different types of
exercise develop one or both.
Physical exercise also aims to improve physical performance as measured by
various tasks such as the gait speed test, the short physical performance battery, the
stair climb power test, the 6-minute walking test, and the timed get-up-and-go test
(TUG), etc.
These tasks measure muscle strength and power. They are of interest because
of their capacity to reveal changes in muscle function earlier than the measure
of muscle mass alone. Numerous studies have shown that the age-related loss of
strength and power is more pronounced than the loss of muscle mass. Thus, the US
3-year longitudinal Health, Aging and Body Composition Study of 1880 subjects
with an average age of 73 years showed that up to 12% of muscle strength could
be lost, for a loss of mass of just 7% or so (see fig. 1) [2]. This study also showed
that the age-related loss of power is even more pronounced than the loss of muscle
strength [3].
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Figure 1. Development of muscle mass and strength in elderly subjects over 3 years, by gender and
changes in body weight [2].
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Changes in muscle mass and strength were determined in 1880 elderly individuals.
Knee extensor strength was measured using isokinetic dynamometry. Lean mass
was measured using dual-energy absorptiometry and computer-assisted tomography.
Muscle strength decreased much more rapidly than the concomitant loss of muscle
mass.
WHAT IS THE EVIDENCE FOR THE BENEFICIAL
EFFECT OF EXERCISE?
A widely accepted dogma considers that physical exercise and activity are good
for bones, muscle and various organs such as the heart. However, well-conducted
studies do not always manage to show these benefits clearly in the elderly. Some
of these studies showed that resistance exercise produced similar improvements in
muscle mass and strength in both young and elderly subjects, while others show
better results in the younger group.
Ultimately, a meta-analysis of these studies by Cochrane identified a difference of
just 12% between the groups that had followed a physical exercise programme and
the control groups.
The heterogeneous nature of the studies and their content has led to uncertainty regarding the degree of evidence that supports the beneficial effect of physical exercise
on muscle strength and mass:
––cross-sectional or longitudinal observational studies, or controlled intervention
studies;
––type of intervention or independent variable;
––population (normal or sarcopenic);
––age at intervention;
––duration of intervention, reversibility of the effect measured;
––compliance;
––variable studied (muscle mass, strength and power, or walking speed or falls,
which may also involve coordination or balance);
––presence of confounding variables (nutrition, hormonal status or treatment, obesity,
social condition, cognitive function, osteoarticular damage or metabolic changes).
Thus, the duration of randomized controlled tests varies from 10 weeks to 18 months
for groups of 23 – 246 subjects. A variety of exercises are used. The development of
muscle parameters after the end of the intervention is rarely quantified or documented.
DEMONSTRATED EXAMPLES OF A BENEFICIAL EFFECT
A variety of initiatives have, however, revealed a clear benefit to elderly and even
very elderly people following a physical training programme. For example, the
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Change in Muscle Strength (%)

Fiatarone study, which led the way in this field, included 100 subjects who undertook
45 minutes of lower limb resistance exercise each day in association with nutritional
supplements. Significant difficulties of implementation were experienced in respect
of this study, given an average age of 87 years for study subjects (who ranged from
72 to 98 years), with a follow-up period of 10 weeks. Ninety-four patients completed
the study. Their muscle strength had almost doubled, walking speed had increased
by almost 10% and power as assessed by the stair climbing test had risen by 24%
(see fig. 2) [4].
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Figure 2. Average increase in muscle strength further to an exercise programme and nutritional supplements [4].

