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Sarcopenia, deﬁned as loss of skeletal muscle mass and function, is associated with adverse
outcomes such as physical disability, impaired quality of life and increased mortality.
Several mechanisms are involved in the development of sarcopenia. Potentially modiﬁable
factors include nutrition and physical activity. Protein metabolism is central to the nutritional
issues, along with other potentially modifying nutritional factors as energy balance and vitamin D status. An increasing but still incomplete knowledge base has generated recent recommendations on an increased protein intake in the elderly. Several factors beyond the total
amount of protein consumed emerge as potentially important in this context. A recent summit examined three hypotheses: (1) A meal threshold; habitually consuming 25–30 g protein at
breakfast, lunch and dinner provides sufﬁcient protein to effectively stimulate muscle protein
anabolism; (2) Protein quality; including high-quality protein at each meal improves postprandial muscle protein synthesis; and (3) performing physical activity in close temporal
proximity to a high-quality protein meal enhances muscle anabolism. Optimising the potential for muscle protein anabolism by consuming an adequate amount of high-quality protein
at each meal, in combination with physical activity, appears as a promising strategy to prevent or delay the onset of sarcopenia. However, results of interventions are inconsistent, and
well-designed, standardised studies evaluating exercise or nutrition interventions are needed
before guidelines can be developed for the prevention and treatment of age-related
sarcopenia.
Sarcopenia: Ageing: Protein: Vitamin D

Life expectancy at birth has increased rapidly in the last
century, due to economic growth worldwide manifested
by reductions in infant mortality, improved standards
of living, better lifestyles and education, as well as increased
quality and availability of health care(1,2). In 2012, the
share of the population aged 65 years and above in the
European Union was about 18 % of the total population(1)
and is expected to increase to one-third of the total population by 2060(3). The share of the population aged 80
years and older is projected to almost triple between
2011 and 2060. As a result of the demographic transition,
the old-age dependency ratio is projected to be more than
doubled from 27 % in 2012 to 53 % by 2060(1,3).
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Life expectancy in Europe is generally higher than in
most other regions of the world, but it varies between
countries. For example, a female born in 2012 is
expected to live between 77·9 years (Bulgaria) and
85·5 years (Spain), a difference of 7·6 years. A man
born in 2012 can be expected to live between 68·4
years (Lithuania) and 79·9 years (Sweden), a variation
of 11·5 years(1).
The growing ageing population is a global phenomenon(4). Between 1970 and 2025 an increase of about
694 million (223 %) of people aged 60 years and older
is expected. In 2050, the projection is 2 billion elderly
worldwide, 80 % of them living in developing countries,
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and the fastest growing segment of the older population
will be that of 80 years and older(4).
In response to the demographic challenges, the
European Union has taken several actions to facilitate
the creation of an active ageing culture in Europe,
based on the principle of ‘a society for all ages’. Active
ageing aims to create more opportunities for older people
to continue working and to stay healthy longer.
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Deﬁnition and classiﬁcation of ageing
Deﬁnitions of elderly may vary between different countries and different cultures, but generally include individuals from the newly retired to those over 100 years
old. Thus, older adults cover an age span of more than
a generation and imply a great variation in living conditions and exposure to environmental factors, such as
housing, health care and lifestyle. Older adults thereby
constitute a heterogeneous group in many different
aspects, as cognitive, physiological and functional
abilities.
Ageing could be described as a continuous and gradual process characterised by great variability among individuals, and could occur in different ways and at
different rates, depending on multiple factors such as environmental, cultural, genetic, as well as the presence or
absence of chronic disease. Normal ageing is characterised by diminished capacity in all bodily functions as
well as in cognitive function. Ageing is often characterised in four different categories: 1. Chronological ageing: years lived by an individual from birth; 2. Biological
ageing: the physiological changes of an organ system as it
ages; 3. Psychological ageing: changes in sensory and
perceptual processes, cognitive abilities, adaptive capacity and personality; and 4. Social ageing: changing
roles and relationships with family, friends and society
as one gets old.
An individual could vary in ages depending on
which category is used. Chronological age is often
poorly related to the other categories. Individuals at
the same chronological age could have very different
physical, physiological, psychological and mental performance, due to inﬂuences of genetic factors, lifestyle,
and disease or disability. Of prime importance is the
functional capacity.

Physiology of ageing
With increasing age all physiological systems will decline
in both capacity and function. However, the pace of decline will be different between different individuals and
even between different organ system within the same individual(5). To distinguish between a state of health and
illness becomes more complicated as individuals get
older. Symptoms of disease often vary and become less
obvious for elderly people.

