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Summary 

The world's population is ageing. Thanks to medical and technological advances over the last 

century, life expectancy has approached biological limits. The older adult population has doubled 

in fifty years and, according to some predictions, this trend will continue until at least 2050. By 

that year, people over 80 will triple their current number, growing from 126 million to 447 

million.  

The ageing process is characterized by various physiological as well as socio-economic and 

cultural changes, which can lead to increased morbidity and physical limitation. However, ageing 

is not necessarily linked to these two conditions. As we age, function becomes the most relevant 

factor related to adverse outcomes, such as mortality, hospitalization, institutionalization, falls, 

decreased quality of life, or increased healthcare resources.  

In this conceptual framework in which function is intimately related to adverse events in older 

adults, and should lead the clinical approach in older adults, understanding the pathways that 

deteriorate physical function (disability) is a necessity. In the spectrum of function, from 

robustness to disability, frailty is the link between this condition of the two opposites. Frailty has 

been understood as a state of increased vulnerability, where any minor stressor could trigger the 

threshold of disability. In the first objective of this thesis, we conducted a narrative review of the 

mechanisms involved in frailty, derived from the ageing process itself and/or from the affectation 

of different organs and systems.  

Fortunately, it has been shown that frailty is reversible. In the first objective, we also show how, 

through physical activity and exercise, some of these mechanisms are hindered, thus reducing 

frailty, and increasing different factors of physical function.  

Nevertheless, the progression of frailty (the trajectories of frailty, or the transition between frailty 

and non-frailty states) over time and the factors related to these changes in frailty levels remain 

to be elucidated. In the second objective, we determined the risk of certain adverse events, such 

as disability, hospitalization, and mortality, based on frailty trajectories. We found that those with 

moderate frailty scores who become increasingly frail as they age, have no added adverse risk of 

these events relative to those with lower frailty scores at baseline. This seems to confirm that it is 

the current functional status what confers the risk of adverse events.  

However, the age-related low muscle mass and function, termed sarcopenia, could be one of the 

biological substrates in the deterioration of function. In the third objective, we determined that 
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the presence of sarcopenia is a risk factor in the development of frailty, as well as an impediment 

to its reversal. However, the presence of sarcopenia does not appear to increase the risk of death 

associated with frailty.  

Finally, we explored healthcare cost expenditures associated to frailty, sarcopenia, or the 

coexistence of both entities in older adults. While sarcopenia was associated only with the 

likelihood of being hospitalized, frailty was associated with an increased use of hospital resources, 

such as the likelihood of hospitalization, number of hospital admissions and length of hospital 

stay, and may mediate the potential effects of sarcopenia. 

Therefore, there is a need to promote early detection strategies and multidisciplinary interventions 

that reduce frailty and sarcopenia, to positively impact on reducing the risk of adverse events in 

older adults, as well as in healthcare systems.  
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Resumen 

La población mundial está envejeciendo. Gracias a los avances médicos y tecnológicos logrados 

durante el último siglo, la esperanza de vida se ha acercado a los límites biológicos. La población 

adulta mayor se ha duplicado en cincuenta años y, según algunas predicciones, esta tendencia 

continuará al menos hasta 2050. Para ese año, las personas mayores de 80 años triplicarán el 

número actual, creciendo de los 126 a los 447 millones de personas.  

El proceso de envejecimiento se caracteriza por diversos cambios fisiológicos, así como 

socioeconómicos y culturales, que pueden desembocar en aumento de morbilidad y la limitación 

física. Sin embargo, el envejecimiento no está necesariamente ligado a estas dos condiciones. A 

medida que envejecemos, la función se convierte en el factor más relevante relacionado con 

resultados adversos, como la mortalidad, la hospitalización, la institucionalización, las caídas, la 

disminución de la calidad de vida o el aumento de los recursos sanitarios.  

En este marco conceptual en el que la función está íntimamente relacionada con eventos adversos 

en adultos mayores, y debe liderar el abordaje clínico en los adultos mayores, entender las vías 

que conducen al deterioro de la función física (discapacidad) es una necesidad. En el espectro de 

la función, desde la robustez hasta la discapacidad, la fragilidad es el enlace entre esta condición 

de dos opuestos. La fragilidad se ha entendido como un estado de mayor vulnerabilidad, en el que 

cualquier estresor menor podría disparar el umbral de la discapacidad. En el primer objetivo de 

esta tesis, realizamos una revisión narrativa sobre los mecanismos implicados en la fragilidad, 

derivados del propio proceso de envejecimiento y/o de la afectación de diferentes órganos y 

sistemas.  

Afortunadamente, se ha demostrado que la fragilidad es reversible. En el primer objetivo también 

exponemos cómo mediante la actividad física y el ejercicio algunos de esos mecanismos se ven 

obstaculizados, reduciendo así la fragilidad y aumentando diferentes factores de la función física. 

Sin embargo, la progresión de la fragilidad (las trayectorias de la misma, o la transición entre los 

estados de fragilidad y no fragilidad) a lo largo del tiempo y los factores relacionados con estos 

cambios en los niveles de fragilidad siguen sin dilucidarse. En el segundo objetivo, determinamos 

el riesgo de sufrir determinados eventos adversos, tales como la discapacidad, la hospitalización 

y la mortalidad, en base a las trayectorias de la fragilidad. Encontramos que aquellos con 

puntuaciones de fragilidad moderadas que revierten dicha condición a medida que envejecen, no 

presentan un riesgo adverso añadido de sufrir estos eventos en relación con aquellos que se 

encontraban con menores puntuaciones de fragilidad al inicio. Esto parece confirmar que es la 

situación funcional actual la que confiere el riesgo de eventos adversos.  
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Por otro lado, la baja masa y función masa muscular asociada a la edad, denominada sarcopenia, 

podría ser uno de los sustratos biológicos en el deterioro de la función. En el tercer objetivo, 

determinamos que la presencia de sarcopenia es un factor de riesgo en el desarrollo de fragilidad, 

así como un impedimento a la hora de revertir la misma. Sin embargo, la presencia de sarcopenia 

no parece aumentar el riesgo de muerte asociado a la fragilidad. Por último, exploramos si la 

presencia de fragilidad, la sarcopenia o la coexistencia de ambas entidades en los adultos mayores 

afectan a los costes relacionados con la hospitalización. Mientras que la sarcopenia tan sólo se 

asoció con la probabilidad de ser hospitalizado, la fragilidad se relacionó con mayor uso de los 

recursos hospitalarios, como la probabilidad de hospitalización, el número de admisiones 

hospitalarias y la duración de la estancia hospitalaria, pudiendo mediar en los efectos potenciales 

de la sarcopenia. 

Por tanto, es necesario promover estrategias de detección precoz e intervenciones 

multidisciplinares que reduzcan el estado de fragilidad y sarcopenia, con el fin de impactar de 

manera positiva en la reducción del riesgo de eventos adversos en los adultos mayores, así como 

en los sistemas de salud.  
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Background 

Ageing population 

World population has increased exponentially. By 1500, the overall population was around 400 

million people, reaching 1 billion when the 19th century started[1] and has grown to reach the 7.8 

billion people in 2021[2]. Technological, nutritional, lifestyle and healthcare changes (such as 

sewage and safe drinking water[3], vaccination, and drugs) as well as improvement of living and 

environmental conditions, especially during the latest centuries, have allowed this spectacular 

increasement of world population and have extended life expectancy to almost natural 

constraints[1,4], even exceeding last century predictions[5] (Figure 1).  

These facts, together with the changing role of women in society and their inclusion in the world 

of work has led to a decline in the fertility rate, reshaping the demographic distribution resulting 

in ageing populations, especially in more developed societies, where in fact, more than 75% of 

the population die after the age of 75 [1] (Figure 2). While people aged 65 and older represent 

9,3% of the overall population, this percentage exceeds 20% in countries as Spain[2] and is 

predicted to reach a third of the Spanish population by 2060 (Figure 3) [6]. Moreover, people 

aged 80 or older tripled their population from 1950 to 1980 and have tripled again in 50 years, 

reaching 145 million people[2] and according to prospect prediction, will triple again by 2050 

[7].  
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Figure 1. Life expectancy in Europe in 1800, 1900, 2010 and projections worldwide. 
Figure from Lunenfeld and Stratton, 2013[8].  

Figure 2. World population distributed by age and sex from 1950 and 2018 and projections until 
2100. 
Data from OurWorldinData.org [9]. 
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Figure 3. Spanish population projections by age and sex, 2018-2068. 
Figures from Informes Envejecimiento en red, 2020[6].  

Importance of physical function in ageing 

Ageing is a physiological process characterized by several changes, depending upon cultural and 

socio-economic conditions, including higher prevalent rates of morbidity and physical function 

limitation[10].  However, aging is not necessarily linked with these two conditions[11,12]. As we 

age, physical function becomes the most relevant factor related to adverse outcomes, such as 

mortality, hospitalization, institutionalization, falls, a decreased quality of life or an increasement 

of health care resources[13].  

In 1980, the World Health Organization (WHO) [14], based on previous models[15], proposed a 

conceptual model of disability in which disease impacts the individual causing an impairment, 

which in turn, leads to disability. For example, diabetes (disease) cause peripheral neuropathy 

which impact diminishing balance (impairment) causing the disability to the patient by not being 

able to shower (disability)[16]. This direct linkage with disability is not so clear, with some 
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diseases being highly prevalent in older adults, such as hypertension, which has prompted the 

proposal of several conceptual models [17,18]. Moreover, this traditional view failed to recognize 

disability as a static and unidirectional entity [19]. 

Focusing on this idea, in 2015, WHO released its first report on aging and health [20], recognizing 

the function relevance in the aging process. In this report, WHO defines Healthy Aging as “the 

process of developing and maintaining the functional ability that enables wellbeing in older age”. 

Thus, Healthy Aging paradigm is not linked with the absence of disease, but it is linked with the 

maintenance and enhancement of functional ability, which is a true milestone in the conception 

and the practical approach of health in older people[21,22].   

In this conceptual functioning-based framework, in which biological age is not the same as 

chronological age[23], understanding the pathways leading to a lack of physical function 

(disability) is a necessity. To explain this, WHO[20] purpose the “functional ability”, determined 

by two factors: environment and intrinsic capacity. The environment will be the place which 

individuals live in and interact between other individuals and their own environment. So, if the 

environment is stable, functional ability depends on the intrinsic capacity, defined as “all the 

physical and mental capacities that an individual can draw on at any point in time”.  

Intrinsic capacity starts declining after the third decade of life [24]. In parallel of intrinsic capacity, 

decrease the functional reserve. Functional reserve is the physiological capacity of avoiding or 

resisting against stressors. When this functional reserve is low, any stressor (such as acute 

diseases, hospitalization) could trigger the disability process, in which challenges from the 

environment, are too stressful for the individual who cannot perform them. Disability has 

appeared.   

In the development of the so-called non-catastrophic disability, which is the usual model proposed 

for the disabling process in older population, the functional spectrum, ranging from robustness to 

disability, frailty seems to be the link between these two-opposite conditions, in which some 

capacities are impaired but could be improved yet[25–27] (Figure 4). 
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Figure 4. The spectrum of intrinsic capacity from the perspectives of organ and systemic level, 
and their clinical manifestations at functional level and chance of reversibility.  
Adapted from Angulo et al. 2020 [28] 

Disentangling the disabling process 
Disability has been defined as the need for personal assistance in their basic activities of daily 

living[29]. It represents the last link in the chain of mobility and functional independence, which 

not only diminishes the quality of life of the individual, but also their informal caregivers[30,31]. 

In addition, disabled patients have higher mortality[32] and institutionalization risks[33] and 

burden the system by suffering more hospitalizations or increasing health care resources[34,35]. 

Thus, disability is presented as a major problem to be avoided in public health policies[35]. 

However, there is evidence showing that individuals at birth will spend around a fifth of their 

lives with disability levels in the community. Although life expectancy has increased over the last 

50 years, disability-free life expectancy has not, but rather the increase in life expectancy 

corresponds almost entirely to a greater time within disability levels, especially at older ages 

(Table 1) [36].  
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Table 1. Expected Years of Life Spent in Various States of Health, at Birth and at Ages 20–64, 
65, and 85 Years, by Gender: United States, 1970–2010. 

State of Health 
1970, Mean 

(95% CI) 
2010, Mean 

(95% CI) Change, 1970–2010 
Males 
At birth 

Total 67.0 76.2 9.2 
Free of disability 56.5 (56.4, 56.6) 61.0 (60.9, 61.2) 4.5 

  With disability in community 10.0 (9.8, 10.1) 14.7 (14.6, 14.9) 4.7 
Institutionalized 0.6 (0.6, 0.6) 0.4 (0.4, 0.5) –0.2

At age 65 y 
Total 13.0 17.7 4.7
Free of disability 6.6 (6.6, 6.8) 9.3 (9.1, 9.4) 2.7

  With disability in community 5.8 (5.7, 5.9) 8.0 (7.8, 8.1) 2.2
Institutionalized 0.5 (0.5, 0.5) 0.4 (0.4, 0.5) –0.1

At age 85 y 
Total 4.7 5.8 1.1
Free of disability 1.4 (1.3, 1.6) 1.9 (1.8, 2.1) 0.5

  With disability in community 2.7 (2.5, 2.8) 3.5 (3.3, 3.6) 0.8
Institutionalized 0.6 (0.5, 0.7) 0.4 (0.4, 0.5) –0.2

Females 

At birth 
Total 74.6 81.0 6.4 
Free of disability 62.7 (62.6, 62.8) 65.4 (65.3, 65.6) 2.7 

  With disability in community 10.9 (10.7, 11.0) 14.8 (14.6, 15.0) 3.9 
Institutionalized 1.1 (1.0, 1.2) 0.8 (0.8, 0.9) –0.3

At age 65 y 
Total 16.8 20.3 3.5
Free of disability 9.1 (9.0, 9.2) 11.5 (11.4, 11.6) 2.4

  With disability in community 6.6 (6.5, 6.7) 8.0 (7.8, 8.1) 1.4
Institutionalized 1.1 (1.0, 1.2) 0.9 (0.8, 0.9) –0.2

At age 85 y 
Total 5.6 6.9 1.3
Free of disability 1.4 (1.3, 1.6) 2.2 (2.1, 2.4) 0.8

  With disability in community 3.0 (2.9, 3.2) 3.7 (3.6, 3.9) 0.7
Institutionalized 1.2 (1.1, 1.3) 0.9 (0.8, 1.0) –0.3

Note. CI = confidence interval. Sum of life expectancy in states sometimes does not add to total expectation 
of life because of rounding. 

Modified from Crimmins et al. 2016 [36]. 

 It has been distinguished into three main disability groups: in the basic Activities of Daily Living 

(ADLs) disability[29,37,38]; mobility disability[39] and disability in the instrumental ADLs 

[29,40,41]. Other studies proposed to measure social factors and sensory aspects like visual, hear 

or the ability to speak[42].  

About 10% of nondisabled community dwellings older than 64 develop disability, although 

incidence and prevalence depend on the type of activity assessed, disability is higher with aging 
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and among women [29,37,43]. By using limitations in daily living activities, disability prevalence 

has ranged from 16 to 54% in the low- and middle-income countries [44].  

In Spain, Graciani et al. found rates of almost 73% of some type of disability in non-

institutionalized older adults older than 60 years[42]. Other studies have reported that the 

disability prevalence among older adults older than 74 is 15.31% for moderate and 10.14% for 

severe or extreme disability[45].  

Being women, older, living in rural areas, lower educational, physical activity, lower perceived 

health levels, being hospitalized in the last year, comorbidity or impairments in cognitive status 

had been related with disabled status[42]. Chronical entities like cardiovascular diseases (angina 

and previous stroke), lung diseases (asthma), metabolic disease (diabetes), musculoskeletal 

diseases (like sarcopenia or arthritis) or sensory diseases were significantly related with disability. 

Met prefrail, frail or sarcopenia criteria were also associated with severe disability[42].  

Other studies have investigated the relevance of different factors on the speed of developing 

disability. Factors like older ages (≥85 years), hearing and cognitive impairment, be frail, low 

peak expiratory flow and low functional self-efficacy were associated with progressive disability. 

On the other hand, 4 factors (visual and hearing impairment, low physical and peak flow 

performance) were related to catastrophic disability, defined as the one that occurred from one 

month to the other [46].  

On the other hand, higher educational or socioeconomic status was proved as protectors in 

developing disability[42].  

Frailty 
Frailty concept 
“How easily the wind overturns a frail tree” thought Buddha 2500 years ago [47]. Instinctively, 

something weak, delicate and flimsy comes to mind when we think of something “frail”. In fact, 

“frêle” the French word which “frailty” comes from, means little resistance. This notion of little 
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resistance to stressors and the exhaustion of physiological reserves has been exploited by the 

geriatric medicine.  

Since Monsignor Charles F. Fahey and the Federal Council on Aging (FCA) in the United States 

of America (USA) introduced the “frail elderly” term to describe a specific older adult population 

during the 1970s[48,49], lots of definition have been proposed to designate what we know today 

as frailty. Vaupel and colleagues defined “frailty” in 1979 as the unmeasured variability in the 

risk of death within the same age individuals[50]. But it is not until 1997, when frailty is taken 

into consideration as a clinical issue, thanks to the seminal paper of Campbell and Buchner[51]. 

Since then, two main conceptual concepts have dominated the field of frailty. The first one, led 

by the group of Rockwood and Mitninski in Canada, supports that frailty was the final outcome 

of accumulation of deficits[52,53]. The second one, led by Fried and Walston in Hopkins (USA), 

supports that frailty is a pre-disability phenotype with several underlying causes, able to predict 

several adverse outcomes[54]. In this same line of thinking, in 2013, Rodriguez-Mañas and other 

experts in frailty proposed a Delphi method-based consensus statement for defining frailty as “an 

age-associated, biological syndrome characterized by decreased biological reserves, which puts 

an individual at risk when facing minor stressors, and is associated with adverse outcomes (ie, 

disability, death, and hospitalization)” [55]. 

Except if indicated, the conceptual framework of frailty used in this PhD Thesis is the one of the 

Frailty Phenotype[54]. 

Prefrailty concept 
Prefrailty status has been framed between robustness and frailty [56], emerging from theory[57] 

as an entity that increase the risk of adverse events compared to robustness[25], and precluding 

frailty status whereby interventions could be effective in preventing or delaying frailty[58].  

Fried described that early frailty stages may be silent until the trigger was shot and the threshold 

of reserves was loss, resulting in frailty[59]. This idea was in line  with Lang et al. [60] and Fusco 

et al.[61] opinion, defining prefrailty as a clinical silent process in which individuals could recover 

from stressors if they had sufficient physiological reserves. Frailty has been described as an 
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increased vulnerability [59,61], transitional stage [61,62], dynamic process [61–63] and physical 

frailty[57,64–67].  

A recent review by Sezgin et al.[68] on the multidimensional construct of frailty proposes that the 

concept of frailty should also include factors that are not purely physical, but also cognitive or 

social factors that could secondarily affect these physical factors, as it had been proposed earlier 

[69]. In this same regard, recent findings show impairment in some cerebral areas in older frail 

people, connected to alterations in motor[70] and executive function[71]. On the other hand, 

although other scales such as the Frailty Index or the Frailty-Trait Scale (in its different versions) 

did not initially foresee a state of pre-frailty, some authors have proposed looking for this stage 

before frailty. For example, the continuum of the Frailty Index was adapted to robustness, pre-

frailty and frailty stages in some studies[72,73], although in some others the results suggest that 

the category of prefrail could be simply a problem of misclassification of the subjects. In fact, 

almost two in three patients pigeonholed as prefrail according the Fried Phenotype may have the 

same risk for adverse events as robust, something that could be simply a problem of 

misclassification of the subjects[74]. 

Frailty as a global health problem 
Millions of older adults all over the world present frailty. However, the lack of a universal 

definition with multiple tools to assess it and the paucity of research in low-income countries 

difficult the knowledge of overall prevalence and incidence. 

Frailty incidence 
While prevalence rates focus on periods in which a patient is affected by a particular disease, 

incidence tries to deal with transitions from disease to health. This concept is particularly 

interesting in frailty [75], due to during the aging process, transitions between frailty states are 

common [76,77].  

A systematic review published in 2018, concluded that surprisingly, few studies have studied 

frailty incidence what limited the possibility of drawing a conclusion of incident frailty in the 

future from a public health perspective [75]. Articles included in this review reported that frailty 
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incidence rates ranging from 3.9% at 3 years follow-up [78], 5% at 22[79], 7.5% at 3.5 [80]  to 

7.8% at 9.9 years [81] when the Fried Phenotype was the tool used and by using Frailty Index 

frailty incidence ranged from 13% [82] at 1 year follow-up to 51.4% in aboriginal people with 

6.7 mean years of follow-up [83]. On the other hand, prefrailty incidence showed higher rates, 

rising from 21% [78]  at 3 years to 36 at 22 years follow-up [79]. 

These incidences were lower than those obtained by a similar systematic review in community-

dwelling older adults aged 60 or more published in 2019. Among the non-frail subjects who 

completed the median follow-up time of 3 years, 13.6% developed frailty, with a pooled incidence 

rate of 43.4 cases per 1000 person-years, which was significantly higher in prefrail (62.7) than in 

robust (12.0). Among the robust, almost one in three became prefrail (30.9%), with a pooled 

incidence rate of 150.6 per 1000 person-years. Moreover, the pooled incidence rate among gender 

was significantly higher in women than in men for frailty (44.8 vs 24.3) and prefrailty (173.2 vs 

129.0) cases per 1000 person-years[84].  

Frailty prevalence 
One systematic review pooled data from 21 studies and 61500 older community-dwelling adults 

and estimated the overall frailty prevalence in a 10.7% (95% Interval Confidence (CI)= 10.5%-

10.9%) and a 41.6% (95% CI = 41.2%–42.0%) overall weighted average for prefrailty[85]. 

However, discrepancies between the studies were obvious, ranging between 4% to 59%. The 

overall weighted average prevalence was 9.9% and 44.2% for frailty and prefrailty respectively, 

when the Frailty Fried Phenotype was used [85]. Only one study included in this systematic 

review used the Frailty Index to assess frailty, founding a frailty prevalence of the 22.7%[86]. 

Nevertheless, a recent systematic review, using data from 240 studies including 1755497 

individuals aged ≥50 years stablished the prevalence for the deficit accumulation model in 24% 

(95% CI = 22%-26%) and 12% (95% CI = 11-13%) by using the Fried Phenotype[87]. Recently, 

some tools have been proposed in the Toledo Study of Healthy Aging (TSHA). While the Fried 

Frailty Phenotype classified 8.5% as frail, the Frailty Trait Scale (FTS) and their short forms, 

Frailty Trait Scale 5 (FTS5) and Frailty Trait Scale 3 (FTS3) found 28.36%, 24.82% and 20.09% 

as frail[74]. 
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Independently the tool used, the prevalence of frailty has been observed to be higher in women 

and rises with ageing (Figures 5). For Fried Scale, the prevalence among females is 15% and 11% 

for men, while by using Frailty Index prevalence are 29% and 20%, respectively.  

Figures 5. Frailty prevalences according to age and gender . 
From Hoogendijk et al. 2019 [88] 

Factors associated with the presence of frailty 
The prevalence of frailty is also affected by sociodemographic and clinical aspects. The Survey 

of Health, Aging and Retirement in Europe (SHARE) assessed frailty uniformly across Europe 

and observed a lower prevalence of frailty in higher-income countries than in lower-income 

countries [89]. The same conclusions were found in the systematic review and meta-analysis by 

Siriwardhana and colleagues, in which frailty reached rates of 51.4% in Cuba and prefrailty 71.6% 

in Brazilians[90]. The wide difference might be explained by the frailty assessment method with 

and without the standardization of the different tools and the geographic region with inequalities 

in health, educational and lifestyle access[90–92] or even ethnic groups, in which African 

Americans and Aboriginal Australians could present a higher frailty prevalence and others, such 

as Mexican-Americans a lower one[93]. 

These figures refer to the prevalence of the condition in community-dwelling older people. But 

when this population is approached in different clinical settings the numbers increased 

dramatically. In nursing homes, prevalence rates of 52.3% (95% CI 37.9%–66.5%) and 

40.2% (28.9%–52.1%) of frailty and prefrailty, respectively, were found in a systematic review 
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and meta-analysis [94]. Among older hospitalized, 47% (37%-57%) and 36% (29%-44%) present 

frailty and prefrailty criteria[95].  Likewise, according to data from the European multicentre 

study FRAILTOOLS, between 7 and 32% of older adults attended in primary care would meet 

frailty criteria, while the prevalence of outpatient clinic would range between 10 and 42%[96].  

Moreover, frailty prevalence is higher among older patients with specific diseases. In this way, 

systematic reviews have found that 10-25%% of people with diabetes [93], 19% in Chronic 

Obstructive Pulmonary Disease (COPD)[99], 22% in persons with cerebrovascular disease[100], 

24% in anaemics[101], 31,9% in mild to moderate Alzheimer’s disease[102], 37% among patients 

with end-stage renal disease [103] or 42% in patients with solid and haematological malignancies 

[104]. 

In Spain, frailty prevalence has been explored by some cohorts. Alonso-Bouzon and coworkers 

determined using the TSHA data that frailty prevalence varied according to the tool used by 

24.12% when the Frailty Phenotype was not standardized to 6.68% when it was. Something 

similar occurred identifying the prefrail subjects, moving from 66.40% to 47.81%[91]. Moreover, 

discrepancies between tools using this cohort have previously been commented. In the FRAilty 

and DEpendence in Albacete (FRADEA) study, a ≥70 years community-dwellers older adult 

cohort, the prevalence of frailty and prefrailty according to Frailty Phenotype was 16,91% and 

48,54% [105]. In the ≥65 cohort of Peñagrande, frailty obtained a prevalence of 10,3%[106]. In 

older cohorts,  with subjects older than 74 years old, prevalences of 20,4% and 8,5% have been 

reported in Leganés [107] and Lérida[108], respectively.  

Frailty instruments 
The assessment of frailty in different settings of care, such as clinical care and research, focusing 

on different patient characteristics has allowed different underlying concepts of frailty with a wide 

spectrum of frailty assessment tools with a poor agreement between them[109,110] and different 

sensitivity and specificity depending on the setting and the event studied[108]. 

Linda P Fried and coworkers proposed frailty as an age-associated biological syndrome 

characterized by the reduction in the functional reserve and resistance against stressful factors, 
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causing organ impairment which leads to adverse event vulnerability[25]. This definition clearly 

distinguishes frailty between comorbidity or disability, as entities that could co-exist and 

influence each other [59] (Figure 6). Fried proposed a frailty phenotype assessing five aspects of 

frailty: unintentional weight loss (10 lb in past year), self-reported exhaustion, weakness in the 

grip strength test, slow walking speed and low physical activity [25]. Subjects who met 3 or more 

criteria were considered as frail, those who met 1 or 2 were considered prefrail and those who 

met none were considered as robust[25]. 

Figure 6. Prevalence, overlaps, definitions and major health care implications between frailty, 
comorbidity, and disability. 
Figure from Fried et al., 2004[59] 

Due to its feasibility in methodological and aetiological studies, its predictive value in adverse 

event outcomes (such as falls, disability, institutionalization, hospitalization or mortality), and the 

possibility of using it for intervention targets and clinical decision-making, the Frailty Phenotype 

has been the most used frailty instrument in the literature[111].   

In contrast to the Frailty Phenotype, Rockwood and colleagues proposed in 1994 that the 

accumulation of deficits threaten the independence in older adults, and proposed a dynamic 

model, in which the balance between assets and deficits would determine the person’s 

independence in the community[115]. This concept was refined years later and using data from 

the Canadian Study of Health and Aging developed the Frailty Index [53].  This tool is constructed 

35



by a long checklist of symptoms, signs, diseases, disabilities, laboratory, radiographic, or 

electrocardiographic abnormalities and social characteristics [53,116] and even health 

utilization[117] and explore how the deficit accumulation of these conditions impacts on the 

subject. This instrument obtains a result derived from the deficits met by the subject divided by 

the number of criteria assessed[53].  

Alternatively, there were proposed the “Frailty Trait Scale-5” (FTS5), a short form of the previous 

“Frailty Trait Scale” (FTS)[124]. This tool was constructed considering the simplicity of Fried et 

al.’s definition and its biological basis, and the predictive characteristics of the FI, improving the 

tracking ability of frailty assessment by detecting small changes in the biological substrate 

independently of disease, disability and social burden[124]. The FTS5 includes the Body Mass 

Index, physical activity assessment by the Physical Activity Scale for the Elderly (PASE) 

[127,128] and the Progressive Romberg Balance test[129], the walking speed and handgrip 

strength. This tool showed good diagnostic accuracy for stratifying older adults, monitoring small 

changes due to interventions or clinical progression and it is feasible to be implemented in daily 

clinical practice settings[74]. Moreover, FTS5 showed a good prediction ability of different 

adverse outcomes such as death, hospitalization, incident frailty and disability[74]. 

These three tools will be the one chosen to answer our research questions. 