The bar chart shows the average change in the strength of trained muscles compared
with the value on inclusion. The impact of exercise was significant after adjustment
for age, gender, functional status, muscle strength on inclusion and hypertension.
A further study of a small number of subjects (active treatment: n = 11; controls:
n = 12) aged between 85 and 97 years examined the impact of 12 weeks of progressive resistance exercise. Training sessions increased isometric knee extensor strength
by 37% and isokinetic knee strength by 41 – 47%. Biopsies showed hypertrophy of
fast-twitch, type II muscle fibres, while there appeared to be less of an impact on
slow-twitch, type I muscle fibres [5].
Finally, it would seem that functional performance and incapacity are more closely
associated with muscle power than with muscle strength. Fast resistance training
improves muscle power and functional development more effectively than slow
resistance training.
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DO THE BENEFITS TO YOUNG
AND ELDERLY SUBJECTS DIFFER?
Why do physical training programmes appear to provide less of a benefit to elderly
subjects than to younger subjects?
The decrease in protein synthesis with increasing age is a primary factor in decreased
effectiveness. The comparison of muscle protein synthesis in response to physical
exercise shows the existence of anabolic resistance in elderly patients [6]. Similarly,
it has been shown that for the same quantity of orally administered amino acids,
elderly people will show reduced myofibrillar protein synthesis in comparison with
young people (see fig. 3) [7].
The patient’s condition at the start of a physical exercise programme also appears
to have an impact. A study of 188 frail subjects with an average age of 75 years, who
had taken part in a 6-month home-based physiotherapy programme, showed that
subjects with moderate frailty benefited from the programme while there was no
effect for severely frail subjects (see fig. 4) [8]. It therefore seems unrealistic to hope
that very frail patients will derive benefit from a physiotherapy programme, if only
because they may not be capable of performing the required exercises.
A third factor that reduces effectiveness is diet. Only when subjects consume more
than 1.1 g of protein per kilogram of body mass is the benefit of a physiotherapy programme evident in terms of an increase in lean mass, measured using dual-energy
absorptiometry. It is therefore important that subjects’ diet is adequate in order for
the effect of physiotherapy to be detected [9].

Myofibrillar protein FSR (%.h-1)
Young

0.12

Elderly
0.08

**

**

0.04

0.00

Figure 3. Muscle protein synthesis in relation to age. Fractional rate of synthesis (FRS) [7]. Comparison
of rates of myofibrillar protein synthesis in the vastus lateralis muscle (determined using the temporal
profile of marked intracellular leucine) based on subject age (young average: 26 years; elderly average:
70 years) and the dosage of orally administered amino acids.
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Figure 4. Average incapacity at baseline and after 3, 7 and 12 months of a physiotherapy programme
in moderately or severely frail patients [8]. Results in the treatment and control groups are reported as
average incapacity scores. Negative binomial models were used to calculate the results, adjusted for
the means of recruitment (based on consultation or records), physical frailty (graph A only) and the
incapacity score on inclusion.

RECOMMENDATIONS FOR THE ELDERLY
Various organizations have issued recommendations for the elderly. For example, the
American College of Sports Medicine and the American Heart Association recommend 30 – 40 minutes of moderate aerobic physical exercise or 20 – 30 minutes of
vigorous exercise each day, plus strength exercises such as getting out of a chair and
flexibility exercises on at least 2 days every week. Balance exercises are recommended
if the patient is at risk of a fall or has already had a number of falls. It is acknowledged
that it is no straightforward matter to advise this type of training programme to the
over 80s sufficiently convincingly to secure their long-term adherence, and that there
are questions regarding the feasibility of following such recommendations.
Music-based multitask exercises
However, there is a need for effective strategies to prevent sarcopenia in elderly patients.
“Jaques Dalcroze” eurhythmics may be an interesting alternative. This is a musical
education method developed in Geneva at the start of the 20th century, based on music,
movement and improvisation. It consists of dissociated movements of the lower and upper limbs, performed in time to improvised piano music. It engages the elderly individual
in a new form of physical exercise, which promotes a strong link between movement and
music and involves balance and walking, coordination, concentration and memory.
A randomized, controlled trial conducted in Geneva with subjects aged 65 years
and over who had experienced a fall or who had a balance disorder, shows that this
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practice improves single or dual-task walking and balance, and that it reduces the
risk of falls in high-risk subjects. While this study was not directly concerned with
the prevention of sarcopenia, the results show that Jaques Dalcroze eurhythmics may
also be of benefit in mitigating the consequences of this disease, i.e. gait disorders.
Subjects trained for 1 hour a week for 6 months. The trial was conducted in rotation, i.e. control subjects received teaching throughout a second period of 6 months
while the subjects treated previously did not.
After 6 months of practice, variability in gait was considerably reduced. A significant positive impact persisted 6 months after stopping. Improvements were also
seen in function as evaluated using the TUG, balance measured using the simplified
Tinetti test and the duration of the one-foot balance test, and the angular speed of
movements measured using accelerometers placed at the back of the subject. The
incidence of falls decreased by almost 50% [10].
The social aspect of this fun, friendly approach must also be highlighted, given its
contribution to the continuing interest in this form of physical exercise.
CONCLUSION
In most studies, physical training programmes produce positive results. The effectiveness of implementation will depend on the type of exercise and the frequency
of sessions, as well as the level of compliance with these programmes. Only those
interventions combining long-term effectiveness and acceptability are likely to have
a positive effect on sarcopenia in the elderly.
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Nutritional interventions in response
to sarcopenia
Cornel Sieber
There is a strong link between sarcopenia, or age-related loss of lean (principally
muscle) mass, and frailty syndrome. There are multiple factors underlying the
pathophysiology of sarcopenia, although malnutrition and lack of physical exercise
provide the foundation. Sarcopenia is also found in the obese. This is known as
sarcopenic obesity. Like pure sarcopenia, it is a result of malnutrition.
The current definitions of sarcopenia and the differences between these definitions
and the definition of cachexia will be examined here. The distinction is important
because, in contrast to cachexia, sarcopenia is usually treatable.
POPULATION AGING: A SUCCESS TO BE CELEBRATED
This presentation begins with a quotation from Lloyd-Sherlock and colleagues,
which appeared this year in the Lancet and which reminds us that, rather than being
a problem, population aging is first and foremost a success to be applauded: “We
are writing to express our concern about the way in which the health implications of
population ageing are misrepresented in the media, in policy debates, and sometimes
in academic research. Ageing is most often framed in negative terms, questioning
whether health services, welfare provision, and economic growth are sustainable.
We argue that, instead of being portrayed as a problem, increased human longevity
should be a cause for celebration ...” [1].
ESTABLISHING THE DIAGNOSIS OF MALNUTRITION
IN ELDERLY PATIENTS
The mini nutritional assessment is a screening score for use in adult subjects aged
over 70 years. It is based on the presence of a decrease in appetite, body weight
and motor function, an episode of acute illness or psychological stress during the
last 3 months, the presence of neuropsychological disorders, and body mass index
(BMI). The maximum total is 14 points (in which a score of 11 or less indicates
192