Frailty, sarcopenia and cachexia
Frailty, sarcopenia and cachexia are three terms mutually
related to each other within the frame of pathophysiology of ageing. Frailty is a common global health and
social care challenge, meaning a state of impaired reserve
capacity and resistance to stressors(6). Frailty is both a
physical and cognitive state. It is a result of cumulative
decline across multiple physiological systems, causing
vulnerability to different adverse health outcomes related
to activity limitations, participation restrictions and comorbidity. It stands for a dynamic progressive process
from healthiness to functional decline, ultimately leading
to death. Frail elderly have an increased risk of falls and
suffer from limited mobility and cognitive capacity, and
a dependency on assistance from community, health care
and institutional care. Understanding risk factors of frailty
is a prerequisite to implement programmes for early detection and management in order to prevent or delay functional decline and enhance vitality and quality of life.
Cachexia has been deﬁned as ‘a complex metabolic syndrome associated with underlying illness and characterised
by loss of muscle with or without loss of fat mass’(7).
The ageing process is associated with several changes
in body composition, including loss of muscle mass, as
well as loss of strength and function. Since the ﬁrst use
of the term sarcopenia to describe this age-related decrease of muscle mass by Rosenberg(8), deﬁnitions have
evolved to describe it as ‘a syndrome characterised by
progressive loss of skeletal muscle mass and strength
with a risk of adverse outcomes such as physical disability, poor quality of life and increased mortality’(9,10). The
European Working Group on Sarcopenia in Older People
deﬁnition(9) uses both low muscle mass and low muscle
function (strength or performance) for the diagnosis of
sarcopenia. European Working Group on Sarcopenia in
Older People also deﬁnes stages as presarcopenia (low
muscle mass only), sarcopenia (low muscle mass and
low strength or performance) and severe sarcopenia (low
muscle mass, strength and performance). Sarcopenia
should be distinguished from undernutrition. The relationship between age-related loss of muscle mass and strength is
often independent of body mass. When muscle mass is lost
but fat mass is elevated the state is called sarcopenic obesity
and a suggested deﬁnition is ‘deﬁciency of skeletal muscle
relative to fat tissue’(11,12).
Loss of muscle mass and function can be caused by
multiple mechanisms. The term primary, or age-related
sarcopenia is used when no other cause than ageing is
evident, while secondary sarcopenia includes categories
as disease-related muscle wasting, muscle loss resulting
from inactivity and from malnutrition(9).

Nutritional status
Body composition reﬂects nutritional status, indicating body
energy and protein stores. Age-related changes in body
composition include decreases in fat free mass, mainly
skeletal muscle mass and an increase in body fat, with a
large variability between individuals(13). A number of
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methods have been utilised to estimate body composition,
most of them using a two-compartment model where body
mass is sub-divided in body fat mass (reﬂecting energy
stores) and fat-free mass (indicating protein content).
The fat-free mass thus not only includes skeletal muscle,
but also organs and supportive tissues. Anthropometry
based on whole-body measurements such as weight and
height, usually expressed as BMI (kg/m2), has been extensively used as an indicator of body composition and its
change, but cannot distinguish between fat and lean tissue,
including muscle. For most individuals both body weight
and height decrease with age. Both low BMI and weight
loss are signiﬁcant risk factors for all causes of mortality,
but elevated BMI and body fat seem not to carry the
same risk in elderly as in middle age, and even a protective
role on health and survival has been observed(14–17). BMI
is a proxy measure for energy stores and for older adults
these stores seem to be protective, and also the cardiovascular risk by overweight appears to diminish with age. It
has been shown that BMI in the overweight range
(25–30) is associated with greater disability-free life expectancy compared to groups of lower and higher
BMI(14). Ageing is associated with changes in body composition not evident by BMI. During weight stability
loss of muscle mass is accompanied by fat gain(18–20).
Fat mass per se may play a role in age-related loss of muscle mass and quality through different metabolic pathways(19,21). An increased fat mass decreases the anabolic
action of insulin in stimulating protein synthesis. Obesity
may also cause fat inﬁltration in muscle which, mediated
through insulin resistance, lipotoxicity and inﬂammation,
and impairs muscle synthesis and muscle strength(22).