Frailty as a dynamic condition 
Since Gill and colleagues demonstrated the reversibility and dynamism of frailty [76] some 

studies have explored the transition between frailty states due to the tremendous impact on older 

adults, their families, and the whole society [117] in the context of an emerging major public 

health challenge for healthcare systems[118]. Longitudinal studies can provide valuable 

information addressing transitions and trajectories of changes in frailty while ageing, and factors 

related to those pathways to ample potential prevent health-related outcomes. 

In their work, Gill et al. found that almost a 58% of non-disabled community-dwelling older 

adults made at least one transition between frailty status. Although transitions to worsen status 

were more likely (43.3%), a non-negligible 23% improved it [76]. Moreover, this transition in 
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frailty status could occur even in participants older than 85, and some of them could improve in 

their frailty status [119]. In a recent systematic review and meta-analysis, which included only 

articles that defined frailty by using the Fried frailty phenotype, established rates of worsening 

(29.13%), improving (13.70%) and remaining in the same frailty status (56.54%) (Figure 7). 

Despite the fact that frail participants are unlikely to end the follow-up as robust, four out of each 

ten with basal frailty ended up being prefrail, and one out of each four with basal prefrailty, ended 

up being robust[77]. It is important to remark that these rates were obtained without any 

intervention, so interventions at early stages of frailty should be considered [77]. 

Figure 7. Frailty transition patterns according to basal frailty status in overall sample and 
stratified by gender.  
Figure from Kojima et al., 2019 [77]. 

Furthermore, Gill et al. evaluated participants each 18 months, and advised about transition 

occurred mainly between adjacent states and found frailty transitions in this period time advising 

that probably frailty transitions occurred more frequently. This hypothesis was confirmed by 

Ahmad and colleagues by evaluating 2324 community-dwellers with 12 months follow-up[120]. 

In a recent study, Romero-Ortuno and coworkers followed 8504 participants for 8 years, with a 

mean age at recruitment of 63.1 years. They assessed frailty status of the participants by using the 

Frailty Phenotype, and found that the easiest domains to reverse were unintentional weight loss 

and fatigue, with approximately 60%, while weakness (40%), low physical activity (35%) or slow 

gait speed (23%) were less prevalent of reversing[121]. However, while the prevalence of 

37



domains such as unintentional weight loss (7%-8%), or fatigue (8.95-10.8%) hardly varied 

between waves, other domains such as walking speed (9.8%-24.9%) or low physical activity 

(14.2%-33.7%) increased exponentially. Moreover, in the frail participants, low physical activity 

(85.6%), slowness (78.5), weakness (68.9) were the most prevalent domains met[121]. 

Alternatively, weakness and fatigue are domains significantly related with mortality (Figure 

8)[122].  

*: p-value < 0.05; **: p-value < 0.01, ***: p- value < 0.001 
Figure 8. Relationship between mortality and Frailty Phenotype domains and number of 
domains met.  
Figure from Wang et al. 2019. 

Although Frailty Index was conceived as a continuous scale, some studies have explored frailty 

transitions according to this scale, setting the cut-off points in FI ≤ 0.10 for robust, 0.10 < FI ≤ 

0.21 for prefrail, and FI >0.21 for frail individuals[123]. Ye at al [124]. found that almost 8% of 

community dwellers older than 60 years old improved in their frailty status assessed with FI, 

while 22.2% worsened in their status of frailty. Women and older had higher rates of transition to 

a worse status of frailty. Liu and coworkers[125] found substantially higher rates of improvement 

in frailty analysing data from 11,165 Chinese older adults, reaching 11% among patients who 

started out pre-frail and another 11% among patients who started out frail, despite old age at the 

start of the study (82.6 mean age at baseline).  
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Fallah et al.[126] found that after 54 months of follow-up, older adults with poor mobility tend to 

die (32 vs 15%) earlier, and improve (13 vs 16%) or maintain their frailty status (8 vs 16%) 

assessed by the FI less often than older adults with better mobility at baseline.  

Factors associated with frailty 
As abovementioned, frailty is a dynamic continuum state which can worsen or improve over 

time[77]. Insight into protective (Table 2) and contributor (Table 3) factors should be paramount 

to create and stablish preventive strategies and public health guides identifying targets amenable 

to improve with specific interventions according to a personalized approach [88]. 

Table 2. Protective factors for onset and regression in frailty states. 
Demographic and social factors  Lifestyle factors 
• Social and total activity[127], or
cultural engagement[128]
• Higher income[129,130]
• Living alone [131], Having a partner
and higher social support [132],
positive affect [133]
• Neighbourhood with green space
[134]
• Male sex [132], female sex[130]
• Younger age[130]

• Hobbies and sports[127] or higher physical activity [132]
• Higher adherence to Mediterranean diet[80,135], higher
DQI-I score [136], three fruit and two vegetables portions/day
[137], total protein, animal protein and higher MUFAs[138],
low fat milk and yogurt[139], higher tertile of habitual
resveratrol exposure[140]
• Drinking alcohol with meals [141], moderate alcohol intake
[131] and heavy drinker compared with no drinker [141]
• Combination of higher exercise and dietary varieties ≥2[142]

DQI-I: Diet Quality Index-International. MUFAs: Mono-Unsaturated Fatty Acid. 

Adapted from Feng et al., 2017[143] and Hoogendijk et al., 2019[88]. 

Once frailty has developed, some factors have been identified as reductors of chances of 

improving frailty status. Intrinsic factors include being older [144,145]. Although it could be more 

difficult to improve in the frailty status according to ageing, it is possible. Mendonça and 

colleagues found that about a 6% of older adults older than 85 could improve in their frailty status 

(from prefrail to robust or frail to prefrail)[119]. Moreover, they found that socioeconomic status 

did not influence the probability of transition and that multimorbidity (considered as four or more 

diseases) increased the risk of transit from robustness to frailty[119]. 

Suffering from diabetes[145,146], COPD [146,147], cancer, or having a previous stroke [145–

147] have lower chances of improving their frailty status compared with those who have not.

Moreover, lifestyle factors like smoking[144,147] have also been proven to a detrimental factor 
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in improving frailty. According to Lee and co-workers[145], men were less likely to revert their 

frailty status than be women, however, a recent meta-analysis was not found significant 

discrepancies between both genders [147]. 

Table 3. Risk factors for onset and progression of frailty. 
Demographic 
and social 
factors 

Clinical factors  Lifestyle factors Biological factors 

• Advanced age
[130,148–155]
• Female sex
[132,149,152]
• Ethnic
minority [150]
• No
education[154],
Low education
[150] or being
reared
apart[132]
• Low income
[149,150] and
socioeconomic
position [149]
• Negative
affect [152]or
Loneliness
• High-density
neighbourhood
[148]
• Poor self-
rated health
[149,154]
• Spousal
concordance of
frailty
status[156]

• Multimorbidity and chronic diseases
(comorbidity[157], prediabetes[154],
diabetes[130,154,155],
hypertension[155], previous cancer,
chronic lung diseases[130],
COPD[97], Framingham
cardiovascular risk score[158],
previous stroke[130], Alzheimer,
lower MMSE/ impaired
cognition[129,130,148,152,154,155],
higher CES-D score[152], depressive
symptoms[129,150,155,157,159] or
spouse depression[160], arthritis[154],
osteoarthritis[130], chronic kidney
disease- related osteoporosis[161],
osteoporosis alone[162,163] and with
sarcopenia[162–164], and sarcopenia
alone[165], low skeletal muscle mass
index[155], knee pain[166], hearing
impairment[167], decreased vision
• BMI <18.5[150], ≥30 [129,149,150]
or continuous[152],
underweight[132,157], overweight and
obese[132]
• Malnutrition [168]
• ≥1 falls[150]
• Impaired cognition [148]
• Depressive symptoms
• Be hospitalized [130,169]
• Hormone use[150] or Polypharmacy
[154,157]
• ADL functional status 6,140] and
reduced function of extremities [152]
• Oral function, fewer teeth, lower
occlusal force and masseter thickness
and oral diadochokinesis[155]

• Physical
inactivity [170]
• Low energy and
protein
intake[171],
moderate to high
nutritional risk
(NSI ≥3)[154]
• Smoking
[129,132,150,152]

• Inflammation (Hb,
CRP[154], elevated
cytokines or highest
CRP tertile[129],
Higher white cell
count, higher
numbers of
monocytes or
lymphocytes, higher
albumin level, lower
level of
DHEAS, higher
cortisol:DHEAS
ratio[172]
• Endocrine factors
(androgen deficiency
or IGF-1, lower free
testosterone[173]
• Micronutrient
deficits (low
carotenoids, alpha
tocopherol[153],
albumin[154,155],
low vitamin B12,
total
cholesterol[154],
folate[154,171]
vitamin B6, vitamin
D[129,174],  vitamin
E or vitamin C[171])
• Serum uric acid
[175]
• Dysregulation
across multiple
physiological
systems[176]
• Metabolic
syndrome and
insulin
resistance[177],
serum leptin[178]

ADL: Activities of Daily Living. BMI: Body Mass Index. COPD: Chronic Obstructive Pulmonary Disease. 
CRP: C-Reactive Protein. DHEA: Dehydroepiandrosterone sulfate. Hb: Hemoglobin. IGF-1: Insulin-like 
Growth Factor-1. MMSE: Mini-Mental State Examination.  

Adapted from Feng et al., 2017[143] and Hoogendijk et al., 2019[88]. 
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In the TSHA, underreporting the amount of alcohol consumed and low grip strength were 

associated with loss of robustness, whereas a Body Mass Index (BMI) corresponding to moderate-

severe obesity decreased the likelihood of becoming robust. In addition, impairments in hearing 

and cognition, low physical activity and smoking were associated with an increased risk of 

incident frailty[179].  

How could sarcopenia affect frailty status? 
Sarcopenia has been proposed as the biological substrate of physical frailty[180]. In fact, the idea 

of musculoskeletal changes as a core and central aspect of frailty was introduced by Fried and 

colleagues in the Frailty Phenotype[181]. In the operationalizing purpose of frailty, they included 

a domain called “shrinking” in which unintentional weight loss and sarcopenia were considered 

the same idea. However, today we know that frailty and sarcopenia, despite the fact that they are 

related, are distinct entities[182]. These two conditions share pathogenic mechanisms and some 

physical items for diagnosis (low grip strength and low gait speed). Nevertheless, few sarcopenic 

older adults met the frailty criteria and one out of three frail subjects did not meet sarcopenia 

criteria (Table 4) [182]. In fact, the interaction between these entities seems to predict adverse 

events in older adults. While frailty or prefrailty predict mortality independently of the presence 

of sarcopenia, an interaction between frailty (but not prefrailty) and sarcopenia needs to be present 

to predict worsening in disability (Table 5 and 6)[183].  

Table 4. Prevalence of sarcopenia according to different criteria stratified by frailty status. 

EWGSOP: European Working Group on Sarcopenia in Older People. FNIH: Foundation for the National 
Institutes of Health. s-FNIH: standardized Foundation for the National Institutes of Health.  

Table from Davies et al., 2018. [182] 
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Table 5. Multivariate Cox Regression analysis for Mortality. 

Table 6. Multivariate Logistic regression analysis for worsening of disability 

Tables from Davies et al. 2022 [183]. 

Sarcopenia 
Concept 
Muscle mass and function is paramount in correct health and for preventing diseases. In 1989, 

Irwin Rosenberg coined the term “sarcopenia”[184], a word that derives from the Greek language. 

“Sarx” meaning flesh, and “penia” meaning loss or lack of. Sarcopenia terms has evolved from 

the years, in order to distinguish this term from others like cachexia, malnutrition or even frailty. 

The European Working Group on Sarcopenia in Older People (EWGSOP) defined three criteria 

to identify and diagnose sarcopenia. Probable sarcopenia is identified according to low muscle 

strength. This finding is confirmed when low muscle quantity or quality is present.  Moreover, 

when low physical performance is added to the two previous conditions, sarcopenia is considered 

as severe[185]. 

Different studies have shown that people lose 1% of their skeletal muscle mass each year as they 

age[186]. Added to this reduction of muscle mass, muscle function, evidenced in muscle strength 

and power, is also diminished even faster than muscle mass[186–189]. In this way, the importance 

of sarcopenia was recognised with its inclusion in the International Classification of Diseases-10 

(ICD-10) code as an independent condition [190,191]. However, different operationalization 
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definitions and cut-off points had been proposed attending to the population assessed, hindering 

its suitable use in research and clinical practice.   

Prevalence 
Although the relevance of sarcopenia has been explored in different settings, the lack of a 

universal definition has made it a challenge to understand the true impact of this disease on older 

adults. Nevertheless, some studies have explored the epidemiology of sarcopenia, with obvious 

uneven results.  

In 2015, Lourenço et al. [192] explored the prevalence of sarcopenia according to the EWGSOP 

in 3260 older adults aged 65 or older included in three cohorts, Frailty in Brazilian Older People 

Study—Rio de Janeiro (FIBRA-RJ), Brazil; Coyoacan Cohort (CC), Mexico City, Mexico; and 

Toledo Study for Healthy Aging (TSHA), Toledo, Spain. They found that according to this 

algorithm, 83.4% were sarcopenic, reaching a rate of 94.4% between the Spanish older adults. 

The authors themselves indicated that, according to this definition, the extremely high prevalence 

of the abnormal condition makes it useless for clinical screening to detect adverse events, thus 

standardizing the cut-off points according to the population seems to be necessary [192].  

However, some authors have explored the prevalence of sarcopenia according to different 

definitions. In a recent systematic review and meta-analyses, Mayhew et al. [193], estimated the 

presence of sarcopenia between 12.9% (95% CI: 9.9%-15.9%) according to the EWGOS/Asian 

Working Group on Sarcopenia (AWGOS), 9.9% (95% CI: 3.2%-16.6%) according to the 

International Working Group on Sarcopenia and 18.6% (95% CI: 11.8%-25.5%) according to  the 

Foundation for the National Institutes of Health (FNIH). Alternatively, the prevalence of 

sarcopenia reached a 40.4% (95% CI: 19.5%-61.2%) when the appendicular lean mass 

(ALM)/weight was the chosen definition[193].  

Papadopoulou and coworkers[194] found similar results between the prevalence of sarcopenia in 

community-dwelling older adults independently the tool used, ranging from 8%, 11%, and 12% 

in men and 5%, 10% and 11% in women using the International Working Group on Sarcopenia 
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(IWGS), EWGSOP and AWGS, respectively. The pooled prevalence was slightly higher in men 

than in women (11% vs 9%)[194].  

Notwithstanding sarcopenia definitions, its contribution to adverse events such as hospitalization 

in older adults has been broadly found in different studies. In fact, 44% of the older adults 

hospitalized in the medical subgroups met sarcopenia criteria, and this percentage low to a 22% 

in the surgical subgroups[95]. A similar prevalence has been shown in other clinical settings such 

nursing homes, being sarcopenic 51% of men and 31% of women[194], and post-acute inpatient 

rehabilitation (56%)[195]. Additionally, sarcopenia shares pathophysiology with other age-

related chronic diseases, which increases the incidence of both diseases in a bidirectional manner. 

So much so that the presence of sarcopenia rises to 26.4% in dementia, 31.1% in diabetes and 

26.8% in respiratory diseases[196]. Other conditions like cancer have been intimate related to 

loss of muscle mass and function, getting a 45% of sarcopenic in breast cancer survivors [197] 

and 37% among colorectal cancer survivors[198].  

Pathophysiology  
Pathophysiological mechanisms of sarcopenia are even not well understood. Nevertheless, 

multiple muscle factors have been identified in sarcopenic individuals (Figure 9). It is noteworthy 

that many of them are also found in frailty. Decline in lean muscle mass especially affects the 

lower limb and mobility status. While ageing, muscle protein synthesis and breakdown processes 

are imbalance, resulting in an anabolic resistance state[199]. In addition, as we age, we probably 

consume less energy and less protein intake[200,201] and the rate of sedentary lifestyle 

increases[202], which would support this state of anabolic resistance, but even in the presence of 

exercise stimuli, a lower rate of muscle protein synthesis is observed in older adults compared to 

younger subjects[203,204].  

Aging could increase inflammation and reactive oxygen species, reducing muscle function. A 

reduced sensitivity of phosphatidylinositol-3-kinase (PI3K)/ protein-kinase B (AKT)/mammalian 

target of rapamycin (mTOR) pathway is caused by a reduction in insulin-like growth factor (IGF-

1) levels and promoting protein degradation[205,206]. Furthermore, when muscle tissue needs to
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be repaired, organisms designed for this action may be compromised. Research on satellite cells, 

muscle stem cells whose function is promoting skeletal muscle reparation[207], diminished their 

regenerative capacity and proliferative and regenerative potential in aged muscle [208] what may 

explain their inability to preserve muscle mass[209].  

IL6: Interleukin 6. TNF-α: Tumor Necrosis Factor-alpha. CRP: C-Reactive Protein. ROS: Reactive Oxygen 
Species.  

Figure 9. Summary of aged skeletal muscle changes that are affected in sarcopenia. 
Figure from McCormick and Vasilaki, 2018[210]. 

Another underling molecular mechanism related to skeletal muscle loss is the alteration in 

autophagy due to aging[211]. Autophagy is a multiple degradation pathway to maintain skeletal 

muscle homeostasis through the clearance of damaged organelles and macromolecules[211]. So 

that, loss of control of adequate induction or precise regulation of the autophagic process and a 

better control of mitochondria by autophagy would favour sarcopenia[215].   
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Low-grade chronic inflammation is a common feature of aging, characterized by increased 

circulating levels and cellular production of pro-inflamatory cytokines such as interleukin-6 (IL6), 

Tumor Necrosis Factor (TNFα), and C-Reactive Protein (CRP), among others[28,216]. These 

cytokines impair mitochondrial biogenesis [217] and inhibit neurogenesis or reduce the effect of 

exercise on neurogenesis[216,218,219]. The loss of mitochondrial function integrity-impaired 

muscle physiology[209]. Although there is unclear if mitochondrial dysfunction is a cause or a 

consequence of aging[220], it is obvious that mitochondrial dysfunction has been identified 

among the hallmarks of aging[221] and is a major determinant factor in sarcopenia[222]. 

However, as mentioned previously, it is well documented that muscle mass is lost much more 

slowly than muscle strength[190,223], and strength and not mass could explain the association 

between adverse events, such as mortality [224]. This association between loss of muscle mass 

and strength could be different between gender, being faster [225,226] and strongly associated 

with mobility function in men than in women [225,227,228].  

In addition to the loss of lean muscle mass, loss of muscle quality has been reported in older 

adults. Some studies have observed that ageing is associated with the intramuscular infiltration of 

non-contractile tissue (collagen and fat) [229]. Excessive depots of adipocytes cells are considered 

to be a pathological phenomenon, termed myosteatosis. Exists two fat depots mainly within 

skeletal muscle: lipid infiltration within the fascia surrounding skeletal muscle and fat infiltration 

within myocytes[230]. Detrimental neuromuscular activation, reduced muscle blood flow and 

local pro-inflammatory adipokines have been proposed as mechanisms [231] that partly explain 

intra and intermuscular fatty infiltration reducing muscle quality (defined as the ability to generate 

force by unit of muscle mass)[232]. This reduction in muscle quality includes quantitative and 

qualitative changes in muscle cells, but also in the neuromuscular systems [233], mainly because 

of the age-dependent attenuation in motor axon conduction velocity and myelinated axons[234]. 

Fast-twitch fiber, those with greater capacity to generate force, change their muscle fibers 

phenotype from fast to slow muscle fiber [233], due to a reduction in a reinnervation of motor 

units later of the denervation, especially in these type II fibers. When denervation exceeds the 
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reinnervation, apoptosis occurs[235]. To avoid motor unit death, adjacent healthy motor neurons 

(usually type I fibers) could reinnervate these muscle fibers (usually type II) via a terminal axon 

sprout[236]. 

Peripheral neuromuscular function is not the only one that is affected when aging. Age-related 

changes in nervous system[237] and motorneuron such a reduction in spinal excitability and 

inhibition[238,239] and the variability of the discharge rates of motor units during submaximal 

contractions what may contribute to reduce the ability of older adults to perform steady muscle 

contractions[212]. 
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Objectives 

Due to the facts that has been previously exposed, the objectives of this doctoral thesis are as 

follows: 

- To review the mechanisms involved in frailty related to the ageing process, as well as chronic

diseases. Also, to expose how these mechanisms could be improved or reversed by physical 

activity and exercise. To analyze the individual components of physical exercise programs and 

their impact on different components of frailty. And, finally, to synthesize the current evidence 

for designing and implementing a physical exercise program in frail older people.  

- Secondly, to explore the existence of different trajectories of frailty and their associations with

adverse events (disability, hospitalization and mortality) in community-dwelling older adults. In 

this work, we will also assess not only the level of change (trajectory), but also the baseline score 

on the risk of adverse events.  

- Thirdly, we will explore the relationship between sarcopenia and frailty. We will study whether

sarcopenia influences frailty transitions, as well as whether its presence increases the risk of death 

in community-dwelling older adults stratified by frailty status.  

- Finally, to analyze the association between healthcare cost expenditures related to frailty,

sarcopenia, and its interaction at both cross-sectional and longitudinal levels. 
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Objetivos 

Por todo lo detallado anteriormente, los objetivos de esta tesis doctoral son los siguientes: 

- Revisar los mecanismos implicados en la fragilidad relacionados con el proceso de

envejecimiento, así como de enfermedades crónicas. Así mismo, exponer cómo esos mecanismos 

son mejorados o revertidos mediante la actividad física y el ejercicio. Analizar los componentes 

individuales de los programas de ejercicio físico y su impacto en diferentes componentes de la 

fragilidad. Y, por último, sintetizar la evidencia actual para diseñar e implementar un programa 

de ejercicio físico en personas mayores frágiles.  

- En segundo lugar, se explorará la existencia de diferentes trayectorias de fragilidad y sus

asociaciones con eventos adversos (discapacidad, hospitalización y mortalidad) en adultos 

mayores que viven en la comunidad. En este trabajo, también se evaluará no sólo el nivel cambio 

(trayectoria), sino también la puntuación basal en el riesgo de los eventos adversos.  

- En tercer lugar, exploraremos la relación entre la sarcopenia y la fragilidad. Se estudiará si la

sarcopenia influye en las transiciones de fragilidad, así como si su presencia aumenta el riesgo de 

muerte en adultos mayores que viven en comunidad estratificándolos por su estado de fragilidad. 

- Finalmente, se explorarán los costes relacionados con la hospitalización de adultos mayores que

viven en comunidad asociados a la fragilidad, la sarcopenia, y su interacción tanto a nivel 

transversal como longitudinal.   
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A B S T R A C T

Frailty, a consequence of the interaction of the aging process and certain chronic diseases, compromises func-
tional outcomes in the elderly and substantially increases their risk for developing disabilities and other adverse
outcomes. Frailty follows from the combination of several impaired physiological mechanisms affecting multiple
organs and systems. And, though frailty and sarcopenia are related, they are two different conditions. Thus,
strategies to preserve or improve functional status should consider systemic function in addition to muscle
conditioning. Physical activity/exercise is considered one of the main strategies to counteract frailty-related
physical impairment in the elderly. Exercise reduces age-related oxidative damage and chronic inflammation,
increases autophagy, and improves mitochondrial function, myokine profile, insulin-like growth factor-1 (IGF-1)
signaling pathway, and insulin sensitivity. Exercise interventions target resistance (strength and power), aerobic,
balance, and flexibility work. Each type improves different aspects of physical functioning, though they could be
combined according to need and prescribed as a multicomponent intervention. Therefore, exercise intervention
programs should be prescribed based on an individual's physical functioning and adapted to the ensuing re-
sponse.

1. Introduction

Increasing numbers of people reaching the ranks of the elderly is
one of the achievements of the past century. Whereas the early years of
the 20th Century saw a life expectancy of about 30 years, this statistic
had more than doubled worlwide by the end of the century [1]. Further,
this trend will continue at least until the middle of the current century.
In 2015, there were 617 million people of the age of 65 or older, and the
next 35 years will see a massive increase in the percentage of older
people. The fastest growing age group will be those over the age of 80,
reaching 447 million individuals by 2050, three times the current
number [2]. Based on these predictions, millions of people will endure
the aging process, with variations depending upon cultural and socio-
economic conditions [3].

The aging process is a somewhat more complex issue than just the
passing of time. Aging is characterized by several highly prevalent
changes, including an increase in morbidity and a decrease in func-
tional performance which, although linked, are two separate conditions
[4,5]. In fact, as we age, functioning increasingly becomes the factor
most strongly associated with quality of life and the risk for several
adverse outcomes, including hospitalization, permanent

institutionalization, use of health and social resources, and death [6].
In 2015, the World Health Organisation (WHO) released its first

report on aging and health [7] in which it recognized the true relevance
of function, the components involved in its preservation or deteriora-
tion, and how the relationship between what I am able to do and the
challenges of the environment mark the presence of functional au-
tonomy or disability. In that report, WHO defines healthy aging as “the
process of developing and maintaining the functional ability that en-
ables wellbeing in older ages.” According to this definition, older
people with multiple diseases may enjoy a healthy aging process if they
maintain functional ability, i.e., elderly's health status is defined by
functional status rather than morbidity. This stance is a true milestone
not only in its conception of health with its theoretical consequences
but also in its approach to health, with its practical consequences [8,9].
The impact of the latter ones on the elderly is extremely important, as
the possibility of prolonging life is dramatically reduced [10] and the
potential for improving the quality of life reaches its maximal re-
levance.

Which factors are associated with function and, secondly, linked to
personal autonomy? WHO (2015) distinguishes between two types of
factors. The first type falls under what is called intrinsic capacity and the

https://doi.org/10.1016/j.redox.2020.101513
Received 24 January 2020; Received in revised form 13 March 2020; Accepted 17 March 2020

∗ Corresponding author. Servicio de Geriatría, Hospital Universitario de Getafe, Ctra de Toledo km 12,500, 28905, Getafe, Spain.
E-mail address: leocadio.rodriguez@salud.madrid.org (L. Rodríguez-Mañas).

Redox Biology 35 (2020) 101513

Available online 20 March 2020
2213-2317/ © 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

54

http://www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101513
https://doi.org/10.1016/j.redox.2020.101513
mailto:leocadio.rodriguez@salud.madrid.org
https://doi.org/10.1016/j.redox.2020.101513
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101513&domain=pdf


second type is environment. Intrinsic capacity is defined as “the com-
posite of all the physical and mental capacities an individual can draw
on” and is the final outcome caused by the joint effect of genetic
background, chronic diseases, lifestyles, changes due to aging and
broader geriatric syndromes.

Thus, in a stable environment, function is mainly determined by
intrinsic capacity. However, intrinsic capacity starts declining at a quite
constant rate (1% per year) as soon as the maturity process is completed
(in human beings, around 20–25 years of age) [11]. When this declining
intrinsic capacity reaches a certain threshold, challenges derived from
the environment are no longer possible to be overcome and disability
appears (Fig.1). Hence, in older people the transition from a robust
state to disability is a long-lasting, continuous process which may take
years [12]. Meanwhile, as intrinsic capacity declines an associated

component also decreases: functional reserve (Fig. 2). Functional re-
serve is essential, among other reasons, to avoid stressors impacting
function and, if impacted, to recover the affected function. Conse-
quently, when intrinsic capacity and functional reserve are under
minimums, the risk for additional disability is very high and the pos-
sibility of recovery is very low. This conceptual framework should in-
clude a stage in the pathway from robustness to disability where the
intrinsic capacity is low, but still above the disability threshold, and the
functional reserve is reduced, but still enough for total or partial
function recovery. This stage in the pathway, characterized by high
susceptibility to low power stressors and high risk for adverse outcomes
(e.g., disability and its associated consequences like hospitalization,
institutionalization, or death) while still maintaining potential for re-
covery, is what it is referred to as frailty [13–15].

Fig. 1. Three different trajectories of intrinsic capacity along the lifetime: Accelerated aging, usual aging, and successful/healthy aging. Trajectories are suitable for
intervention, acting on the rate of decrease in intrinsic capacity.

Fig. 2. Shortening of intrinsic capacity and functional reserve leading to frailty and, if no intervention, to disability and death. As these shortages progress, the
likelihood of reversing functional impairment decreases. When the threshold for disability is crossed, the possibility of restoring robustness is uncertain.

J. Angulo, et al. Redox Biology 35 (2020) 101513
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Prevention or delay of functional status decline, progression to
disability, with its characteristic loss of personal self-sufficiency has
been one of the main classical but also ongoing objectives of geriatric
medicine [6,16–18]. Therefore, in the past decades frailty has received
increasing attention as a window of opportunity to avoid or postpone
disability. Frailty has been examined using two different approaches
[15]. One of them, measuring deficit accumulation generates a frailty
index; the other one is defining a particular phenotype (the frailty
phenotype), which denotes the underlying processes where the effects
of the aging process, subclinical and clinical diseases merge (Fig. 3).
The frailty phenotype also captures the mechanisms shared by the aging
process and certain chronic diseases which affect several organs and
systems. These mechanisms are then phenotypically expressed as
functional deterioration, including frailty [19]. By either approach, the
roads leading to frailty are varied, with different trajectories and rates
[20].

