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Aging population is frequently associated with a progressive function decline. Sarcopenia and frailty are
common in elderly. Sarcopenia, defined by loss of muscle mass and strength and function, is a crucial
driver for frailty. Sarcopenia can result from aging process, malnutrition, inactivity, and chronic dis-
eases. Sarcopenia is highly prevalent in frail individuals. Frailty is a geriatric syndrome connected to
adverse clinical outcomes. Frailty is associated with disability or increased mortality in elderly.
Sarcopenia and frailty are prevalent in various diseases such as heart failure, chronic kidney disease,

chronic obstructive pulmonary disease, and critical illness. Adequate nutritional support with higher
protein ingestion in addition to exercise are crucial to improve physical performance in sarcopenic or

frail elderly.
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1. A prevailing issue in elderly

Population aging is an ongoing issue around the world. Frailty is
a geriatric syndrome which is defined by decline in physical function
and inadequate responses to stress to maintain homeostasis.! Frailty
is associated adverse outcomes including delirium, disability, or even
mortality1 Frailty is highly prevalent in geriatric population and its
incidence is increasing as age increased, from 6.5% in ages of 60-69
to 23-65% in ages older than 90.%2 Sarcopenia, defined by loss of
muscle mass with declined muscle function, is a crucial driver for
frailty.3 The size and number of individual myofibers are reduced
during aging, and the ratio between type | and type Il fibers is also
changed.? This further affects the function of muscles and perfor-
mance of elderly. Primary sarcopenia is a consequence of natural
aging process and no other etiology can be identified.’ Secondary
sarcopenia is caused by other factors including disease, inactivity, or
malnutrition.> The worldwide prevalence of sarcopenia is reported
as 10%,% and it is increasing during aging to over 50% in elder popu-
lation.”

Aging related muscle wasting is closely related to mitochondrial
dysfunction. Increased multiple mitochondria DNA (mtDNA) rear-
rangements in skeletal muscle are reported in elderly compared to
young adults,® and progressive accumulation of aging-dependent
mtDNA mutations is present in skeletal muscle of elderly.9 These
may lead to mitochondria dysfunction, release of proapoptotic pro-
teins, and increased apoptosis in muscle.° Aging is associated with a
low-grade increased of pro-inflammatory mediators, including tu-
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mor necrosis factor a (TNFa) or interleukin 6 (IL-6), which induces
apoptosis and decreased synthesis of muscle protein.11 Pro-in-
flammatory cytokines also contributed to muscle wasting via other
mechanisms such as autophagy and ubiquitin-proteasome system
(UPS).12 Myostatin, the major autocrine inhibitor of muscle growth,
binds to the activin receptor type 1B (ActRIIB) in muscle to induce
fiber atrophy through activation of the transcription factors Smad2/3
which further bind with Smad4, and the Smad2/3/4 complex trans-
locate into nucleus to block the expression of myogenesis genes.13
ActRIIB is shared by other TGF-3 family proteins including activins
and growth differentiation factor-11 (GDF11), which are negative
regulators of muscle mass.*>1 Levels of myostatin and activin A are
increased in eIderIy.15 Several agents had been developed to an-
tagonize the myostatin-ActRIIB signaling.14

Sarcopenia can be diagnosed based on evaluating total body
composition with modalities such as dual energy X-ray absorp-
tiometry (DXA), bioelectrical impedance analysis (BIA), or computed
tomography (CT) images. DXA can acquire body composition with a
three-compartment model comprising bone mass, fat mass, and
non-bone lean mass. DXA cannot discriminate between different
types of fat or lean tissues.’® BIA is a simple, radiation-free, non-
invasive modality which determines total body water with body
resistance and a small current.'® BIA is biased in diseases with in-
creased fluid status such as ascites. CT-derived third lumbar cross-
sectional muscle areas was suggested to best reflects total skeletal
muscle mass.!” CT allows guantitative evaluation of individual mus-
cles, but it cannot reflect variations of individuals by using a distinct
conversion index. The widely accepted criteria to define sarcopenia
is derived from the European Working Group on Sarcopenia in Older
People (EWGSOP).5 The diagnosis of sarcopenia is made with low
muscle mass with decreased function of muscles, measured by mus-



