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Abstract
Sarcopenia is a condition which is characterized by loss of muscle mass, muscle strength and muscle functional impairment with ageing. The definition of sarcopenia has been through various permutations, however, an enormous recent breakthrough is the inclusion of the condition in the ICD-10 classification of diseases. This chapter will cover the background issues regarding definition before describing the epidemiology of the disease according to human and environmental factors. It will then provide a practical guide for the assessment of sarcopenia in a clinical setting and finish with advice on present treatment and the exciting frontiers of future therapies.
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Introduction
Sarcopenia is characterized by generalized and progressive loss of muscle mass, reduction in muscle strength and resultant functional impairment. The condition is associated with poor health outcomes, premature death [1, 2] and has recently been included under a single code in the International classification of disease (ICD-10) [3]. Sarcopenia is associated with a significant burden on the global health economy, calculated at $18.5 billion in the US in 2004, but more recently calculated to cost £2 billion in the UK [4]. The prevalence varies with location and definition, however it is estimated to be up to 29% of older persons in the setting of community healthcare and between 14-33% for those in long-term care  [1]. This emphasizes the importance of this condition, and the need to increase awareness of the condition amongst clinicians, researchers, health economists and policy-makers.
This chapter will highlight the scientific narrative which has led to the current definition of sarcopenia and discuss the epidemiology of the condition. We will provide information regarding the assessment of sarcopenia in both clinical and research contexts and provide a summary of current therapeutic options.

Definition
The description of muscle mass loss in extreme old age was first made by Critchley in 1931, with a particular observation that this was most marked at the hands and feet. However, the term ‘sarcopenia’ was first coined in 1984 by Rosenberg who used it in the context of the age-related loss of muscle mass (ICD1). This definition was used and built on by Baumgartner and colleagues, who defined muscle mass as appendicular lean mass divided by height and showed that, using this parameter, future adverse events and  poor health could be predicted [5, 6].
Work by Edwards and colleagues revealed that although muscle mass was associated with muscle strength, there was only a weak association with disability and function [7]. It was also demonstrated that muscle quantity was not equivalent to muscle quality [8], further questioning the use of muscle mass alone in the definition of sarcopenia. From here the concept of dynapenia, or loss of muscle power was born [9]. This term forms one element of the disability cascade by which ‘dynapenia’ (loss of muscle power), keratopenia (loss of muscle force) and sarcopenia (loss of muscle) leads to disability (or loss of the ability to perform usual activities) and the physical phenotype of frailty, defined according to the Fried or Rockwood criteria.
In 2010, at the European Working Group on Sarcopenia in Older People (EWGSOP), there was consensus of opinion in support of the extension of the ‘mass’ definition of sarcopenia, to also include muscle strength (measured by grip strength) and muscle performance (measured by 6 minute walking speed) [10]. This move was echoed and supported within the field [11, 12].
There are currently a number of slightly differing definitions of sarcopenia, with most including measures of muscle function and mass. 
Muscle mass is measured by the EWGSOP and International Working Group on Sarcopenia (IWGS) as skeletal mass index  [13, 14], with the Foundation of the National Institute of Health (FNIH) sarcopenia project recommending dividing muscle mass by BMI, thus providing a measure of muscle mass relative to a measure of adiposity [15]. Threshold levels are defined as SMI of <7.23kg/m2 for men and <5.67kg/m2 for women [14] with the EWGSOP utilizing similar DXA thresholds [13]. The FNIH uses the measure of ALM/BMI and states that values <0.789 for men and <0.512 for women would indicate a low muscle mass [15]. 
In terms of muscle function, the IWGS uses a gait speed of <1m/s for the threshold level of poor muscle function [14], which is slightly higher than the more stringent <0.8m/s used by the EWGSOP [13]. The European group state that grip strength can also be used, which is the chosen measure of muscle function in the FNIH definition, with values of <26kg for men and <16kg for women being consistent with low grip status. A summary of the pertinent differences between definitions is seen in table 1.
Although there is increasing harmonization in the definition of sarcopenia, a water-tight consensus would greatly boost the comparability of research studies in this field, and the ‘NIA and FNIH Sarcopenia project 2’ aims to achieve this [16]. However, there has been a huge breakthrough in the field as, in September 2016, sarcopenia was assigned an ICD-10-CM code (M62.84) [10]. It is hoped that this will provide a similar breakthrough to that seen with osteoporosis in the 1990s, with increased awareness of the condition in diagnosis and considerable therapeutic development.
Practice point
Sarcopenia is defined by the triad of loss of muscle mass, loss of muscle strength and loss of physical function.
Clinical development
Sarcopenia can be precipitated by a number of factors, including age, nutrional deficiencies, hormonal changes, metabolic disturbance, comorbidities, inflammation, drug adverse effects, genetic predisposition and the effect of early environment. This results in reduction in muscle mass and strength, leading to sarcopenic status. This in turn leads to weakness and a reduced mobility, with downstream deconditioning and reduced physiological reserve. This in turn leads to propensity for reduced physical exercise and activity which leads to further wasting of muscle and loss of muscle strength, and so completing a downward spiral into sarcopenia (figure 1).
Epidemiology
Under this sub-heading we will explore the effect of epidemiological parameters on the individual facets of sarcopenia; muscle mass, muscle strength and physical function.
Age and Sex
Muscle Mass
The effect of age on muscle mass has been long-recognized and was included in Rosenberg’s definition of sarcopenia as an age-related reduction in muscle mass which was associated with a negative impact on health outcomes.
It has been observed, using magnetic resonance imaging (MRI), that muscle mass, similar to bone mineral density, begins to decline in the third decade of life, however, this reduction is not notable until the fifth decade [17]. Similar findings were reported by Silva and colleagues, who discovered that the age of 27 years was the turning point between muscle gain and muscle loss [18] (shown in figure 2).
As regards sex differences, the aforementioned MRI study noted significantly greater muscle mass in males than females (p<0.001) [17]; echoing a study which measured lean body mass sex differences and found that the lean mass of men, 56.9 ±7.8kg was higher than that of women 37.7±5.4kg (p<0.001).
In terms of loss of appendicular skeletal mass (ASM), the story is more mixed, with a 2 year study demonstrating a 0.8% reduction in men, with no change observed in women. This is at odds to a study with a follow-up of 4 years which showed a 1.58% loss of ASM in men but a greater loss of 2.02% in women. Although the findings differ, it should be noted that the time to follow-up for both studies was relatively short and the difference between percentages is rather small. Further, longer-term follow-up studies are required to more effectively identify sex differences regarding the change in ASM.