Increasing evidence reports the benefits yielded by exercise and
multimodal interventions on the functional status of older people, in-
cluding frailty. Data clearly support early intervention in the pathway
from robustness to disability in order to maximize potential benefits
[21,22]. This evidence has fostered the assessment of pre-disability
conditions, i.e., when individuals are still independent but their per-
formance (as an indicator of the risk for developing disability) is im-
paired, as it is the case in frailty. Although there are over 50 frailty
assessment tools, for the purpose of this review we will use the Frailty
Phenotype as designed by Fried and colleagues and its three categories.
The Frailty Phenotype evaluates five health- and function-related do-
mains and classifies people into three categories accordingly: Robust (0
domains affected), pre-frail (1–2) and frail (≥3) [13].

This review has four main aims. First, to provide data and describe
the mechanisms involved in frailty which emerge from the aging pro-
cess itself and/or chronic diseases affecting certain organs and systems.
Second, to show how physical activity and exercise hinder some of
those harmful mechanisms, thus improving physical function and de-
laying or reversing frailty. Third, to analyse the individual components
of the physical exercise programs and their best implementation to
abate frailty. And, finally, to analyse current evidence and bases for
designing, implementing, and evaluating a program of physical exercise
for older frail people.

2. Pathophysiology of frailty

Frailty is a clinical syndrome that affects multiple key systems in-
cluding the endocrine, respiratory, and cardiovascular systems as well
as the skeletal muscle. This syndrome often marks the onset of the
process known as “Cycle of Frailty” which leads to sarcopenia and other
multisystemic failures [23] (Fig. 4). Close knowledge on how the aging
process interacts with chronic diseases to impair organic systems
function and bring about frailty is key for designing successful pre-
ventative strategies.

2.1. Skeletal muscle

Evidence clearly establishes an association between frailty and the
structure and function of skeletal muscle. However, although sarco-
penia is one of the key risk factors for frailty syndrome, frailty and
sarcopenia are distinct conditions [24]. In fact, muscle alterations are
detected only in, approximately, 2/3 of frail individuals. This suggests
that the frailty phenotype, albeit influenced by skeletal muscle func-
tion, is a clinical manifestation of a multisystemic functional impair-
ment [25].

Originally conceptualized as the age-related loss of skeletal muscle
mass, the concept of sarcopenia has evolved to stand for the decline of
muscle mass and function among older adults [26]. In addition, the
aging process compromises both muscle structure and function. The
reduction in muscle mass causes an increase in the proportion of
maximal power generating capacity of the remaining muscles per-
forming the activities of daily living. This, let's say, overuse of the re-
maining muscles, leads to an earlier onset of fatigue which, in turn,
hastens the shift from an independent to a dependent lifestyle [27].

Lean muscle mass suffers a considerable decline with age. On
average, it makes up 50% of total body weight in young adults versus
about 25% in 70 to 80 year-olds [28]. This decline, especially that of
the lower limb, impacts mobility status significantly. Further, age-re-
lated muscle mass loss has been associated to a state of “anabolic re-
sistance” where there is an imbalance of muscle protein synthesis and
breakdown processes in response to stimuli, like exercise or nutrition
[29]. In fact, reduced rates of cumulative muscle protein synthesis ac-
companied by blunted mass gains were observed in older adults in re-
sponse to resistance exercise training when compared to young adults
[30,31]. Both cross-sectional and longitudinal studies of older adults of

Fig. 3. The spectrum of intrinsic capacity from the
perspectives of organ and systemic level, and their
clinical manifestations. In the first stages, there
are changes in isolated organs that can still be
reversed and do not impact function due to a high
functional reserve. As the condition progresses,
other organs start to deteriorate, due to the aging
processes or to the accumulation of chronic dis-
eases sharing similar mechanisms of damage. At
this stage frailty status appears: there is still en-
ough functional reserve to maintain functional
autonomy, although some deterioration in per-
formance-based tasks can be observed if carefully
assessed. If the condition continues progressing,
functional reserve is depleted and disability takes
hold, with few chances for recovery.

J. Angulo, et al. Redox Biology 35 (2020) 101513
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both genders place the onset of age-related decline in muscle strength
on the third or fourth decade of life [32–35]. However, longitudinal
studies reveal that muscle mass loss does not fully account for the loss
of muscle strength and physical function in older adults [36,37]. In fact,
muscle strength is lost much more rapidly than the concomitant muscle
mass [38,39]. Thus, muscle strength, the best single measure of age-
related muscle changes, is associated with physical disability in in-
strumental activities of daily living and functional limitation [40].

Additionally, changes in muscle quality (force corrected for size)
also take place during aging [41,42]. Muscle power declines earlier and
faster with age than strength does [43]. And, unfortunately, muscle
power seems to have a stronger association to functional capacity
among frail elderly populations than muscle strength [44].

Other authors have reported that age-related muscle power loss may
be impacted by a reduced number of motor units, with the denervation
of muscle preceding the loss of muscle axons and consecutively motor
unit death [45,46]. As a compensatory mechanism, adjacent healthy
motor neurons (often type I) reinnervate the denervated muscle fibers
(often type II) through terminal axonal sprouting [47]. However, as this
mechanism turns defective as we age, it actually triggers muscle loss by
increasing myocytes apoptotic potential due to the loss of trophic fac-
tors [48]. It has been suggested that age-related changes in the grip and
leg extensor strength are not primarily due to muscle atrophy but are
reflective of declines in the integrity of the nervous system [26]. In-
terestingly, well-trained seniors who had exercised regularly in the
previous 30 years had two advantages over healthy sedentary age-
matched seniors; first, they had retained a greater maximal muscle
force and function and, second, they had preserved muscle fibers size
resulting from fiber rescue by reinnervation [49].

Further, research on satellite cells (SCs) reveals more potential links
between exercise, physical functioning, and muscle health. SCs re-
present a population of muscle stem cells that reside within muscle
tissues in defined niches and promote skeletal muscle repair [50].
Proliferation and differentiation of SCs during muscle regeneration is
profoundly influenced by innervation, vasculature, hormones, nutri-
tion, and the extent of tissue damage [51]. SCs may also play an im-
portant role in muscle maintenance and muscle growth in response to
resistance exercise training [52]. Compared to younger muscle, aged
muscle contains fewer SCs and a higher proportion of them display
impaired proliferative capacity and regenerative potential, which may
explain muscle's failure to regenerate successfully [53] and the inability
to maintain its mass [52]. Fortunately, even though SCs density in type
II muscle fibers and the size of the fibers themselves declined with age,
both magnitudes increased after resistance exercise training for 12
weeks [54]. However, despite reports of a clear correlation between age
and impaired regenerative potential of SCs, conflicting results arising
from animal models [55,56] keep the debate on the contribution of SCs
to sarcopenia alive.

Authors have reported that muscle function alterations not only
contribute to an individual's frailty status, but that reduced muscle
strength, as measured by grip strength, is associated with an increased
risk of mortality [57,58]. Recently, grip strength has revealed as a
strong predictor of cardiovascular mortality and a moderately strong
predictor of incident cardiovascular disease. These findings suggest
muscle strength as a risk factor for incident cardiovascular disease and
as a predictor of overall mortality [59]. In addition, regional muscle
strength was shown as a predictor of medium-term mortality and hos-
pitalization in older men and women [60].

2.2. Respiratory system

Pulmonary function also declines progressively with aging [61] due
to fewer alveoli and capillaries or reduced diffusing capacity and in-
creased residual volumes among other factors [62]. In addition, in-
creased stiffness of chest wall combined with reduced respiratory
muscle strength result in a shrunk forced expiratory volume [62]. These
lung changes may, in turn, further contribute to loss in muscle strength
and power as well as mobility. Further, the reverse has also been sug-
gested, i.e., that the decline in muscle strength may lead to reduced
pulmonary function, low physical performance, and mobility disability
[63]. Although cross-sectional, a study in healthy older adults suggests
that decline in mobility with aging may be due to a drop in both muscle
strength and power and also mediated by decreases in spirometric
pulmonary function [64]. In this sense, by limiting energy supply, les-
sened pulmonary function could result in impaired leg strength, con-
tributing to the development of mobility disability [65]. Nevertheless,
the observed association between mobility disability incidence, loss of
ability to ambulate and pulmonary function in the elderly was rela-
tively independent of respiratory muscle strength and leg strength. This
suggests that physical activity and pulmonary function seem to con-
tribute to the development of mobility disability through mechanisms
other than the already known effects on muscle strength [66].

Findings regarding how frailty and exercise capacity were related to
pulmonary function in community-dwelling disabled older women
support the significance of respiratory function in physical perfor-
mance. Further, the beneficial effects of pulmonary function on exercise
capacity were only significant in the absence of frailty [67]. Along these
lines, we may expect pulmonary/respiratory diseases to precipitate
frailty and mobility disability. Supporting this idea, a higher frailty
index was observed in a large sample of patients with chronic ob-
structive pulmonary disease (COPD) [68]. And indeed, a recent meta-
analysis of observational studies concluded that older participants with
COPD had a two-fold increased risk for frailty [69]. COPD patients
exhibited lower physical function [70] and the risk for frailty with
mobility disability increased in COPD patients as the disease grew in

Fig. 4. Aging together with increase in oxidative damage and chronic in-
flammation represent three interrelated age-dependent processes that provide a
background prone to organic systems dysfunction and age-related chronic
diseases. The interaction between age-related chronic diseases, aging process,
oxidative stress, and inflammation may lead to multisystem dysfunction and
frailty phenotype in the elderly.
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severity [71]. In fact, COPD was revealed as a main risk factor for frailty
in a large sample of middle-aged and older subjects [72].

Finally, frailty has been reported as an independent predictor of all-
cause mortality in patients with interstitial lung disease referred for
lung transplantation [73] as well as associated with incident and
longer-duration hospitalization and poor quality of life in COPD pa-
tients [74]. In fact, it has been proposed that frailty is an independent
risk factor for the development and progression of COPD and, in turn,
evidence supports that COPD can lead to frailty [75]. In fact, long-
itudinal studies have reported that the association between frailty and
COPD is, indeed, bidirectional [76].

2.3. Cardiovascular system

The incidence and severity of subclinical and clinical manifestations
of cardiovascular diseases (CVD) increase steeply with advanced age
[77,78] even in the absence of traditional risk factors [79]. That is, even
after accounting for the higher prevalence of cardiovascular risk factors
in older people, the aging process, by its own nature, independently
worsens cardiovascular health [80]. The impact of the passing of time
on structure and function of the cardiovascular system leads not only to
cardiovascular events and strokes, but also to frailty, functional decline,
and cognitive impairment [81]. Aging-related alterations involve the
endothelium, vascular smooth muscle cells, as well as the extracellular
matrix of vessel wall [82,83]. Intima-media thickening (IMT), increased
arterial stiffness, and dilation of central elastic arteries are key aspects
of age-associated changes in vasculature resulting in reduced ability to
expand and contract in response to pressure variations [84]. Further,
reduced thigh muscle cross-sectional area as an indicator of sarcopenia
was associated with increased carotid IMT and pulse wave velocity
(PWV) as a measure of arterial stiffness in middle-aged to elderly men.
Conversely, thigh skeletal muscle cross-sectional area was reported as
an independent determinant of PWV, suggesting that sarcopenia and
atherosclerosis may interact with each other [85].

As it is known, increased arterial stiffness is related to advanced age
[86]. And, it has been proposed to contribute to the association be-
tween sarcopenia and cognitive impairment [87]. Furthermore, cross-
sectional studies in community-dwelling older adults confirmed that
frailty was associated with arterial stiffness [88,89]. Based on data from
a sample of patients in a Chinese Hospital, frailty was also shown to be
associated with increased carotid IMT as well as with arterial stiffness
measured as cardio-ankle vascular index (CAVI). Likewise, CAVI was
higher in the frail group than in the pre-frail or robust groups and was
inversely correlated with grip strength and walking speed [90].

Arterial stiffness is linked to endothelial dysfunction as suggested by
the impairment of endothelial vasodilation that always precedes ar-
terial stiffness [91]. Endothelial dysfunction, manifested by a reduction
of the endothelium-dependent vasodilation, is associated with the aging
process in both the micro- and the macrovasculature of animal models
[92] and humans [82,93,94]. Endothelial dysfunction plays a key role
in the onset and persistence of atherosclerosis, and as an independent
predictor of cardiovascular events [95]. Endothelial function is related
to physical performance as indicated by the significant relationship
between brachial artery flow-mediated dilation (FMD) and physical
function in elderly men [96]. Indeed, the impairment of endothelial
vasodilation induced by insulin in older adults relates to the defective
anabolism of muscle proteins driven by this hormone in skeletal muscle
[97]. In addition, the levels of asymmetric dimethylarginine (ADMA), a
marker of endothelial dysfunction, increase the risk of frailty in older
adults free of atherosclerotic disease [98]. Moreover, frailty was asso-
ciated with worse endothelial function and mortality in patients with
chronic kidney disease [99].

Along similar lines, the role of vascular health in motor function is
supported by longitudinal studies results reporting associations be-
tween elevated cardiovascular risk in early midlife and poor motor
function later in life [100]. In addition, carotid IMT at baseline was

associated with lower isometric handgrip strength at follow-up in older
men [101]. Also, cardiovascular risk scores at baseline in a cohort of
CVD-free 45-69 year-olds were associated with future risk of incident
frailty by the10-year follow-up [102]. A recent study in 392 older
participants reported that those with CVD were more likely to experi-
ence a rapid functional decline than their CVD-free counterparts [103].

Thus, poor cardiovascular function in the elderly likely contributes
to the onset of frailty but the relationship between CVD and frailty is
likely bidirectional [104] as frailty is an adverse prognostic factor in
cardiac patients [105]. Frailty and pre-frailty were associated cross-
sectionally with higher risk of CVD and longitudinal studies concluded
that pre-frailty and frailty increased the risk for incident CVD in 23%
and 70%, respectively [106]. In fact, data from 2,825 participants aged
70–79 and residing in the USA showed that moderate and severe frailty
were associated with increased incidence of heart failure [107]. And,
similarly, pre-frailty and frailty were associated with higher risk of CVD
in Italian older people who enjoyed no limitations in activities of daily
living [108]. Finally, frailty increased the risk for CVD development
independently from early atherosclerosis markers [106]. Among spe-
cific frailty domains, exhaustion, low physical activity, slow gait speed,
and weak grip strength have been associated with increased risk for
incident CVD [109–111]. Recent work concludes that frailty and CVD
share main risk factors as well as oxidative stress and inflammatory
background [105,112,113]. Thus, physical exercise represents an effi-
cacious strategy for improving both conditions [114]. This supports the
stance that both conditions are bidirectionally related as they both also
uniquely contribute to unsuccessful aging, while not eliminating the
possibility of being separate manifestations of an underlying common
physiological pathology.

2.4. Endocrine system/metabolic diseases

Sex hormones decline progressively with age among healthy, non-
obese men starting in their 30s whereas the sex hormone binding glo-
bulin (SHBG) increases during their 50s and beyond [115]. The com-
bination of these two changes leads to a steep decrease in free testos-
terone levels in aging men [116–118]. Decline in androgen levels has
been postulated as a potential mechanism contributing to frailty. In
Spanish men aged ≥65 years, lower free and total testosterone serum
levels were associated with frailty [119] supporting previous findings
[120–122]. A significant increase in the risk for frailty was detected in
men with SHBG serum concentrations ≥66 nmol/L or with free tes-
tosterone levels< 243 pmol/L [123]. Moreover, prospective studies
have shown that low levels of testosterone predict frailty onset or
progression in men [120,122]. Although scarce, a handful of studies
have also analysed the association of testosterone and frailty in women.
In women aged 70–79 years of age, two or three deficiencies in hor-
monal levels of insulin-like growth factor 1 (IGF-1), free testosterone, or
dihydroepiandrosterone sulphate (DHEAS) greatly increased the like-
lihood of being frail [124]. Older women presenting 4 or more Fried’s
criteria for frailty displayed very low levels of free testosterone, al-
though this association appeared confined to obese women [119]. De-
spite the clear relationship between low androgen levels and frailty,
data provided by testosterone supplementation studies in older adults
are not consistent. A recent review concluded that whereas testosterone
modestly improves lean muscle mass in older men regardless of frailty
status, the hormone's effect on physical function is weak [125]. How-
ever, more recent findings suggest that testosterone supplementation
may facilitate the molecular changes produced by exercise in skeletal
muscle so as to actually enhance resistance training's benefit on phy-
sical function [126].

Diabetes mellitus (DM), predominantly type 2 diabetes, is one of the
most prevalent chronic diseases in older adults [127]. There is a clear
relationship between diabetes and frailty [128] and the relationship
seems to be bidirectional [129]. In fact, frailty and sarcopenia are
emerging as new complications leading to disability in addition to
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traditional micro and macrovascular diseases [130]. In a cross-sectional
study conducted in primary health care settings, older adults (65–74
years) with diabetes were more likely to perform poorly in physical
tasks than their DM-free peers [131]. Longitudinal studies have re-
ported that DM increases the risk for frailty in older adults (60 years or
more) [132]. Multivariate analyses carried out in older diabetic parti-
cipant data concluded that physical frailty was independently asso-
ciated with a higher disability and mortality, suggesting that frailty in
this population is an unfavorable and important prognostic factor
[133,134]. The co-ocurrance of diabetes and frailty in older people is
not surprising since these two age-related conditions share common
underlying pathophysiological mechanisms. These mechanisms involve
imbalances in endocrine, neurohormonal, vascular, and muscular
function among others. The conditions also share key risk factors in-
cluding impaired insulin resistance, glucose dysregulation, physical
inactivity, and obesity [19].

In addition to the associated comorbidities, diabetes directly im-
pacts skeletal muscle thus contributing to mobility reduction in older
individuals [28]. The association of diabetes with low gait speed is
potentially mediated by impaired muscle function [135]. In fact, loss of
muscle mass and/or strength is greater in long-lasting diabetes or
higher HbA1C, and the loss is attenuated by insulin sensitizers
[28,136,137]. Muscle strength measured via handgrip test was in-
versely associated with fasting glucose, HbA1c, fasting insulin as well as
with insulin resistance as determined by homeostasis model assessment
of insulin resistance (HOMA) score [138]. Longitudinal study results
concluded that older patients with diabetes and HbA1C level ≥8.5%
had a higher risk of low muscle quality and performance status than
control non-diabetic peers [139].

In addition to diabetes, other related metabolic alterations have
been proposed to have influence on physical function in the elderly. For
instance, metabolic syndrome [140] has been linked to an increased
risk of frailty [141–143], but not in all studies [144]. On the other
hand, among adults over 50, frail ones were more likely to have me-
tabolic syndrome than the non-frail [145]. In a USA population, me-
tabolic syndrome was correlated with frailty index in younger (≤65)
and older subjects (> 65), although the association was weaker in the
latter. Frailty, but not metabolic syndrome, predicted mortality in both
age groups [146], suggesting that the previously reported association of
metabolic syndrome with mortality may have been influenced by the
failure to adjust for frailty.

Insulin resistance seems to play a key role in the pathophysiological
process underlying functional impairment related to diabetes in the
elderly, even before the onset of diabetes. Supporting this, an inverse
association was detected between quadriceps strength and insulin re-
sistance in non-diabetic individuals 70 years and over [147]. Low in-
sulin sensitivity has been associated with low lean muscle mass [148].
In fact, a positive association between HOMA-IR level and frailty in
elderly adults has been recently reported whereas this association failed
to reach significance in middle-aged participants. In this study, among
the frailty components, weakness, exhaustion, and low physical activity
were related to insulin resistance [149].

The direct impact of insulin resistance on skeletal muscle could
explain the deterioration of physical function related to this condition
[150]. In fact, altered muscle fiber type content and an increased ac-
cumulation of intramyocellular lipid droplets have been observed in
muscle biopsies from older subjects with metabolic syndrome [151]. In
this sense, non-diabetic insulin resistance exarcebates the decline in
protein anabolic response in older adults and the decline only worsens
in the presence of diabetes when glucose metabolism is further im-
paired [152].

Diabetes impacts vascular function in older adults. This is supported
by the fact that heat-induced skin vasodilation was further impaired in
the presence of type 2 diabetes in older subjects compared to their non-
diabetic and younger counterparts [153], suggesting that, the impact of
diabetes and aging on vascular function may be additive. Thus,

evidence from epidemiological and functional studies strongly suggests
that the co-presence of older age and diabetes increases vascular im-
pairment to a greater extent than either condition separately. Although
the underlying mechanisms are not fully understood, inflammation has
been pointed out as a key factor in the exacerbated vascular damage
produced when older age and diabetes coexist [154].

Additionally, diabetes and insulin resistance may interfere with
other systemic functions that influence the risk of frailty. Hormonal
alterations may represent one of them. In this sense, reduced plasma
levels of free and total testosterone have been observed in men with
type 2 diabetes and the prevalence of testosterone deficiency syndrome
in type 2 diabetic patients is estimated at around one third [155–159].
The hormonal impact of diabetes was suggested to be sex specific since
lower levels of testosterone were confirmed in diabetic men but not
women [160]. Interestingly, low testosterone levels are associated with
insulin resistance in both diabetic and non-diabetic men [161–163]. In
contrast, insulin resistance is associated with increased levels of tes-
tosterone in women [161,164]. However, in both men and women,
circulating sex hormone binding globulin (SHBG) is reduced in the
presence of diabetes, inversely related to insulin resistance and predicts
glucose intolerance [160,162,164,165].

3. Age-Related signaling pathways involved in physical
dysfunction and frailty and its modulation by physical exercise/
activty

Physical activity is known to preserve or improve the function of
multiple key systems affected by age, including the endocrine, re-
spiratory, and cardiovascular systems as well as skeletal muscle.
Understanding the pathways through which exercise impacts physical
function is important as it might facilitate the development of new
therapeutic strategies to improve performance in the aged population
and to prevent and reverse frailty. Below we discuss the most common
age-related signaling pathways involved in physical dysfunction and
how they are modulated by exercise (Fig. 5).

3.1. Oxidative stress

The impact of oxidative stress on the functioning of different sys-
tems, tissues, and organs has been suggested as the main underlying
link between aging and its associated chronic diseases and frailty [166].
In fact, both frailty and age-related chronic diseases were related to a
common underlying oxidative damage [19].

Oxidative stress results from the imbalance between pro and anti-
oxidant species. It is widely accepted that adequate efficiency of anti-
oxidant response is compromised during aging [166]. The stimulation
of transcription factor nuclear erythroid-2 like factor-2 (Nrf2)/anti-
oxidant response element (ARE) pathway seems to play a prominent
role in response to oxidative insult in order to induce antioxidant de-
fense. Studies in rodents demonstrated that aging is associated with
decreased expression of Nrf2 in skeletal muscle which is related to
frailty phenotype in these animals [167]. In fact, Nrf2 deficiency ex-
acerbates age-related unfavorable outcomes regarding loss of muscle
mass and physical function together with increased oxidative stress and
mitochondrial dysfunction [167–169]. Based on this evidence, it has
been postulated that the defect in the Nrf2-mediated signaling during
aging contributes to manifestation of chronic age-related diseases in-
cluding frailty [19]. The observed association between frailty pheno-
type, reduced systemic mRNA expression of Nrf2, and three of its target
genes (heme oxygenase-2, thioredoxin reductase-1 and superoxide
dismutase-2) in community-dwelling older adults supports this hy-
pothesis [170].

Despite their well-known deleterious role, ROS are key mediators in
exercising muscle exerting an adaptive response that involves tran-
scription of redox-sensitive factors which, in turn, promote the increase
in cytoprotective proteins such as catalase, superoxide dismutases, and
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heat shock proteins that prevent oxidative damage. This response to
ROS generation is severely diminished in aged muscle [171].

Although previous studies failed to demonstrate a reduction of
oxidative stress with exercise in the elderly [172] despite improvement
in their overall health condition [173], anti-oxidative effects of exercise
training are widely accepted. But not all types of exercise produce the
same effects. Single bouts of exercise exceeding certain intensity and
duration have been shown to transiently increase ROS from the mi-
tochondria and other oxidases which may actually harm the cell [174].
In contrast, chronic exercise showed benefits by attenuating age-related
oxidative stress in different organs including skeletal muscle [175], and
arteries [176] in animal models. Furthermore, muscle biopsies from
lifelong trained older subjects showed decreased oxidative stress and
increased catalase expression when compared to the untrained group
[174]. In fact, increased antioxidant status has been closely related to
age-associated skeletal muscle changes improvement [177].

Compared to a sedentary group, trained elderly presented lower
plasmatic concentrations of oxidized LDL (marker of oxidative stress)
and decreased expression of genes involved in oxidant production
evaluated in peripheral blood mononuclear cells [178]. A recent study
observed how 12-week exercise training produced a reduction in plas-
matic levels of protein carbonylation in older subjects with COPD.
Moreover, protein carbonylation was associated with variations in
muscle size and pennation angle as well as with exercise-induced
structural and functional adaptations [179]. Furthermore, Mota and
collaborators reported the effectiveness of a combined exercise program
in reducing oxidative stress including DNA damage and increased an-
tioxidant capacity in women over 40, regardless of age, suggesting that
physical exercise may help mitigate the aging processes associated with
oxidative stress [180]. Supporting this work, Cobley and colleagues
reported an attenuation of age-related macromolecules damage and an
increase in HSP72 and catalase in muscle biopsies from lifelong trained
individuals [177].

An increase in Nrf2 produced by exercise in the aged was proposed
as one of the different mechanisms by which healthy lifestyle and
dietary habits mediate the increase in longevity [23]. For instance, Nrf2
is proposed to be necessary for redox adaptations to exercise [181] and
as one of mediators of physical activity-promoted protection against
ROS-induced skeletal muscle damage [182]. Studies with knockout

mice for Nrf2 supported the role of this factor in mediating exercise-
induced antioxidant and functional actions in skeletal muscle
[183,184].

Nrf2 activation in response to exercise is not limited to skeletal
muscle level but also it occurs at the systemic level. In fact, exercise-
induced Nrf2-signaling in blood mononuclear cells has been demon-
strated to be impaired in older men [185]. Exercise also induces acti-
vation of Nrf2 in the cardiovascular system [186]. This is important
since Nrf2 down-regulation seems to be related to age-related vascular
dysfunction that improves after Nrf2 activation [187].

3.2. Inflammation

Low-grade chronic inflammation is one of the traits of the aging
process. Substantial evidence shows that aging is characterized by a
general increase in circulating levels and cell capability to produce pro-
inflammatory cytokines (e.g. interleukin IL-6, tumor necrosis factor
alpha (TNF-α), and C-reactive protein (CRP)). An increase in nuclear
factor κB (NF-κB) signaling and a reduction in anti-inflammatory cy-
tokines (e.g. interlukin 10, adiponectin, transforming growth factor- β)
may also characterize the aging process [188,189]. Chronic in-
flammation, in turn, plays a role in the development of age-related
diseases [112]. Moreover, elevated levels of pro-inflammatory cyto-
kines correlate with increased risk of morbidity and mortality among
the elderly, whether frail or not [23]. It is worth noting that several
processes trigger these inflammatory pathways, including age-asso-
ciated redox balance, senescence, and impaired autophagy [190].

Substantial evidence supports the relationship between chronic in-
flammation and physical performance in elderly subjects. Elevated le-
vels of different cytokines such as IL-6, TNF-α and CRP as well as white
blood cells (WBC) increase have been associated with poor function and
mobility status [191,192]. A recent population-based cross-sectional
study found an inverse and independent relationship between serum
CRP levels in old males and handgrip strength and physical perfor-
mance [193]. Likewise, abundant studies point to the association be-
tween IL-6 and frailty [194].

Again, how older people exercise matters. Acute bouts of exercise
induce an inflammatory response which elevate pro-inflammatory cy-
tokine levels which cause transient damage to contracting skeletal

Fig. 5. Aging process is associated with increased
reactive oxygen species (ROS) and inflammation
resulting in muscle dysfunction. Decreased levels
of insulin-like growth factor (IGF-1) are related to
aging with the subsequent diminished protein
synthesis and muscle growth via phosphatidyli-
nositol-3-kinase (PI3K)/AKT/mammalian target
of rapamycin (mTOR) pathway. Exercise may
exert potent anti-inflammatory and anti-oxidative
stress (i.e., through nuclear erythroid-2 like
factor-2 (Nrf-2) activation) effects and conse-
quently improve muscle function. In addition,
exercise increases protein synthesis via activation
of IGF-1 pathway and target myokines reducing
protein degradation. An increased signaling of the
transcription factor peroxisome proliferator-acti-
vated receptor γ coactivator-1α (PGC-1α) is also
induced by exercise, improving mitochondrial
function and reducing inflammation mediated by
nuclear factor κB (NF-κB).
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muscles [195]. Regular exercise, however, decreases the IL-6 and CRP
levels according to a recent meta-analysis [196]. Additionally, in-
creased levels of physical activity were also associated with higher le-
vels of the anti-inflammatory mediators adiponectin and interleukin 10
(IL10) in addition to the reduction of pro-inflammatory cytokines
[195].