Sarcopenia and Frailty in Elderly

cle strength or physical performance.5 Asian Working Group for
Sarcopenia (AWGS) later proposed a diagnostic algorithm with re-
vised cutoff values based on Asian evidence.®

2. Impacts on diseases

Sarcopenia is closely related with frailty. Sarcopenia was pre-
sent in nearly 50—-70% individuals with frailty syndrome, and the
INCHIANTI study showed that the muscle mass was strongly cor-
related with frailty.19 Fried et al. defined frailty phenotype with
data from Cardiovascular Health Study (CHS).1 Positive of frailty
phenotype was defined as 3 or more of the followings: uninten-
tional weight loss, self-report low energy, lowest 20% of grip
strength, slowest 20% in walking speed, and lowest 20% of physical
activity.:l Prefrail was defined as presence of 1 or 2 of the above.?
However, to determine the lowest/slowest 20% requires data from
the study population to define the cut-offs. The Frailty Index (Fl),
derived from Canadian Study of Health and Aging (CSHA) cohort,
measures 70 clinical deficits in multiple domains.?’ FI can provide a
comprehensive assessment, but it can be difficult to apply in clinical
practice. The International Academy of Nutrition and Aging pro-
posed the FRAIL scale with 5 clinical items (fatigue, resistance,
ambulation, illnesses, and weight loss > 5%).21 Clinical Frailty Scale
(CFS) measures frailty based on clinical judgment of general con-
dition in a 7-point ordinal scale derived from CSHA cohort. Later, two
additional scales, very severely frail and terminally ill, were added
above severely frail, and CFS was expanded into a 9-point ordinal
scale to additionally define those distinct clinical groups.20

Sarcopenia is prognostic for mortality in elderly. Decreased
muscle mass is an independent predictor for all-cause mortality in
elderly Asians,22 and sarcopenia is associated with all-cause mor-
tality with an adjusted hazard ratio of 2.34 to elderly without sar-
copenia.23 Frailty is also associated with mortality in elderly. The
SLAS1 study suggested the mortality risks markedly increased from
0.54 per 100 person-years in robust adults to 3.04 per 100 person-
years in prefrail /frail adults.?* A community study showed frailty was
significantly correlated with higher mortality and much lower rate of
still staying at home.?”

2.1. Cardiovascular disease

Chronic heart failure is frequently associated with wasting. The
unintentional weight loss was an independent risk factor for mor-
tality for patients with chronic heart failure.2® Sarcopenia is a fre-
guent co-morbidity in chronic heart failure and is associated with
lower peak exercise oxygen consumption (VO,) and lower left ven-
tricular ejection fraction.?’ Frailty is highly prevalent in heart failure.
A meta-analysis reviewed 26 studies with 6896 patients and sug-
gested the prevalence of frailty in heart failure is 44.5%.28 Heart
failures identified in the frail patients are older with more female
but have similar left ventricular ejection fraction.?® Frail heart failure
patients also have a higher all-cause mortality and rate of readmis-
sion.?? In chronic heart failure, the proteolysis by UPS is upregulated
and myostatin-activin A signaling is increased. Cardiomyocytes ex-
press ActRIIB and therefore activation of myostatin-activin A signal-
ing may reduce cardiac hypertrophy and trigger muscle wasting.g‘0
Recently, one study revealed that GDF11 reversed the age-related
cardiac hypertrophy and left ventricular failures.!