Nutritional interventions in response to sarcopenia

the possibility of malnutrition). It is important to stress that BMI contributes little
information on function, because obesity may be associated with impairment to
physical function.
FRAILTY
Sarcopenia and frailty syndrome are clearly interdependent. According to the
definition of Fried and colleagues, frailty is a clinical syndrome characterized by at
least three of the following criteria: weight loss of more than 5% over the past year,
self-reported fatigue, weakness (measured using the grip strength test), and reduced
walking speed and physical activity [2]. The phenotype that corresponds to this
definition clearly matches the sarcopenia phenotype.
Is this definition relevant only to researchers, or is it of interest in common medical
practice? The prevalence of frailty based on Fried’s criteria was studied in elderly
people living in their own homes and under the care of a physician in the city of
Nuremberg, Germany. Nearly 30% of the subjects evaluated were diagnosed with
frailty. Physical function appears to be a key feature of frailty syndrome, with more
than 80% of patients displaying reduced walking speed [3].
THE BMI PARADOX
A study was conducted of 200 nursing home residents with an average age of
85.6 years (women 147; men 53). Patients were classified by their BMI into groups
with low (<20 kg/m2), normal (20 – 30 kg/m2) and high (>30 kg/m2) BMI. The
handgrip strength test, the timed “up and go” test and the Barthel self-care rating test
were used to measure functional parameters on inclusion and after 1 year. Obesity
was associated with an increased survival rate (12.8% mortality compared with
58.8% in the low BMI group) and stable physical function, which was significantly
impaired in patients with a normal BMI. There were no deaths of residents with a
BMI of 35 kg/m2 or above.
Paradoxically, an elevated BMI therefore appears to have a protective effect, possibly because the musculature of obese individuals remains functional [4].
NUTRITIONAL TREATMENT OF SARCOPENIA
A daily protein intake of 0.8 g is recommended for elderly persons in good health.
However, it is more usual in geriatric medicine for these individuals to have multimorbidity and to be polymedicated. The authors recently undertook a meta-analysis
on behalf of the Swiss Federal Office for Social Security and Public Health. The
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analysis stated that the study of nitrogen balance in the elderly produces conflicting
results. Some studies suggest that not all elderly individuals can achieve nitrogen
balance with a daily protein intake of 0.8 g/kg of body weight, particularly if their
energy intake is inadequate. Moreover, the protein requirements of frail elderly
individuals in poor health are poorly understood. Pending additional data, it seems
reasonable to recommend a daily protein intake of 1 – 1.2 g/kg of body weight for
frail, elderly people [5].
Protein requirements may be increased in catabolic conditions. A study conducted
in elderly subjects by Bartali et al. is available for reference on this point [6]. The
study showed that low protein intake was associated with a decline in muscle
strength in cases in which levels of inflammatory markers (C-reactive protein, IL-6
and tumour necrosis factor a) were raised.
IMPORTANCE OF VITAMIN D
Micronutrients play an essential role in nutrition and deficiencies are to be expected
if daily calorie intake is below 1 200 kCal. Vitamin D is the most important of
these. A meta-analysis showed that vitamin D supplements reduce the risk of falls in
elderly people by over 20% [7]. A further meta-analysis by the same team showed
that a daily intake of 700 – 800 IU of vitamin D by elderly people reduces the risk
of hip and non-vertebral fractures by 26% and 23%, respectively. The investigators
stressed that a daily vitamin D intake of 400 IU is insufficient in this population [8].
PHYSICAL ACTIVITY AND SUPPLEMENTS
A randomized, placebo-controlled study of 100 frail patients (women 63; men 37)
with an average age of 87.1 years, evaluated the impacts of a 10-week progressive
programme of resistance exercise and nutritional supplements. The combination of
nutritional supplements with a high intensity training programme has been shown
to be a suitable and effective means of combating muscle weakness (by doubling
muscle strength) and physical frailty in the very elderly. Nutritional supplements
alone, however, had no effect, probably because the patients included in the study
were very frail [9].
PROTEIN INTAKE AND ACTUAL DIET
If the intake of free essential amino acids (EAA) stimulates muscle protein synthesis
in the elderly, does actual diet produce the same results? A study quantified muscle
protein synthesis in young (average age 41 years) and elderly (average age 70 years)
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Figure 1. Relationship between quantities of protein ingested per meal and corresponding anabolic
response [11]. (A) Ingestion of 90 g of protein, distributed evenly over three meals. (B) Ingestion of
90 g of protein, unevenly distributed over the course of the day. A limiting effect applies to the postprandial stimulation of muscle protein synthesis. A protein intake distributed uniformly throughout
the day is more likely to result in an elevated anabolic response than an unevenly distributed daily
intake.