Reduction in the expression of toll-like-receptor (TLR) on monocytes
is one of the potential mechanisms through which physical activity
brings about anti-inflammatory effects. Stewart and colleagues (2005)
found that 10–12 weeks of moderate exercise lowered TLR4 expression
and pro-inflammatory biomarkers in previously sedentary older parti-
cipants to levels similar to those observed in young individuals [197].
This evidence suggests that inflammation in older subjects is reversible
and, with the right intervention, it may be preventable [198].

It is worth noting that the effect of physical activity on in-
flammatory response varies by type, intensity, and frequency of the
exercise as well as on participant's characteristics [195]. Resistance
exercise appears to decrease TNF-α expression in aged skeletal muscle
which, in turn, may attenuate age-associated muscle changes [174].
Furthermore, older diabetic patients saw a reduction in their CRP
concentrations and an increase in adiponectin levels after 16 weeks of
resistance training [199]. A recent study has provided evidence that
aerobic exercise is more appropriate in modulating the immune system
and inflammatory markers among the elderly population than re-
sistance exercise [200]. Whereas there is overwhelming evidence
pointing to the anti-inflammatory effect that exercise has on older
people through its influence on cytokine levels, some studies have
failed to reach such favourable conclusion [201]. In neither frail nor
prefrail older adults did prolonged progressive resistance exercise
training affect IL-6, IL-8 and TNF-α circulating levels. Moreover, the
higher the levels of these markers the lower the strength gains were
during resistance exercise intervention [202].

It has been proposed that age-related inflammation of adipose tissue
is a key factor in skeletal muscle inflammation and muscle dysfunction
[203]. As aforementioned, insulin resistance is a condition associated
with physical impairment in the elderly. In fact, the relationship be-
tween insulin resistance and frailty could be mediated by inflammatory
processes as inflammation downregulates IGF-1 which affects muscular
regeneration [113]. In addition, inflammation causes insulin resistance
via the TNF receptor superfamily member 1A and the TLR-induced
activation of Janus kinase which, in turn, interferes with insulin sig-
naling. Concurrently, insulin resistance causes inflammation via central
obesity (adipocytes release the C-C motif chemokine 2 (CCL2)) and via
M1 macrophages tissue accumulation [113,204].

3.3. Autophagy

Autophagy is one of the multiple pathways by which cellular con-
tent is degraded. Autophagy plays a key role in maintaining skeletal
muscle homeostasis through the removal of damaged cell components
[205] Thus, autophagy-deficient mice mimic several age-related char-
acteristics including loss of muscle mass and quality [206] suggesting
the main role of this process is protecting against aged-related cellular
impairment. Evidence suggests that aging alters the autophagy process
present in skeletal muscle, thus, contributing to sarcopenia [207].
There are two main markers of this important process. One, lipidated
microtubule-associated protein 1 light chain 3 (LC3) II is often used as a
marker of the number of autophagosomes; and two, elevated LC3 II/
LC3I protein ratio in combination with decreased cargo protein Se-
questosome-1 (p62) levels may indicate increased autophagy [205]. An
increase, decrease, and non-change in LC3II/LC3I protein ratio have
been observed in aged skeletal muscle of various species [208]. Re-
cently, Aas and collaborators observed higher levels of LC3II, which
may indicate increased levels of phagosomes, in older participants,
across frailty status, compared to young participants, suggesting an age-
related process. On the other hand, they found higher levels of LC3I,

which may represent an attenuated phagosome formation, in frail old
compared to young individuals. Furthermore, LC3I negatively corre-
lated with specific strength. The correlations observed between specific
strength and some markers of autophagy indicates a possible link be-
tween these two factors [206].

Exercise impacts on the autophagy implicated in skeletal muscle
aging. Park and colleagues showed that activating autophagy through
physical activity increases muscle functioning and improves the sar-
copenic phenotype [209]. This could be related with the fact that in-
duction of chronic contractile activities in skeletal muscle cells recovers
LC3II levels and autophagy deficiency through decreasing oxidative
stress, resulting in improvement of mitochondrial function [210]. In
this sense, long term (34 weeks) voluntary resistance wheel exercise
initiated in middle-aged mice (15 month-olds) has been shown to in-
crease markers of mitochondrial density and activity and to increase
LC3II/I ratios. This was related to causing soleus hypertrophy and to
preventing sarcopenia in the hindlimb muscles of physically active aged
mice when compared to sedentary controls [211]. Meanwhile, in
human skeletal muscle, Dethlefsen and collaborators showed that age
and training status only modestly affected autophagic and apoptotic
markers. In this sense, a trend of higher LC3I, and LC3II levels were
observed in both trained and untrained elderly men [208]. Never-
theless, endurance exercise training has been shown to increase the
LC3II/LC3I ratio in skeletal muscle of aged rats [212] while lifelong
endurance exercise training seems to prevent the ratio's age-related
change in triceps muscle [213] and in humans' vastus lateralis [214].
These findings suggest that autophagy regulation is part of the meta-
bolic adaptation to exercise training.

In addition to chronic exercise, acute exercise also activates au-
tophagy and increases insulin sensitivity in skeletal muscle of older
mice [215]. However, recent studies indicate that exercise-activated
autophagy in skeletal muscle may depend on its intensity and duration
[209]. Therefore, evidence relating autophagy and exercise is incon-
sistent and requires further study.

3.4. Mitochondrial dysfunction

Mitochondrial dysfunction, including alterations in proteostasis,
biogenesis, dynamics, and mitophagy, is a key characteristic of aging
[216]. In fact, impaired mitochondrial function and biogenesis, when
observed in aged skeletal muscle, contributes to sarcopenia, poor
physical performance, and chronic fatigue [217,218]. Not surprisingly,
mitochondrial dysfunction seems to be a determinant factor in the as-
sociation of frailty with other age-related diseases [219]. Probably due
to the dysfunction's association to the highly prevalent age-related se-
dentarism which, in turn, is closely related to frailty and poor physical
performance [220].

Mitochondria are not only a source of, but also a target of, oxidative
stress resulting in mitochondrial dysfunction; thus, leading to a vicious
cycle. Recent work identified alleles in mitochondrial DNA associated
with unfavorable frailty and grip strength outcomes supporting the
clinical relevance of mitochondrial DNA alterations [23].

Skeletal muscles activate different redox-sensitive pathways as an
adaptive response to oxidative stress generated during contractile ac-
tivity. In this activity, NF-κB, MAPK, and the peroxisome proliferator-
activated receptor γ coactivator-1α (PGC-1α), seem to be the most re-
levant to exercise physiology. PGC-1α is considered the master reg-
ulator of mitochondrial integrity, function, and biogenesis. Reduced
PGC-1α in addition to an age-related lack of response mediated by this
factor has been previously reported [19,221]. In addition, and if we
take into account the implication of defective PGC-1α signaling in
sarcopenia and age-related skeletal muscle alterations, PGC-1α has the
potential of being a significant factor in the evolution of frailty phe-
notype [19].

Moreira and colleagues reviewed several studies reporting that
chronic endurance exercise, regardless of time and intensity, induces
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PGC-1α gene expression in the skeletal muscle in animal and older
human models [222]. Halling and collaborators provided evidence
using mice that physical activity protects against age-related mi-
tochondrial fragmentation in skeletal muscle by curbing mitochondrial
fission protein expression in a PGC-1α dependent manner [213]. These
findings support the important contribution of PGC-1α to the beneficial
effects of exercise training at advanced age by maintaining mitochon-
drial metabolic and antioxidant capacity [223].

As discussed above, Nrf2 activation is key for adaptive antioxidant
defense in response to exercise. In addition to its effects on oxidative
damage, exercise-induced Nrf2 activation may exert beneficial effects
on muscle performance by improving mitochondrial biogenesis and
function [167–169,224].

On the other hand, central to the maintenance of a healthy mi-
tochondrial pool is the removal of dysfunctional organelles via mito-
phagy. Despite scarce data on how mitophagy is impacted by growing
older and chronic exercise [225], mitophagy dysregulation has been
denoted as a major pathogenic mechanism in muscle wasting [226]. In
fact, reduced protein levels of LC3 II and Atg7 have been detected in
muscle biopsies of older individuals [227]. Therefore, exercise-induced
mitophagy might benefit aged muscle by preventing the accumulation
of damaged mitochondria. Supporting this, 6-month weight loss in
combination with a moderate intensity exercise program was reported
to increase mRNA expression of LC3II, Atg, and lysosome-associated
membrane protein 2 (LAMP-2) in the vastus lateralis of elderly over-
weight women [228]. Furthermore, lifelong exercise may preserve the
expression of LC3II and Atg at the same levels as those observed in
young controls [228].

3.5. IGF1/mTOR

As we age, insulin/IGF-1 signaling is impaired, mainly due to insulin
resistance and lowered IGF-1 levels, with the subsequent diminished
protein synthesis and muscle growth via phosphatidylinositol-3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway [23].
Previous work has reported an association between IGF-1 and frailty.
Doi and colleagues concluded that lower serum IGF-1 levels were in-
dependently related to frailty in older adults [229]. Further, IGF-1 le-
vels were lower in individuals with frail/low relative appendicular
skeletal muscle mass (RASM) compared to their frail/normal RASM
peers. IGF-1 levels were significantly associated with frail/low RASM
status for the overall cohort [230].

Insulin-like growth factor cell signaling pathway, involving PI3K,
AKT and mTOR, is crucial for post-exercise protein synthesis increase
[221]. mTOR is one of the major pathways modulated by exercise, al-
though different data indicated that the outcome varies depending on
the type of training [231]. For instance, strength training activates IGF-
1 and the mTOR pathway is stimulated resulting in muscle protein
synthesis through mRNA translation and ribosomal biogenesis. The
impact of aerobic exercise varies by age, however. In young animals,
with a lower cell energy state, AMPK is activated, mTOR is inhibited,
and PGC-1α is activated leading to mitochondrial biogenesis [232].
Among old animals, mitochondrial biogenesis activation by aerobic
exercise is somehow inhibited [221].

In addition, studies involving resistance type of exercise have
usually reported a weaker anabolic protein response in older in-
dividuals when compared to younger ones as a consequence of
mTORC1 signalling pathway dysregulation. This may be indicative of
the presence of higher levels of cellular stress markers in older in-
dividuals which, in turn, may impact the post-exercise remodeling re-
sponses [221].

It is worth underscoring that regular exercise augments skeletal
muscle mass by increasing glucose levels. Higher glucose levels boost
insulin action resulting in improved insulin resistance [233]. Further-
more, a recent study reported that a 12-week combined anaerobic and
aerobic exercise program may improve insulin resistance, IGF-1,

growth hormone (GH), and DHEA-S levels in elderly Korean women
[234].

3.6. Myokines

Myokines are molecules, cytokines or signaling peptides (e.g., IL-6,
IGF-1, irisin, myostatin, IL-15, fibroblast growth factor 21) expressed,
synthesized, and released by skeletal myocytes in response to muscle
contractions with pluripotent effects [235]. The expression of some of
these myokines may vary with age in rodents and humans. Some such
as apelin [236] may decline, some may remain unchanged such as
myostatin, and still others may increase such as GDF-11 (a member of
transforming growth factor TGF-β signaling pathway) [237].

Moreover, myokines seem to affect multiple processes associated
with physical frailty, including muscle wasting, dynapenia, and slow-
ness [238].

A recent review has reported that the benefits of exercise include
estimulating a healthy anti-inflammatory environment, mainly via the
release of muscle-derived myokines, and reducing age-related loss of
muscle mass and function [239]. In humans, an increase in systemic
concentration of decorin has been reported after acute and chronic
exercise [240]. This myokine seems to play a role in inactivating
myostatin, a known negative regulator of muscle mass, resulting in
decreased muscle protein degradation [241]. The level of circulating
irisin increased and presented a positive correlation with both grip and
leg strength after an exercise program [242]. Apelin is another exercise-
induced myokine reported to be involved in neutralizing age-associated
muscle wasting [236]. Muscle wasting is offset by inducing mitochon-
driogenesis, fostering muscle's regenerative capacity, and mitigating
muscle-related inflammation [237].

It is worth mentioning that myokines are likely to play an important
role in whole body homeostasis. Thus, the shifts in their production/
synthesis/downstream signaling may play a role in the onset of certain
metabolic, cardiovascular, and kidney diseases among others [238].

This multisystemic effect, also attributable to the other mentioned
signaling pathways, may contribute to the positive impact of physical
activity on frailty, especially taking into account that this frailty results
from a multisystemic dysfunction (Fig. 6).

4. Exercise training interventions

Several types of exercise programs have been described [243].
Every kind of intervention has its own characteristics and expected
effects on skeletal muscle and function, as well as on other body sys-
tems.

4.1. Physical exercise

Physical activity is defined as any body movement produced by the
skeletal system that increases energy expenditure. Physical exercise is
physical activity carried out with a structured frequency and whose
objective is to maintain or improve some component of an individual's
physical fitness (muscular strength, flexibility, balance or cardiovas-
cular endurance) [243]. Specificity is the fundamental principle of
physical exercise. Hence, in order to generate muscular, cardior-
espiratory, and central system adaptations, an exercise program that
works on all these components should be proposed. When several
adaptations are needed, as in the case of frail/prefrail people, multi-
component exercise programs have been proposed as the most effective
option [244,245].

The effectiveness of all these programs has been largely established
(Table 1), although the ideal composition of the physical exercise
program remains elusive [255]. Exercise training must be prescribed as
a treatment for age-related frailty [256] and, like any treatment, must
be adjusted to the right dose. Physical exercise prescribers must in-
crease (or decrease) the dose based on individual progress. Prescribers
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should combine the main variables in training (duration, type, intensity
and frequency) until they find the optimal dose for each individual. The
goal should be to establish an evidence-based and feasible exercise
protocol to be implemented in the clinic.

4.2. Aerobic exercise

Aerobic capacity, i.e., the heart and lungs ability to oxygenate
muscles, has been strongly associated with mortality, CVD, mobility
limitations, and disability [58]. Aerobic capacity is usually measured
via VO2 maximum or peak. After the third decade of age, this capacity
progressively declines, decreasing the ability to perform activities of
daily living (ADLs). One of the most notable effects of endurance
training is on increasing VO2 peak, an important determinant of frailty
in older adults [257]. Moreover, as the muscle adapts to endurance
exercise training, its oxidative capacity increases resulting in higher
fatigue resistance or increased muscle endurance [246].

Several ways of assessing cardiopulmonary condition are currently
available. Based on exercise gas exchange variables, cardiopulmonary
exercise testing (CPET) is the best evaluation tool for determining ex-
ercise intolerance, or dyspnea on exercise, and estimating the cardior-
espiratory fitness. Despite being limited by the setting and by the ex-
pensive equipment required, CPET is most commonly used for disease
management such as heart failure and pulmonary hypertension.
Further, it has potential diagnostic utility for older adults with decline
in exercise levels [258].

Two of the conventional submaximal exercise tests commonly used
in elderly as a measure of walking speed and mobility performance are
the 6-min walking test and the 400 m walking test. These tests only
require a long corridor (≥30 m recommended) and a stopwatch.
Additionally, the placement of chairs along the corridor and having a
trained professional walk closely behind the patient are suggested. In
addition, the 400 m test has been shown as a prognostic factor and a
predictor for CVD, mobility limitation, and mobility disability in older
persons reporting no walking difficulties [58]. Additional, valid mea-
sures of health outcomes using shorter distances have been established.
A well-validated protocol entails a 4 m course from a standing start
[259]. A gait speed of at least 1.4 m/s indicates patients are likely to be
able to perform their ADLs independently, whereas a gait speed of<
0.8 m/s suggests patients are likely to be frail, to be at increased risk of

falls, and to be dependent regarding their ADLs and their Instrumental
Activities of Daily Living (IADLs) [260].

Guidelines from the American College of Sports Medicine and the
American Heart Association for older adults recommend a minimum of
150 min per week of moderate intensity aerobic training (30 min on
five out of seven days per week) or a minimum of 60 min (20 min on
three days per week) of vigorous activity [261]. Although frail in-
dividuals may not be able to meet this recommendation, modest in-
creases in activity and strenghtening exercise could impact positively in
the progression of functional improvement [246,262].

Many activities have been proposed for increasing aerobic capacity
such as brisk walking, jogging, water aerobics, swimming, dancing, or
bicycle riding. In addition to these classical approaches, a recent paper
has shown benefits after implementing a High Interval Intensity
Training- HIIT program [252]. Among them, walking is the easiest,
cheapest, most feasible, most relevant to ADLs, and the easiest to be
assessed in the clinic. Although there are different approaches ac-
cording to the functional status of the person [253,263,264] there are
not standardized and generally accepted rules about the prescription of
aerobic exercise to frail people.

4.3. Strength exercise

Muscle strength is the force or tension that a muscle or muscle group
generates [265]. The extent of muscle strength loss with age, inactivity,
injury, and immobilization depends on impaired neuromuscular acti-
vation and reduced muscle volumen [266]. Strength workout seems to
be the key element in preventing sarcopenia and falls, while keeping
functional capacity [249,267], also in older people [246].

There are some well-validated techniques to measure muscle
strength. Handgrip strength (on dominant arm) is the most common,
and it is used in research and clinical settings. The most common dy-
namometer used for this test is JAMAR Hydraulic Hand Dynamometer.
Test should be repeated ideally twice, recording the best one [268].

In order to measure intensity (percentage of the maximal strength
that an individual can develop), the one-repetition maximum (1-RM) is
commonly used. It is defined as the maximal weight an individual can
lift for just one repetition with correct technique, and it is considered
the gold standard for assessing muscle strength [269]. Depending on
the intensity, strength training should be prescribed every other day,

Fig. 6. Physical activity/exercise training may
influence the outcome of the aging process by
modulating key signaling pathways. Exercising
results in reduced age-related oxidative damage,
reduced chronic inflammation, increased autop-
hagy, improved mitochondrial function, improved
myokine profile, augmented insulin-like growth
factor-1 (IGF-1) signaling, and insulin sensitivity.
These actions promote beneficial effects on ske-
letal muscle (muscle mass, strength, and function)
but also at systemic level, inducing improvements
in function of cardiovascular, respiratory and
metabolic systems. Exercise-induced improve-
ments in muscle function as well as systemic
benefits and age-related chronic diseases allevia-
tion are all related to the improvements in phy-
sical function and frailty improvement by ex-
ercise/physical activity.
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Table 1
Study findings of the effect of physical exercise interventions on physical function in older people across frailty status.

Author, year Sample Intervention Main findings

Fiatarone et al., 1994
[246]

100 older adults
Frail
72-98 year-olds
Nursing home

10 weeks MCI (3 types: ET, multinutrient
supplementation, or both (group B))

• ET improved muscle strength

• All training methods improved gait speed and muscle
mass and both declined in non-exercisers

• Stair climbers power improve vs non exercisers

• The group B gained weight compared with ET or
multinutrient group

Pahor et al., 2006 [247] 424 older adults
SPPB ≤ 9
70-89 year-olds
Community dwellers

24 weeks MCI (aerobic, strength, balance and
flexibility)

• Improved SPPB and 400 m test vs control

Cameron et al., 2013
[248]

216 older adults
Frail (Fried phenotype)
≥70 year-olds
Community dwellers

12 months multifactorial individually according the
Fried criteria met:
If weight loss, a dietician evaluated nutritional intake
If exhaustion and Geriatric Depression Scale score was
high, study team considered referral to a psychologist or
psychiatrist
If weakness, slowness or low energy expenditure,
patient received 10 home-based physiotherapy sessions

• Intervention improved SPPB vs control

• Intervention significantly decreased frailty at 12
months but not at 3

Cadore et al., 2014 [249] 24 older adults
Frail and prefrail (Fried
phenotype)
≥90 year-olds
Nursing home

12 weeks MCI (muscle power training, balance and gait
retrain)

• Intervention improved TUG with single and dual
tasks, rise from a chair, balance performance, and
reduced incidence of falls.

• Intervention enhanced muscle power and strength

Pahor et al., 2014 [21] 818 older adults
70 - 89 year-olds
Community-dwellers

• Structured, moderate-intensity physical activity
program conducted in a centre (twice/wk) and at
home (3–4 times/wk): aerobic, resistance, and
flexibility training activities.

• Or a health education program: workshops on topics
relevant to older adults and upper extremity
stretching exercises

• Reduced major mobility disability over 2.6 years
among older adults at risk for disability vs health
education program

Kwon et al., 2015 [250] 89 older adults
Prefrail (Fried criteria, although
considered frail if met 2 criteria
at the time of enrolment)
65–91 year-olds
Community-dwellers

12 weeks. Three groups: one MCI (Warm-up, strength
training, balance training and cool-down), MCI plus
nutritional program (cooking class) (MCI-NP); and
control

• MCI improve handgrip strength, but effect was not
maintained at 6-month postintervention

• MCI-NP and control did not obtained significant
changes in measures of physical performance.
However, handgrip strength declined
postintervention and follow-up in the MCI-NP group

Tarazona-Santabalbina
et al., 2016 [251]

100 frail subjects (Fried
phenotype)
≥70 year-olds
Community-dwellers

• MCI (proprioception, aerobic, strength, and
stretching exercises for 65 min, 5 days per week, 24
weeks).

• Control group

• Reverses frailty and improves functional
measurements: Barthel, Lawton and Brody, Tinetti,
Short Physical Performance Battery and physical
performance

• Improves cognitive, emotional, and social networking
determinations: Mini-Mental State Examination,
geriatric depression scale from Yesavage, EuroQol
quality-of-life scale

• Decreases the number of visits to primary care
physician

• Significant improvement in frailty biomarkers.
Vs control group

Losa-Reyna et al., 2019
[252]

20 frail and prefrail (Fried
phenotype)
77.2–95.8 year-olds
Community-dwellers

• Six weeks MCI (Power training and HIIT)

• Usual care
• Reduction Frailty Phenotype

• Improvements in SPPB, muscle power, muscle
strength and aerobic capacity vs control group

Martínez-Velilla et al.,
2019 [253]

370 older adults
> 75 year-olds
Acute care hospitalization

• In-hospital MCI included individualized moderate-
intensity resistance, balance, and walking exercises
(2 daily sessions)

• Usual care

• Increased the SPPB scale and Barthel Index score
over the usual-care group

• Reversed functional decline

• Significant intervention benefits at the cognitive level
over the usual-care group

Rodríguez-Mañas et al.
et al., 2019 [22]

964 prefrail and frail older
adults (Fried phenotype) with
type 2 diabetes
> 70 year-olds
Community-dwellers

• Multimodal intervention individualized and
progressive resistance exercise programme for 16
weeks plus a nutritional educational program over
seven sessions plus Investigator-standardized
training to ensure optimal diabetes care

• Usual care

• After 12 months: Improvement in SPPB scores vs
usual care

• Cost-effective improvement in the functional status of
older frail and prefrail participants with type 2
diabetes mellitus. Vs usual care

Yu et al., 2019 [254] 127 prefrail subjects (FRAIL
scale)
≥50 year-olds
Community- dwellers

• 12-week MCI (resistance and aerobic exercises,
cognitive training, board game activities)

• Wait-list control group

• Reduction in the combined frailty score

• Improvements in muscle endurance, balance, verbal
fluency, attention and memory, executive function,
and self-rated health vs control group

ET: Exercise Training; HIIT: High Interval Intensity Training; MCI: Multicomponent Intervention; MCI-NP: Multicomponent Intervention plus Nutritional Program;
SPPB: Short Physical Performance Battery; TUG: Timed Up and Go.
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especially in the initial workout stages [270]. Simple instructions
should be provided, and both haptic support and mirror techniques are
recommended [271].

4.4. Power exercise

Musculoskeletal power can be defined as the product of the force of
a muscular contraction and its velocity. After the age of 50, around 3%
of muscle power is lost every year, three times faster than strength
[272]. Leg power is highly related to physical performance in older
people [273].

Muscle power can be measured in any exercise or movement. Mostly
common muscle lower exercises, leg press and knee extension, show
good reliability and validity [274]. The 5 times sit-to-stand (5STS) test
is an easy and inexpensive procedure in which only a chair and a
stopwatch are required. It has shown to be a valid, clinically relevant
tool [275].

Power training intensity should range from 30% to 60% of 1-RM
load because maximal power output is maximized at these intensities
[276]. Participants should perform concentric (shortening) phase ex-
ercises as fast as possible.

Power training should be prioritized in elderly, because it improves
gait speed, chair stand test and stair climb time [270]. In a recent meta-
analysis, high speed training resulted in improvements in the Short
Physical Performance Battery (SPPB), although not in other functional
capacity tools [270]. Furthermore, lower training volumes have been
reported to be associated with greater improvements in muscle power
[277].

4.5. Flexibility exercise

Flexibility is the range of motion (ROM) of one or several joints.
Flexibility is scarcely measured in studies, and no scale has achieved
wide acceptance. Probably, measuring flexibility with a goniometer on
each specific joint could be the best option to assess ROM changes. A
stretching or flexibility program is aimed at greater ROM by rising both
static and dynamic stretching tolerance [278]. Static stretching refers to
the ability to maintain the position at the end of the ROM. Dynamic
stretching refers to achieving, on a repeated gradual transition on any
part of the body, a progressive increase in ROM [279]. Dynamic
stretching can be included in warm-up [266], whereas static stretching
exercises could be performed at the end, as part of the cool-down phase
[278].

4.6. Balance exercise

Neuromuscular systems, sensory systems (i.e., vestibular, visual,
somatosensory) and cognitive systems (i.e., cerebellum, hippocampus,
prefrontal and parietal cortices) have an important role in balance.
With aging, all these systems deteriorate, increasing the risk of falling
[280]. Inter-joint coordination and the appropriate timing of muscle
action is also affected.

Berg Balance test is probably the most common test to evaluate
balance in the elderly, assessing risk for falls in older community-
dwelling adults through direct observation of their performance [281].
However, this test is time-consuming and balance assessment by SPPB
is much faster, representing a more convenient tool for clinical practice.

There is evidence showing that balance and functional exercises
reduce the rate of falls by 24% and by 13% the number of older people
who experience one or more falls. Moreover, multi-component exercise
programs (balance and functional exercises plus resistance exercises)
reduce the rate of falls by 34% and by 22% the number of people ex-
periencing one or more falls [282]. Further, supervised balance exercise
programs seem to get better results than unsupervised ones [283].
Balance exercises are recommended three days per week, with at least
two of them being supervised. Both dynamic and static exercises should

be performed [283]. Patients with poor scores in the progressive
Romberg test of the SPPB could benefit from a higher frequency of
balance training [284].

There are many exercises to improve balance depending on which
system (sensory, cognitive, or musculoskeletal system) needs to be
worked on. They include single leg stances, semi-tandem and tandem
stance, toe walking, heel walking, tandem gait, walking on a balance
board, and eye-hand or eye-leg coordination. The possibility of making
each of them with open or closed eyes, joining the arms to the body or
opening them, doing them on unstable surfaces or adding cognitive
components such as specific orders, music or dual-task exercise, makes
it almost impossible to monitor the workload. The program should in-
clude static vs. dynamic task, changes in the base of support, variations
in the center of gravity height, and distinct standing surfaces [280].
Exercise difficulty should progressively increase involving both motor
and cognitive tasks (dual- and multi-task activities) [280].

4.7. Non-physical training exercises

Recently Marusic and Grosprêtre reviewed one of the proposed
tools, the non-physical training exercises, to improve balance and
strength in older people, including those who are frail. These exercises
include activities such as motor imagery (MI) and action observation
(AO) [285,286]. These tools have been gaining relevance because
normal aging is also associated with a progressive reduction in central
and peripheral neural function. MI stands for the mental simulation of
an action without any corresponding motor output, but still causing
neuronal activation [286]. Meanwhile, AO, a tool grounded in basic
neuroscience and the mirror neuron system [287], has been proposed to
intensify neural activation induced by mental practice [286]. These
types of interventions are deemed safe and efficient and do not add
additional neuromuscular fatigue when incorporated into any type of
intervention, something relevant in frail people [286]. Although the
results are very promising, their effectiveness is still awaiting sup-
porting evidence.

4.8. Adherence

The best physical exercise is the one that is actually carried out.
Adherence rates to exercise programs are usually suboptimal, although
comparisons across studies are often hampered due to differences in
reporting [288]. Adherence may be improved by following certain tips.
Before starting the exercise program, patients must be informed about
the possible risks and benefits of the exercise program. A clear de-
scription of the program may increase motivation and adherence [289].
In addition, physical exercise professionals must inform about the im-
portance of physical exercise in physical functioning, well-being, and
quality of life [290], and attend to patient preferences and acceptance
[291]. It is also desirable to create a friendly and familiar training at-
mosphere with the patients and; finally, the proper execution of the
exercises must be closely monitored [271].