2.2. Chronic kidney disease and cancer

Muscle wasting is frequently observed in patients with chronic

kidney disease (CKD). The UPS is the major system for degrading the
muscle protein. The muscle protein is cleaved by caspase-3 and in-
teracts with ubiquitin enzymes E1, E2, and E3 to transfer ubiquitin to
substrate protein, and subsequently the proteasome degrades the
substrate protein into peptides facilitated by caspase-3.32 Insulin/
insulin-like growth factor 1 (IGF-1) signaling also plays an important
role in homeostasis of muscle protein. Insulin or IGF-1 can bind to
the IGF-1 receptor to trigger phosphorylation of downstream PI3K-
Akt to facilitate protein anabolism and suppress protein catabo-
lism.3? Impaired insulin signaling can induce protein degradation via
activation of UPS and caspase-3.32 Sarcopenia was associated with
mortality regardless of CKD status.® Frailty was highly prevalent in
CKD patients with hemodialysis and was associated with mortality
and hospitalization.34 Frailty was also associated with mortality in
pre-dialysis CKD patients.35 Cancer patients frequently have higher
level of pro-inflammatory cytokines, decreased level of IGF-1, in-
creased level of myosin and activin A, and up-regulation of ups.3¢
These factors result in insulin resistance, skeletal muscle wasting,
and cachexia, a devastating state for cancer patients.36 Sarcopenia
was associated with poorer cancer survival, and sarcopenic obesity
was an independent prognostic factor for cancer patients.g’7

2.3. Pulmonary disease and critical illness

Chronic obstructive pulmonary disease (COPD) is a progressive
inflammatory lung disease that is characterized by persistent re-
spiratory symptoms and chronic airflow limitation. Skeletal muscle
dysfunction is a common manifestation of COPD, and is associated
with sarcopenia and improper function of the residual muscles.®
Sarcopenia was affecting 14.5% COPD patients in outpatient basis,
and sarcopenia was associated with more airflow obstruction, re-
duced exercise capacity, functional performance, and physical ac-
tivity.3'8 Muscle wasting and diaphragm atrophy in COPD patients
have been shown to be associated with increased proinflammatory
mediators, 3 increased level of myostatin mediated activin signaling,
and activation of the UPS.* In acute exacerbation of COPD, smaller
quadriceps muscle mass, evaluated by ultrasound, is an inde-
pendent factor associated with readmission or mortality.41 Re-
duced physical activity in COPD patients, resembling frailty pheno-
type, may lead to inadequate response to the acute stress such as
acute exacerbation of COPD, and was associated with morbidity or
mortality.42 Sarcopenia is highly prevalent in 56% of intensive care
unit (ICU) patients with respiratory failure.*® Increased muscle mass
in medical ICU patients is significantly associated with better survival
and more ICU-free days.44 Frailty is strongly associated with a higher
ICU or in-hospital mortality, functional dependence after discharge,
and a higher readmission rate.*

3. Management of sarcopenia and frailty

Malnutrition is prevalent in elder population. Sarcopenia and
frailty frequently co-exist with malnutrition. Malnutrition decreases
anabolism, reduces muscle mass, and promote the development of
frailty. Elderly may need more dietary protein intake to promote
muscle protein synthesis and offset the increased catabolism of
muscle. Adequate exercise can promote synthesis skeletal muscle
protein. Nutritional support and exercise training are two corner-
stones to manage sarcopenia and frailty in elderly.

3.1. Nutritional support

Adequate nutrition support is foundation to maintain homeo-



stasis in elderly population. Anorexia is frequently the first obstacle
for elderly to maintain nourished. Although the mechanism is not
fully clarified, physiological and psychosocial factors are currently
considered as contributors for anorexia.*® Multiple approaches are
suggested to treat aging-related anorexia: manipulating food to im-
prove digestion or feeding, environment adaptation, or revision of
medication.”’” However, long-term use of appetite-stimulating drugs
may bring more negative adverse effects to offset the benefit of ap-
petite stimulation.?”