Muscle mass measurements
In the context of sarcopenia, muscle mass estimates become a key issue. As mentioned earlier, fat-free mass,
often height-adjusted as fat-free mass index (fat-free
mass(kg)/height(m)2), can and has been used as a proxy
measure of muscle, but more direct determinations require
other methods than those based on two-compartment
body composition models.
The reference method for measuring muscle is generally
regarded as whole-body imaging by MRI using multiple
slices(23). The imaging information could also be obtained
by computed tomography; however, the radiation exposure by whole-body computed tomography imaging is generally regarded as unacceptable for this purpose. The
whole-body MRI method is very resource and time
demanding, and single-slice determinations are therefore
most commonly used, as muscle volume determinations
from mid-thigh and abdominal images have been shown
to correlate with whole-body determinations(24).
Whole-body dual-X-ray absorptiometry scans have also
been shown to give valid estimates of muscle mass(25) and
give very low radiation exposure. For the purpose of estimating muscle mass, the lean soft tissue of the arms and
legs, i.e. appendicular lean soft tissue, is used.
Muscle determinations by dual-X-ray absorptiometry,
computed tomography and MRI require a dedicated
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laboratory setting. For use outside such settings, anthropometry(26) and bioimpedance methods(27–30) have been
developed. Anthropometric measures are regarded by
European Working Group on Sarcopenia in Older
People as vulnerable to error and not recommended for routine use in the diagnosis of sarcopenia(9). Bioimpedance
methods are conceptually attractive, as wrist-to-ankle
bioimpedance predominantly measures water-containing
tissue in the arms and legs(31), but validation studies are
still somewhat limited, although reference values in elderly
populations have been published(29,32).

Functional measurements
A number of methods to estimate muscle strength and
performance are in use. The European Working Group
on Sarcopenia in Older People Report(9) recommends
for strength knee ﬂexion/extension, peak expiratory ﬂow
and handgrip strength for research purposes and handgrip
strength for clinical practice. For performance, Short
Physical Performance Battery, usual gait speed, timed
get-up-and-go test and stair climb power test are listed
for research, and Short Physical Performance Battery,
gait speed and get-up-and-go test for clinical practice(9).
Gait speed is associated with survival in older
adults(33), and this association seems to be robust and
valid for both males and females, while for muscle
mass estimates the relation is less clear and may be different in males and females(32). It should also be noted that
application of different measurement criteria for sarcopenia
may yield widely different prevalence estimates in a population(34). Nevertheless, sarcopenia prevalence was reported
by the International Sarcopenia Initiative to be 1–29 % in
community-dwelling populations, 14–33 % in long-term
care populations and 10 % in the only acute hospital-care
population examined(35).

Nutrition and ageing
The progressive loss of function over time that characterises ageing appears to result from accumulation of
damage to cellular macromolecules(36). Nutrition may
modulate the ageing process in several ways, as recently
reviewed by Mathers(37). Energy restriction increases
lifespan in several animal models, but its effects in primates
and human subjects are uncertain. However, translating
available data from studies in primates suggests that
avoiding obesity may improve healthy ageing(37).
As long as old adults stay healthy, an adequate energy
and nutrient intake based on good food habits is generally
considered optimal. With ageing, energy needs decrease
mainly due to less physical activity. However, micronutrient needs do not necessarily decrease, implying
that for elderly with reduced appetite there is a need to
increase nutrient density of the food they consume. For
most micronutrients the scientiﬁc evidence for daily intake recommendations speciﬁc for elderly is still scarce.
However, several studies have examined protein and vitamin D supplements for old adults.
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Nutrition and sarcopenia

Protein

Vitamin D

Protein is necessary for synthesis of fat-free mass, metabolic processes, and to offset inﬂammatory and catabolic
conditions associated with chronic and acute diseases
that occur commonly with ageing(58). A recent systematic
review suggests that the evidence for optimal protein
intake relates to functional outcomes such as maintenance of bone mass, muscle mass and strength as well as
morbidity, and suggest a safe intake of up to at least
1·2–1·5 g protein/kg body weight/d or approximately
15–20 E %(59).
Maintenance of muscle mass depends on the balance
between muscle protein synthesis and breakdown.
Feeding induces a postprandial net protein accretion
that normally compensates for losses in the postabsorptive
period(60). Major drivers are the availability of amino
acids, especially leucine, physical activity and hormonal
signals, particularly insulin and insulin-like growth
factor-1(61). In ageing, this anabolic response decreases,
though available data suggest that muscle protein anabolism can still be stimulated in the elderly by higher amino
acid availability(60–62). Thus, the prevailing nutritional
strategy to overcome this ‘anabolic resistance’ and maintain muscle mass and function is to increase amino acid
(leucine) availability, in combination with physical activity, especially resistance exercise(11).
In addition to the amount of protein ingested in a
meal, postprandial amino acid availability depends on
factors such as rate of digestion, absorption and splanchnic extraction. The concept of ‘slow’ v. ‘fast’ proteins has
been proposed to describe this(60), and e.g. whey protein
is considered to have advantages in this respect(63).
Thus, postprandial muscle protein synthesis response
depends on the amount of protein ingested, its digestibility and rate of absorption, and amino acid proﬁle, i.e.
content of essential amino acids, especially leucine.
A recent summit examined current understanding of the
role of protein in healthy ageing, with the hypothesis that
‘throughout adult life, consuming an adequate amount of
high-quality protein at each meal, in combination with physical activity, may prevent the onset or slow the progression of
sarcopenia’(64). The conclusion was that skeletal muscle
mass and function are inﬂuenced by a variety of modiﬁable
behaviours, and that three hypotheses/recommendations represent a promising strategy to prevent or delay the onset of
sarcopenia: (1) habitually consume 25–30 g protein at
breakfast, lunch and dinner; (2) include a variety of highquality proteins at each meal; and (3) perform physical activity in close temporal proximity to a protein-rich meal(64).