Other barriers to overcome are socioeconomic factors. Participation
in exercise programs may be reduced by lack of transportation, fixed
incomes, or inclement weather [292]. Thus, although supervised ex-
ercise programs seem to have better results in terms of strength and
balance [283], home exercises [293] or video games-based interven-
tions [294] could be a good option for some patients. Notwithstanding,
as the impact of social isolation on frailty is well established, group
exercise enjoys the additional benefit of socialization [295].

4.9. Adverse events

In contrast to the usual risks associated with poli-pharmacy, phy-
sical exercise administration is safe, relatively free of potential un-
wanted side effects [296], and adverse events are rare [297]. The use of
a multidisciplinary team (e.g., geriatricians, nurses, physiotherapists)
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seems to be the best option in order to avoid unnecessary risks, espe-
cially regarding the most vulnerable participants.

4.10. Adapting exercise intervention to individual functional status

4.10.1. Robust subjects
Older people who perform more than 180 min of weekly exercise

report better health-related quality of life [298]. A substantial increase
in physical activity level regardless of the baseline level (i.e., from se-
dentarism to moderate activity or from moderate to vigorous activity)
has been associated with a reduction in sarcopenia prevalence and
better performance of muscle mass and function [299]. More specifi-
cally, strength training seems fundamental, since decline in strength
levels in older adults compromises overall function and it is predictive
of future functional decline and higher incidence of frailty, disability,
and mortality [58,300].

4.10.2. Prefrail older adults
The population of prefail adults is one of the main targets of exercise

interventions since it includes between 35% and 50% of individuals
over 65 [108,301] and it is the subpopulation most likely to benefit
from an exercise program [302]. Again, strength training is key since
muscle weakness seems to be the most prevalent of the Fried compo-
nents of frailty among the prefrail [303,304]. Kwon et al. reported that
with just one weekly training, prefrail women could improve their
strength. However, one day a week was not enough to achieve im-
provements in physical function, and any improvements in strength
were lost three months after the end of the intervention [250]. In
support of more frequent training, the MID-FRAIL study, which in-
cluded pre-frail older people with type 2 diabetes mellitus participating
in a multimodal intervention (detailed description of the study is pro-
vided below), reported improvements in functioning (as assessed by
SPPB) among those participating in a strength training program twice
weekly for 16 weeks [22].

4.10.3. Frail patients
Several training programs in different care settings (ambulatory or

in-hospital) have been designed for frail people. A well-designed mul-
ticomponent exercise program showed improvements in gait speed,
balance, SPPB functioning scores, ADL performance, as well as in frailty
status [251]. The program was more intensive than most. It included a
high training frequency (5 days per week) and relatively long sessions
(65 min each). The intervention included strength exercises with elastic
bands, stretching, and aerobic exercises including walking, arm move-
ments and stair climbing. Attendance of at least 50% of the pro-
grammed sessions was associated with a substantially higher likelihood
of reversing frailty to the point of robustness [251]. There is also evi-
dence of improvements in leg strength and in SPPB functioning score
obtained with a two-day/week supervised lower and upper body
strength training program. Further, greater gains in muscle mass were
obtained in the group receiving protein supplements [305,306].

Results from the “Sarcopenia and Physical fRailty IN older people:
multi-componenT

Treatment strategies (SPRINTT)” study are expected to clarify the
association between physical exercise and physical frailty and their
relationship with sarcopenia. This randomized controlled trial follows
1500 community dwelling older persons aged 70 years and older with
sarcopenia and physical function impairment (SPPB ≤ 9) for up to 36
months. The efficacy of a MultiComponent Intervention (MCI), based
on long-term planned exercise program and dietary guidance /inter-
vention for preventing mobility disability is tested in comparison with a
Healthy Aging Lifestyle Education (HALE) [307].

Among the many comorbidities present in frail and prefrail in-
dividuals, one of the most common is diabetes. In the MID-Frail study,
964 frail and prefrail elderly with diabetes were included according to
the Fried phenotype. In this study, the effect of a three-pronged

intervention, including a resistance exercise program, a nutritional and
educational program, and a standardized across sites researcher-en-
hanced training for best practices in diabetes care, was compared with a
usual care group. The physical exercise intervention was a supervised
individualized resistance exercise program consisting of a 2-week pre-
training and learning phase followed by a 16-week program with par-
ticipants undergoing two 45-min exercise sessions per week. Selected
exercises were leg presses and bilateral knee extensions carried out in
two to three sets of 8–10 repetitions each with a load equivalent to
40–80% of 1-RM. The intervention not only improved the functional
capacity of the treatment group compared to the usual care group but
also it proved to be cost-efficient with average savings of 428.02 euros
per participant per year [22].

A recent systematic review found strength muscle improvements in
frail older adults with very different protocols [308]. Training fre-
quencies ranged from 1 to 6 times per week, including from 1 to 3
exercise series, and series including from 6 to 15 repetitions. Intensity
was controlled by the rate of perceived effort (RPE) or by the percen-
tage of 1-RM (from 30 to 100%). The review reported several findings.
The main ones being that strength exercise, either performed in isola-
tion or in combination with other training modalities, did improve
muscle mass, strength and power, and/or functional capacity (not all
studies saw improvements in all aspects). It is worth mentioning that
using RPE to control exercise intensity was associated with no muscle
strength improvement, suggesting that RPE underestimates exercise-
related effort in this population of individuals.

4.10.4. Hospitalized older adults
Being immobilized, a usual condition in institutionalized and hos-

pitalized older people [309], reduces muscle mass by 0.5% and muscle
strength by 0.3–4.2% per day [310]. These losses often result in a sig-
nificant deterioration in functional status with the corresponding de-
cline in quality of life [311].

Improving the functional capacity of hospitalized oldest old patients
through an MCI has proven feasible [253]. Due to the high levels of
sedentarism these patients present, high frequency interventions (i.e., 2
daily exercise sessions for 5–7 consecutive days) seem to have better
results than lower intensity interventions. The first session of the day
was supervised, lasted about 20 min, and included balance, gait re-
training, and resistance exercise. The second one was unsupervised and
consisted of strenght exercises using 0.5–1.0 kg anklets and a handgrip
ball. This intervention improved SPPB score, Barthel Index, and cog-
nition [253].

Different strategies have been proposed to succesfully improve
strength in these patients [312]. Nevertheless, resistance training seems
to be the best exercise to improve strength and other outcomes, such as
muscle mass, neural impulse, or mitigated bone loss. The effects of
resistance training could be optimized if combined with vibration
(general or local), blood flow restriction, and especially with neuro-
muscular electrical stimulation [312,313] Restriction of blood flow and
vibration can be combined with aerobic training and with low intensity
strength training (< 20%), having special relevance in situations where
high intensity exercise is not possible.

4.11. From research to clinical setting

Due to the heterogeneity of the population of older adults, there is a
lack of consensus regarding a gold standard measure of functional ca-
pacity. This, combined with the differences among exercise programs,
makes the translating of results from research settings to clinical
practice difficult to say the least.

Numerous scales and tools have been tested as measures for physical
capabilities of older adults and to detect clinically significant changes.
Subjective scales are important to epidemiologic and qualitative re-
search, as well as for learning what patients feel or think about their
household or recreational activity functional level.
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However, objective scales are more sensitive to changes, and can be
standardized and reproduced. For instance, gait speed is a key element
in the physical independence of a person and, thus, frailty, and, con-
sequently, it has been repeatedly evaluated in different clinical settings.

Another test used and validated to evaluate physical function in
older adults is the SPPB [314]. In addition to assessing gait speed at the
individual's usual pace, this test measures balance (using the Romberg
progressive test) and strength in lower limbs (with the 5STS test). The
SPPB has been correlated with ADLs loss [315] and it is a good tool to
identify patients who may benefit from an exercise intervention [302].

The prescription of different physical exercise programs in frail and
prefrail patients based on the baseline physical performance of the
patient is becoming a well-established strategy. Although the main
evidence comes from the SPPB-based prescription, other instruments to
assess frailty status, like the Frailty Trait Scale (FTS) [316] or its short-
form FTS5 [317], could be theoretically used for the same purpose
[248].

In the LIFE study, the prescription of physical activity-based inter-
ventions depending upon the SPPB score improved subsequent health
outcomes [21,247,314]. Similarly, exercise prescription based on
functional capacity as revealed by SPPB score could be optimal for
using in physical exercise programs such as Vivifrail [263].

Using this approach may improve the prescription of physical ex-
ercise programs, thus optimizing their effects in the following ways
(Fig. 7):

1 Emphasizing strength interventions could be useful in those patients
who have low knee strength, low grip strength, and poor 5STS as
well as people with higher scores in the Brachial/Ankle Index (BAI)
which could be compatible with peripheral artery disease [318].

2 Emphasizing power interventions for patients with low gait speed,
poor 5STS and balance test scores.

3 Emphasizing balance intervention for patients with low Romberg
progressive test scores.

4 Verbal fluency could be improved with dual tasks and strength
training [249] and multicomponent exercise programs [254,319].

5 Emphasizing aerobic training in patients with sedentary behavior,
low gait speed, or low physical condition. It could be also re-
commended in patients with higher BAI scores [320].

Additional research is needed to further contribute to our knowl-
edge about the optimal dose of individually fitted exercise programs by
frailty status. In fact, not prescribing exercise programs to older po-
pulations may be considered unethical, in light of the substantial evi-
dence showing health benefits [321]. Finally, evidence-based effective
physical exercise intervention protocols should be translated to clinical
practice.

Funding

This work has received funding from the European Union's Seventh
Framework Programme (FP7/2007–2013) under grant agreement
n°305483, Frailomic project, and was also supported by a grant from
the Innovative Medicines Initiative - Joint Undertaking (IMI-JU
115621), and by grants from the Ministry of Economy and
Competitiveness and co-financed by FEDER funds (Instituto de Salud
Carlos III, PI15/00674, PI15/01160 and CIBERFES (CB16/10/00464),
Spanish Government.

Declaration of competing interest

No Conflicts Of Interest.

References

[1] V.J. Dzau, S.K. Inouye, J.W. Rowe, E. Finkelman, T. Yamada, Enabling healthful
aging for all. The National Academy of Medicine grand challenge in health long-
evity, N. Engl. J. Med. 381 (2019) 1699–1701.

[2] W. He, D. Goodkind, P. Kowal, U.S. Census Bureau, International Population
Reports, P95/16-1, an Aging World: 2015, U.S. Government Publishing Office,
Washington, DC, 2016.

[3] C. Chen, D.P. Goldman, J. Zissimopoulos, J.W. Rowe, Research Network on an
Aging Society. Multidimensional comparison of countries’ adaptation to societal
aging, Proc. Natl. Acad. Sci. U. S. A. 115 (2018) 9169–9174.

[4] L. Hayflick, The not-so-close relationship between biological aging and age-asso-
ciated pathologies in humans, J Gerontol A Biol Sci Med Sci 59 (2004) B547–B550.

[5] L. Hayflick, Biological aging is no longer an unsolved problem, Ann. N. Y. Acad.
Sci. 1100 (2007) 1–13.

[6] L. Rodriguez-Mañas, F. Rodríguez-Artalejo, A.J. Sinclair, The third transition: the
clinical evolution oriented to the contemporary older patient, J. Am. Med. Dir.
Assoc. 18 (2017) 8–9.

[7] World Health Organization, World Report on Ageing and Health, (2015).
[8] J.R. Beard, A. Officer, I. Araujo de Carvalho, R. Sadana, Pot AM, Michel J-P et al.,

Fig. 7. Distribution of the type of exercises in a standard training session according to patient frailty status. Intensity should generally increase as the frailty status
improves, although High Interval Intensity Training-HIIT can be used also in frail patients.

J. Angulo, et al. Redox Biology 35 (2020) 101513

67

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref1
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref1
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref1
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref2
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref2
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref2
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref3
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref3
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref3
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref4
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref4
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref5
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref5
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref6
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref6
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref6
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref7
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref8


the World report on ageing and health: a policy framework for healthy ageing,
Lancet 387 (2016) 2145–2154.

[9] J. Maurice, WHO puts healthy aging on the front burner, Lancet 387 (2016)
109–110.

[10] X. Dong, B. Milholland, J. Vijg, Evidence for a limit to human lifespan, Nature 538
(2016) 257–259.

[11] WHO Study on global AGEing and adult health (SAGE), World Health
Organization, Health Statistics and Information Systems [website], Geneva, World
Health Organization http://www.who.int/healthinfo/sage/en/ , Accessed date: 13
January 2020.

[12] A. Cieza, C. Sabariego, J. Bickenbach, S. Chatterji, Rethinking disability, BMC
Med. 16 (2018) 14.

[13] L.P. Fried, C.M. Tangen, J. Walston, A.B. Newman, C. Hirsch, J. Gottdiener,
T. Seeman, R. Tracy, W.J. Kop, G. Burke, M.A. McBurnie, & cardiovascular health
study collaborative research group. Frailty in older adults: evidence for a pheno-
type, J Gerontol A Biol Sci Med Sci 56 (3) (2001) M146–M156.

[14] L. Rodríguez-Mañas, C. Féart, G. Mann, J. Viña, S. Chatterji, W. Chodzko-Zajko,
M. Gonzalez-Colaço Harmand, H. Bergman, L. Carcaillon, C. Nicholson, A. Scuteri,
A. Sinclair, M. Pelaez, T. Van der Cammen, F. Beland, J. Bickenbach,
P. Delamarche, L. Ferrucci, L.P. Fried, L.M. Gutiérrez-Robledo, K. Rockwood,
F. Rodríguez Artalejo, G. Serviddio, E. Vega, FOD-CC group, Searching for an
operational definition of frailty: a Delphi method based consensus statement: the
frailty operative definition-consensus conference project, J Gerontol A Biol Sci
Med Sci 68 (2013) 62–67.

[15] E. Dent, F.C. Martin, H. Bergman, J. Woo, R. Romero-Ortuño, J.D. Walston,
Management of frailty: opportunities, challenges, and future directions, Lancet
394 (2019) 1376–1386.

[16] M.W. Warren, Activity in advancing age, Br. Med. J. 2 (1950) 921–924.
[17] L. Rodríguez Mañas, I. García-Sánchez, A. Hendry, R. Bernabei, R. Roller-

Wirnsberger, B. Gabrovec, A. Liew, A.M. Carriazo, J. Redon, L. Galluzzo, J. Viña,
E. Antoniadou, T. Targowski, L. Di Furia, F. Lattanzio, E. Bozdog, M. Telo, Key
messages for a frailty prevention and management policy in Europe from the
ADVANTAGE Joint Action consortium, J. Nutr. Health Aging 22 (2018) 892–897.

[18] E.O. Hoogendijk, J. Afilalo, K.E. Ensrud, P. Kowal, G. Onder, L.P. Fried, Frailty:
implications for clinical practice and public health, Lancet 394 (2019) 1365–1375.

[19] M. El Assar, J. Angulo, L. Rodríguez-Mañas, Frailty as a phenotypic manifestation
of underlying oxidative stress, Free Radic. Biol. Med. (2019), https://doi.org/10.
1016/j.freeradbiomed.2019.08.011 pii: S0891-5849(19)31163-3, Epub ahead of
print.

[20] L. Partridge, J. Deelen, P.E. Slagboom, Facing up to the global challenges of aging,
Nature 561 (2018) 45–56.

[21] M. Pahor, J.M. Guralnik, W.T. Ambrosius, S. Blair, D.E. Bonds, T.S. Church,
M.A. Espeland, R.A. Fielding, T.M. Gill, E.J. Groessl, A.C. King, S.B. Kritchevsky,
T.M. Manini, M.M. McDermott, M.E. Miller, A.B. Newman, W.J. Rejeski,
K.M. Sink, J.D. Williamson, LIFE study investigators.Effect of structured physical
activity on prevention of major mobility disability in older adults: the LIFE study
randomized clinical trial, JAMA 311 (23) (2014) 2387–2396.

[22] L. Rodriguez‐Mañas, O. Laosa, B. Vellas, G. Paolisso, E. Topinkova,
J. Oliva‐Moreno, I. Bourdel‐Marchasson, M. Izquierdo, K. Hood, A. Zeyfang,
G. Gambassi, M. Petrovic, T.C. Hardman, M.J. Kelson, I. Bautmans, G. Abellan,
M. Barbieri, L.M. Peña‐Longobardo, S.C. Regueme, ... A.J. Sinclair, European MID-
Frail Consortium. Effectiveness of a multimodal intervention in functionally im-
paired older people with type 2 diabetes mellitus, J Cachexia Sarcopenia Muscle
10 (4) (2019) 721–733.

[23] J. Angulo, M. El Assar, L. Rodriguez-Mañas, Frailty and sarcopenia as the basis for
the phenotypic manifestation of chronic diseases in older adults, Mol. Aspect. Med.
50 (2016) 1–32.

[24] H. Mori, Y. Tokuda, Differences and overlap between sarcopenia and physical
frailty in older community-dwelling Japanese, Asia Pac. J. Clin. Nutr. 28 (2019)
157–165.

[25] B. Davies, F. García, I. Ara, F. Rodríguez-Artalejo, L. Rodriguez-Mañas, S. Walter,
Relationship between sarcopenia and frailty in the toledo study of healthy aging: a
population based cross-sectional study, J. Am. Med. Dir. Assoc. 19 (2018)
282–286.

[26] B.C. Clark, Neuromuscular changes with aging and sarcopenia, J Frailty Aging 8
(2019) 7–9.

[27] H. Degens, The role of systemic inflammation in age-related muscle weakness and
wasting, Scand. J. Med. Sci. Sports 20 (2010) 28–38.

[28] R.R. Kalyani, M. Corriere, L. Ferrucci, Age-related and disease-related muscle loss:
the effect of diabetes, obesity, and other diseases, Lancet Diabetes Endocrinol 2
(10) (2014) 819–829.

[29] D.J. Wilkinson, M. Piasecki, P.J. Atherton, The age-related loss of skeletal muscle
mass and function: measurement and physiology of muscle fibre atrophy and
muscle fibre loss in humans, Ageing Res. Rev. 47 (2018) 123–132.

[30] M.S. Brook, D.J. Wilkinson, W.K. Mitchell, J.N. Lund, B.E. Phillips, N.J. Szewczyk,
P.L. Greenhaff, K. Smith, P.J. Atherton, Synchronous deficits in cumulative muscle
protein synthesis and ribosomal biogenesis underlie age-related anabolic re-
sistance to exercise in humans, J. Physiol. 594 (2016) 7399–7417.

[31] M.S. Brook, D.J. Wilkinson, B.E. Phillips, J. Perez-Schindler, A. Philp, K. Smith,
P.J. Atherton, Skeletal muscle homeostasis and plasticity in youth and ageing:
impact of nutrition and exercise, Acta Physiol. 216 (2016) 15–41.

[32] I. Janssen, S.B. Heymsfield, Z.M. Wang, R. Ross, Skeletal muscle mass and dis-
tribution in 468 men and women aged 18-88 yr, J. Appl. Physiol. 89 (1985) 81–88
2000.

[33] W.R. Frontera, V.A. Hughes, R.A. Fielding, M.A. Fiatarone, W.J. Evans,
R. Roubenoff, Aging of skeletal muscle: a 12-yr longitudinal study, J. Appl.

Physiol. 88 (4) (1985) 1321–1326 2000.
[34] V.A. Hughes, W.R. Frontera, M. Wood, W.J. Evans, G.E. Dallal, R. Roubenoff,

M.A. Fiatarone Singh, Longitudinal muscle strength changes in older adults: in-
fluence of muscle mass, physical activity, and health, J Gerontol A Biol Sci Med Sci
56 (5) (2001) B209–B217.

[35] R.A. McGregor, D. Cameron-Smith, S.D. Poppitt, It is not just muscle mass: a re-
view of muscle quality, composition and metabolism during ageing as determi-
nants of muscle function and mobility in later life, Longev. Heal. 3 (2014) 9.

[36] L.A. Schaap, A. Koster, M. Visser, Adiposity, muscle mass, and muscle strength in
relation to functional decline in older persons, Epidemiol. Rev. 35 (2013) 51–65.

[37] T.W. Auyeung, S.W. Lee, J. Leung, T. Kwok, J. Woo, Age-associated decline of
muscle mass, grip strength and gait speed: a 4-year longitudinal study of 3018
community-dwelling older Chinese, Geriatr. Gerontol. Int. 14 (Suppl 1) (2014)
76–84.

[38] B.H. Goodpaster, S.W. Park, T.B. Harris, S.B. Kritchevsky, M. Nevitt,
A.V. Schwartz, E.M. Simonsick, F.A. Tylavsky, M. Visser, A.B. Newman, The loss of
skeletal muscle strength, mass, and quality in older adults: the health, aging and
body composition study, J Gerontol A Biol Sci Med Sci 61 (10) (2006) 1059–1064.

[39] W.K. Mitchell, J. Williams, P. Atherton, M. Larvin, J. Lund, M. Narici, Sarcopenia,
dynapenia, and the impact of advancing age on human skeletal muscle size and
strength; a quantitative review, Front. Physiol. 3 (2012) 260.

[40] N.N. Hairi, R.G. Cumming, V. Naganathan, D.J. Handelsman, D.G. Le Couteur,
H. Creasey, L.M. Waite, M.J. Seibel, P.N. Sambrook, Loss of muscle strength, mass
(sarcopenia), and quality (specific force) and its relationship with functional
limitation and physical disability: the Concord Health and Ageing in Men Project,
J. Am. Geriatr. Soc. 58 (11) (2010) 2055–2062.

[41] O. Delbono, Expression and regulation of excitation-contraction coupling proteins
in aging skeletal muscle, Curr. Aging Sci. 4 (3) (2011) 248–259.

[42] M.C. Kostek, M.J. Delmonico, Age-related changes in adult muscle morphology,
Curr. Aging Sci. 4 (3) (2011) 221–233.

[43] K.F. Reid, R.A. Fielding, Skeletal muscle power: a critical determinant of physical
functioning in older adults, Exerc. Sport Sci. Rev. 40 (1) (2012) 4–12.

[44] A. Casas Herrero, E.L. Cadore, N. Martinez Velilla, M. Izquierdo Redin, Physical
exercise in the frail elderly: an update, Rev. Esp. Geriatr. Gerontol. 50 (2) (2015)
74–81.

[45] D.J. Clark, C. Patten, K.F. Reid, R.J. Carabello, E.M. Phillips, R.A. Fielding,
Impaired voluntary neuromuscular activation limits muscle power in mobility-
limited older adults, J. Gerontol. A Biol Sci Med Sci 65 (5) (2010) 495–502.

[46] M.R. Deschenes, Motor unit and neuromuscular junction remodeling with aging,
Curr. Aging Sci. 4 (3) (2011) 209–220.

[47] T. Gordon, J. Hegedus, S.L. Tam, Adaptive and maladaptive motor axonal
sprouting in aging and motoneuron disease, Neurol. Res. 26 (2) (2004) 174–185.

[48] S.L. Budui, A.P. Rossi, M. Zamboni, The pathogenetic bases of sarcopenia, Clin.
Cases Miner. Bone Metab 12 (1) (2015) 22–26.

[49] S. Zampieri, L. Pietrangelo, S. Loefler, H. Fruhmann, M. Vogelauer, S. Burggraf,
A. Pond, M. Grim-Stieger, J. Cvecka, M. Sedliak, V. Tirpáková, W. Mayr,
N. Sarabon, K. Rossini, L. Barberi, M. De Rossi, V. Romanello, S. Boncompagni,
A. Musarò, M. Sandri, F. Protasi, U. Carraro, H. Kern, Lifelong physical exercise
delays age-associated skeletal muscle decline, J Gerontol A Biol Sci Med Sci 70
(2015) 163–173.

[50] H.M. Blau, B.D. Cosgrove, A.T. Ho, The central role of muscle stem cells in re-
generative failure with aging, Nat. Med. 21 (8) (2015) 854–862.

[51] H. Yin, F. Price, M.A. Rudnicki, Satellite cells and the muscle stem cell niche,
Physiol. Rev. 93 (1) (2013) 23–67.

[52] T. Snijders, G. Parise, Role of muscle stem cells in sarcopenia, Curr. Opin. Clin.
Nutr. Metab. Care 20 (2017) 186–190.

[53] P. Sousa-Victor, S. Gutarra, L. García-Prat, J. Rodriguez-Ubreva, L. Ortet, V. Ruiz-
Bonilla, M. Jardí, E. Ballestar, S. González, A.L. Serrano, E. Perdiguero, P. Muñoz-
Cánoves, Geriatric muscle stem cells switch reversible quiescence into senescence,
Nature 506 (7488) (2014) 316–321.

[54] L.B. Verdijk, T. Snijders, M. Drost, T. Delhaas, F. Kadi, L.J.C. van Loon, Satellite
cells in human skeletal muscle; from birth to old age, Age 36 (2014) 545–557.

[55] B. Blaauw, C. Reggiani, The role of satellite cells in muscle hypertrophy, J. Muscle
Res. Cell Motil. 35 (2014) 3–10.

[56] C.S. Fry, J.D. Lee, J. Mula, T.J. Kirby, J.R. Jackson, F. Liu, L. Yang, C.L. Mendias,
E.E. Dupont-Versteegden, J.J. McCarthy, C.A. Peterson, Inducible depletion of
satellite cells in adult, sedentary mice impairs muscle regenerative capacity
without affecting sarcopenia, Nat. Med. 21 (1) (2015) 76–80.

[57] C.R. Gale, C.N. Martyn, C. Cooper, A.A. Sayer, Grip strength, body composition,
and mortality, Int. J. Epidemiol. 36 (1) (2007) 228–235.

[58] A.B. Newman, V. Kupelian, M. Visser, E.M. Simonsick, B.H. Goodpaster,
S.B. Kritchevsky, F.A. Tylavsky, S.M. Rubin, T.B. Harris, Strength, but not muscle
mass, is associated with mortality in the health, aging and body composition study
cohort, J Gerontol A Biol Sci Med Sci 61 (2006) 72–77.

[59] D.P. Leong, K.K. Teo, S. Rangarajan, P. Lopez-Jaramillo, A. Avezum Jr.,
A. Orlandini, P. Seron, S.H. Ahmed, A. Rosengren, R. Kelishadi, O. Rahman,
S. Swaminathan, R. Iqbal, R. Gupta, S.A. Lear, A. Oguz, K. Yusoff, K. Zatonska,
J. Chifamba, E. Igumbor, V. Mohan, R.M. Anjana, H. Gu, W. Li, S. Yusuf,
Prospective urban rural epidemiology study, investigators. Prognostic value of
grip strength: findings from the prospective urban rural epidemiology (PURE)
study, Lancet 386 (9990) (2015) 266–273.

[60] A. Guadalupe-Grau, J.A. Carnicero, A. Gomez-Cabello, G. Gutierrez Avila,
S. Humanes, L.M. Alegre, M. Castro, L. Rodríguez-Mañas, F.J. Garcia-Garcia,
Association of regional muscle strength with mortality and hospitalisation in older
people, Age Ageing 44 (5) (2015) 790–795.

[61] E.M. Lowery, A.L. Brubaker, E. Kuhlmann, E.J. Kovacs, The aging lung, Clin.

J. Angulo, et al. Redox Biology 35 (2020) 101513

68

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref8
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref8
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref9
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref9
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref10
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref10
http://www.who.int/healthinfo/sage/en/
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref12
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref12
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref13
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref13
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref13
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref13
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref14
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref15
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref15
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref15
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref16
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref17
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref17
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref17
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref17
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref17
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref18
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref18
https://doi.org/10.1016/j.freeradbiomed.2019.08.011
https://doi.org/10.1016/j.freeradbiomed.2019.08.011
https://doi.org/10.1016/j.freeradbiomed.2019.08.011
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref20
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref20
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref21
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref21
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref21
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref21
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref21
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref21
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref22
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref23
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref23
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref23
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref24
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref24
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref24
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref25
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref25
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref25
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref25
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref26
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref26
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref27
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref27
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref28
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref28
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref28
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref29
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref29
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref29
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref30
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref30
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref30
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref30
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref31
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref31
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref31
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref32
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref32
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref32
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref33
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref33
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref33
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref34
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref34
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref34
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref34
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref35
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref35
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref35
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref36
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref36
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref37
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref37
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref37
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref37
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref38
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref38
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref38
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref38
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref39
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref39
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref39
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref40
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref40
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref40
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref40
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref40
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref41
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref41
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref42
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref42
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref43
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref43
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref44
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref44
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref44
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref45
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref45
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref45
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref46
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref46
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref47
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref47
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref48
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref48
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref49
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref49
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref49
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref49
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref49
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref49
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref50
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref50
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref51
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref51
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref52
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref52
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref53
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref53
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref53
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref53
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref54
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref54
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref55
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref55
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref56
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref56
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref56
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref56
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref57
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref57
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref58
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref58
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref58
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref58
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref59
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref60
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref60
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref60
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref60
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref61


Interv. Aging 8 (2013) 1489–1496.
[62] G.S. Skloot, The effects of aging on lung structure and function, Clin. Geriatr. Med.