Muscle Strength
Work by Dodds and colleagues mapped out the changes in grip strength across the lifecourse [19]. They found that the strength of grip increased to a peak at the advent of adulthood, was maintained through middle-age before reducing in the twilight of old age, seen in figure 2. Age-related loss of strength appears to increase with increasing age [20].
Reduced muscle strength with increasing age was observed in the ageing Italian, ‘InCHIANTI’ cohort. Participants were subject to grip strength and knee extension torque (measuring quadriceps strength) analysis which was found to be 50% lower in the oldest age group [21]. 
Not only are sex differences in muscle strength observed at baseline with men having greater strength than women, but also the rate of decline is greater in males than females [20]. This phenomenon could be due to the fact that men have higher baseline strength, however, a study within the Health ABC cohort demonstrated a 3.6% decline in leg strength in men and a 2.8% decline in women, even after accounting for the higher strength of men at baseline [22]. Other possible explanations include selective mortality in females and the effect of regression to the mean.
Physical Function
The HALCyon study has demonstrated that, as might be expected, physical capability, in the majority of tests, is greater in younger participants [23]. Work within the same study demonstrated that males performed better than females in the majority of tests of physical function, except, interestingly, gait speed when adjusted for body habitus. Data from the Quebec Longitudinal Study on Nutrition and Successful Aging, including healthy older adults aged between 68 -82 years demonstrated a reduction in physical function over a 3 year period which was greater in women (11% decline) than men (9.6% decline) [24]. Cumulative analysis of 3 female cohort studies has shown that the rates of decline in physical function were highest in those women who were ‘more functional’ at baseline [25].



Practice point
Grip Strength peaks in early adulthood, whence it begins a gradual decline before decreasing more rapidly form the 5th decade onwards
Physical function declines with age and this decline appears to occur at a greater rate in those with high baseline functionality 
MRI measurements of muscle mass suggest that the zenith is reached in the third decade, with a subsequent decline from that point
Men are likely to have a greater muscle mass than women

Research agenda
The relationship between appendicular skeletal mass and sex is area in which current evidence is lacking and requires further investigation

Ethnicity
Muscle Mass
Three studies performed in the United States have investigated the effect of ethnicity on muscle mass.
The Boston Area Community Health and Bone Survey found that the lean mass index (LMI) was significantly higher in black than white individuals (p<0.001). A trend towards Hispanic individuals having a greater LMI than white individuals was observed though this failed to reach statistical significance [26]. In the Health ABC cohort, appendicular lean mass (ALM) was higher in black than white participants [22]. In the NHANES III cohort, fat-free mass and fat-free mass index were higher in black compared to white women but equal levels were seen in black and white men [27].
Further data on the issue of ethnicity and muscle mass showed that ASM was lower in Chinese compared to American individuals (though this finding was attenuated following adjustment for height) [28].


Muscle Strength
With regard to strength, findings from Health ABC have demonstrated greater muscle strength in white compared to black individuals, and have also shown that the age-related reduction in muscle strength is more marked in black than in white ethnicities [22]. Muscle strength is lower in the Chinese/Asian populus than other ethnicities [28].
A meta-analysis investigating the global variation in grip strength found large variation with geography, with mean grip strength being significantly higher in low/middle-income compared to high-income nations [29]. However, despite the global variation, the lifecourse profile of grip strength was found to be similar to that described by Dodds and colleagues [19] (seen in figure 3).
Physical Function
In comparison to their findings regarding muscle mass, Araujo and colleagues [26] found that physical function was equivalent in white, black and Hispanic ethnicities. This is somewhat different to findings from a separate study in the US which found, in women aged 45-79 years, black females were significantly more likely to have a gait speed less than 1.0 meters/second than white females (OR=2.9, 95% CI 2.0-4.1) [30]. This findings is partially supported by a separate US study showing that Mexican-Americans and non-Hispanic whites had better physical function than non-Hispanic black Americans [31]. The authors hypothesized that the causes could include socio-economic class, health status and medical care factors. In a far eastern, elderly Chinese population, decline in physical function appears to be greater [28] than in an ethnically white population [32].
Practice point
Grip strength is greater in developed than developing countries, however, the trend of lifecourse variation is similar

Research agenda
Further work is required to elucidate the lifecourse variation in physical function and the effect of ethnicity