subjects in good health, following the ingestion of 113 g of lean beef. The rate of
muscle synthesis increased equally in both age groups. Aging does not, therefore,
seem to have an adverse effect on the capacity for acute synthesis of muscle protein following ingestion of a common protein-rich food [10]. However, there is a
ceiling effect that limits anabolic response beyond a protein intake of 25 – 30 g.
A protein intake of 10 g at breakfast will therefore produce an anabolic response
that is below the capacity threshold for muscle protein synthesis, while a dinner
providing 60 g of protein will exceed that capacity (see fig. 1). The importance
of distributing protein intake throughout the course of the day should therefore
be emphasized, rather than recommending a large overall increase in protein intake. The authors of the study suggest that optimum muscle protein synthesis can
be achieved with a diet that includes 25 – 30 g of high quality protein at every
meal [11].
WHICH PROTEINS STIMULATE ANABOLISM
MOST EFFECTIVELY?
It is recognized that EAA and whey protein are effective in stimulating muscle
protein anabolism in the elderly. A randomized study compared the effect on elderly
persons of ingesting 15 g of whey protein, 6.72 g of EAA (i.e. the EAA content
of 15 g of whey protein) and 7.57 g of non-essential amino acids (NEAA). The
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Figure 2. Changes in the phenylalanine balance further to ingestion of different types of proteins [12].
Changes in the phenylalanine balance (difference between the average post-prandial value and the
corresponding post-absorption value) resulting from the ingestion of either whey protein or a mixture
of EAA or NEAA. N=5 in each group. Values are given as mean averages ± standard deviations from
the mean. *Statistically significant difference (P<0.05).