33 (2017) 447–457.
[63] A.S. Buchman, P.A. Boyle, R.S. Wilson, L. Gu, J.L. Bienias, D.A. Bennett,

Pulmonary function, muscle strength and mortality in old age, Mech. Ageing Dev.
129 (2008) 625–631.

[64] E. Sillanpaa, L. Stenroth, A.Y. Bijlsma, T. Rantanen, J.S. McPhee, T.M. Maden-
Wilkinson, D.A. Jones, M.V. Narici, H. Gapeyeva, M. Paasuke, Y. Barnouin,
J.Y. Hogrel, G.S. Butler-Browne, C.G. Meskers, A.B. Maier, T. Tormakangas,
S. Sipila, Associations between muscle strength, spirometric pulmonary function
and mobility in healthy older adults, Age 36 (2014) 9667.

[65] A. Aliverti, P.T. Macklem, The major limitation to exercise performance in COPD is
inadequate energy supply to the respiratory and locomotor muscles, J. Appl.
Physiol. 105 (2008) 749–751.

[66] A.S. Buchman, P.A. Boyle, S.E. Leurgans, D.A. Evans, D.A. Bennett, Pulmonary
function, muscle strength, and incident mobility disability in elders, Proc. Am.
Thorac. Soc. 6 (2009) 581–587.

[67] C.O. Weiss, H.H. Hoenig, R. Varadhan, E.M. Simonsick, L.P. Fried, Relationships of
cardiac, pulmonary, and muscle reserves and frailty to exercise capacity in older
women, J Gerontol A Biol Sci Med Sci 65 (2010) 287–294.

[68] N.S. Gale, A.M. Albarrati, M.M. Munnery, R.E. Hubbard, R. Tal-Singer,
J.R. Cockcroft, D.J. Shale, Frailty: a global measure of the multisystem impact of
COPD, Chron. Respir. Dis. 15 (2018) 347–355.

[69] A. Marengoni, D.L. Vetrano, E. Manes-Gravina, R. Bernabei, G. Onder, K. Palmer,
The relationship between COPD and frailty: a systematic review and meta-analysis
of observational studies, Chest 154 (2018) 21–40.

[70] R. Navarro-Cruz, J. Alcazar, C. Rodriguez-Lopez, J. Losa-Reyna, A. Alfaro-Acha,
I. Ara, F.J. García-García, L.M. Alegre, The effect of the stretch-shortening cycle in
the force-velocity relationship and its association with physical function in older
adults with COPD, Front. Physiol. 10 (2019) 316.

[71] D. Ierodiakonou, M. Kampouraki, I. Poulonirakis, P. Papadokostakis, E. Lintovoi,
D. Karanassos, K. Maltezis, M. Chorti, E. Petrovitsos, S. Dimopoulou, S. Hamind,
I. Gialamas, P. Athanasiou, V. Bempi, I. Lambraki, I. Tsiligianni, Determinants of
frailty in primary care patients with COPD: the Greek UNLOCK study, BMC Pulm.
Med. 19 (2019) 63.

[72] P. Hanlon, B.I. Nicholl, B.D. Jani, D. Lee, R. McQueenie, F.S. Mair, Frailty and pre-
frailty in middle-aged and older adults and its association with multimorbidity and
mortality: a prospective analysis of 493 737 UK Biobank participants, Lancet
Public Health 3 (2018) e323–e332.

[73] E. Montgomery, P.S. Macdonald, P.J. Newton, S. Chang, S.R. Jha, M.K. Hannu,
C. Thomson, A. Havryk, M. Malouf, Frailty as a predictor of mortality in patients
with interstitial lung disease referred for lung transplantation, Transplantation
(2019), https://doi.org/10.1097/TP.0000000000002901 Epub ahead of print.

[74] C.C. Kennedy, P.J. Novotny, N.K. LeBrasseur, R.A. Wise, F.C. Sciurba, R.P. Benzo,
Frailty and clinical outcomes in chronic obstructive pulmonary disease, Ann Am
Thorac Soc 16 (2019) 217–224.

[75] C. Guan, H. Niu, Frailty assessment in older adults with chronic obstructive re-
spiratory diseases, Clin. Interv. Aging 13 (2018) 1513–1524.

[76] A. Marengoni, D.L. Vetrano, E. Manes-Gravina, R. Bernabei, G. Onder, K. Palmer,
The relationship between COPD and frailty: a systematic review and meta-analysis
of observational studies, Chest 154 (1) (2018) 21–40.

[77] E.G. Lakatta, D. Levy, Arterial and cardiac aging: major shareholders in cardio-
vascular disease enterprises: Part I: aging arteries: a "set up" for vascular disease,
Circulation 107 (2003) 139–146.

[78] F. Paneni, S. Costantino, F. Cosentino, Molecular pathways of arterial aging, Clin.
Sci. 128 (2015) 69–79.

[79] J. Wu, S. Xia, B. Kalionis, W. Wan, T. Sun, The role of oxidative stress and in-
flammation in cardiovascular aging, BioMed Res. Int. 2014 (2014) 615312.

[80] S. Pepe, E.G. Lakatta, Aging hearts and vessels: masters of adaptation and survival,
Cardiovasc. Res. 66 (2005) 190–193.

[81] G.A. Heckman, R.S. McKelvie, Cardiovascular aging and exercise in healthy older
adults, Clin. J. Sport Med. 18 (2008) 479–485.

[82] L. Rodríguez-Mañas, M. El-Assar, S. Vallejo, P. López-Dóriga, J. Solís, R. Petidier,
M. Montes, J. Nevado, M. Castro, C. Gómez-Guerrero, C. Peiró, C.F. Sánchez-
Ferrer, Endothelial dysfunction in aged humans is related with oxidative stress and
vascular inflammation, Aging Cell 8 (2009) 226–238.

[83] M.E. Rubio-Ruiz, I. Pérez-Torres, M.E. Soto, G. Pastelín, V. Guarner-Lans, Aging in
blood vessels. Medicinal agents for systemic arterial hypertension in the elderly,
Ageing Res. Rev. 18 (2014) 132–147.

[84] V. Kotsis, S. Stabouli, I. Karafillis, P. Nilsson, Early vascular aging and the role of
central blood pressure, J. Hypertens. 29 (2011) 1847–1853.

[85] M. Ochi, K. Kohara, Y. Tabara, T. Kido, E. Uetani, N. Ochi, M. Igase, T. Miki,
Arterial stiffness is associated with low thigh muscle mass in middle-aged to el-
derly men, Atherosclerosis 212 (2010) 327–332.

[86] W. Wen, R. Luo, X. Tang, L. Tang, H.X. Huang, X. Wen, S. Hu, B. Peng, Age-related
progression of arterial stiffness and its elevated positive association with blood
pressure in healthy people, Atherosclerosis 238 (2015) 147–152.

[87] K. Kohara, Y. Okada, M. Ochi, M. Ohara, T. Nagai, Y. Tabara, M. Igase, Muscle
mass decline, arterial stiffness, white matter hyperintensity, and cognitive im-
pairment: Japan Shimanami Health Promoting Program study, J Cachexia
Sarcopenia Muscle 8 (2017) 557–566.

[88] A. Di Iorio, A. Di Blasio, G. Napolitano, P. Ripari, R. Paganelli, F. Cipollone, High
fat mass, low muscle mass, and arterial stiffness in a population of free-living
healthy subjects: the "al passo con la tua salute" project, Medicine (Baltim.) 98
(2019) e16172.

[89] A.R. Orkaby, K.L. Lunetta, F.J. Sun, J.A. Driver, E.J. Benjamin, N.M. Hamburg,

G.F. Mitchell, R.S. Vasan, J.M. Murabito, Cross-sectional association of frailty and
arterial stiffness in community-dwelling older adults: the framingham heart study,
J Gerontol A Biol Sci Med Sci 74 (2019) 373–379.

[90] Q. Xue, M.Z. Qin, J. Jia, J.P. Liu, Y. Wang, Association between frailty and the
cardio-ankle vascular index, Clin Invest Aging 14 (2019) 735–742.

[91] A. Scuteri, M. Tesauro, S. Rizza, M. Iantorno, M. Federici, D. Lauro, U. Campia,
M. Turriziani, A. Fusco, G. Cocciolillo, R. Lauro, Endothelial function and arterial
stiffness in normotensive normoglycemic first-degree relatives of diabetic patients
are independent of the metabolic syndrome, Nutr. Metabol. Cardiovasc. Dis. 18
(2008) 349–356.

[92] M. El Assar, A. Fernández, A. Sánchez-Ferrer, J. Angulo, L. Rodríguez-Mañas,
Multivessel analysis of progressive vascular aging in the rat: asynchronous vul-
nerability among vascular territories, Mech. Ageing Dev. 173 (2018) 39–49.

[93] N. Toda, Age-related changes in endothelial function and blood flow regulation,
Pharmacol. Ther. 133 (2012) 159–176.

[94] A.E. Walker, R.E. Kaplon, G.L. Pierce, M.J. Nowlan, D.R. Seals, Prevention of age-
related endothelial dysfunction by habitual aerobic exercise in healthy humans:
possible role of nuclear factor kappaB, Clin. Sci. (Lond.) 127 (2014) 645–654.

[95] C.M. Steyers 3rd, F.J. Miller Jr., Endothelial dysfunction in chronic inflammatory
diseases, Int. J. Mol. Sci. 15 (2014) 11324–11349.

[96] M.A. Welsch, D.A. Dobrosielski, A.A. Arce-Esquivel, R.H. Wood, E. Ravussin,
C. Rowley, S.M. Jazwinski, The association between flow-mediated dilation and
physical function in older men, Med. Sci. Sports Exerc. 40 (2008) 1237–1243.

[97] K.L. Timmerman, E. Volpi, Endothelial function and the regulation of muscle
protein anabolism in older adults, Nutr. Metabol. Cardiovasc. Dis. 23 (Suppl 1)
(2013) S44–S50.

[98] C. Alonso-Bouzón, L. Carcaillon, F.J. García-García, M.S. Amor-Andrés, M. El
Assar, L. Rodríguez-Mañas, Association between endothelial dysfunction and
frailty: the toledo study for healthy aging, Age (Dordr.) 36 (2014) 495–505.

[99] H.N. Mansur, J.C. Lovisi, F.A. Colugnati, N.R. Raposo, N.M. Fernandes,
M.G. Bastos, Association of frailty with endothelial dysfunction and its possible
impact on negative outcomes in Brazilian predialysis patients with chronic kidney
disease, BMC Nephrol. 16 (2015) 157.

[100] A. Elbaz, M.J. Shipley, H. Nabi, E.J. Brunner, M. Kivimaki, A. Singh-Manoux,
Trajectories of the Framingham general cardiovascular risk profile in midlife and
poor motor function later in life: the Whitehall II study, Int. J. Cardiol. 172 (2014)
96–102.

[101] M.E. den Ouden, M.J. Schuurmans, I.E. Arts, D.E. Grobbee, M.L. Bots, A.W. van
den Beld, S.W. Lamberts, Y.T. van der Schouw, J. Nutr. Health Aging 17 (2013)
97–104.

[102] K. Bouillon, G.D. Batty, M. Hamer, S. Sabia, M.J. Shipley, A. Britton, A. Singh-
Manoux, M. Kivimäki, Cardiovascular disease risk scores in identifying future
frailty: the Whitehall II prospective cohort study, Heart 99 (2013) 737–742.

[103] T. Keeney, A.B. Fox, D.U. Jette, A. Jette, Functional trajectories of persons with
cardiovascular disease in late life, J. Am. Geriatr. Soc. 67 (2019) 37–42.

[104] T.E. Strandberg, T. Nieminen, Future perspectives on the role of frailty in cardi-
ovascular diseases, Adv. Exp. Med. Biol. 1216 (2020) 149–152.

[105] I. Uchmanowicz, Oxidative stress, frailty and cardiovascular diseases: current
evidence, Adv. Exp. Med. Biol. 1216 (2020) 65–77.

[106] N. Veronese, K. Sigeirsdottir, G. Eiriksdottir, E.A. Marques, D. Chalhoub,
C.L. Phillips, L.J. Launer, S. Maggi, V. Gudnason, T.B. Harris, Frailty and risk of
cardiovascular diseases in older persons: the age gene/environment susceptibility-
Reykjavik Study, Rejuvenation Res. 20 (2017) 517–524.

[107] H. Khan, A.P. Kalogeropoulos, V.V. Georgiopoulou, A.B. Newman, T.B. Harris,
N. Rodondi, D.C. Bauer, S.B. Kritchevsky, J. Butler, Frailty and risk for heart
failure in older adults: the health, aging, and body composition study, Am. Heart J.
166 (2013) 887–894.

[108] G. Sergi, N. Veronese, L. Fontana, M. De Rui, F. Bolzetta, S. Zambon, M.C. Corti,
G. Baggio, E.D. Toffanello, G. Crepaldi, E. Perissinotto, E. Manzato, Pre-frailty and
risk of cardiovascular disease in elderly men and women: the Pro.V.A. study, J.
Am. Coll. Cardiol. 65 (2015) 976–983.

[109] C.A. Celis-Morales, P. Welsh, D.M. Lyall, L. Steell, F. Petermann, J. Anderson,
S. Iliodromiti, A. Sillars, N. Graham, D.F. Mackay, J.P. Pell, J.M.R. Gill, N. Sattar,
S.R. Gray, Associations of grip strength with cardiovascular, respiratory, and
cancer outcomes and all-cause mortality: prospective cohort study of half a million
UK Biobank participants, BMJ 361 (2018) k1651.

[110] N. Veronese, B. Stubbs, S. Volpato, G. Zuliani, S. Maggi, M. Cesari, D.M. Lipnicki,
L. Smith, P. Schofield, J. Firth, D. Vancampfort, A. Koyanagi, A. Pilotto, E. Cereda,
Association between gait speed with mortality, cardiovascular disease and cancer:
a systematic review and meta-analysis of prospective cohort studies, J. Am. Med.
Dir. Assoc. 19 (2018) 981–988 e7.

[111] N. Veronese, Frailty as cardiovascular risk factor (and vice versa), Adv. Exp. Med.
Biol. 1216 (2020) 51–54.

[112] P. Soysal, F. Arik, L. Smith, S.E. Jackson, A.T. Isik, Inflammation, frailty and
cardiovascular disease, Adv. Exp. Med. Biol. 1216 (2020) 55–64.

[113] K. Piotrowicz, J. Gasowski, Risk factors for frailty and cardiovascular diseases: are
they the same? Adv. Exp. Med. Biol. 1216 (2020) 39–50.

[114] N.A. Ricci, A.I.L. Cunha, Physical Exercise for frailty and cardiovascular diseases,
Adv. Exp. Med. Biol. 1216 (2020) 115–129.

[115] E. Leifke, V. Gorenoi, C. Wichers, A. Von Zur Mühlen, E. Von Büren, G. Brabant,
Age-related changes of serum sex hormones, insulin-like growth factor-1 and sex-
hormone binding globulin levels in men: cross-sectional data from a healthy male
cohort, Clin. Endocrinol. 53 (2000) 689–695.

[116] B.B. Yeap, O.P. Almeida, Z. Hyde, P.E. Norman, S.A. Chubb, K. Jamrozik,
L. Flicker, In men older than 70 years, total testosterone remains stable while free
testosterone declines with age. The Health in Men Study, Eur. J. Endocrinol. 156

J. Angulo, et al. Redox Biology 35 (2020) 101513

69

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref61
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref62
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref62
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref63
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref63
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref63
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref64
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref64
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref64
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref64
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref64
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref65
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref65
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref65
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref66
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref66
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref66
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref67
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref67
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref67
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref68
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref68
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref68
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref69
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref69
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref69
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref70
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref70
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref70
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref70
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref71
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref71
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref71
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref71
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref71
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref72
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref72
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref72
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref72
https://doi.org/10.1097/TP.0000000000002901
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref74
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref74
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref74
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref75
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref75
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref76
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref76
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref76
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref77
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref77
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref77
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref78
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref78
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref79
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref79
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref80
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref80
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref81
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref81
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref82
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref82
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref82
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref82
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref83
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref83
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref83
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref84
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref84
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref85
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref85
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref85
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref86
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref86
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref86
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref87
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref87
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref87
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref87
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref88
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref88
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref88
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref88
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref89
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref89
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref89
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref89
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref90
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref90
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref91
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref91
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref91
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref91
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref91
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref92
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref92
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref92
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref93
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref93
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref94
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref94
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref94
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref95
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref95
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref96
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref96
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref96
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref97
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref97
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref97
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref98
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref98
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref98
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref99
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref99
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref99
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref99
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref100
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref100
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref100
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref100
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref101
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref101
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref101
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref102
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref102
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref102
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref103
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref103
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref104
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref104
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref105
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref105
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref106
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref106
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref106
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref106
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref107
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref107
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref107
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref107
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref108
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref108
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref108
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref108
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref109
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref109
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref109
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref109
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref109
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref110
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref110
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref110
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref110
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref110
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref111
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref111
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref112
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref112
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref113
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref113
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref114
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref114
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref115
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref115
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref115
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref115
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref116
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref116
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref116


(2007) 585–594.
[117] F.C. Wu, A. Tajar, S.R. Pye, A.J. Silman, J.D. Finn, T.W. O'Neill, G. Bartfai,

F. Casanueva, G. Forti, A. Giwercman, I.T. Huhtaniemi, K. Kula, M. Punab,
S. Boonen, D. Vanderschueren, European Male Aging Study Group. Hypothalamic-
pituitary-testicular axis disruptions in older men are differentially linked to age
and modifiable risk factors: the European Male Aging Study, J. Clin. Endocrinol.
Metab. 93 (2008) 2737–2745.

[118] E.M. Camacho, I.T. Huhtaniemi, T.W. O'Neill, J.D. Finn, S.R. Pye, D.M. Lee,
A. Tajar, G. Bartfai, S. Boonen, F.F. Casanueva, G. Forti, A. Giwercman, T.S. Han,
K. Kula, B. Keevil, M.E. Lean, N. Pendleton, M. Punab, D. Vanderschueren,
F.C. WuEMAS Group, Age-associated changes in hypothalamic-pituitary-testicular
function in middle-aged and older men are modified by weight change and life-
style factors: longitudinal results from the European Male Ageing Study, Eur. J.
Endocrinol. 168 (2013) 445–455.

[119] L. Carcaillon, C. Blanco, C. Alonso-Bouzón, A. Alfaro-Acha, F.J. García-García,
L. Rodríguez-Mañas, Sex differences in the association of testosterona and frailty
in an elderly population: the Toledo Study for Healthy aging, PloS One 7 (2012)
e32401.

[120] T.G. Travison, A.H. Nguyen, V. Naganathan, F.F. Stanaway, F.M. Blyth,
R.G. Cumming, D.G. Le Couteur, P.N. Sambrook, D.J. Handelsman, Changes in
reproductive hormone concentrations predict the prevalence and progression of
the frailty syndrome in older men: the concord health and ageing in men project,
J. Clin. Endocrinol. Metab. 96 (2011) 2464–2474.

[121] A. Tajar, M.D. O’Connell, A.B. Mitnitski, T.W. O’Neill, S.D. Searle, I.T. Huhtaniemi,
J.D. Finn, G. Bartfai, S. Boonen, F.F. Casanueva, G. Forti, A. Giwercman, T.S. Han,
K. Kula, F. Labrie, M.E. Lean, N. Pendleton, M. Punab, A.J. Silman,
D. Vanderschueren, K. Rockwood, F.C. Wu, European Male Aging Study Group.
Frailty in relations to variations in hormone levels of the hypothalamic-pituitary-
testicular axis in older men: results from the European male aging study, J. Am.
Geriatr. Soc. 59 (2011) 814–821.

[122] Z. Hyde, L. Flicker, O.P. Almeida, G.J. Hankey, K.A. McCaul, S.A. Chubb,
B.B. Yeap, Low free testosterone predicts frailty in older men: the health in men
study, J. Clin. Endocrinol. Metab. 95 (2010) 3165–3172.

[123] M. Eichholzer, A. Barbir, S. Basaria, A.S. Dobs, M. Feinleib, E. Guallar, A. Menke,
W.G. Nelson, N. Rifai, E.A. Platz, S. Rohrmann, Serum sex steroid hormones and
frailty in older American men of the third national health and nutrition ex-
amination survey (NHANES III), Aging Male 15 (2012) 208–215.

[124] A.R. Cappola, Q.L. Xue, L.P. Fried, Multiple hormonal deficiencies in anabolic
hormones are found in frail older women: the Women’s Health and Aging studies,
J. Gerontol. A Biol. Sci. Med. Sci. 64 (2009) 243–248.

[125] B. Hsu, R.G. Cumming, D.J. Handelsman, Testosterone, frailty and physical
function in older men, Expet Rev. Endocrinol. Metabol. 13 (2018) 159–165.

[126] N. Gharahdaghi, S. Rudrappa, M.S. Brook, I. Idris, H. Crossland, C. Hamrock,
M.H. Abdul Aziz, F. Kadi, J. Tarum, P.L. Greenhaff, D. Constantin-Teodosiu,
J. Cegielski, B.E. Phillips, D.J. Wilkinson, N.J. Szewczyk, K. Smith, P.J. Atherton,
Testosterone therapy induces molecular programming augmenting physiological
adaptations to resistance exercise in older men, J Cachexia Sarcopenia Muscle 10
(2019) 1276–1294.

[127] K. Ogurtsova, J.D. da Rocha Fernandes, Y. Huang, U. Linnenkamp, L. Guariguata,
N.H. Cho, D. Cavan, J.E. Shaw, L.E. Makaroff, IDF Diabetes Atlas: global estimates
for the prevalence of diabetes for 2015 and 2040, Diabetes Res. Clin. Pract. 128
(2017) 40–50.

[128] T. Yanase, I. Yanagita, K. Muta, H. Nawatta, Frailty in elderly diabetes patients,
Endocr. J. 65 (2018) 1–11.

[129] G. Dimitriadis, P. Mitrou, V. Lambadiari, E. Maratou, Raptis SA Insulin effects in
muscle and adipose tissue, Diabetes Res. Clin. Pract. 93 (Suppl 1) (2011) S52–S59.

[130] A.J. Sinclair, A.H. Abdelhafiz, L. Rodríguez-Mañas, Frailty and sarcopenia - newly
emerging and high impact complications of diabetes, J. Diabet. Complicat. 31
(2017) 1465–1473.

[131] M. Kotsani, T. Chatziadamidou, D. Economides, A. Benetos, Higher prevalence and
earlier appearance of geriatric phenotypes in old adults with type 2 diabetes
mellitus, Diabetes Res. Clin. Pract. 135 (2018) 206–217.

[132] E. García-Esquinas, A. Graciani, P. Guallar-Castillón, E. López-García,
L. Rodríguez-Mañas, F. Rodríguez-Artalejo, Diabetes and risk of frailty and its
potential mechanisms: a prospective cohort study of older adults, J. Am. Med. Dir.
Assoc. 16 (2015) 748–754.

[133] M. Castro-Rodriguez, J.A. Carnicero, F.J. Garcia-Garcia, et al., Frailty as a major
factor in the increased risk of death and disability in older people with diabetes, J.
Am. Med. Dir. Assoc. 17 (10) (2016) 949–955.

[134] F.S. Thein, Y. Li, M.S.Z. Nyunt, Q. Gao, S.L. Wee, T.P. Ng, Physical frailty and
cognitive impairment is associated with diabetes and adversely impact functional
status and mortality, Postgrad. Med. 130 (2018) 561–567.

[135] S. Volpato, L. Bianchi, F. Lauretani, F. Lauretani, S. Bandinelli, J.M. Guralnik,
G. Zuliani, L. Ferrucci, Role of muscle mass and muscle quality in the association
between diabetes and gait speed, Diabetes Care 35 (2012) 1672–1679.

[136] S.W. Park, B.H. Goodpaster, J.S. Lee, L.H. Kuller, R. Boudreau, N. de Rekeneire,
T.B. Harris, S. Kritchevsky, F.A. Tylavsky, M. Nevitt, Y.W. Cho,
A.B. NewmanHealth, Aging, and Body Composition Study, Excessive loss of ske-
letal muscle mass in older adults with type 2 diabetes, Diabetes Care 32 (2009)
1993–1997.

[137] C.G. Lee, E.J. Boyko, E. Barrett-Connor, I. Miljkovic, A.R. Hoffman, S.A. Everson-
Rose, C.E. Lewis, P.M. Cawthon, E.S. Strotmeyer, E.S. Orwoll, Osteoporotic
Fractures in Men (MrOS) Study Research Group. Insulin sensitizers may attenuate
lean mass loss in older men with diabetes, Diabetes Care 34 (2011) 2381–2386.

[138] M.R. Lee, S.M. Jung, H. Bang, H.S. Kim, Y.B. Kim, Association between muscle
strength and type 2 diabetes mellitus in adults in Korea: data from the Korea

national health and nutrition examination survey (KNHANES) VI, Medicine
(Baltim.) 97 (2018) e10984.

[139] J.W. Yoon, Y.C. Ha, K.M. Kim, J.H. Moon, S.H. Choi, S. Lim, Y.J. Park, J.Y. Lim,
K.W. Kim, K.S. Park, H.C. Jang, Hyperglycemia is associated with impaired muscle
quality in older men with diabetes: the Korean longitudinal study on health and
aging, Diabetes Metab. J 40 (2016) 140–146.

[140] K.G.M.M. Alberti, P. Zimmet, J. Shaw, Metabolic syndrome – a new world wide
definition. A consensus statement from the international diabetes federation,
Diabet. Med. 23 (2006) 469–480.

[141] Z. Tang, C. Wang, X. Song, J. Shi, A. Mitnitski, X. Fang, P. Yu, K. Rockwood, Co-
occurrence of cardiometabolic diseases and frailty in older Chinese adults in the
Beijing Longitudinal Study of Ageing, Age Ageing 42 (2013) 346–351.

[142] F. Lin, R. Roiland, D. Chen, C. Qiu, Linking cognition and frailty in middle and old
age: metabolic syndrome matters, Int. J. Geriatr. Psychiatr. 30 (2015) 64–71.

[143] R.F. Pérez-Tasigchana, L.M. León-Muñoz, E. Lopez-Garcia, J.L. Gutierrez-Fisac,
M. Laclaustra, F. Rodríguez-Artalejo, P. Guallar-Castillón, Metabolic syndrome
and insulin resistance are associated with frailty in older adults: a prospective
cohort study, Age Ageing 46 (2017) 807–812.

[144] Q. Hao, X. Song, M. Yang, B. Dong, K. Rockwood, Understanding risk in the oldest
old: frailty and the metabolic syndrome in a Chinese community sample aged 90+
years, J. Nutr. Health Aging 20 (2016) 82–88.

[145] G. Viscogliosi, The metabolic syndrome: a risk factor for the frailty syndrome? J.
Am. Med. Dir. Assoc. 17 (2016) 364–366.

[146] A.E. Kane, E. Gregson, O. Theou, K. Rockwood, S.E. Howlett, The association
between frailty, the metabolic syndrome, and mortality over the lifespan,
Geroscience 39 (2017) 221–229.

[147] J.I. Barzilay, C. Blaum, T. Moore, Q.L. Xue, C.H. Hirsch, J.D. Walston, L.P. Fried,
Insulin resistance and inflammation as precursors of frailty: the Cardiovascular
Health Study, Arch. Intern. Med. 167 (2007) 635–641.

[148] C.W. Yang, C.I. Li, T.C. Li, C.S. Liu, C.H. Lin, W.Y. Lin, C.C. Lin, The joint asso-
ciation of insulin sensitivity and physical activity on the skeletal muscle mass and
performance in community-dwelling older adults, Exp. Gerontol. 95 (2017) 34–38.

[149] P.S. Peng, T.W. Kao, P.K. Chang, W.L. Chen, P.J. Peng, L.W. Wu, Association be-
tween HOMA-IR and frailty among U.S. middle-aged and elderly population, Sci.
Rep. 9 (2019) 4238.

[150] M.E. Cleasby, P.M. Jamieson, P.J. Atherton, Insulin resistance and sarcopenia:
mechanistic links between common co-morbidities, J. Endocrinol. 229 (2016)
R67–R81.

[151] M. Gueugneau, C. Coudy-Gandilhon, L. Théron, B. Meunier, C. Barboiron,
L. Combaret, D. Taillandier, C. Polge, D. Attaix, B. Picard, J. Verney, F. Roche,
L. Féasson, J.C. Barthélémy, D. Béchet, Skeletal muscle lipid content and oxidative
activity in relation to muscle fiber type in aging and metabolic syndrome, J
Gerontol A Biol Sci Med Sci 70 (2015) 566–576.