World Health Organization recommends dietary protein intake
of 0.8 g protein per kg body weight per day for general adults re-
gardless of gender or age. However, around 40% of elderly was re-
ported to have protein consumption below this recommendation,*®
and elderly has declined anabolism of muscle protein after protein
ingestion. Higher dietary protein intake was associated with higher
appendicular lean mass of elder adults in a community cohort.*
Lower energy-adjusted total protein intake is associated with higher
loss of muscle mass, and the group with highest protein intake (1.2
g/kg/day) has the least reduction of muscle mass,>® which implied
elderly may need more dietary protein intake to maintain muscle
mass. The PROT-AGE Study Group suggests evidenced-based dietary
protein consumption for older adults as followings: healthy elderly
should consume an average of daily protein at least 1.0 to 1.2
g/kg/day, and elderly suffering from acute or chronic illness should
further increase the consumption to at least 1.2 to 1.5 g/kg/day.51
The protein intake may be limited to 0.8 g/kg/day in severe CKD
patients (creatinine clearance < 30 ml/min/1.73 mz), but a high
dietary protein consumption is recommended for dialysis patients.51
Dairy protein significantly increased appendicular muscle mass;
however, the benefit in handgrip or leg press may be limited.”?
Recently, a randomized trial also revealed protein supplement (31 g
of protein per day for 12 weeks) increased lean body mass and re-
duced fat mass in physically active older adults.>

Leucine is an essential amino acid critical to regulate anabolism
of skeletal muscle. A meta-analysis reviewed 9 studies with leucine-
enriched diet in elderly and found leucine supplement increased
muscle protein fractional synthetic rates, but not lean mass.>* Vita-
min D deficiency is associated with muscle disorders including sar-
copenia. Vitamin D receptor (VDR) is expressed in human muscle
tissue and the expression of VDR is shown to inversely associated
with age.55 Daily supplement of vitamin D3 for 4 months in elderly
mobility-limited women had shown to be associated with markedly
increased size of muscle fibers.”® PROVIDE study showed a 13-week
combined nutritional supplement of vitamin D and leucine-enriched
whey protein for sarcopenic elderly resulted in greater gain of
appendicular muscle mass and better lower-extremity function.®’

3.2. Exercise training

Exercise can sensitize skeletal muscle for anabolism. Regular
exercise is shown to be associated with higher lean mass index in
elderly Asians.?? Protein ingestion after resistance exercise is shown
to have a positive synergistic effect for muscle mass in older adults.”®
Exercise can not only enhance muscle strength but also improve
physical function. A randomized controlled study applied resistance
exercise training for frail elderly and showed that muscle strength is
increased regardless of protein supplement whereas physical per-
formance is significantly improved in protein supplement group.59
The American College of Sports Medicine (ASCM) had suggested ex-
ercise guidelines for older adults 30 to 60 minutes of endurance ex-
ercise per day, accumulated to 150 minutes of aerobic exercise per
week, and 2 to 3 days of resistance exercise training per week.®® The

W.-C. Chao, S.-Y. Wang

PROT-AGE Study Group suggests 30 minutes of endurance exercise
per day and 2 to 3 sessions (10 to 15 minutes) of resistance exercise
per week for elderly.51 The VIVE2 Study showed attending physical
activity program alone in elderly resulted in increased lean mass, in-
creased thigh muscle, increased muscle strength, and reduced fat
mass.%? Furthermore, nutritional supplementation with a mixture
containing whey protein and vitamin D provided additional im-
provement in muscle composition and reduction in adiposity.61

4. Conclusion

Sarcopenia and frailty are common and closely related geriatric
disorders. Malnutrition, sedentary life-style, and chronic illness are
drivers for sarcopenia and frailty. Sarcopenia and frailty are associ-
ated with poor outcome in various diseases. Combination of exercise
training and nutritional supplementation is crucial to maintain ho-
meostasis and promote health in elderly.

Conflicts of interest statement
No conflicts of interest to disclose.

References

1. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: Evidence for a
phenotype. J Gerontol A Biol Sci Med Sci. 2001;56:M146—-M156.

2. Gale CR, Cooper C, Sayer AA. Prevalence of frailty and disability: Findings
from the English Longitudinal Study of Ageing. Age Ageing. 2015;44:
162-165.

3. Wilson D, Jackson T, Sapey E, et al. Frailty and sarcopenia: The potential
role of an aged immune system. Ageing Res Rev. 2017;36:1-10.

4. Lexell J, Taylor CC. Variability in muscle fibre areas in whole human
quadriceps muscle: Effects of increasing age. J Anat. 1991;174:239-249.

5. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, et al. Sarcopenia: European con-
sensus on definition and diagnosis: Report of the European Working
Group on Sarcopenia in Older People. Age Ageing. 2010;39:412-423.