Body composition
Muscle Mass
The process of ageing has profound effects of body composition with a recognized reduction in muscle mass, height and increase in fat mass [33]. It should be noted that although weight may remain stable, this is due to an increase in fat mass concurrent to a reduction in lean mass [34]. The propensity for increasing the proportion of fat to lean mass is borne out in the finding that when older adults lose weight they are able to recover weight but this is with a reduction in muscle mass [35]. Interestingly, a study of 70-77 year old men and women who were followed up for 8 years were found to have increases in fat and muscle mass, though the muscle mass specific to the legs was significantly reduced (0.02kg/year, p<0.01) [36]. Encouragingly, this weight loss-induced muscle wasting can be attenuated through resistance training [37].
Muscle Strength
The European Prospective Investigation into Cancer has demonstrated that, when dividing participants into quartiles according to body mass index (BMI), those in the highest quartile had a greater mean grip strength than those in the lowest quartile (2.7kg in men and 1.5kg in women) [38]. A similar relationship was observed when using waist circumference as the measure of body build, however this was not robust to adjustment for BMI. Further analysis of the relationship between waist circumference and BMI in the same model demonstrated a negative association between waist circumference and grip strength in a model adjusting for BMI and waist circumference. This emphasizes the adverse effect of centripetal obesity in an elderly population with regard to strength parameters.
Physical function
It has been shown that adiposity exacerbates the natural course of ageing-related decline in physical function [33]. As part of the Australian longitudinal study of ageing those with a higher waist circumference (>102cm in men, >88cm in women) were analysed over a 2 year follow-up period. At the end of 2 years, those with the higher defined waist circumferences had a significantly increased risk of limitations in physical function (OR 1.86, 95% CI 1.30 to 2.65) [39]. In the HALcyon cohort, increasing BMI was associated with reducing physical function though, this was a non-linear association due to the poor physical performance associated with pathologically low BMI. This was also observed by Rejeski [40] was a curvilinear relationship saw recorded between BMC and physical performance, in keeping with a detrimental effect of the extremes of body composition.



Practice points
The ratio of fat mass to lean mass increases with age
Weight loss leads to muscle wasting, though this can be attenuated by resistance training
There is a trend toward greater BMI being associated with greater grip strength, though this is not seen with waist circumference (possibly because this is associated with centripetal obesity)
A curvilinear relationship between physical function and BMI, with both high BMI and pathologically low BMI being associated with reduced functionality

Physical Activity
Muscle Mass
Studies have investigated the relationship between physical activity and muscle mass. The MINOS study [41] investigated the effect of past and present physical activity as part of employment, and found that a greater level of activity was associated with greater upper limb muscle mass (p<0.001 for trend). It should be noted that this relationship was not replicated in the lower limbs. A similar finding was uncovered in a Japanese cross-sectional study which found the mid-life physical activity was associated with lean mass in older age [42], suggesting that, similar to bone mineral density, the determinants of geriatric muscle mass begin to be mapped much earlier in the lifecourse. Studies have also investigated contemporaneous physical activity level in relation to lean mass. Park and colleagues [43] found that, in older adults in Japan, moderate to vigorous physical activity was associated with higher muscle mass compared to lower levels of activity. Accelerometry has been used to more effectively characterise the intensity of physical activity, and has shown that sedentary activity is associated with a lower percentage lean mass, and higher physical activity levels is associated with ALM, but only in men [44].
Muscle strength
There has been much interest in the relationship between strength and physical activity which have provided sufficient data for the production of meta-analyses and comprehensive review articles. A Cochrane review [45] investigating the relationship between progressive resistance training in older adults in 73 studies, found that there was a moderate to large effect on lower limb strength (SMD 0.84, CI: 0.67-1.00). Other studies have found that resistance training, rather than multi-component training, increases isokinetic strength in an elderly population[46]. A broad meta-analysis which explored the interaction between physical activity and muscle strength found a moderate effect of physical activity on grip strength in a middle-aged population (40-65 years) (SMD 0.54, CI 0.38-0.70), with specific resistance training having a greater effect size [47]. 
The above appear to suggest that it is not simply the level of physical activity which is relevant to muscular strength, but also the type, with resistance (weight) training being more advantageous than aerobic exercise.
Physical function
Although individual studies have drawn associations between increased physical activity and increased physical function [48], a 2009 Cochrane review of over 2000 individuals in 33 studies, found this association to be far more modest that the effect on isolated muscle strength (SMD 0.15 CI: 0.05-0.22) [45]. Similar to muscle mass, it seems that physical activity levels in mid-life are associated with better physical performance in later life, as shown in the InCHIANTI study [49].



Practice points
Increased physical activity is positively associated with muscle mass, though this may be due to the effect of physical activity earlier in the lifecourse
Progressive resistance training in older adults leads to lower limb strengthening
Increased physical activity in mid-life is associated with higher physical performance in later life


Diet
Dietary composition and food intake are hot topics in the elderly population. Oral consumption is recognized to reduce in the elderly due to social, psychological and physiological factors. This therefore leads to a reduction in the consumption of the nutrients which are vital constituents of a healthy diet. Indeed, ‘a healthy diet’ (including high consumption of vegetables, fruit, oily fish and whole-grains) has been associated with a stronger grip in older adults [50]. A Mediterranean diet in particular has been associated with faster gait speed [51] and a reduced risk of the frailty syndrome [52].
Within the context of this sub-chapter, we will focus on three dietary elements which are of particular interest in Sarcopenic development and therapy; protein, vitamin D and micronutrients.



Protein
Muscle mass
There appears to be an association between low protein intake and low muscle mass. This has been observed within the Health ABC cohort in the US, in which DXA-assessed lean mass loss over 3 years was shown to be 40% greater in the lowest quintile of baseline protein intake compared to the highest [53]. In the Tasmanian Aging Cohort it was shown that those failing to meet the current recommended daily intake for protein had a statistically significantly lower ALM at both baseline and follow-up [54]. This finding prompts the question ‘How much protein intake should be recommended?’. Is the current recommendation of 0.8g/kg body mass sufficient or should a 1.0-1.2g/kg recommendation be made to ensure that muscle mass is maintained? [55]. Indeed, there is not consistent evidence that amino acid and protein supplementation improves muscle mass with some studies demonstrating benefit [56] and others showing no effect [57]. Meta-analysed data has demonstrated a positive effect on fat-free mass [58]. There is no definitive answer at the time of writing but research is on-going. 
Muscle strength
Although data from the Hertfordshire Cohort Study has demonstrated associations between increased metrics of protein intake and grip strength [50] these associations were not replicated in the TASMAN cohort [54]. A Cochrane review pertaining to the subject, analysed a total of 7 studies and 593 individuals and found no effect of protein supplementation on hand grip (WMD 0.06, CI: -0.60 to 0.72).
This mixed picture, which leans towards a null effect, is particularly interesting given that protein supplementation is considered as a potential therapeutic intervention for sarcopenia, and this area will be re-visited in the therapeutics section of the chapter.