In the US and Nordic Nutrition Recommendations, for
vitamin D, a level of 20 µg/d is recommended for older
adults, 5–10 µg more than that for young adult populations(38,39). Insufﬁcient vitamin D status is common in elderly. Also, the capacity to metabolise vitamin D decreases
by age for several reasons: time spent outdoors may be limited; the amount of 7-dehydrocholesterol in the skin epidermis diminishes with age; and the conversion of this
precursor into vitamin D becomes less effective(40–42). A recent literature review concluded that there is a convincing
evidence of the protective effect of vitamin D against
bone deﬁciency, total mortality and the risk of falling(43).
The effect was seen in persons with low basal serum 25OH-vitamin D concentrations (<50 nM/l). In intervention
studies, effects were seen for combined supplementation
of vitamin D and calcium(43). Two recent recommendations
suggest 50 nM/l as optimal status(38,39), but the question of
what is an optimal status is controversial and some researchers are in favour of higher levels than 50 nM/l(44–46). There is,
however, some epidemiological evidence that very high
blood levels are associated with increased total mortality(43). Vitamin D has also important roles in many
other physiological systems such as the immune system,
the pancreatic β-cells, brain and muscle(46).
One important target tissue is muscle. It has been
shown that lower 25-OH-vitamin D and higher parathyroid hormone levels are associated with risk of sarcopenia in older adults(47). In addition, deﬁciency has been
reported to affect predominantly the weight-bearing
muscles of the lower limb, which are necessary for postural balance and walking(48), and a signiﬁcant correlation between serum levels and the occurrence of falls
has been shown(49–51). Positive effects of supplementation
has been shown on hand grip strength, proximal lower limb
strength as well as hip muscle strength(43). Mechanisms are
still unclear, but in animal models vitamin D pathways
regulate muscle development and in cultured muscle cells
vitamin D signalling alters various molecular pathways(52).

n-3 Fatty acids
The blunted anabolic response to nutritional stimuli in
ageing muscle cells is partly due to an impaired anabolic
signalling cascade (i.e. decreased activation of the
mammalian target of rapamycin signalling pathway)(53,54), which may be mediated by increased inﬂammatory activity(22,55). n-3 Fatty acids have been shown
to stimulate protein anabolism in animals. If this effect
is relevant also for human subjects it is not fully conﬁrmed
but a clinical trial has shown promising results(56).
Supplementation with dietary n-3 fatty acid increased
muscle anabolic signalling activity and the insulin/amino
acid-mediated increase in muscle protein synthesis. The
exact mechanisms by which n-3 fatty acids stimulate muscle protein synthesis during hyperinsulinaemia–hyperaminoacidaemia remain however to be resolved(57).

Physical activity
A contributing factor to the development of sarcopenia is inactivity followed by anabolic resistance(65). Immobilisation
induces resistance of muscle to anabolic stimulation(66).
Age-related muscle loss is primarily due to decreased postprandial muscle protein synthesis rather than increased
breakdown(11,65). Inactivity induces anabolic resistance(65),
and a reduction of physical activity for 2 weeks was shown

Proceedings of the Nutrition Society

Prevention and treatment of age-related sarcopenia

to induce anabolic resistance in older adults, with decreased
postprandial protein synthesis, decreased insulin sensitivity,
and decreases in leg muscle mass(67). Ageing muscle is still
able to respond to increased activity, especially resistance exercise(68). A meta-analysis in older adults indicated clear
effects of progressive resistance training on muscle
function(69).
Increased insulin sensitivity, improved glucose utilisation(70) and(71) enhanced myoﬁbrillar protein synthesis(72)
are proposed mechanisms behind this effect of resistance
exercise,(9) but it has also been suggested that exerciseinduced improvement in protein synthesis may be due to
nutrient-stimulated vasodilation and nutrient delivery to
muscle rather than to improved insulin signalling(73).
The International Sarcopenia Initiative Report(35) also
concluded that exercise interventions appear to have a
role in increasing muscle strength and improving physical
performance, although they do not seem to consistently
increase muscle mass, in frail older individuals. It was
noted that improved standardisation of exercise interventions is needed, along with common outcome measures,
and that future interventions should focus on welldeﬁned populations, with well-deﬁned sarcopenia(35).