6. Shafiee G, Keshtkar A, Soltani A, et al. Prevalence of sarcopenia in the
world: A systematic review and meta-analysis of general population
studies. J Diabetes Metab Disord. 2017;16:21.

7. Janssen |, Heymsfield SB, Ross R. Low relative skeletal muscle mass
(sarcopenia) in older persons is associated with functional impairment
and physical disability. / Am Geriatr Soc. 2002;50:889-896.

8. Melov S, Shoffner JM, Kaufman A, et al. Marked increase in the number
and variety of mitochondrial DNA rearrangements in aging human
skeletal muscle. Nucleic Acids Res. 1995;23:4122-4126.

9. Wang Y, Michikawa Y, Mallidis C, et al. Muscle-specific mutations accu-
mulate with aging in critical human mtDNA control sites for replication.
Proc Natl Acad Sci U S A. 2001;98:4022-4027.

10. Hiona A, Sanz A, Kujoth GC, et al. Mitochondrial DNA mutations induce
mitochondrial dysfunction, apoptosis and sarcopenia in skeletal muscle
of mitochondrial DNA mutator mice. PLoS One. 2010;5:e11468.

11. Dalle S, Rossmeislova L, Koppo K. The role of inflammation in age-related
sarcopenia. Front Physiol. 2017;8:1045.

12. Cohen S, Nathan JA, Goldberg AL. Muscle wasting in disease: Molecular
mechanisms and promising therapies. Nat Rev Drug Discov. 2015;14:
58-74.

13. Tsuchida K, Nakatani M, Hitachi K, et al. Activin signaling as an emerging
target for therapeutic interventions. Cell Commun Signal. 2009;7:15.

14. Morvan F, Rondeau JM, Zou C, et al. Blockade of activin type Il receptors
with a dual anti-ActRIIA/IIB antibody is critical to promote maximal
skeletal muscle hypertrophy. Proc Nat/ Acad Sci U S A. 2017;114:12448—
12453.

15. Peng LN, Lee WJ, Liu LK, et al. Healthy community-living older men differ
from women in associations between myostatin levels and skeletal mus-
cle mass. J Cachexia Sarcopenia Muscle. 2018;9:635-642.

16. Prado CM, Heymsfield SB. Lean tissue imaging: A new era for nutritional
assessment and intervention. JPEN J Parenter Enteral Nutr. 2014;38:
940-953.

17. Mourtzakis M, Prado CM, Lieffers JR, et al. A practical and precise ap-



Sarcopenia and Frailty in Elderly

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

proach to quantification of body composition in cancer patients using
computed tomography images acquired during routine care. Appl Physiol
Nutr Metab. 2008;33:997-1006.

Chen LK, Liu LK, Woo J, et al. Sarcopenia in Asia: Consensus report of the
Asian Working Group for Sarcopenia. J Am Med Dir Assoc. 2014;15:
95-101.

Cesari M, Leeuwenburgh C, Lauretani F, et al. Frailty syndrome and
skeletal muscle: Results from the Invecchiare in Chianti study. Am J Clin
Nutr. 2006;83:1142-1148.

Rockwood K, Song X, MacKnight C, et al. A global clinical measure of fit-
ness and frailty in elderly people. CMAJ. 2005;173:489-495.

Abellan van Kan G, Rolland Y, Bergman H, et al. The I.A.N.A Task Force on
frailty assessment of older people in clinical practice. J Nutr Health Aging.
2008;12:29-37.

Han SS, Kim KW, Kim KI, et al. Lean mass index: A better predictor of
mortality than body mass index in elderly Asians. J Am Geriatr Soc.
2010;58:312-317.

Landi F, Liperoti R, Fusco D, et al. Sarcopenia and mortality among older
nursing home residents. J Am Med Dir Assoc. 2012;13:121-126.

Wei K, Nyunt MS, Gao Q, et al. Association of frailty and malnutrition
with long-term functional and mortality outcomes among community-
dwelling older adults: Results from the Singapore Longitudinal Aging
Study 1. JAMA Netw Open. 2018;1:€180650.