Physical function
Similar to muscle strength, the evidence of a beneficial effect of protein intake on physical function is mixed. In a cohort of Australian women, no effect was found after 2 year follow-up for protein supplementation [59]. However a trial of protein supplementation in frail older adults did demonstrate an improvement in physical performance measures [56]. A Cochrane review performed in 2009 showed no effect of protein supplementation on functional measures.
Practice points
Increased protein intake may increase muscle mass, though the literature is currently mixed in this regard
Physical function and muscle strength do not appear to be strongly influenced by protein intake

Research agenda
Further research is required to elucidate if the current recommendations for protein intake are adequate

Vitamin D
Muscle mass
A positive association between ALM and 25-OH-vitamin D has been observed in a cohort of frail elderly participants [60] and was replicated in the Tasmanian Aging Cohort at both baseline and follow-up. It should be noted, however, that 25-OH-vitamin D did not predict %ALM at 2.6 year follow-up [61]. A systematic review of 6 25-OH-vitamin D supplement trials found no association with muscle mass [62].


Muscle Strength
In a cohort of Argentinian females of 65 year or older, a 25-OH-vitamin D of ≥70 (indicating repletion) was associated with increased strength of hip abduction and knee extension muscle compartments [63]. When investigating grip strength, data from the Longitudinal Aging Study Amsterdam showed that those participants with a baseline 25-OH-vitamin D of <25 had a significantly increased risk of being in the lowest 15 percentiles of grip strength (2.57, CI: 1.40 to 4.70) [64]. A meta-analysis of trials of 25-OH-vitamin D supplementation showed a very mild positive effect on muscle strength (SMD 0.17, CI 0.03 to 0.31, p=0.02) [62].
Physical Function
Observational data has suggested the presence of a relationship between low 25-OH-vitamin D and impaired physical function in elderly populations [65]. A study by Wicherts and colleagues comparing those with 25-OH-vitamin D levels greater than 30 with those with lower levels found an increased odds of decline in longitudinal physical function over a 3 year period [66]. These included an odds ratio of 2.21 (CI: 1.00 to 4.87) for those with a 25-OH-vitamin D <10 and an odds ratio of 2.01 (CI: 1.06 to 3.81) for those with a 25-OH-vitamin D of 10-20.
A systematic review investigating 25-OH-vitamin D supplementation found an improvement in timed up and go, as well as balance testing for those receiving the supplements [67].
Practice points
Appendicular lean mass is positively associated with 25-OH-vitamin D, though trails of supplementation appear not to have an effect.
A greater effect is seen on muscle strength 
Low vitamin D appears to predict poor physical function
Micronutrients
Within this section we will look at three main micronutrients of interest; vitamin C, β-carotene and omega-3.
The relationship between anti-oxidants and body composition was investigated in the InCHIANTI cohort, with vitamin C and β-carotene being positively associated with skeletal muscle mass [68] and β-carotene in particular being protective against a natural tendency to decline in gait speed [69].
Omega-3 is an anti-oxidant, with oil fish being a rich source of this micronutrient. Within the Hertfordshire Cohort it was found that, for each portion of oily fish consumed, grip strength increased by 0.43kg in men and 0.48kg in women. This finding is further supported by an 8 week, randomized controlled trial of omega-3 supplementation in the elderly, which found an increased rate of muscle protein synthesis in the supplement group[70].
Practice points
Vitamin C and β-carotene appear to have a positive association with muscle mass
β-carotene is associated with an attenuated decline in gait speed
Omega-3 is associated with an increased grip strength

Smoking
To date, the data for an increased risk of sarcopenia related to smoking seems to be most apparent in those that are currently smoking rather than ex-smokers. A study by Szulc and colleagues [41] found a significantly reduced appendicular skeletal mass index in male smokers compared to those who had never smoked (-3.2%, p<0.003) [41]. A meta-analysis of smoking and sarcopenia found a very modest effect of smoking on the risk of sarcopenia (defined by muscle mass) [71]. 
The sarcopenic parameter of muscle strength seems to be more associated with smoking, with cross-sectional studies demonstrating an association with reduced strength in older adults [72]. This appears to be mirrored and replicated in younger adults with regard to lower limb strength specifically [73].
Physical function, measured by chair rise speed, timed up and go and balance assessment was reduced in smoking member of the HALCYON cohort, which the strongest association observed when comparing current smokers to never smokers [72].
Practice points
Current smoking is associated with all 3 facets of sarcopenia

Alcohol
A meta-analysis of the relationship between alcohol and sarcopenia found no significant association, however, the authors do temper their conclusions due to the difficulty with measuring alcohol consumption and homogenizing the definitions of sarcopenia in the studies analysed [74]. Further prospective work is required to further investigate the interaction.

Research agenda
The relationship of alcohol with sarcopenia is less clear than that of current smoking. Further studies with robust methods of quantifying alcohol intake are required.