Effects of combined physical activity and nutrition
The anabolic response to dietary protein or amino acids
and insulin is limited in ageing muscles, but a combination effect of physical activity and nutrition stimulates
muscle protein synthesis. Both endurance- and resistance
exercises are recommended at individualised levels that
are safe and tolerated. Several recent reviews have examined the effects of nutritional and physical activity interventions on sarcopenia(35,74–78), with inconsistent results.
Cermak et al.(74) included data from twenty-two randomised controlled trials with 680 subjects and concluded
that protein supplementation increases muscle mass
and strength gains during resistance training in both
younger and older subjects. Malafarina et al.(78) examined seventeen studies with 1287 patients, and concluded
that nutritional supplementation is effective, and that
effects increase when associated with physical exercise.
Finger et al.(76) examined effects of protein supplementation in older adults during resistance training and concluded, from data on nine randomised controlled trials
with 462 subjects, that protein supplementation is effective to gain fat-free mass, but does not seem to increase
muscle mass or strength. Denison et al.(75) examined
effects of combined nutrition and exercise interventions
in seventeen studies in older adults, and concluded that
enhanced beneﬁts of exercise training, when combined
with dietary supplementation, have been shown in
some studies indicating potential for future interventions,
but that existing evidence is inconsistent. Hickson(77),
reviewing nutrition intervention trials targeting sarcopenia, also found inconsistent effects and concluded that
this could be explained by factors like variations in
study design, composition of the supplement and failure
to monitor voluntary food intake, adherence and baseline
nutritional status. The report of the International
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Sarcopenia Initiative(35) found that moderate quality evidence suggests that exercise interventions improve muscle
strength and performance, but that results of nutrition
interventions are equivocal due to the low number of studies and heterogeneous study design. Essential amino acid
supplements were found to have some effects in improving
muscle mass and function parameters, but protein supplements have not shown consistent beneﬁts on muscle mass
and function. It is concluded that well-designed, standardised studies evaluating exercise or nutrition interventions
are needed before treatment guidelines can be
developed(35).
Muscle function is a prerequisite for independence and
thereby quality of life. In a demographic situation globally
with an increasing proportion of older adults up in very
high ages the challenge is to reach more knowledge of
how muscle function changes by age and what are proper
actions to prevent or delay the onset of the functional
decline and sarcopenia.

Conclusions
Loss of muscle mass and function has debilitating effects
in the elderly. Optimising the potential for muscle protein
anabolism by consuming an adequate amount of highquality protein at each meal, in combination with physical activity, appears as a promising strategy to prevent
or delay the onset of sarcopenia. Other nutritional targets
of interest for maintaining muscle mass and function are
n-3 fatty acids, avoiding obesity and vitamin D deﬁciency. However, results of interventions are inconsistent,
and well-designed, standardised studies evaluating exercise or nutrition interventions are needed before guidelines can be developed for the prevention and treatment
of age-related sarcopenia.

Financial support
The work of the authors was supported by grants from
the Swedish Government under the ALF agreement
(Grant number ALFGBG-495901).

Conﬂict of interest
None.

Authorship
The authors contributed equally to all aspects of the
preparation of this paper.

References
1. Eurostat (2013) Key Figures on Europe: 2013 Digest of the
Online Eurostat Yearbook, Eurostat Pocketbooks, 1830–

6

2.
3.
4.

5.
6.

Proceedings of the Nutrition Society

7.
8.
9.

10.

11.

12.
13.
14.
15.
16.

17.

18.
19.

20.

21.