[152] J.A. Morais, K.W. Jacob, S. Chevalier, Effects of aging and insulin resistant states
on protein anabolic responses in older adults, Exp. Gerontol. 108 (2018) 262–268.

[153] J.S. Petrofsky, F. Alshammari, G.S. Bains, I.A. Khowailed, H. Lee, Y.N. Kuderu,
R.D. Lodha, S. Rodrigues, D. Nguyen, P.A. Potnis, P.P. Deshpande, J.E. Yim,
L. Berk, What is more damaging to vascular endothelial function: diabetes, age,
high BMI, or all of the above? Med Sci Monit 19 (2013) 257–263.

[154] M. El Assar, J. Angulo, L. Rodríguez-Mañas, Diabetes and ageing-induced vascular
inflammation, J. Physiol. 594 (2016) 2125–2146.

[155] E. Barrett-Connor, Lower endogenous androgen levels and dyslipidemia in men
with non-insulin-dependent diabetes mellitus, Ann. Intern. Med. 117 (1992)
807–811.

[156] G. Corona, M. Monami, G. Rastrelli, A. Aversa, A. Sforza, A. Lenzi, G. Forti,
E. Mannucci, M. Maggi, Type 2 diabetes mellitus and testosterone: a meta-analysis
study, Int. J. Androl. 34 (2011) 528–540.

[157] O.A. Ogbera, C. Sonny, F. Olufemi, A. Wale, Hypogonadism and subnormal btotal
testosterone levels in men with type 2 diabetes mellitus, J Coll Physicians Surg Pak
21 (2011) 517–521.

[158] A.A. Al Hayek, Y.S. Khader, S. Jafal, N. Khawaja, A.A. Robert, K. Ajlouni,
Prevalence of low testosterone levels in men with type 2 diabetes mellitus: a cross-
sectional study, J Family Community Med 20 (2013) 179–186.

[159] F.W. Gibbs, M.W. Strachan, Androgen deficiency and type 2 diabetes mellitus,
Clin. Biochem. 47 (2014) 940–949.

[160] E.L. Ding, Y. Song, V.S. Malik, S. Liu, Sex differences of endogenous sex hormones
and risk of type 2 diabetes: a systematic review and meta-analysis, JAMA 295
(2006) 1288–1299.

[161] D. Goodman-Gruen, E. Barrett-Connor, Sex differences in the association of en-
dogenous sex hormone levels and glucose tolerance status in older men and
women, Diabetes Care 23 (2000) 912–918.

[162] M. Muller, D.E. Grobbee, J. den Tokelaar, S.W. Lamberts, Y.T. van der Schouw,
Endogenous sex hormones and metabolic syndrome in aging men, J. Clin.
Endocrinol. Metab. 90 (2005) 2618–2623.

[163] M. Grossmann, M.C. Thomas, S. Panagiotopoulos, K. Sharpe, R.J. Macisaac,
S. Clarke, J.D. Zajac, G. Jerums, Low testosterone levels are common and asso-
ciated with insulin resistance in men with diabetes, J. Clin. Endocrinol. Metab. 93
(2008) 1834–1840.

[164] B.L. Needham, C. Kim, B. Mukherjee, P. Bagchi, F.Z. Stanczyk, A.M. Kanaya,
Endogenous sex steroid hormones and glucose in a South-Asian population
without diabetes: the Metabolic Syndrome and Atherosclerosis in South-Asians
Living in America pilot study, Diabet. Med. 32 (2015) 1193–1200.

[165] K.I. Birkeland, K.F. Hanssen, P.A. Torjesen, S. Vaaler, Levels of sex hormone-
binding globulin is positively correlated with insulin sensitivity in men with type 2
diabetes, J. Clin. Endocrinol. Metab. 76 (1993) 275–278.

[166] B.L. Tan, M.E. Norhaizan, W.P. Liew, H. Sulaiman Rahman, Antioxidant and

J. Angulo, et al. Redox Biology 35 (2020) 101513

70

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref116
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref117
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref117
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref117
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref117
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref117
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref117
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref118
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref119
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref119
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref119
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref119
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref120
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref120
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref120
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref120
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref120
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref121
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref122
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref122
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref122
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref123
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref123
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref123
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref123
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref124
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref124
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref124
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref125
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref125
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref126
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref126
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref126
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref126
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref126
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref126
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref127
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref127
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref127
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref127
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref128
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref128
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref129
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref129
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref130
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref130
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref130
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref131
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref131
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref131
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref132
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref132
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref132
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref132
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref133
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref133
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref133
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref134
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref134
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref134
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref135
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref135
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref135
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref136
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref136
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref136
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref136
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref136
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref137
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref137
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref137
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref137
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref138
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref138
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref138
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref138
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref139
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref139
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref139
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref139
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref140
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref140
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref140
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref141
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref141
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref141
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref142
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref142
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref143
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref143
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref143
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref143
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref144
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref144
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref144
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref145
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref145
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref146
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref146
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref146
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref147
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref147
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref147
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref148
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref148
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref148
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref149
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref149
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref149
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref150
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref150
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref150
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref151
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref151
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref151
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref151
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref151
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref152
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref152
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref153
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref153
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref153
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref153
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref154
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref154
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref155
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref155
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref155
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref156
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref156
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref156
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref157
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref157
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref157
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref158
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref158
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref158
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref159
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref159
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref160
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref160
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref160
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref161
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref161
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref161
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref162
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref162
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref162
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref163
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref163
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref163
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref163
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref164
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref164
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref164
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref164
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref165
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref165
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref165
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref166


oxidative stress: a mutual interplay in age-related diseases, Front. Pharmacol. 9
(2018) 1162.

[167] D.D. Huang, S.D. Fan, X.Y. Chen, X.L. Yan, X.Z. Zhang, B.W. Ma, D.Y. Yu,
W.Y. Xiao, C.L. Zhuang, Z. Yu, Nrf2 deficiency exacerbates frailty and sarcopenia
by impairing skeletal muscle mitochondrial biogenesis and dynamics in an age-
dependent manner, Exp. Gerontol. 119 (2019) 61–73.

[168] B. Ahn, G. Pharaoh, P. Premkumar, K. Huseman, R. Ranjit, M. Kinter, L. Szweda,
T. Kiss, G. Fulop, S. Tarantini, A. Csiszar, Z. Ungvari, H. Van Remmen, Nrf2 de-
ficiency exacerbates age-related contractile dysfunction and loss of skeletal muscle
mass, Redox Biol 17 (2018) 47–58.

[169] Y. Kitaoka, Y. Tamura, K. Takahashi, K. Takeda, T. Takemasa, H. Hatta, Effects of
Nrf2 deficiency on mitochondrial oxidative stress in aged skeletal muscle, Phys.
Rep. 7 (2019) e13998.

[170] M. El Assar, J. Angulo, J.A. Carnicero, S. Walter, F.J. García-García, E. López-
Hernández, J.M. Sánchez-Puelles, L. Rodríguez-Mañas, Frailty is associated with
lower expression of genes involved in cellular response to stress: results from the
toledo study for healthy aging, J. Am. Med. Dir. Assoc. 18 (2017) 734.e1–734.e7.

[171] A. McArdle, N. Pollock, C.A. Staunton, M.J. Jackson, Aberrant redox signalling
and stress response in age-related muscle decline: role in inter- and intra-cellular
signalling, Free Radic. Biol. Med. 132 (2019) 50–57.

[172] S. Aldred, M. Rohalu, A moderate intensity exercise program did not increase the
oxidative stress in older adults, Arch. Gerontol. Geriatr. 53 (2011) 350–353.

[173] D. de Gonzalo-Calvo, B. Fernandez-Garcia, B. de Luxan-Delgado, S. Rodriguez-
Gonzalez, M. Garcia-Macia, F.M. Suarez, J.J. Solano, M.J. Rodriguez-Colunga,
A. Coto-Montes, Chronic training increases blood oxidative damage but promotes
health in elderly men, Age 35 (2013) 407–417.

[174] M.J. Gomes, P.F. Martinez, L.U. Pagan, R.L. Damatto, M.D.M. Cezar, A.R.R. Lima,
K. Okoshi, M.P. Okoshi, Skeletal muscle aging: influence of oxidative stress and
physical exercise, Oncotarget 8 (2017) 20428–20440.

[175] A.M. Joseph, P.J. Adhihetty, C. Leeuwenburgh, Beneficial effects of exercise on
age-related mitochondrial dysfunction and oxidative stress in skeletal muscle, J.
Physiol. 594 (2016) 5105–5123.

[176] Q. Gu, B. Wang, X.F. Zhang, Y.P. Ma, J.D. Liu, X.Z. Wang, Chronic aerobic exercise
training attenuates aortic stiffening and endothelial dysfunction through preser-
ving aortic mitochondrial function in aged rats, Exp. Gerontol. 56 (2014) 37–44.

[177] J.N. Cobley, G.K. Sakellariou, D.J. Owens, S. Murray, S. Waldron, W. Gregson,
W.D. Fraser, J.G. Burniston, L.A. Iwanejko, A. McArdle, J.P. Morton, M.J. Jackson,
G.L. Close, Lifelong training preserves some redox-regulated adaptive responses
after an acute exercise stimulus in aged human skeletal muscle, Free Radic. Biol.
Med. 70 (2014) 23–32.

[178] D.R. Seals, E.E. Nagy, K.L. Moreau, Aerobic exercise training and vascular function
with ageing in healthy men and women, J. Physiol. 597 (2019) 4901–4914.

[179] J. Alcazar, J. Losa-Reyna, C. Rodriguez-Lopez, R. Navarro-Cruz, A. Alfaro-Acha,
I. Ara, F.J. Garcia-Garcia, L.M. Alegre, A. Guadalupe-Grau, Effects of concurrent
exercise training on muscle dysfunction and systemic oxidative stress in older
people with COPD, Scand. J. Med. Sci. Sports 29 (2019) 1591–1603.

[180] M.P. Mota, Z.A. Dos Santos, J.F.P. Soares, A. de Fatima Pereira, P.V. Joao, I. O'Neil
Gaivao, M.M. Oliveira, Intervention with a combined physical exercise training to
reduce oxidative stress of women over 40years of age, Exp. Gerontol. 123
(2019) 1–9.

[181] A.J. Done, T. Traustadottir, Nrf2 mediates redox adaptations to exercise, Redox
Biol 10 (2016) 191–199.

[182] S. Di Meo, G. Napolitano, P. Venditti, Mediators of physical activity protection
against ROS-linked skeletal muscle damage, Int. J. Mol. Sci. 20 (2019) E3024.

[183] S. Oh, S. Komine, E. Warabi, K. Akiyama, A. Ishii, K. Ishige, Y. Mizokami, K. Kuga,
M. Horie, Y. Miwa, T. Iwawaki, M. Yamamoto, J. Shoda, Nuclear factor (erythroid
derived 2)-like 2 activation increases exercise endurance capacity via redox
modulation in skeletal muscles, Sci. Rep. 7 (2017) 12902.

[184] M. Yamada, M. Iwata, E. Warabi, H. Oishi, V.A. Lira, M. Okutsu, p62/SQSTM1 and
Nrf2 are essential for exercise-mediated enhancement of antioxidant protein ex-
pression in oxidative muscle, Faseb. J. 33 (2019) 8022–8032.

[185] A.J. Done, M.J. Gage, N.C. Nieto, T. Traustadottir, Exercise-induced Nrf2-signaling
is impaired in aging, Free Radic. Biol. Med. 96 (2016) 130–138.

[186] M. Narasimhan, N.S. Rajasekaran, Cardiac aging - benefits of exercise, Nrf2 acti-
vation and antioxidant signaling, Adv. Exp. Med. Biol. 999 (2017) 231–255.

[187] J. Angulo, M. El Assar, A. Sevilleja-Ortiz, A. Fernández, A. Sánchez-Ferrer,
J. Romero-Otero, J.I. Martínez-Salamanca, J.M. La Fuente, L. Rodríguez-Mañas,
Short-term pharmacological activation of Nrf2 ameliorates vascular dysfunction in
aged rats and in pathological human vasculature. A potential target for therapeutic
intervention, Redox Biol 26 (2019) 101271.

[188] M. El Assar, J. Angulo, L. Rodríguez-Mañas, Oxidative stress and vascular in-
flammation in aging, Free Radic. Biol. Med. 65 (2013) 380–401.

[189] C. Franceschi, J. Campisi, Chronic inflammation (inflammaging) and its potential
contribution to age-associated diseases, J Gerontol A Biol Sci Med Sci 69 (Suppl 1)
(2014) S4–S9.

[190] I.M. Rea, D.S. Gibson, V. McGilligan, S.E. McNerlan, H.D. Alexander, O.A. Ross,
Age and age-related diseases: role of inflammation triggers and cytokines, Front.
Immunol. 9 (2018) 586.

[191] J. Verghese, R. Holtzer, M. Oh-Park, C.A. Derby, R.B. Lipton, C. Wang,
Inflammatory markers and gait speed decline in older adults, J Gerontol A Biol Sci
Med Sci 66 (2011) 1083–1089.

[192] W. Adriaensen, C. Mathei, G. van Pottelbergh, B. Vaes, D. Legrand, P. Wallemacq,
J.M. Degryse, Significance of serum immune markers in identification of global
functional impairment in the oldest old: cross-sectional results from the BELFRAIL
study, Age 36 (2014) 457–467.

[193] Y. Meng, H. Wu, Y. Yang, H. Du, Y. Xia, X. Guo, X. Liu, C. Li, K. Niu, Relationship

of anabolic and catabolic biomarkers with muscle strength and physical perfor-
mance in older adults: a population-based cross-sectional study, BMC Muscoskel.
Disord. 16 (2015) 202.

[194] D. Velissaris, N. Pantzaris, I. Koniari, N. Koutsogiannis, V. Karamouzos, I. Kotroni,
A. Skroumpelou, J. Ellul, C-reactive protein and frailty in the elderly: a literature
review, J. Clin. Med. Res. 9 (2017) 461–465.

[195] N. Sallam, I. Laher, Exercise modulates oxidative stress and inflammation in aging
and cardiovascular diseases, Oxid Med Cell Longev 2016 (2016) 7239639.

[196] R.S. Monteiro-Junior, P. de Tarso Maciel-Pinheiro, E. da Matta Mello Portugal,
L.F. da Silva Figueiredo, R. Terra, L.S.F. Carneiro, V.D. Rodrigues,
O.J.M. Nascimento, A.C. Deslandes, J. Laks, Effect of exercise on inflammatory
profile of older persons: systematic review and meta-analyses, J. Phys. Activ.
Health 15 (2018) 64–71.

[197] L.K. Stewart, M.G. Flynn, W.W. Campbell, B.A. Craig, J.P. Robinson,
B.K. McFarlin, et al., Influence of exercise training and age on CD14+ cell-surface
expression of toll-like receptor 2 and 4, Brain Behav. Immun. 19 (2005) 389–397.

[198] M.G. Flynn, M.M. Markofski, A.E. Carrillo, Elevated inflammatory status and in-
creased risk of chronic disease in chronological aging: inflamm-aging or inflamm-
inactivity? Aging Dis 10 (2019) 147–156.

[199] N. Brooks, J.E. Layne, P.L. Gordon, R. Roubenoff, M.E. Nelson, C. Castaneda-
Sceppa, Strength training improves muscle quality and insulin sensitivity in
Hispanic older adults with type 2 diabetes, Int. J. Med. Sci. 4 (2006) 19–27.

[200] S.M. Abd El-Kader, F.M. Al-Shreef, Inflammatory cytokines and immune system
modulation by aerobic versus resisted exercise training for elderly, Afr. Health Sci.
18 (2018) 120–131.

[201] G. Zheng, P. Qiu, R. Xia, H. Lin, B. Ye, J. Tao, L. Chen, Effect of aerobic exercise on
inflammatory markers in healthy middle-aged and older adults: a systematic re-
view and meta-analysis of randomized controlled trials, Front. Aging Neurosci. 11
(2019) 98.

[202] R.W.J. Hangelbroek, P. Knuiman, M. Tieland, L. de Groot, Attenuated strength
gains during prolonged resistance exercise training in older adults with high in-
flammatory status, Exp. Gerontol. 106 (2018) 154–158.

[203] A. Kalinkovich, G. Livshits, Sarcopenic obesity or obese sarcopenia: a cross talk
between age-associated adipose tissue and skeletal muscle inflammation as a main
mechanism of the pathogenesis, Ageing Res. Rev. 35 (2017) 200–221.

[204] L. Ferrucci, E. Fabbri, Inflammageing: chronic inflammation in ageing, cardio-
vascular disease, and frailty, Nat. Rev. Cardiol. 15 (2018) 505–522.

[205] D.J. Klionsky, K. Abdelmohsen, A. Abe, M.J. Abedin, H. Abeliovich, A. Acevedo
Arozena, H. Adachi, C.M. Adams, P.D. Adams, K. Adeli, P.J. Adhihetty, S.G. Adler,
G. Agam, R. Agarwal, M.K. Aghi, M. Agnello, P. Agostinis, P.V. Aguilar, ...
S.M. Zughaier, Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition), Autophagy 12 (2016) 1-222.

[206] S.N. Aas, H. Hamarsland, K.T. Cumming, S.H. Rognlien, O.J. Aase, M. Nordseth,
S. Karsrud, S. Godager, D. Tommerbakke, V. Handegard, T. Raastad, The impact of
age and frailty on skeletal muscle autophagy markers and specific strength: a
cross-sectional comparison, Exp. Gerontol. 125 (2019) 110687.

[207] J. Fan, X. Kou, S. Jia, X. Yang, Y. Yang, N. Chen, Autophagy as a potential target
for sarcopenia, J. Cell. Physiol. 231 (2016) 1450–1459.

[208] M.M. Dethlefsen, J.F. Halling, H.D. Moller, P. Plomgaard, B. Regenberg,
S. Ringholm, H. Pilegaard, Regulation of apoptosis and autophagy in mouse and
human skeletal muscle with aging and lifelong exercise training, Exp. Gerontol.
111 (2018) 141–153.

[209] S.S. Park, Y.K. Seo, K.S. Kwon, Sarcopenia targeting with autophagy mechanism
by exercise, BMB Rep 52 (2019) 64–69.

[210] A. Parousis, H.N. Carter, C. Tran, A.T. Erlich, Z.S. Mesbah Moosavi, M. Pauly,
D.A. Hood, Contractile activity attenuates autophagy suppression and reverses
mitochondrial defects in skeletal muscle cells, Autophagy 14 (2018) 1886–1897.

[211] Z. White, J. Terrill, R.B. White, C. McMahon, P. Sheard, M.D. Grounds,
T. Shavlakadze, Voluntary resistance wheel exercise from mid-life prevents sar-
copenia and increases markers of mitochondrial function and autophagy in mus-
cles of old male and female C57BL/6J mice, Skeletal Muscle 6 (1) (2016) 45.

[212] L. Luo, A.M. Lu, Y. Wang, A. Hong, Y. Chen, J. Hu, X. Li, Z.H. Qin, Chronic re-
sistance training activates autophagy and reduces apoptosis of muscle cells by
modulating IGF-1 and its receptors, Akt/mTOR and Akt/FOXO3a signaling in aged
rats, Exp. Gerontol. 48 (2013) 427–436.

[213] J.F. Halling, S. Ringholm, J. Olesen, C. Prats, H. Pilegaard, Exercise training
protects against aging-induced mitochondrial fragmentation in mouse skeletal
muscle in a PGC-1alpha dependent manner, Exp. Gerontol. 96 (2017) 1–6.

[214] S. Carnio, F. LoVerso, M.A. Baraibar, E. Longa, M.M. Khan, M. Maffei, M. Reischl,
M. Canepari, S. Loefler, H. Kern, B. Blaauw, B. Friguet, R. Bottinelli, R. Rudolf,
M. Sandri, Autophagy impairment in muscle induces neuromuscular junction de-
generation and precocious aging, Cell Rep. 8 (2014) 1509–1521.

[215] L. Lenhare, B.M. Crisol, V.R.R. Silva, C.K. Katashima, A.V. Cordeiro, K.D. Pereira,
A.D. Luchessi, A.S.R. da Silva, D.E. Cintra, L.P. Moura, J.R. Pauli, E.R. Ropelle,
Physical exercise increases Sestrin 2 protein levels and induces autophagy in the
skeletal muscle of old mice, Exp. Gerontol. 97 (2017) 17–21.

[216] A. Picca, R. Calvani, M. Bossola, E. Allocca, A. Menghi, V. Pesce, A.M.S. Lezza,
R. Bernabei, F. Landi, E. Marzetti, Update on mitochondria and muscle aging: all
wrong roads lead to sarcopenia, Biol. Chem. 399 (2018) 421–436.

[217] N.R. Wawrzyniak, A.M. Joseph, D.G. Levin, D.M. Gundermann, C. Leeuwenburgh,
B. Sandesara, T.M. Manini, P.J. Adhihetty, Idiopathic chronic fatigue in older
adults is linked to impaired mitochondrial content and biogenesis signaling in
skeletal muscle, Oncotarget 7 (2016) 52695–52709.

[218] A. Picca, R. Calvani, C. Leeuwenburgh, H.J. Coelho-Junior, R. Bernabei, F. Landi,
E. Marzetti, Targeting mitochondrial quality control for treating sarcopenia: les-
sons from physical exercise, Expert Opin. Ther. Targets 23 (2019) 153–160.

J. Angulo, et al. Redox Biology 35 (2020) 101513

71

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref166
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref166
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref167
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref167
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref167
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref167
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref168
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref168
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref168
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref168
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref169
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref169
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref169
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref170
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref170
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref170
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref170
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref171
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref171
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref171
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref172
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref172
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref173
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref173
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref173
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref173
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref174
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref174
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref174
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref175
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref175
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref175
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref176
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref176
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref176
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref177
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref177
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref177
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref177
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref177
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref178
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref178
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref179
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref179
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref179
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref179
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref180
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref180
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref180
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref180
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref181
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref181
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref182
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref182
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref183
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref183
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref183
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref183
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref184
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref184
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref184
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref185
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref185
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref186
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref186
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref187
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref187
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref187
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref187
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref187
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref188
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref188
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref189
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref189
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref189
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref190
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref190
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref190
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref191
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref191
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref191
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref192
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref192
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref192
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref192
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref193
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref193
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref193
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref193
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref194
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref194
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref194
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref195
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref195
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref196
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref196
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref196
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref196
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref196
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref197
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref197
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref197
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref198
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref198
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref198
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref199
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref199
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref199
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref200
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref200
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref200
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref201
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref201
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref201
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref201
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref202
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref202
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref202
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref203
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref203
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref203
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref204
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref204
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref205
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref205
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref205
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref205
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref205
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref206
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref206
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref206
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref206
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref207
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref207
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref208
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref208
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref208
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref208
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref209
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref209
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref210
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref210
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref210
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref211
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref211
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref211
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref211
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref212
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref212
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref212
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref212
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref213
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref213
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref213
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref214
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref214
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref214
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref214
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref215
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref215
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref215
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref215
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref216
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref216
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref216
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref217
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref217
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref217
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref217
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref218
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref218
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref218


[219] J.L. Gamboa, Billings FTt, M.T. Bojanowski, L.A. Gilliam, C. Yu, B. Roshanravan,
L.J. Roberts 2nd, J. Himmelfarb, T.A. Ikizler, N.J. Brown, Mitochondrial dys-
function and oxidative stress in patients with chronic kidney disease, Phys. Rep. 4
(9) (2016) e12780.

[220] D.S. Kehler, The impact of sedentary and physical activity behaviour on frailty in
middle-aged and older adults, Appl. Physiol. Nutr. Metabol. 43 (2018) 638.

[221] J. Viña, L. Rodriguez-Mañas, A. Salvador-Pascual, F.J. Tarazona-Santabalbina,
M.C. Gomez-Cabrera, Exercise: the lifelong supplement for healthy ageing and
slowing down the onset of frailty, J. Physiol. 594 (2016) 1989–1999.

[222] O.C. Moreira, B. Estebanez, S. Martinez-Florez, J.A. de Paz, M.J. Cuevas,
J. Gonzalez-Gallego, Mitochondrial function and mitophagy in the elderly: effects
of exercise, Oxid Med Cell Longev 2017 (2017) 2012798.223.

[223] L. Leick, S.S. Lyngby, J.F. Wojtaszewski, H. Pilegaard, PGC-1alpha is required for
training-induced prevention of age-associated decline in mitochondrial enzymes in
mouse skeletal muscle, Exp. Gerontol. 45 (2010) 336–342.

[224] H. Islam, J.T. Bonafiglia, P.C. Turnbull, C.A. Simpson, C.G.R. Perry, B.J. Gurd, The
impact of acute and chronic exercise on Nrf2 expression in relation to markers of
mitochondrial biogenesis in human skeletal muscle, Eur. J. Appl. Physiol. (2019),
https://doi.org/10.1007/s00421-019-04259-7 Epub ahead of print.

[225] H.N. Carter, Y. Kim, A.T. Erlich, D. Zarrin-Khat, D.A. Hood, Autophagy and mi-
tophagy flux in young and aged skeletal muscle following chronic contractile ac-
tivity, J. Physiol. 596 (2018) 3567–3584.

[226] E. Marzetti, R. Calvani, M. Cesari, T.W. Buford, M. Lorenzi, B.J. Behnke,
C. Leeuwenburgh, Mitochondrial dysfunction and sarcopenia of aging: from sig-
naling pathways to clinical trials, Int. J. Biochem. Cell Biol. 45 (2013) 2288–2301.

[227] S.E. Wohlgemuth, H.A. Lees, E. Marzetti, T.M. Manini, J.M. Aranda, M.J. Daniels,
M. Pahor, M.G. Perri, C. Leeuwenburgh, S.D. Anton, An exploratory analysis of the
effects of a weight loss plus exercise program on cellular quality control me-
chanisms in older overweight women, Rejuvenation Res. 14 (2011) 315–324.

[228] S.E. Wohlgemuth, H.A. Lees, E. Marzetti, T.M. Manini, J.M. Aranda, M.J. Daniels,
et al., An exploratory analysis of the effects of a weight loss plus exercise program
on cellular quality control mechanisms in older overweight women, Rejuvenation
Res. 14 (2011) 315–324.

[229] T. Doi, H. Makizako, K. Tsutsumimoto, R. Hotta, S. Nakakubo, K. Makino,
T. Suzuki, H. Shimada, Association between insulin-like growth factor-1 and
frailty among older adults, J. Nutr. Health Aging 22 (2018) 68–72.

[230] J. Chew, L. Tay, J.P. Lim, B.P. Leung, A. Yeo, S. Yew, Y.Y. Ding, W.S. Lim, Serum
myostatin and IGF-1 as gender-specific biomarkers of frailty and low muscle mass
in community-dwelling older adults, J. Nutr. Health Aging 23 (2019) 979–986.

[231] Z. Song, D.R. Moore, N. Hodson, C. Ward, J.R. Dent, M.F. O'Leary, A.M. Shaw,
D.L. Hamilton, S. Sarkar, Y.G. Gangloff, T.A. Hornberger, L.L. Spriet,
G.J. Heigenhauser, A. Philp, Resistance exercise initiates mechanistic target of
rapamycin (mTOR) translocation and protein complex co-localisation in human
skeletal muscle, Sci. Rep. 7 (2017) 5028.

[232] J.A. Hawley, M. Hargreaves, M.J. Joyner, J.R. Zierath, Integrative biology of ex-
ercise, Cell 159 (2014) 738–749.

[233] J.F. Horowitz, Exercise-induced alterations in muscle lipid metabolism improve
insulin sensitivity, Exerc. Sport Sci. Rev. 35 (2007) 192–196.

[234] M.S. Ha, W.M. Son, Combined exercise is a modality for improving insulin re-
sistance and aging-related hormone biomarkers in elderly Korean women, Exp.
Gerontol. 114 (2018) 13–18.

[235] J.H. Lee, H.S. Jun, Role of myokines in regulating skeletal muscle mass and
function, Front. Physiol. 10 (2019) 42.