Combined lifestyle factors
Smoking and alcohol are both lifestyle risk factors and there is evidence, presented by Robinson and colleagues, that there is a cumulative effect of the number of lifestyle risk factors on reducing physical function, one of the constituents of sarcopenia [75]. Similar effect has been observed in the Whitehall II study with regard to grip and walking speed [76]. It is worth acknowledging this phenomenon when considering the contentious relationships seen with smoking and alcohol.
Co-morbidity
It has been shown that the prevalence of sarcopenia increases in those with co-morbidity [77]. Cancer, cardiovascular disease and chronic obstructive airways disease have been associated with reduced muscle mass [78]. It is important here to clarify the definition of cachexia which is muscle wasting specifically due to a chronic illness, and so differs from sarcopenia.
An interesting study of Taiwanese older adults found that grip strength and physical performance reduced with increasing number of co-morbidities [79], emphasizing the importance of concurrent disease in the development of sarcopenia. In addition to those conditions highlighted above, type 2 diabetes has been associated with reduced muscle mass [80], reduced muscle strength [80] and impairment of physical performance [81].
Practice point
It is important to note that cachexia is defined a muscle wasting secondary to a chronic disease, and so differs from sarcopenia.


Early life programming
Mass
The effect of early life on adult disease has been established for many conditions and there is data to suggest that sarcopenia is one such condition.
Regarding body composition, it has been shown that birthweight and weight at one year predict fat free mass in adulthood [82]. In a Finnish cohort in Helsinki, it has been observed that a 1kg increase in birthweight is associated with a 4.1kg increase in lean mass in adult men and a 2.9kg increase in lean mass in adult women.
Muscle strength
Birthweight appears associated with adult muscle strength, with a meta-analysis of 13 studies and 20481 individuals suggesting a relationship, such that a 1kg increase in birthweight predicts a 0.86kg increase in muscle strength in adulthood [83] after adjustment for age, gender and height.
Physical function
Using the Short Form-36  (SF-36) questionnaire as a measure of physical function, those with birthweights ≤2.5kg were found to have a lower SF-36 score than those with a birthweight between 3.0-3.5kg (OR 2.73, 95% CI 1.57 to 4.72) [84]. Additionally reduced birthweight has been associated with poorer performance in assessments of balance [85].
Practice point
Early life programming, as demonstrated by birthweight, seems to affect later life muscle mass, strength and function. Further studies are required to investigate not only to delineate these associations, but also to develop appropriate, preventative interventions
Screening
Formal assessments may not be appropriate for the screening of patients in primary care due to availability of equipment, expertise and cost. In this context, screening tools are necessary to filter out those patients requiring specialist consultation and assessment.
These screening tools include the ‘Red Flag’ approach, which uses clinician-observed or patient-reported parameters to assess the degree of risk of sarcopenia. This include general weakness, visible muscle loss, reduced walking speed, a mini-nutrition assessment, body weight as recorded by the physician and weight loss, weakness, reduced muscle strength, fatigue, impaired mobility, falls, low energy and difficulty in performing activities of daily living as reported by the patient [86]. 
The SARC-F questionnaire uses 5 components to screen for sarcopenia; strength, assistance in walking, rise from chair, climbing stairs and falls. Each component is scored from 0-2 and an overall score of 4 or more is indicative of sarcopenia. It is a validated tool for the prediction of poor outcomes in the US and China yet its sensitivity is an area of controversy [87].
Such screening tools can be used to filter patients who should be referred for formal assessment.



Practice point
Screening should be performed in primary care and those at risk should be referred to specialists for assessment.
Assessment
In order to be able to diagnose or comments on the extent of sarcopenia, robust methods for assessment are required. This sub-section of the chapter will pertain to the methodologies used for the assessment of sarcopenia in both clinical and research contexts and a summary is shown in table 2.
The assessment of muscle mass
Methods of body composition analysis include dual X-ray absorptiometry, anthropometry, bio-electrical impedance, MRI and CT scanning and, more rarely, measurement of urinary metabolites, isotope dilution, and in vivo neutron activation (see table 3).
Dual X-ray absorptiometry is the most widely accepted method of assessing corporeal muscle mass in terms of balancing factors of feasibility, availability, complexity and cost. It delivers a low radiation burden and provides a measure of appendicular lean mass [88]. Appendicular lean mass is equal to the sum of non-bone mass of all four limbs and non-muscle mass of all 4 limbs [86]. The skeletal mass index (SMI) can be calculated by dividing the ALM by the square of the individual’s height. It should be noted that accuracy may vary particularly with age and a potential limitation is the inability to differentiate intra-muscular fat (which is visible on magnetic resonance imaging [89].
Anthropometric measures of body composition can allow the calculation of muscle mass and are used broadly in clinical practice. They include body mass index (BMI), calf circumference, mid-upper arm circumference and skinfold thickness. Although these are relatively easy to perform in a normal clinical setting, the accuracy of these measures for the determination of body composition (particularly skinfold thickness) becomes less with increasing age of the patient. This is due to a decline in collagen leading to increasing skin elasticity and variation in the location of fat storage with increasing age [90]. However, calf and mid-arm circumferences have been demonstrated to correlate with global health and, particularly nutrition status in older individuals [91]. One practical issue with using anthropometry is that threshold values for sarcopenia have yet to be defined as they have using DXA parameters.
In order to use muscle mass as a contributory parameter for the diagnosis of sarcopenia, a threshold needed to be defined. Similar to the bone mineral density definition of osteoporosis, a low SMI is defined as lower than 2 standard deviations below that expected of a young male or female [13]. 7.26kg/m2 for men and 5.5kg/m2 for women [92]. This was reduced to a threshold of 7.25kg/m2 for men and 5.67kg/m2 for women [93].
Bioimpedance analysis utilizes sensors to calculate electrical resistance in order to measure fat mass and LBM. It is operationally simple though has been shown to overestimate muscle mass [94] and underestimate fat mass [86].
The assessment of muscle strength
Although muscle strength can be measured using a chest press or isokinetic dynamometry, grip strength is the preferred and most widely used method to the assessment of strength. Although it only measures strength in the upper limb, levels have been shown to correlate well with measures of leg strength including lower extremity power, knee extension torque and calf cross-sectional area [21]. Chair rises have been shown to provide a reliable measure of lower limb strength [95].
The method of measuring grip strength involves using a hydraulic dynamometer, Jamar being a commonly used model. Under controlled environmental conditions, the dynamometer should be adjusted so that it sits comfortably within the hand of the participant, with the proximal interphalangeal joints able to flex to 90 degrees. Regarding arm position, the elbow should be flexed to 90 degrees and the arm held at the patient’s side. The device is then zeroed and the participant is asked to squeeze as hard as they can for 3 seconds. This is repeated three times on each side, alternating between left and right to allow recovery. The highest reading is recorded.
One major limitation of the measurement of grip strength with a dynamometer is that performance in the test could potentially be affected by the presence of hand deformity, pain or stiffness [96] and a rubber-ball model dynamometer (Martin Vigorimeter) could be more acceptable in these cases.
The assessment of physical performance
Of all the measures of clinical performance, gait speed is the most widely used, with 63% of physicians using it in preference to other methods [86]. Gait speed is equivalent to walking speed and can be measured over varying distances including 4m which is recommended by the EWGSOP. The same body has defined less than 0.8m/s as a ‘poor performance’ for men and women [21]. Gait speed can be used in isolation on as one facet of a short performance physical battery (SPPB) test with balance and chair rise assessments. SPPB has been shown to correlate with disability, mobility level and other clinical parameters including mortality. It is measured out of a total score of 12 with a score less than or equal to 8 being defined as poor. The so-called ‘Timed up and go’ can also be used as can the 6 minute walk distance or 400m walk time, however the thresholds for these are yet to be defined by EWGSOP. The stair climb can also be used and provides a gauge of power [97].
Summary recommendations
As described above, there are multiple way to assess muscle mass, strength and physical function, however the recommended methods include DXA for the assessment of muscle mass, grip dynamometry for the assessment of muscle strength and gait speed for the assessment of function. 