I. Bosaeus and E. Rothenberg
7892. Luxembourg: Ofﬁce for Ofﬁcial Publications of the
European Communities.
Vaupel JW (2010) Biodemography of human ageing.
Nature 464, 536–542.
Eurostat (2011) Europe in Figures: Eurostat Yearbook 2011.
Luxembourg: Ofﬁce for Ofﬁcial Publications of the
European Communities.
World Health Organization (2002) Active Ageing. A Policy
Framework. WHO/NMH/NPH/02·8. Geneva: World
Health Organization, Noncommunicable Disease
Prevention and Health Promotion Department.
Aihie Sayer A, Osmond C, Briggs R et al. (1999) Do all systems age together? Gerontology 45, 83–86.
Fried LP, Tangen CM, Walston J et al. (2001) Frailty in
older adults: evidence for a phenotype. J Gerontol A Biol
Sci Med Sci 56, M146–M156.
Evans WJ, Morley JE, Argiles J et al. (2008) Cachexia: a
new deﬁnition. Clin Nutr 27, 793–799.
Rosenberg IH (1997) Sarcopenia: origins and clinical relevance. J Nutr 127, 990S–991S.
Cruz-Jentoft AJ, Baeyens JP, Bauer JM et al. (2010)
Sarcopenia: European consensus on deﬁnition and diagnosis: Report of the European Working Group on Sarcopenia
in Older People. Age Ageing 39, 412–423.
Muscaritoli M, Anker SD, Argiles J et al. (2010) Consensus
deﬁnition of sarcopenia, cachexia and pre-cachexia: joint
document elaborated by Special Interest Groups (SIG)
‘cachexia-anorexia in chronic wasting diseases’ and ‘nutrition in geriatrics’. Clin Nutr 29, 154–159.
Deutz NE, Bauer JM, Barazzoni R et al. (2014) Protein intake and exercise for optimal muscle function with aging:
recommendations from the ESPEN Expert Group. Clin
Nutr 33, 929–936.
Prado CM, Wells JC, Smith SR et al. (2012) Sarcopenic
obesity: a critical appraisal of the current evidence. Clin
Nutr 31, 583–601.
Buffa R, Floris GU, Putzu PF et al. (2011) Body composition variations in ageing. Coll Antropol 35, 259–265.
Al Snih S, Ottenbacher KJ, Markides KS et al. (2007) The
effect of obesity on disability vs mortality in older
Americans. Arch Intern Med 167, 774–780.
Flicker L, McCaul KA, Hankey GJ et al. (2010) Body
mass index and survival in men and women aged 70 to
75. J Am Geriatr Soc 58, 234–241.
Vischer UM, Safar ME, Safar H et al. (2009)
Cardiometabolic determinants of mortality in a geriatric
population: is there a “reverse metabolic syndrome”?
Diab Metab 35, 108–114.
Batsis JA, Singh S, Lopez-Jimenez F (2014)
Anthropometric measurements and survival in older
Americans: results from the third national health and
nutrition examination survey. J Nutr Health Aging 18,
123–130.
Gallagher D, Ruts E, Visser M et al. (2000) Weight stability masks sarcopenia in elderly men and women. Am J
Physiol 279, E366–E375.
Newman AB, Lee JS, Visser M et al. (2005) Weight change
and the conservation of lean mass in old age: the Health,
Aging and Body Composition Study. Am J Clin Nutr 82,
872–878.
Visser M, Pahor M, Tylavsky F et al. (2003) One- and twoyear change in body composition as measured by DXA in a
population-based cohort of older men and women. J Appl
Physiol 94, 2368–2374.
Zamboni M, Mazzali G, Zoico E et al. (2005) Health consequences of obesity in the elderly: a review of four unresolved questions. Int J Obes 29, 1011–1029.

22. Guillet C, Masgrau A, Walrand S et al. (2012) Impaired
protein metabolism: interlinks between obesity, insulin
resistance and inﬂammation. Obes Rev 13, Suppl 2,
51–57.
23. Janssen I, Heymsﬁeld SB, Wang ZM et al. (2000) Skeletal
muscle mass and distribution in 468 men and women aged
18–88 yr. J Appl Physiol 89, 81–88.
24. Lee SJ, Janssen I, Heymsﬁeld SB et al. (2004) Relation between whole-body and regional measures of human skeletal
muscle. Am J Clin Nutr 80, 1215–1221.
25. Kim J, Heshka S, Gallagher D et al. (2004) Intermuscular
adipose tissue-free skeletal muscle mass: estimation by
dual-energy X-ray absorptiometry in adults. J Appl Physiol
97, 655–660.
26. Lee RC, Wang Z, Heo M et al. (2000) Total-body skeletal
muscle mass: development and cross-validation of anthropometric prediction models. Am J Clin Nutr 72, 796–
803.
27. Janssen I, Heymsﬁeld SB, Baumgartner RN et al. (2000)
Estimation of skeletal muscle mass by bioelectrical impedance analysis. J Appl Physiol 89, 465–471.
28. Kyle UG, Genton L, Hans D et al. (2003) Validation of a
bioelectrical impedance analysis equation to predict appendicular skeletal muscle mass (ASMM). Clin Nutr 22, 537–
543.
29. Tengvall M, Ellegard L, Malmros V et al. (2009) Body
composition in the elderly: reference values and bioelectrical impedance spectroscopy to predict total body skeletal
muscle mass. Clin Nutr 28, 52–58.
30. Sergi G, De Rui M, Veronese N et al. (2015) Assessing appendicular skeletal muscle mass with bioelectrical impedance analysis in free-living Caucasian older adults. Clin
Nutr 34, 667–673.
31. Kyle UG, Bosaeus I, De Lorenzo AD et al. (2004)
Bioelectrical impedance analysis–part I: review of principles and methods. Clin Nutr 23, 1226–1243.
32. Batsis JA, Mackenzie TA, Barre LK et al. (2014)
Sarcopenia, sarcopenic obesity and mortality in older
adults: results from the National Health and Nutrition
Examination Survey III. Eur J Clin Nutr 68, 1001–1007.
33. Studenski S, Perera S, Patel K et al. (2011) Gait speed and
survival in older adults. JAMA 305, 50–58.
34. Reijnierse EM, Trappenburg MC, Leter MJ et al. (2015)
The impact of different diagnostic criteria on the prevalence of Sarcopenia in healthy elderly participants and geriatric outpatients. Gerontology 61, 491–496.
35. Cruz-Jentoft AJ, Landi F, Schneider SM et al. (2014)
Prevalence of and interventions for sarcopenia in ageing
adults: a systematic review. Report of the International
Sarcopenia Initiative (EWGSOP and IWGS). Age Ageing
43, 748–759.
36. Kirkwood TB (2008) A systematic look at an old problem.
Nature 451, 644–647.
37. Mathers JC (2015) Impact of nutrition on the ageing process. Brit J Nutr 113, Suppl, S18–S22.
38. Nordic Council of Ministers (2014) Nordic Nutrition
Recommendations 2012. Integrating Nutrition and Physical
Activity, 5th ed., vol. Nord 2014;002. Copenhagen:
Narayana Press.
39. Institute of Medicine (2011) Dietary Reference Intakes for
Calcium and Vitamin D. Washington, DC: The National
Academies Press.
40. Janssen HC, Samson MM & Verhaar HJ (2002) Vitamin D
deﬁciency, muscle function, and falls in elderly people. Am
J Clin Nutr 75, 611–615.
41. Weaver CM & Fleet JC (2004) Vitamin D requirements:
current and future. Am J Clin Nutr 80, 1735S–1739S.