measurement of phenylalanine concentrations in the leg in the 3.5 hours following
ingestion was used as an index of muscle protein synthesis (plasma concentrations
of phenylalanine increase in catabolic situations and decrease in the anabolic phase).
The phenylalanine balance (nmol/min/kg of lean leg mass) improved after treatment with whey protein, but not after treatment with EAA or NEAA (see fig. 2).
Furthermore, EAA and NEAA elicited a lower insulin response than whey protein.
The ingestion of whey protein improves skeletal muscle protein synthesis as a
result of mechanisms that are independent of its EAA content. The investigators concluded that this observation could have consequences for the formulation of nutritional supplements intended to improve muscle anabolism in the
elderly [12].
STIMULATING MUSCLE ANABOLISM IN THE ELDERLY
IN THE ABSENCE OF PHYSICAL ACTIVITY
In geriatric medicine, it is often the case that patients do not wish to or cannot
exercise. Can anything be done for these subjects? Glucose-intolerant elderly patients ingested 11 g of EAA and arginine between meals twice a day for 16 weeks
without any change to their usual diet or activity. Lean mass was measured every
4 weeks, using dual-energy absorptiometry (DXA). Leg strength was measured
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Figure 3. Changes to maximum knee flexor repetitions score [13]. Changes to maximum knee extensions/flexions score in relation to values on inclusion after 8, 12 and 16 weeks of amino acid supplementation (standard deviation from the mean, n=10). *P<0.05 in relation to the value on inclusion.

and functional tests were carried out on inclusion and after 8, 12 and 16 weeks of
treatment.
At the end of the study, lean mass had increased, along with knee flexor and
extensor strength (see fig. 3). Improvements in walking speed were also observed.
The intake of quantities of amino acids acceptable for an anorexic patient therefore
enabled positive improvements [13].
The combination of beta-hydroxy beta-methylbutyrate (HMB), arginine and lysine
is widely used now. In a double-blind controlled study, elderly patients with an ave
rage age of 76 years were given this cocktail for a year (the control group received
an isonitrogenous supplement). Lean mass was measured using bioimpedance (BIA)
and DXA. Lean mass increased (BIA: + 1.6%, P = 0.002; DXA: + 1.2%, P = 0.05) in
the subjects taking HMB-Arg-Lys in combination, while there was no change in the
control group. There was a significant increase (+10%) in the rate of protein renewal
in the HMB-Arg-Lys group, while a 10% reduction was observed in the control
group (P<0.01) [14].
CONCLUSION
Malnutrition is extremely common in the elderly. Sarcopenia is central to the
notion of nutritional frailty. In the elderly, sarcopenia is linked to protein-energy
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malnutrition and a daily protein intake of 1.2 g/kg of body weight is required.
Protein-rich oral supplements of 400 – 500 kCal/day can be used to combat proteinenergy malnutrition. Adequate vitamin D intake (800 IU/day) is also critical. Some
specific amino acids appear to have potential in combating sarcopenia. Finally, it
should be remembered that a varied diet is key, and that even chocolate has its place!
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What are the new therapeutic approaches
to sarcopenia?
Matteo Cesari and Bruno Vellas
Sarcopenia, defined as the age-related reduction in muscle mass and strength, is common in elderly people. It is a significant risk factor for various major clinical events
and may lead to dependency, in particular. This presentation will focus specifically on
therapeutic interventions that may prevent or slow muscle decline during aging. Of
interest, therefore, are current data on the role of physical exercise, nutrition, anabolic
hormone supplements, androgen receptor modulators and myostatin antagonists.
SARCOPENIA, A RECENTLY DEFINED CLINICAL ENTITY
In 1988, Rosenberg proposed an original definition of sarcopenia, highlighting that
there is “no single feature of age-related decline more striking than the decline in
lean body mass in affecting ambulation, mobility, energy intake, overall nutrient
intake and status, independence and breathing. I speculated as to why we had not
given this more attention and suggested that we had to give it a name. This would
provide recognition by the scientific community and by the National Institutes of
Health. I proposed the terms sarcomalacia and sarcopenia” [1].
Rosenberg thus highlighted that sarcopenia has a clinical impact, that it is at the
root of a variety of adverse events and that the condition is a matter for research.
REACHING A WORKING DEFINITION OF SARCOPENIA
The development of age-related sarcopenia is found throughout the animal world.
For example, it has been shown that an organism as primitive as the nematode
Caenorhabditis elegans develops sarcopenia as it ages [2].
Research in this area initially focused only on the loss of muscle mass (see Fig. 1) [1].
The first studies attempting to link muscle quantity and quality yielded differing
results. Visser and colleagues monitored 3 075 elderly patients (aged 70 – 79 years)
for 2.5 years, to determine whether a reduction in muscle mass and strength and
an increase in muscle lipid infiltration are predictors of restricted mobility [3]. The
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Figure 1. Proportions of lean and fat mass in the thigh of a young woman and of an elderly woman.
(Reproduced with the permission of Evans and Rosenberg, 1991).