Practice points
Recommendations for assessment would include:
DXA for muscle mass
Grip dynamometry for muscle strength
Gait speed, potentially as part of a short performance physical battery test, for physical function
Therapy
The basic therapeutic options for the management of sarcopenia include resistance exercise, increasing protein intake and 25-OH-viatmin D supplementation if required. However, new discoveries regarding the pathogenesis of sarcopenia have led to the development of novel therapeutic agents. This subsection of the chapter will cover the essentials element of treatments for sarcopenia, and a summary of these is seen in figure 4.
Resistance exercise, protein supplementation and vitamin D supplementation
These topics have previously been covered in the epidemiology subsection of this chapter, but warrant further attention here, with regard to the specifics of their roles as the key triad of sarcopenia therapy.
Resistance exercise is the first line treatment for sarcopenia, with a significant evidence base to support its use [98]. A recommendation by Cruz-Jentoft and colleagues recommends that exercise prescription be for at least 3 months duration and should include supervised resistance training [1].
Protein supplementation in the form of leucine-enriched or ‘whey’ protein has been shown to be particularly effective in increasing muscle mass and, to a lesser extent, function [99]. Bauer and colleagues [55] recommend to increase protein intake to 1.2g/kg/day and increase this to be between 1.2-1.5g/kg/day for the frail or those with a comorbidity. A study combining when protein with vitamin D supplementation found that functional parameters including stair climb were improved, in addition to muscle mass [100].
Vitamin D supplementation in isolation has been shown to increase muscle strength [62] though has no effect on muscle mass. The advice at present would include supplementing the elderly and those with deplete levels of vitamin D, and it has been shown to reduce falls within this patient group [101].
Practice points
Therapeutic interventions
Resistance exercise (performed for at least 3 months)
Increase in protein consumption
Vitamin D reduces falls and may have an effect on sarcopenia when used in conjunction with protein supplementation
Drug therapy
Muscle is a tissue which is vital for movement, and obviously plays a key role in the musculoskeletal system. In addition to this it is a major determinant of insulin sensitivity and calorific requirement, as well as actively producing systemic cytokines including interleukin-6 (IL-6). Let us examine the process of muscle homeostasis. 
Normal muscle tissue is maintained in a state of flux with continual synthesis and degradation occurring. This is necessary because it allows the tissue to respond to changes in load demand by allowing the muscle to increase or decrease in size. In addition muscle is a major repository of protein, meaning that when protein is required elsewhere, muscle tissue undergoes a process of catabolism to allow this need to be met. This process of building up and breaking down is governed by anabolic factors, including insulin-like growth factor-1 (IGF-1), β-adrenoceptor agonism and androgenic hormones, and catabolic factors, including myostatin, activin and inflammatory mediators. When homeostasis becomes deranged, either due to a reduction in anabolism or increase in catabolism, the result will be sarcopenia.
Factors that can lead to a reduction in anabolic stimuli include those affecting the neuromuscular chain, hormonal deficiencies and lifestyle factors. Communication between the central nervous system and muscle can be affected by loss of α-motor units, deranged neuromuscular junction function as well a cellular causes, including the senescence of satellite cells and intracellular causes including deranged mitochondrial function. Hormonal deficiencies may vary depending on gender, but include declines in testosterone, growth hormone and oestrogen secretion. Lifestyle factors which affect anabolism of muscle include poor sleep, insufficient dietary protein intake and reduced physical activity or exercise.
Elements leading to an increase in catabolic stimuli include altered IL-6 production, the low-level, indolent increase in inflammatory state with age (referred to as ‘Inflammaging’) and obesity, which too is associated with an increased inflammatory cytokine and adipokine profile.
Manipulation of the above factors, such that anabolism is maximized and catabolism is minimized could lead to therapeutic interventions to prevent and treat sarcopenia.
It should be noted that some drugs increase muscle mass by causing muscle hypertrophy. Within the context of normal physiology, with muscle training and adaptation to increasing physical load leads to an increase in function initially, which is then followed (weeks to months later) by muscle hypertrophy [102]. With the pharmacological agents which induce muscle hypertrophy, the process is reversed. This was seen in the HORMA study which used growth hormone and testosterone in elderly males. They demonstrated that peak lean mass was observed at week 8, but peak strength was not seen until week 17 [103]. It is also yet to be apparent if hypertrophy stimulating agents will counter age-related muscle decline as they have been in disease specific (COPD, cancer, CVD) muscle catabolism [104].
The current recommendations are for anabolic agents to be used in consort with adequate protein intake, a satisfactory diet and sufficient physical activity.
Practice points
Muscle homeostasis is maintained in a state of balanced anabolism and catabolism. Unopposed increases in catabolism or reductions in anabolism lead to sarcopenia