Proceedings of the Nutrition Society

Prevention and treatment of age-related sarcopenia
42. Vieth R, Ladak Y & Walﬁsh PG (2003) Age-related
changes in the 25-hydroxyvitamin D versus parathyroid
hormone relationship suggest a different reason why older
adults require more vitamin D. J Clin Endocrinol Metab
88, 185–191.
43. Lamberg-Allardt C, Brustad M, Meyer HE et al. (2013)
Vitamin D – a systematic literature review for the 5th
edition of the Nordic Nutrition Recommendations. Food
Nutr Res 57. Available at: www.foodandnutrition
research.net.
44. Bischoff-Ferrari HA, Giovannucci E, Willett WC et al.
(2006) Estimation of optimal serum concentrations of
25-hydroxyvitamin D for multiple health outcomes. Am J
Clin Nutr 84, 18–28.
45. Dawson-Hughes B, Heaney RP, Holick MF et al. (2005)
Estimates of optimal vitamin D status. Osteoporos Int 16,
713–716.
46. Lips P (2006) Vitamin D physiology. Prog Biophys Mol
Biol 92, 4–8.
47. Visser M, Deeg DJ & Lips P (2003) Low vitamin D and
high parathyroid hormone levels as determinants of loss
of muscle strength and muscle mass (sarcopenia): the
Longitudinal Aging Study Amsterdam. J Clin Endocrinol
Metab 88, 5766–5772.
48. Glerup H, Mikkelsen K, Poulsen L et al. (2000)
Hypovitaminosis D myopathy without biochemical signs
of osteomalacic bone involvement. Calcif Tissue Int 66,
419–424.
49. Mowe M, Haug E & Bohmer T (1999) Low serum calcidiol
concentration in older adults with reduced muscular function. J Am Geriatr Soc 47, 220–226.
50. Stein MS, Wark JD, Scherer SC et al. (1999) Falls relate to
vitamin D and parathyroid hormone in an Australian nursing home and hostel. J Am Geriatr Soc 47, 1195–1201.
51. Bischoff-Ferrari HA, Dawson-Hughes B, Staehelin HB
et al. (2009) Fall prevention with supplemental and active
forms of vitamin D: a meta-analysis of randomised controlled trials. BMJ 339, b3692.
52. Girgis CM, Clifton-Bligh RJ, Hamrick MW et al. (2013)
The roles of vitamin D in skeletal muscle: form, function,
and metabolism. Endocr Rev 34, 33–83.
53. Cuthbertson D, Smith K, Babraj J et al. (2005) Anabolic
signaling deﬁcits underlie amino acid resistance of wasting,
aging muscle. FASEB J 19, 422–424.
54. Guillet C, Prod’homme M, Balage M et al. (2004)
Impaired anabolic response of muscle protein synthesis is
associated with S6K1 dysregulation in elderly humans.
FASEB J 18, 1586–1587.
55. Rieu I, Magne H, Savary-Auzeloux I et al. (2009)
Reduction of low grade inﬂammation restores blunting of
postprandial muscle anabolism and limits sarcopenia in
old rats. J Physiol 587, 5483–5492.
56. Smith GI, Julliand S, Reeds DN et al. (2015) Fish oilderived n-3 PUFA therapy increases muscle mass and function in healthy older adults. Am J Clin Nutr 102, 115–122.
57. Smith GI, Atherton P, Reeds DN et al. (2011) Dietary
omega-3 fatty acid supplementation increases the rate of
muscle protein synthesis in older adults: a randomized controlled trial. Am J Clin Nutr 93, 402–412.
58. Bauer J, Biolo G, Cederholm T et al. (2013) Evidencebased recommendations for optimal dietary protein intake
in older people: a position paper from the PROT-AGE
Study Group. J Am Med Dir Assoc 14, 542–559.
59. Pedersen AN & Cederholm T (2014) Health effects of protein intake in healthy elderly populations: a systematic literature review. Food Nutr Res 58. Available at: www.
foodandnutritionresearch.net.