Burn R, Hubbard RE, Scrase RJ, et al. A frailty index derived from a stan-
dardized comprehensive geriatric assessment predicts mortality and
aged residential care admission. BMC Geriatr. 2018;18:319.

Anker SD, Ponikowski P, Varney S, et al. Wasting as independent risk
factor for mortality in chronic heart failure. Lancet. 1997;349:1050—
1053.

Fulster S, Tacke M, Sandek A, et al. Muscle wasting in patients with
chronic heart failure: Results from the studies investigating co-mor-
bidities aggravating heart failure (SICA-HF). Eur Heart J. 2013;34:512—-
5109.

Denfeld QE, Winters-Stone K, Mudd JO, et al. The prevalence of frailty in
heart failure: A systematic review and meta-analysis. Int J Cardiol. 2017;
236:283-289.

Vidan MT, Blaya-Novakova V, Sdnchez E, et al. Prevalence and prognostic
impact of frailty and its components in non-dependent elderly patients
with heart failure. Eur J Heart Fail. 2016;18:869—875.

Sharma M, Kambadur R, Matthews KG, et al. Myostatin, a transforming
growth factor-beta superfamily member, is expressed in heart muscle
and is upregulated in cardiomyocytes after infarct. J Cell Physiol. 1999;
180:1-9.

Loffredo FS, Steinhauser ML, Jay SM, et al. Growth differentiation factor
11 is a circulating factor that reverses age-related cardiac hypertrophy.
Cell. 2013;153:828-839.

Wang XH, Mitch WE. Mechanisms of muscle wasting in chronic kidney
disease. Nat Rev Nephrol. 2014;10:504-516.

Ziolkowski SL, Long J, Baker JF, et al. Relative sarcopenia and mortality
and the modifying effects of chronic kidney disease and adiposity. J
Cachexia Sarcopenia Muscle. 2019;10:338-346.

McAdams-DeMarco MA, Law A, Salter ML, et al. Frailty as a novel
predictor of mortality and hospitalization in individuals of all ages under-
going hemodialysis. J Am Geriatr Soc. 2013;61:896-901.

Clarke AL, Zaccardi F, Gould DW, et al. Association of self-reported
physical function with survival in patients with chronic kidney disease.
Clin Kidney J. 2019;12:122-128.

Porporato PE. Understanding cachexia as a cancer metabolism syn-
drome. Oncogenesis. 2016;5:e200.

Fujiwara N, Nakagawa H, Kudo Y, et al. Sarcopenia, intramuscular fat de-
position, and visceral adiposity independently predict the outcomes of
hepatocellular carcinoma. J Hepatol. 2015;63:131-140.

Jones SE, Maddocks M, Kon SS, et al. Sarcopenia in COPD: Prevalence,
clinical correlates and response to pulmonary rehabilitation. Thorax.
2015;70:213-218.

Gan WQ, Man SF, Senthilselvan A, et al. Association between chronic
obstructive pulmonary disease and systemic inflammation: A system-
atic review and a meta-analysis. Thorax. 2004;59:574-580.

Testelmans D, Crul T, Maes K, et al. Atrophy and hypertrophy signalling in
the diaphragm of patients with COPD. Eur Respir J. 2010;35:549-556.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Greening NJ, Harvey-Dunstan TC, Chaplin EJ, et al. Bedside assessment of
quadriceps muscle by ultrasound after admission for acute exacerba-
tions of chronic respiratory disease. Am J Respir Crit Care Med. 2015;
192:810-816.

Singer JP, Lederer DJ, Baldwin MR. Frailty in pulmonary and critical care
medicine. Ann Am Thorac Soc. 2016;13:1394-1404.

Sheean PM, Peterson SJ, Gomez Perez S, et al. The prevalence of
sarcopenia in patients with respiratory failure classified as normally
nourished using computed tomography and subjective global assess-
ment. JPEN J Parenter Enteral Nutr. 2014;38:873-879.