Research agenda
Does disease-specific muscle decline reverse with hypertrophy stimulating agents?
Anabolic or Androgenic steroids
Testosterone supplementation has been used as a therapeutic intervention for over half and century.  Endogenous production of testosterone decreases by approximately 1% per year from the age of 30 years [105] with a subsequent reduction in muscle mass and strength [6]. The effects of supplementation differ between the sexes, with increased weight and lean body mass in males and increased weight, largely due to increased fat mass, in females [104]. In both men and women, testosterone supplementation has been observed to increase muscle strength [106]. Dose-associated difference are also seen with low dose administration associated with increased muscle mass due to increased protein synthesis and decreased fat mass. High doses, due to a subsequent increase in satellite cell development, demonstrate a predisposition toward both greater muscle mass and power. A major concern regarding testosterone supplementation pertains to the adverse effect profile. Re-assuring a meta-analysis demonstrated no increase in the risk of mortality from the use of testosterone supplements [107] and, in the context of diabetes mellitus, it have been shown to decrease mortality [108]. There is, however, concern regarding cardiovascular adverse effects early in treatment, however, present evidence is conflicting and further work is required to better elucidate the issue [109].
Nandrolone decanoate is a 19-nortestosterone preparation which is delivered via subcutaneous injection and is similar, in action, to oxymetholone, an oral agent. Both are currently approve for the management of anaemia, however, they have been shown to have positive effects on muscle, with nandrolone treatment on fiber area and mass.
Despite the adverse effect profile, testosterone supplementation is still considered to be the safest and most efficacious drug therapy for sarcopenia at present [109].
Research agenda
Robust studies investigating the risk to benefit ratio of testosterone, with regard to cardiovascular adverse events in particular, are required
Selective androgen receptor modulators (SARMs)
This group of medications potentiate their action through effects on androgen receptors and are either steroidal or non-steroidal in structure.
MK0773 (TFM-4AS-1) is a dual selective androgen receptor modulator as well as manifesting inhibition of 5α-reductase, and is structurally, a 4-azasteroid. In a female study group it was shown to increase IGF-1 with subsequent increases observed in gait speed and speed on stair climbing. Unfortunately, there was a concomitant rise in cardiac failure [110].
Ligandrol or LDG-4033 is a non-steroidal, oral preparation for which phase I trials have demonstrated an increase in muscle mass [111]. An increase in total lean mass was seen in a 12 week study of enobosarm with an increase in function seen through an improvement in stair climbing [112].
At present there is no evidence for a therapeutic advantage in the use of SARMs compared to testosterone [109], though it is hoped that the adverse effect profile may be more advantageous.
Protein anabolic agents
Recombinant human growth hormone (rHGH) caused release of hepatically stored IGF-1 with significant effects on weight gain and increased lean body mass [113] though not on muscle strength [114]. Sumatriptan is an agent which is currently licensed for use in AIDS-wasting syndrome [104]. The HORMA trial demonstrated a beneficial, though tardy, response of muscle strength and mass to the administration of growth hormone with testosterone [103]. Adverse effects related to recombinant growth hormone include increased nitrogen concentrations [115], arthralgia, myalgia, oedema, loose motions [104], carpel tunnel syndrome, gynaecomastia and hyperglycaemia [109]. Given that the effect of rHGH is mediated by IGF-1, it would be assumed that IGF-1 should be used directly, however, at present there is very little evidence of efficacy [109].
Appetite stimulants
Ghrelin is synthesized by the stomach and causes a synergistic rise in growth hormone with additional increase in appetite. The latter causes an increase in oral intake and so a ghrelin agonist, anamorelin, was produced as an appetite stimulant. This has been trialed in cancer patients, where it was found to successfully increase oral intake and muscle mass though with an equivocal effect on muscle strength [116]. Ghrelin itself has been shown to increase body mass and muscle mass in a group of cancer patients [117].
Megestrol acetate (a synthetic progestogen) and dronabinol (a synthetic delta-9-tetrehydrocannabinol) have been used to treat HIV-associated anorexia with cyproheptadine utilized in HIV-associated weight-loss with good effect. The evidence to support their use in an elderly population for the treatment of sarcopenia is scant.
Myostatin inhibitors
Myostatin is produced by muscle and acts to prevent muscle anabolism and satellite cell synthesis [118](More146). Levels of myostatin are reduced by resistance training. It is therefore associated with reduced muscle gain, and a child with a homozygous deletion of the myostatin gene had a significantly increased muscle mass [118]. Myostatin inhibitors have been developed to harness this effect. MYO-029 or stamulumab, is a monoclonal antibody to myostatin, which has been used in the context of muscular dystrophy to increase muscle mass [109]. LY2495655, similarly is a myostatin monoclonal antibody which neutralizes myostatin. It has been used, in the context of prostate cancer [119], to increase muscle mass and may be of therapeutic use in the context of sarcopenia given the results of recent trials in elderly individuals with a predisposition to falling [120].
Activin II receptor drugs
There are two activin II receptors, activin II-A and activin II-B and are receptors for the ligands which constitute the transforming growth factor-β superfamily. These include myostatin.
Bimagramab is a fully-humanized, monoclonal antibody to activin II receptors and though trials have failed at the IIb/III stage for the treatment of inclusion body myositis, there is interest in whether this agent could be used in in the management of sarcopenia. It increases muscle volume, lean muscle mass and functional status, in the form of 6 minute walk distance [109].
In addition to the above, ACE-031, a soluble form of the activin II-B receptor, has been shown to increase lean mass and thigh muscle volume in a group of 48 post-menopausal women after a single dose [121]. The widespread utility of this drug may be influenced by the adverse effect profile which includes; telangiectasia, epistaxis and deranged gonadotropin levels.