authors showed that muscle quantity and quality are not interchangeable, and that
they have differing rates of change over time and differing values as predictors of
negative events.
The four consensus agreements on sarcopenia published since 2010 set out different working definitions of sarcopenia, although they are all based on qualitative and
quantitative muscle measurement (see table 1).
The heterogeneity in definitions of sarcopenia is problematical for the selection of
effectiveness criteria for trials evaluating drugs that may be used in this indication.
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Table 1. The four consensus definitions of sarcopenia [4, 5].
Sarcopenia with
Special Interest
Group: Cachexia– Limited Mobility
Anorexia in
Chronic Wasting
Diseases

Groups

IANA Sarcopenia
Task Force

European
Working Group
on Sarcopenia in
Older People

Target
population

Patients with clinical
decline in physical
function, strength or
state of health

All persons aged Elderly persons
65 years or over

Persons aged 60 years
or over with clinical
decline in physical
function, strength
or state of health.
With the exception
of specific muscle
diseases, peripheral
vascular disease with
intermittent claudication, disorders of the
central or peripheral
nervous systems and
cachexia

Screening

Physical function
(walking speed over
4 m). If speed
<1.0 m/s, evaluate
body composition

Walking
speed. If speed
≤0.8 m/s,
evaluate body
composition. If
speed >0.8 m/s,
measure grip
strength;
if muscle
strength is low,
evaluate body
composition

Distance covered in
6-minute walking test
(threshold distance:
400 m) or walking
speed <1.0 m/s
(walking speed tested
over 4 or 6 m)

Working
definition

Impaired function
plus low ratio of appendicular lean mass
(determined using
dual-energy absorptiometry) to height
squared (≤7.23 kg/m2
in men, ≤5.67 kg/m2
in women)

Low muscle
mass in patients
with a walking
speed <0.8 m/s
or normal
walking speed,
but with low
muscle strength

Low muscle mass
(≥2 standard
deviations
below the mean
measured in
young adults of
the same sex and
ethnic group)

Impaired function plus
low appendicular muscle mass (≥2 standard
deviations below the
mean measured in
persons of the same
ethnic group aged
20 – 30 years and in
good health)
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The selection of a particular effectiveness criterion will necessitate a different study
protocol and inclusion criteria, producing results that are also different and therefore
making comparison difficult [6].
A number of molecules have been examined over the past few years (remembering
that the concept of sarcopenia originated just 20 years ago), but there is still no
real indicator of sarcopenia, probably as a result of the heterogeneity of the trials
undertaken. The types of drug most closely indicated in sarcopenia are testosterone,
which is indicated in men with androgen deficiency; vitamin D, which is indicated in
persons who are lacking in vitamin D; and possibly creatine [7].
PHARMACOLOGICAL TREATMENT OF SARCOPENIA:
HORMONE REPLACEMENT
There are five potential candidate hormones for the treatment of sarcopenia: testosterone, dehydroepiandrosterone (DHEA), estrogens, and growth hormone and
ghrelin. All have clear anabolic effects and have been evaluated in sarcopenia.
Testosterone
The anabolic effect of testosterone differs according to the age of the patient.
Furthermore, the adverse effects associated with testosterone—hyperviscosity and
the risk of prostate cancer—create major issues for clinical practice [8].
A 6-month, placebo-controlled therapeutic trial evaluated testosterone in frail or
pre-frail subjects aged 65 – 89 years. The results showed that hormone replacement
with testosterone increases muscle thickness [9]. However, this study also shows how
difficult it is to compare the results of one study with those of another. Only muscle
thickness was measured, i.e. just one of the parameters of sarcopenia, neglecting muscle strength. The resulting measurements could also be easily contradicted by a study
using a different methodology. Here, muscle mass was measured using ultrasound,
but the use of impedance analysis or a scanner would have produced different results.
The fact remains that testosterone has the potential to make a significant contribution in the treatment of sarcopenia, and it must be studied in this indication. At present,
there are still no definitive data to conclude that it is effective. More information will
be available once the results of the Testosterone Trial (T-Trial) are published in the
near future. This US project encompasses a number of therapeutic trials evaluating
the effectiveness and safety of testosterone in 800 androgen-deficient patients [10].
DHEA
A systematic review was conducted to clarify the effect of DHEA on muscle strength
and physical function in subjects aged 50 years and above. It showed that there is
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no conclusive benefit of DHEA on these variables [11]. However, once again, the
study focused only on the parameters of muscle strength and function in sarcopenia,
providing no information on the other disease parameter, muscle mass.
Growth hormone
Some professional colleagues are convinced that the development of sarcopenia
involves a decline in growth hormone levels, and that growth hormone replacement
treatment could block apoptosis and muscle atrophy, via IGF-1, to produce anabolic
and catabolic antagonist effects [12, 13].
Ghrelin and leptin
The hormones ghrelin and leptin affect appetite and, as such, they could improve the
nutritional state of patients with sarcopenia [14]. However, available data are scarce,
particularly for leptin.
A recent study of subjects aged between 60 and 81 years and in good health showed
the capacity of ghrelin to modify body composition in this population. Subjects
taking an analogue of this hormone in fact showed an increase in body weight and
muscle mass, regardless of the method used to measure this muscle mass [15].
DRUG TREATMENTS FOR SARCOPENIA:
NON-HORMONAL AGENTS
Vitamin D
The impact of vitamin D is not limited to regulation of bone metabolism, and receptors have been identified in many tissues, particularly muscle. Its effect on skeletal
muscle and the decline in muscle function, and the increased incidence of vitamin
D deficiency in the elderly, make it one of the most valuable treatment options in the
context of age-related sarcopenia. One study showed that vitamin D supplementation
increases functional performance, reaction time and balance in elderly patients who
have experienced falls, but there was no change in muscle strength. The authors suggested that supplementation improves neuromuscular function. It should be noted
that the patients presented with low levels of vitamin D on inclusion [16].
Myostatin antagonists
Studies in animals have shown that the absence of myostatin is associated with the
development of muscle hypertrophy and an increase in muscle strength. A study
published a few years ago in the New England Journal of Medicine also presented the
case of a child with myostatin mutation-related muscle hypertrophy (see Fig. 2) [17].
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Neonate
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Figure 2. Myostatin mutation associated with muscle hypertrophy in an infant [17].