7

60. Boirie Y, Morio B, Caumon E et al. (2014) Nutrition and
protein energy homeostasis in elderly. Mech Ageing Dev
136–137, 76–84.
61. Rennie MJ, Selby A, Atherton P et al. (2010) Facts, noise
and wishful thinking: muscle protein turnover in aging and
human disuse atrophy. Scand J Med Sci Sports 20, 5–9.
62. Moore DR, Churchward-Venne TA, Witard O et al. (2015)
Protein ingestion to stimulate myoﬁbrillar protein synthesis
requires greater relative protein intakes in healthy older
versus younger men. J Gerontol A Biol Sci Med Sci 70,
57–62.
63. Devries MC & Phillips SM (2015) Supplemental protein in
support of muscle mass and health: advantage whey.
J Food Sci 80, Suppl 1, A8–A15.
64. Paddon-Jones D, Campbell WW, Jacques PF et al. (2015)
Protein and healthy aging. Am J Clin Nutr 101, 13395–
13455.
65. Dickinson JM, Volpi E & Rasmussen BB (2013) Exercise
and nutrition to target protein synthesis impairments in
aging skeletal muscle. Exerc Sport Sci Rev 41, 216–223.
66. Glover EI, Phillips SM, Oates BR et al. (2008)
Immobilization induces anabolic resistance in human
myoﬁbrillar protein synthesis with low and high dose
amino acid infusion. J Physiol 586, 6049–6061.
67. Breen L, Stokes KA, Churchward-Venne TA et al. (2013)
Two weeks of reduced activity decreases leg lean mass
and induces ‘anabolic resistance’ of myoﬁbrillar protein
synthesis in healthy elderly. J Clin Endocrinol Metab 98,
2604–2612.
68. Fiatarone MA, O’Neill EF, Ryan ND et al. (1994) Exercise
training and nutritional supplementation for physical frailty
in very elderly people. N Engl J Med 330, 1769–1775.
69. Liu CJ & Latham NK (2009) Progressive resistance
strength training for improving physical function in older
adults. Cochrane Database Syst Rev CD002759.
70. Breen L, Philp A, Shaw CS et al. (2011) Beneﬁcial effects of
resistance exercise on glycemic control are not further
improved by protein ingestion. PLoS ONE 6, e20613.
71. Lanza IR, Short DK, Short KR et al. (2008) Endurance
exercise as a countermeasure for aging. Diabetes 57,
2933–2942.
72. Yang Y, Breen L, Burd NA et al. (2012) Resistance exercise
enhances myoﬁbrillar protein synthesis with graded intakes
of whey protein in older men. Br J Nutr 108, 1780–1788.
73. Timmerman KL, Dhanani S, Glynn EL et al. (2012) A
moderate acute increase in physical activity enhances nutritive ﬂow and the muscle protein anabolic response to mixed
nutrient intake in older adults. Am J Clin Nutr 95, 1403–
1412.
74. Cermak NM, Res PT, de Groot LC et al. (2012) Protein
supplementation augments the adaptive response of skeletal
muscle to resistance-type exercise training: a meta-analysis.
Am J Clin Nutr 96, 1454–1464.
75. Denison HJ, Cooper C, Sayer AA et al. (2015) Prevention
and optimal management of sarcopenia: a review of combined exercise and nutrition interventions to improve muscle
outcomes in older people. Clin Interv Aging 10, 859–869.
76. Finger D, Goltz FR, Umpierre D et al. (2015) Effects of
protein supplementation in older adults undergoing resistance training: a systematic review and meta-analysis.
Sports Med 45, 245–255.
77. Hickson M (2015) Nutritional interventions in sarcopenia:
a critical review. Proc Nutr Soc 74, 378–386.
78. Malafarina V, Uriz-Otano F, Iniesta R et al. (2013)
Effectiveness of nutritional supplementation on muscle
mass in treatment of sarcopenia in old age: a systematic review. J Am Med Dir Assoc 14, 10–17.