β receptor blockers, ACE inhibitors and Troponin activators
Due to the effect on musculature, espindolol has been successfully used to increase muscle mass and grip strength [108]. In a small cell lung cancer and colorectal cancer study of cachexia, high dose espindolol was found to reverse weight loss, increase fat-free mass and maintain fat mass, as well as increasing grip strength compared to placebo (p = 0.0134) [122]. 
The ACE inhibitor ‘perindopril’ has been shown to increase walking distance in a heart failure group [123] but also in an elderly population [124].
Terasemtiv, a troponin activator has been shown to increase muscle function and performance in a murine model [125].
Research agenda
Many of the medical interventions described above are in relative infancy and further development and, in some cases, later phase trials, are required before they can be recommended for wider use.
Drugs used in HIV-associated muscle disorders may prove useful in sarcopenia, but specific trials in this clinical scenario and age-group are required.

Summary
Sarcopenia is a condition which is defined by the presence of loss of muscle mass, muscle strength and physical function with ageing. Although the exact levels differ slightly between published definitions the disease it has recently been included in the ICD-10. It can be effectively screened for in primary care, and assessment of the defining features should occur under the supervision of specialists to allow diagnosis. Treatments currently include resistance exercise, vitamin D supplementation and protein supplementation but it is hoped that, with the advent of the ICD-10 definition, therapeutic trials and intervention development will gain momentum.
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Table 1 Differing definitions of sarcopenia. Reproduced with authors permission [20].
	Study Group
	Criteria

	
	
Muscle Mass
	
Muscle Strength
	
Physical Performance


	ESPEN Special Interest Groups
	Percentage of muscle mass >2 SDs below mean in individuals aged 18–39 y in the NHANES III cohort
	X
	Walking speed <0.8 m/s in the 4-min test or reduced performance in any functional test used for the comprehensive geriatric assessment

	European Working Group on
Sarcopenia in Older People
	ALM/ ht2
- Men ≤7.23 kg/m2  
-Women ≤5.67 kg/m2
	Grip Strength
-Men <30kgOR

-Women <20kg
	Gait speed <0.8m/s


	International Working Group on
Sarcopenia
	ALM
- Men ≤7.23 kg/m2  
-Women ≤5.67 kg/m2
	X
	Gait speed ≤1 m/s 

	Society of Sarcopenia, Cachexia
and Wasting Disorders
	ALM/ ht2  of >2 SDs below the mean of healthy persons aged between 20 and 30 y of the same ethnic group

	X
	Gait speed ≤1 m/s or Walking Distance <400m during a 6- min walk

	Foundation of NIH Sarcopenia Project 
	ALMBMI 
-  Men <0.789
- Women <0.512
	Grip Strength
-Men <26kg
-Women <16kg
	X





Figure 1 Flow diagram depicting demonstrating the development and propagation of sarcopenia.
[image: ]
Figure 2 Used with author permission [19]. Cross-cohort centile curves for grip strength. Centiles shown 10, 25th, 50th, 75th and 90th. ADNFS Allied Dunbar National Fitness Survey, ALSPAC Avon Longitudinal Study of Parents and Children, ELSA English Longitudinal Study of Ageing, HAS Hertfordshire Ageing Study, HCS Hertfordshire Cohort Study, LBC1921 and LBC1936 Lothian Birth Cohorts of 1921 and 1936, N85 Newcastle 85+ Study, NSHD Medical Research Council National Survey of Health and Development, SWS Southampton Women’s Survey, SWSmp mothers and their partners from the SWS, T-07 West of Scotland Twenty-07 Study, UKHLS Understanding Society: the UK Household Panel Study.
























Figure 3 Used with author permission [29]. Grip strength mean values from included samples, by UN region. Each point represents the mean value of grip strength for each item of normative data, plotted against the mid-point of the age range it relates to. Values from the same sample are connected. Data from developing and developed regions are shown with triangles and circles, respectively. For comparison, the grey curve shows the mean values from our normative data for 12 British studies.
















Table 2 Adapted from Beaudart and colleagues [86] showing the applicability of assessment modalities in research, clinical practice and primary care. SPPB – Short Physical Performance Battery
[image: ]
Key: +++ (best recommended tool) or ++ (best alternative tool) or + (less recommended tool) based on the availability and the costs of the tool, the required time for the examination and the availability of robust cut-off points


Table 3 Depiction of methods of muscle mass, strength and physical function assessment and the composite assessments required for a short performance physical battery test. Adapted from Cooper and colleagues [11] CSA – cross-sectional area
[image: ]

Figure 4 A schema depicting the anabolic and catabolic factors influencing the development of sarcopenia and the interventions which could influence each factor
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