The use of myostatin antagonists may therefore offer an alternative therapy.
Preclinical trials are currently underway. A study of sarcopenic mice has shown that
it increases the rate of muscle fibre regeneration and reduces muscle fibrosis [18].
Angiotensin-converting enzyme inhibitors
Angiotensin-converting enzyme (ACE) inhibitors attracted significant interest in the
early 2000s. A number of cohort studies indicated that they would have a positive impact
on the physical function of the elderly. A placebo-controlled study of 2 341 subjects
aged 70 – 79 years compared the effects of ACE inhibitors, beta blockers, thiazides and
calcium channel blockers on the muscle mass of the lower limbs. The results showed
that the muscle mass of the lower limbs of subjects in the ACE inhibitor group was significantly greater than in the other treatment groups [19]. However, in a double-blind,
crossover, randomized placebo-controlled study conducted by the authors in the USA
with 250 elderly patients at risk of cardiovascular disease, measurements of physical
performance using the short physical performance battery and the grip strength test
showed no difference compared with placebo after 6 months [20].
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Angiotensin II receptor antagonists
Angiotensin II receptor antagonists may also have a role to play in the treatment
of sarcopenia. Preclinical trials on mice have shown that treatment with losartan
increases muscle mass and quality [21].
Creatine
Creatine is widely used by athletes to improve physical performance. Data on the
elderly are limited and it is still not entirely clear whether or not this treatment is
effective. For example, a placebo-controlled, double-blind, randomized study of
patients aged from 48 to 72 years failed to demonstrate any effect of creatine in
association with a 14-week physical exercise protocol [22]. In the same year, another
group presented results suggesting the contrary [23].
Ginkgo biloba
The results of preclinical trials suggest that Ginkgo biloba has a positive effect. It
has anti-oxidant properties and affects nerve function [24]. However, the consensus
approaches do not feature antioxidants as a potential candidate treatment for sarcopenia [25].
CONCLUSION
It is necessary to acknowledge that trials evaluating candidate treatments for sarcopenia have produced some negative results. The primary cause is probably the
level of ambiguity in the definition of sarcopenia. Current definitions may overstate
the significance of quantitative measures of muscle (results are influenced by the
concepts of quality and function). Uncertainties also remain as to the imaging technique to be adopted (dual-energy absorptiometry, bioimpedance analysis, computed
tomography scans, magnetic resonance imaging scans or anthropometry) [26].
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