Jaitovich A, Khan MMHS, Itty R, et al. ICU Admission muscle and fat mass,
survival, and disability at discharge: A Prospective Cohort Study. Chest.
2019;155:322-330.

Bagshaw SM, Stelfox HT, McDermid RC, et al. Association between frailty
and short- and long-term outcomes among critically ill patients: A multi-
centre prospective cohort study. CMAJ. 2014;186:E95-E102.

Morley JE. Pathophysiology of the anorexia of aging. Curr Opin Clin Nutr
Metab Care. 2013;16:27-32.

Landi F, Calvani R, Tosato M, et al. Anorexia of aging: Risk factors, conse-
quences, and potential treatments. Nutrients. 2016;8:69.

Kerstetter JE, O'Brien KO, Insogna KL. Low protein intake: The impact on
calcium and bone homeostasis in humans. J Nutr. 2003;133:8555-861S.
Scott D, Blizzard L, Fell J, et al. Associations between dietary nutrient in-
take and muscle mass and strength in community-dwelling older adults:
The Tasmanian Older Adult Cohort Study. J Am Geriatr Soc. 2010;58:
2129-2134.

Houston DK, Nicklas BJ, Ding J, et al. Dietary protein intake is associated
with lean mass change in older, community-dwelling adults: The Health,
Aging, and Body Composition (Health ABC) Study. Am J Clin Nutr. 2008;
87:150-155.

Bauer J, Biolo G, Cederholm T, et al. Evidence-based recommendations
for optimal dietary protein intake in older people: A position paper from
the PROT-AGE Study Group. J Am Med Dir Assoc. 2013;14:542-559.
Hanach NI, McCullough F, Avery A. The impact of dairy protein intake on
muscle mass, muscle strength, and physical performance in middle-aged
to older adults with or without existing sarcopenia: A systematic review
and meta-analysis. Adv Nutr. 2019;10:59-69.

Ten Haaf DSM, Eijsvogels TMH, Bongers CCWG, et al. Protein supple-
mentation improves lean body mass in physically active older adults: A
randomized placebo-controlled trial. J Cachexia Sarcopenia Muscle.
2019;10:298-310.

Xu ZR, Tan ZJ, Zhang Q, et al. The effectiveness of leucine on muscle pro-
tein synthesis, lean body mass and leg lean mass accretion in older peo-
ple: A systematic review and meta-analysis. BrJ Nutr. 2015;113:25-34.
Bischoff-Ferrari HA, Borchers M, Gudat F, et al. Vitamin D receptor ex-
pression in human muscle tissue decreases with age. J Bone Miner Res.
2004;19:265-269.

Ceglia L, Niramitmahapanya S, da Silva Morais M, et al. A randomized
study on the effect of vitamin D3 supplementation on skeletal muscle
morphology and vitamin D receptor concentration in older women. J Clin
Endocrinol Metab. 2013;98:E1927—-E1935.

Bauer JM, Verlaan S, Bautmans |, et al. Effects of a vitamin D and leucine-
enriched whey protein nutritional supplement on measures of sarco-
penia in older adults, the PROVIDE study: A randomized, double-blind,
placebo-controlled trial. J Am Med Dir Assoc. 2015;16:740-747.

Cermak NM, Res PT, de Groot LC, et al. Protein supplementation aug-
ments the adaptive response of skeletal muscle to resistance-type exer-
cise training: A meta-analysis. Am J Clin Nutr. 2012;96:1454-1464.
Tieland M, van de Rest O, Dirks ML, et al. Protein supplementation
improves physical performance in frail elderly people: A randomized,
double-blind, placebo-controlled trial. J Am Med Dir Assoc. 2012;13:
720-726.

Rock CL, Doyle C, Demark-Wahnefried W, et al. Nutrition and physical
activity guidelines for cancer survivors. CA Cancer J Clin. 2012;62:243—
274.

Englund DA, Kirn DR, Koochek A, et al. Nutritional supplementation with
physical activity improves muscle composition in mobility-limited older
adults, The VIVE2 Study: A Randomized, Double-Blind, Placebo-Con-
trolled Trial. J Gerontol A Biol Sci Med Sci. 2017;73:95-101.