[236] C. Vinel, L. Lukjanenko, A. Batut, S. Deleruyelle, J.P. Pradere, S. Le Gonidec,
A. Dortignac, N. Geoffre, O. Pereira, S. Karaz, U. Lee, M. Camus, K. Chaoui,
E. Mouisel, A. Bigot, V. Mouly, M. Vigneau, A.F. Pagano, A. Chopard, F. Pillard,
S. Guyonnet, M. Cesari, O. Burlet-Schiltz, M. Pahor, J.N. Feige, B. Vellas, P. Valet,
C. Dray, The exerkine apelin reverses age-associated sarcopenia, Nat. Med. 24
(2018) 1360–1371.

[237] R. Piccirillo, Exercise-induced myokines with therapeutic potential for muscle
wasting, Front. Physiol. 10 (2019) 287.

[238] H.J. Coelho-Junior, A. Picca, R. Calvani, M.C. Uchida, E. Marzetti, If my muscle
could talk: myokines as a biomarker of frailty, Exp. Gerontol. 127 (2019) 110715,
https://doi.org/10.1016/j.exger.2019.110715 Epub 2019 Aug 29.

[239] C. Fiuza-Luces, A. Santos-Lozano, M. Joyner, P. Carrera-Bastos, O. Picazo,
J.L. Zugaza, M. Izquierdo, L.M. Ruilope, A. Lucia, Exercise benefits in cardiovas-
cular disease: beyond attenuation of traditional risk factors, Nat. Rev. Cardiol. 15
(2018) 731–743.

[240] T. Kanzleiter, M. Rath, S.W. Gorgens, J. Jensen, D.S. Tangen, A.J. Kolnes,
K.J. Kolnes, S. Lee, J. Eckel, A. Schurmann, K. Eckardt, The myokine decorin is
regulated by contraction and involved in muscle hypertrophy, Biochem. Biophys.
Res. Commun. 450 (2014) 1089–1094.

[241] N. El Shafey, M. Guesnon, F. Simon, E. Deprez, J. Cosette, D. Stockholm,
D. Scherman, P. Bigey, A. Kichler, Inhibition of the myostatin/Smad signaling
pathway by short decorin-derived peptides, Exp. Cell Res. 341 (2016) 187–195.

[242] H.J. Kim, B. So, M. Choi, D. Kang, W. Song, Resistance exercise training increases
the expression of irisin concomitant with improvement of muscle function in aging
mice and humans, Exp. Gerontol. 70 (2015) 11–17.

[243] C.J. Caspersen, K.E. Powell, G.M. Christenson, Physical activity, exercise, and
physical fitness: definitions and distinctions for health-related research, Publ.
Health Rep. 100 (2) (1985) 126–131.

[244] E.L. Cadore, L. Rodríguez-Mañas, A. Sinclair, M. Izquierdo, Effects of different
exercise interventions on risk of falls, gait ability, and balance in physically frail
older adults: a systematic review, Rejuvenation Res. 16 (2) (2013) 105–114.

[245] L.E. Aguirre, D.T. Villareal, Physical exercise as therapy for frailty, Nestle Nutr Inst
Workshop Ser 83 (2015) 83–92.

[246] M.A. Fiatarone, E.F. O'Neill, N.D. Ryan, K.M. Clements, G.R. Solares, M.E. Nelson,
S.B. Roberts, J.J. Kehayias, L.A. Lipsitz, W.J. Evans, Exercise training and nutri-
tional supplementation for physical frailty in very elderly people, N. Engl. J. Med.
330 (25) (1994) 1769–1775.

[247] LIFE Study Investigators, M. Pahor, S.N. Blair, M. Espeland, R. Fielding, T.M. Gill,
J.M. Guralnik, E.C. Hadley, A.C. King, S.B. Kritchevsky, C. Maraldi, M.E. Miller,
A.B. Newman, W.J. Rejeski, S. Romashkan, S. Studenski, Effects of a physical
activity intervention on measures of physical performance: results of the lifestyle
interventions and independence for Elders Pilot (LIFE-P) study, J Gerontol A Biol
Sci Med Sci 61 (2006) 1157–1165.

[248] I.D. Cameron, N. Fairhall, C. Langron, K. Lockwood, N. Monaghan, C. Aggar,
C. Sherrington, S.R. Lord, S.E. Kurrle, A multifactorial interdisciplinary interven-
tion reduces frailty in older people: randomized trial, BMC Med. 11 (2013) 65.

[249] E.L. Cadore, A. Casas-Herrero, F. Zambom-Ferraresi, F. Idoate, N. Millor,
M. Gómez, L. Rodriguez-Mañas, M. Izquierdo, Multicomponent exercises including
muscle power training enhance muscle mass, power output, and functional out-
comes in institutionalized frail nonagenarians, Age (Dordrecht, Netherlands) 36
(2) (2014) 773–785.

[250] J. Kwon, Y. Yoshida, H. Yoshida, H. Kim, T. Suzuki, Y. Lee, Effects of a combined
physical training and nutrition intervention on physical performance and health-
related quality of life in prefrail older women living in the community: a rando-
mized controlled trial, J. Am. Med. Dir. Assoc. 16 (3) (2015) 263.e1–263.e8.

[251] F.J. Tarazona-Santabalbina, M.C. Gómez-Cabrera, P. Pérez-Ros, F.M. Martínez-
Arnau, H. Cabo, K. Tsaparas, A. Salvador-Pascual, L. Rodriguez-Mañas, J.A. Viña,
Multicomponent exercise intervention that reverses frailty and improves cogni-
tion, emotion, and social networking in the community-dwelling frail elderly: a
randomized clinical trial, J. Am. Med. Dir. Assoc. 17 (5) (2016) 426–433.

[252] J. Losa-Reyna, I. Baltasar-Fernandez, J. Alcazar, R. Navarro-Cruz, F.J. Garcia-
Garcia, L.M. Alegre, A. Alfaro-Acha, Effect of a short multicomponent exercise
intervention focused on muscle power in frail and pre frail elderly: a pilot trial,
Exp. Gerontol. 115 (2019) 114–121.

[253] N. Martínez-Velilla, A. Casas-Herrero, F. Zambom-Ferraresi, M.L. Sáez de Asteasu,
A. Lucia, A. Galbete, A. García-Baztán, J. Alonso-Renedo, B. González-Glaría,
M. Gonzalo-Lázaro, I. Apezteguía Iráizoz, M. Gutiérrez-Valencia, L. Rodríguez-
Mañas, M. Izquierdo, Effect of exercise intervention on functional decline in very
elderly patients during acute hospitalization, JAMA Intern Med 179 (1) (2019)
28–36.

[254] R. Yu, C. Tong, F. Ho, J. Woo, Effects of a multicomponent frailty prevention
program in prefrail community-dwelling older persons: a randomized controlled
trial, J. Am. Med. Dir. Assoc. (19) (2019) 30640–30641, https://doi.org/10.1016/
j.jamda.2019.08.024 pii: S1525-8610, Epub ahead of print.

[255] M. Giné-Garriga, M. Roqué-Fíguls, L. Coll-Planas, M. Sitjà-Rabert, A. Salvà,
Physical exercise interventions for improving performance-based measures of
physical function in community-dwelling, frail older adults: a systematic review
and meta-analysis, Arch. Phys. Med. Rehabil. 95 (2014) 753–769 e3.

[256] J. Viña, A. Salvador-Pascual, F.J. Tarazona-Santabalbina, L. Rodriguez-Mañas,
M.C. Gomez-Cabrera, Exercise training as a drug to treat age associated frailty,
Free Radic. Biol. Med. 98 (2016) 159–164.

[257] D.T. Villareal, M. Banks, C. Siener, D.R. Sinacore, S. Klein, Physical frailty and
body composition in obese elderly men and women, Obes. Res. 12 (6) (2004)
913–920.

[258] M. Guazzi, F. Bandera, C. Ozemek, D. Systrom, R. Arena, Cardiopulmonary ex-
ercise testing: what is its value? J. Am. Coll. Cardiol. 70 (13) (2017) 1618–1636.

[259] S. Studenski, S. Perera, K. Patel, C. Rosano, K. Faulkner, M. Inzitari, J. Brach,
J. Chandler, P. Cawthon, E.B. Connor, M. Nevitt, M. Visser, S. Kritchevsky,
S. Badinelli, T. Harris, A.B. Newman, J. Cauley, L. Ferrucci, J. Guralnik, Gait speed
and survival in older adults, JAMA 305 (2011) 50–58.

[260] G. Abellan van Kan, Y. Rolland, S. Andrieu, J. Bauer, O. Beauchet, M. Bonnefoy,
M. Cesari, L.M. Donini, S. Gillette Guyonnet, M. Inzitari, F. Nourhashemi,
G. Onder, P. Ritz, A. Salva, M. Visser, B. Vellas, Gait speed at usual pace as a
predictor of adverse outcomes in community-dwelling older people an
International Academy on Nutrition and Aging (IANA) Task Force, J. Nutr. Health
Aging 13 (10) (2009) 881–889.

[261] M.E. Nelson, W.J. Rejeski, S.N. Blair, P.W. Duncan, J.O. Judge, A.C. King,
C.A. Macera, C. Castaneda-Sceppa, Physical activity and public health in older
adults: recommendation from the American College of Sports medicine and the
American heart association, Med. Sci. Sports Exerc. 39 (8) (2007) 1435–1445.

[262] R.A. Fielding, J.M. Guralnik, A.C. King, M. Pahor, M.M. McDermott, C. Tudor-
Locke, T.M. Manini, N.W. Glynn, A.P. Marsh, R.S. Axtell, F.C. Hsu, W.J. Rejeski,
LIFE study group. Dose of physical activity, physical functioning and disability risk
in mobility-limited older adults: results from the LIFE study randomized trial, PloS
One 12 (8) (2017) e0182155.

[263] M. Izquierdo, A. Casas-Herrero, N. Martínez-Velilla, C. Alonso-Bouzón,
L. Rodríguez-Mañas, En representación del Grupo de Investigadores. An example
of cooperation for implementing programs associated with the promotion of ex-
ercise in the frail elderly. European Erasmus + «Vivifrail» program, Rev. Esp.
Geriatr. Gerontol. 52 (2017) 110–111.

[264] E. Marzetti, R. Calvani, M. Tosato, M. Cesari, M. Di Bari, A. Cherubini,
M. Broccatelli, G. Savera, M. D'Elia, M. Pahor, R. Bernabei, F. LandiSPRINTT
Consortium, Physical activity and exercise as countermeasures to physical frailty
and sarcopenia, Aging Clin. Exp. Res. 29 (1) (2017) 35–42.

[265] R.T. Kell, G. Bell, A. Quinney, Musculoskeletal fitness, health outcomes and quality
of life, Sports Med. 31 (12) (2001) 863–873.

[266] W. Micheo, L. Baerga, G. Miranda, Basic principles regarding strength, flexibility,
and stability exercises, PM R 4 (11) (2012) 805–811.

[267] I. Bosaeus, E. Rothenberg, Nutrition and physical activity for the prevention and

J. Angulo, et al. Redox Biology 35 (2020) 101513

72

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref219
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref219
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref219
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref219
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref220
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref220
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref221
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref221
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref221
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref222
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref222
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref222
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref223
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref223
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref223
https://doi.org/10.1007/s00421-019-04259-7
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref225
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref225
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref225
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref226
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref226
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref226
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref227
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref227
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref227
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref227
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref228
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref228
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref228
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref228
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref229
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref229
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref229
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref230
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref230
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref230
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref231
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref231
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref231
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref231
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref231
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref232
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref232
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref233
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref233
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref234
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref234
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref234
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref235
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref235
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref236
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref236
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref236
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref236
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref236
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref236
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref237
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref237
https://doi.org/10.1016/j.exger.2019.110715
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref239
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref239
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref239
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref239
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref240
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref240
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref240
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref240
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref241
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref241
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref241
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref242
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref242
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref242
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref243
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref243
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref243
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref244
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref244
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref244
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref245
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref245
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref246
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref246
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref246
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref246
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref247
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref247
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref247
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref247
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref247
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref247
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref248
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref248
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref248
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref249
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref249
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref249
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref249
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref249
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref250
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref250
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref250
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref250
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref251
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref251
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref251
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref251
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref251
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref252
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref252
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref252
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref252
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref253
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref253
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref253
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref253
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref253
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref253
https://doi.org/10.1016/j.jamda.2019.08.024
https://doi.org/10.1016/j.jamda.2019.08.024
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref255
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref255
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref255
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref255
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref256
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref256
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref256
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref257
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref257
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref257
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref258
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref258
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref259
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref259
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref259
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref259
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref260
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref260
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref260
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref260
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref260
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref260
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref261
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref261
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref261
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref261
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref262
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref262
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref262
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref262
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref262
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref263
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref263
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref263
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref263
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref263
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref264
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref264
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref264
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref264
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref265
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref265
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref266
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref266
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref267


treatment of age-related sarcopenia, Proc. Nutr. Soc. 75 (2) (2016) 174–180.
[268] H.C.1 Roberts, H.J. Denison, H.J. Martin, H.P. Patel, H. Syddall, C. Cooper,

A.A. Sayer, A review of the measurement of grip strength in clinical and epide-
miological studies: towards a standardised approach, Age Ageing 40 (4) (2011)
423–429.

[269] I. Levinger, C. Goodman, D.L. Hare, G. Jerums, D. Toia, S. Selig, The reliability of
the 1RM strength test for untrained middle-aged individuals, J. Sci. Med. Sport 12
(2) (2009) 310–316.

[270] LB. da R. Orssatto, E.L. Cadore, L.L. Andersen, F. Diefenthaeler, Why fast velocity
resistance training should Be prioritized for elderly people, J. Strength Condit Res.
41 (1) (2019) 105.

[271] E.L. Cadore, M. Izquierdo, Muscle power training: a hallmark for muscle function
retaining in frail clinical setting, J. Am. Med. Dir. Assoc. 19 (3) (2018) 190–192.

[272] D.A. Skelton, C.A. Greig, J.M. Davies, A. Young, Strength, power and related
functional ability of healthy people aged 65-89 years, Age Ageing 23 (5) (1994)
371–377.

[273] J.F. Bean, D.K. Kiely, S. Herman, S.G. Leveille, K. Mizer, W.R. Frontera,
R.A. Fielding, The relationship between leg power and physical performance in
mobility-limited older people, J. Am. Geriatr. Soc. 50 (3) (2002) 461–467.

[274] D.M. Mijnarends, J.M. Meijers, R.J. Halfens, S. ter Borg, Y.C. Luiking, S. Verlaan,
D. Schoberer, A.J. Cruz Jentoft, L.J. van Loon, J.M. Schols, Validity and reliability
of tools to measure muscle mass, strength, and physical performance in commu-
nity-dwelling older people: a systematic review, J. Am. Med. Dir. Assoc. 14 (3)
(2013) 170–178.

[275] R.W. Bohannon, D.J. Bubela, S.R. Magasi, Y.C. Wang, R.C. Gershon, Sit-to-stand
test: performance and determinants across the age-span, Isokinet. Exerc. Sci. 18
(4) (2010) 235–240.

[276] M. Izquierdo, J. Ibañez, E. Gorostiaga, M. Garrues, A. Zúñiga, A. Antón,
J.L. Larrión, K. Häkkinen, Maximal strength and power characteristics in isometric
and dynamic actions of the upper and lower extremities in middle-aged and older
men, Acta Physiol. Scand. 167 (1) (1999) 57–68.

[277] C.R. Straight, J.B. Lindheimer, A.O. Brady, R.K. Dishman, E.M. Evans, Effects of
resistance training on lower-extremity muscle power in middle-aged and older
adults: a systematic review and meta-analysis of randomized controlled trials,
Sports Med (Auckland, N.Z.) 46 (3) (2016) 353–364.

[278] M. Schwellnus, Flexibility and Joint Range of Motion. En Rehabilitation of Sports
Injuries: Scientific Basis, John Wiley & Sons, Ltd, 2008, pp. 232–257.

[279] C.E. Garber, B. Blissmer, M.R. Deschenes, B.A. Franklin, M.J. Lamonte, I.M. Lee,
D.C. Nieman, D.P. SwainAmerican College of Sports Medicine, American College
of Sports Medicine position stand. Quantity and quality of exercise for developing
and maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in
apparently healthy adults: guidance for prescribing exercise, Med. Sci. Sports
Exerc. 43 (2011) 1334–1359.

[280] A. Dunsky, The effect of balance and coordination exercises on quality of life in
older adults: a mini-review, Front. Aging Neurosci. 11 (2019) 318.

[281] K.O. Berg, S.L. Wood-Dauphinee, J.I. Williams, B. Maki, Measuring balance in the
elderly: validation of an instrument, Can. J. Public Health 83 (Suppl 2) (1992)
S7–S11.

[282] C. Sherrington, N.J. Fairhall, G.K. Wallbank, A. Tiedemann, Z.A. Michaleff,
K. Howard, L. Clemson, S. Hopewell, S.E. Lamb, Exercise for preventing falls in
older people living in the community, Cochrane Database Syst. Rev. 1 (2019)
CD012424.

[283] A. Lacroix, T. Hortobágyi, R. Beurskens, U. Granacher, Effects of supervised vs.
Unsupervised training programs on balance and muscle strength in older adults: a
systematic review and meta-analysis, Sports Med. 47 (11) (2017) 2341–2361.

[284] A.Y. Karahan, F. Tok, H. Taşkın, S. Kuçuksaraç, A. Başaran, P. Yıldırım, Effects of
exergames on balance, functional mobility, and quality of life of geriatrics versus
home exercise Programme: randomized controlled study, Cent. Eur. J. Publ.
Health 23 (Suppl) (2015) S14–S18.

[285] A.A. Mouthon, J. Ruffieux, M. Keller, W. Taube, Age-related differences in corti-
cospinal excitability during observation and motor imagery of balance tasks,
Front. Aging Neurosci. 8 (2016) 317.

[286] U. Marusic, S. Grosprêtre, Non-physical approaches to counteract age-related
functional deterioration: applications for rehabilitation and neural mechanisms,
Eur. J. Sport Sci. 18 (5) (2018) 639–649.

[287] T.Y. Shih, C.Y. Wu, K.C. Lin, C.H. Cheng, Y.W. Hsieh, C.L. Chen, C.J. Lai,
C.C. Chen, Effects of action observation therapy and mirror therapy after stroke on
rehabilitation outcomes and neural mechanisms by MEG: study protocol for a
randomized controlled trial, Trials 18 (1) (2017) 459.

[288] A.M. Picorelli, L.S. Pereira, D.S. Pereira, D. Felício, C. Sherrington, Adherence to
exercise programs for older people is influenced by program characteristics and
personal factors: a systematic review, J. Physiother. 60 (3) (2014) 151–156.

[289] R. Dalle Grave, S. Calugi, E. Centis, M. El Ghoch, G. Marchesini, Cognitive-beha-
vioral strategies to increase the adherence to exercise in the management of
obesity, J Obes 2011 (2011) 348293.

[290] R. Forkan, B. Pumper, N. Smyth, H. Wirkkala, M.A. Ciol, A. Shumway-Cook,
Exercise adherence following physical therapy intervention in older adults with
impaired balance, Phys. Ther. 86 (2006) 401–410.

[291] S. Rivera-Torres, T.D. Fahey, M.A. Rivera, Adherence to exercise programs in older
adults: informative report, Gerontol Geriatr Med 5 (2019) 2333721418823604.

[292] D. O’Neill, D.E. Forman, The importance of physical function as a clinical out-
come: assessment and enhancement, Clin. Cardiol. (2019), https://doi.org/10.
1002/clc.23311 Epub ahead of print.

[293] T.W. Buford, S.D. Anton, D.J. Clark, T.J. Higgins, M.B. Cooke, Optimizing the
benefits of exercise on physical function in older adults, PM R 6 (6) (2014)
528–543.

[294] F.L. Vázquez, P. Otero, J.A. García-Casal, V. Blanco, Á.J. Torres, M. Arrojo,
Efficacy of video game-based interventions for active aging. A systematic literature
review and meta-analysis, PloS One 13 (12) (2018) e0208192.

[295] H. Makizako, H. Shimada, T. Doi, K. Tsutsumimoto, R. Hotta, S. Nakakubo,
K. Makino, S. Lee, Social frailty leads to the development of physical frailty among
physically non-frail adults: a four-year follow-up longitudinal cohort study, Int. J.
Environ. Res. Publ. Health 15 (3) (2018) E490.

[296] E.L. Cadore, M. Izquierdo, Exercise interventions in polypathological aging pa-
tients that coexist with diabetes mellitus: improving functional status and quality
of life, Age (Dordrecht, Netherlands) 37 (3) (2015) 64.

[297] C.J. Liu, N.K. Latham, Progressive resistance strength training for improving
physical function in older adults, Cochrane Database Syst. Rev. 3 (2009)
CD002759.

[298] N. Kaushal, F. Langlois, L. Desjardins-Crépeau, M.S. Hagger, L. Bherer,
Investigating dose–response effects of multimodal exercise programs on health-
related quality of life in older adults, Clin. Interv. Aging 14 (2019) 209–217.

[299] J.L. Sánchez‐Sánchez, A. Mañas, F.J. García‐García, I. Ara, J.A. Carnicero,
S. Walter, L. Rodríguez‐Mañas, Sedentary behaviour, physical activity, and sar-
copenia among older adults in the TSHA: isotemporal substitution model, J
Cachexia Sarcopenia Muscle 10 (1) (2019) 188–198.

[300] D. Legrand, B. Vaes, C. Matheï, W. Adriaensen, G. Van Pottelbergh, J.M. Degryse,
Muscle strength and physical performance as predictors of mortality, hospitali-
zation, and disability in the oldest old, J. Am. Geriatr. Soc. 62 (6) (2014)
1030–1038.

[301] J. Fernández-Garrido, V. Ruiz-Ros, C. Buigues, R. Navarro-Martinez, O. Cauli,
Clinical features of prefrail older individuals and emerging peripheral biomarkers:
a systematic review, Arch. Gerontol. Geriatr. 59 (1) (2014) 7–17.

[302] S. Vasunilashorn, A.K. Coppin, K.V. Patel, F. Lauretani, L. Ferrucci, S. Bandinelli,
J.M. Guralnik, Use of the Short Physical Performance Battery Score to predict loss
of ability to walk 400 meters: analysis from the InCHIANTI study, J Gerontol A
Biol Sci Med Sci 64 (2009) 223–229.

[303] Q.L. Xue, K. Bandeen-Roche, R. Varadhan, J. Zhou, L.P. Fried, Initial manifesta-
tions of frailty criteria and the development of frailty phenotype in the Women’s
Health and Aging Study II, J Gerontol A Biol Sci Med Sci 63 (9) (2008) 984–990.

[304] N. Danon-Hersch, N. Rodondi, J. Spagnoli, B. Santos-Eggimann, Prefrailty and
chronic morbidity in the youngest old: an insight from the Lausanne cohort
Lc65+, J. Am. Geriatr. Soc. 60 (9) (2012) 1687–1694.

[305] M. Tieland, M.L. Dirks, N. van der Zwaluw, L.B. Verdijk, O. van de Rest, L.C. de
Groot, L.J. van Loon, Protein supplementation increases muscle mass gain during
prolonged resistance-type exercise training in frail elderly people: a randomized,
double-blind, placebo-controlled trial, J. Am. Med. Dir. Assoc. 13 (2012) 713–719.

[306] M. Tieland, O. van de Rest, M.L. Dirks, N. van der Zwaluw, M. Mensink, L.J. van
Loon, L.C. de Groot, Protein supplementation improves physical performance in
frail elderly people: a randomized, double-blind, placebo-controlled trial, J. Am.
Med. Dir. Assoc. 13 (2012) 720–726.

[307] F. Landi, M. Cesari, R. Calvani, A. Cherubini, M. Di Bari, R. Bejuit, J. Mshid,
S. Andrieu, A.J. Sinclair, C.C. Sieber, B. Vellas, E. Topinkova, T. Strandberg,
L. Rodriguez-Manas, F. Lattanzio, M. Pahor, R. Roubenoff, A.J. Cruz-Jentoft,
R. Bernabei, ... SPRINTT Consortium, The «Sarcopenia and Physical fRailty IN
older people: multi-componenT Treatment strategies» (SPRINTT) randomized
controlled trial: design and methods, Aging Clin. Exp. Res. 29 (1) (2017) 89–100.

[308] P. Lopez, M. Izquierdo, R. Radaelli, G. Sbruzzi, R. Grazioli, R.S. Pinto, E.L. Cadore,
Effectiveness of multimodal training on functional capacity in frail older people: a
meta-analysis of randomized controlled trials, J. Aging Phys. Activ 26 (3) (2018)
407–418.

[309] C.J. Brown, D.T. Redden, K.L. Flood, R.M. Allman, The underrecognized epidemic
of low mobility during hospitalization of older adults, J. Am. Geriatr. Soc. 57 (9)
(2009) 1660–1665.

[310] B.T. Wall, L.J.C. van Loon, Nutritional strategies to attenuate muscle disuse
atrophy, Nutr. Rev. 71 (4) (2013) 195–208.

[311] H. Blain, T. Masud, P. Dargent-Molina, F.C. Martin, E. Rosendahl, N. van der
Velde, J. Bousquet, A. Benetos, C. Cooper, J.A. Kanis, J.Y. Reginster, R. Rizzoli,
B. Cortet, M. Barbagallo, K.E. Dreinhöfer, B. Vellas, S. Maggi, T. Strandberg,
EUGMS falls and fracture interest group,; international association of gerontology
and geriatrics for the European region (IAGG-ER),; European union of medical
specialists (EUMS),; fragility fracture network (FFN),; European society for clinical
and economic aspects of osteoporosis and osteoarthritis (ESCEO), and; interna-
tional osteoporosis foundation (IOF), Aging Clin. Exp. Res. 28 (4) (2016) 797–803.

[312] P.L. Valenzuela, A. Castillo-García, J.S. Morales, M. Izquierdo, J.A. Serra-Rexach,
A. Santos-Lozano, A. Lucia, Physical exercise in the oldest old, Comp. Physiol. 9
(4) (2019) 1281–1304.

[313] S. Jones, W.D. Man, W. Gao, I.J. Higginson, A. Wilcock, M. Maddocks,
Neuromuscular electrical stimulation for muscle weakness in adults with advanced
disease, Cochrane Database Syst. Rev. 10 (2016) CD009419.

[314] J.M. Guralnik, E.M. Simonsick, L. Ferrucci, R.J. Glynn, L.F. Berkman, D.G. Blazer,
P.A. Scherr, R.B. Wallace, A short physical performance battery assessing lower
extremity function: association with self-reported disability and prediction of
mortality and nursing home admission, J. Gerontol. 49 (1994) M85–M94.

[315] M. Chang, J. Cohen-Mansfield, L. Ferrucci, S. Leveille, S. Volpato, N. de Rekeneire,
J.M. Guralnik, Incidence of loss of ability to walk 400 meters in a functionally
limited older population, J. Am. Geriatr. Soc. 52 (2004) 2094–2098.

[316] F.J. García-García, L. Carcaillon, J. Fernandez-Tresguerres, A. Alfaro, J.L. Larrion,
C. Castillo, L. Rodriguez-Mañas, A new operational definition of frailty: the Frailty
Trait Scale, J. Am. Med. Dir. Assoc. 15 (5) (2014) 371.e7-371.e13.

[317] F.J. García-García, J.A. Carnicero, J. Losa-Reyna, A. Alfaro-Acha, C. Castillo-
Gallego, C. Rosado- Artalejo, G. Gutiérrrez-Ávila, L. Rodriguez-Mañas, Frailty Trait

J. Angulo, et al. Redox Biology 35 (2020) 101513

73

http://refhub.elsevier.com/S2213-2317(20)30117-8/sref267
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref268
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref268
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref268
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref268
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref269
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref269
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref269
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref270
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref270
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref270
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref271
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref271
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref272
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref272
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref272
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref273
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref273
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref273
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref274
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref274
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref274
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref274
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref274
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref275
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref275
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref275
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref276
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref276
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref276
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref276
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref277
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref277
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref277
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref277
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref278
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref278
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref279
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref279
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref279
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref279
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref279
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref279
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref280
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref280
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref281
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref281
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref281
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref282
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref282
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref282
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref282
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref283
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref283
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref283
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref284
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref284
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref284
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref284
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref285
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref285
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref285
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref286
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref286
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref286
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref287
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref287
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref287
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref287
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref288
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref288
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref288
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref289
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref289
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref289
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref290
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref290
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref290
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref291
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref291
https://doi.org/10.1002/clc.23311
https://doi.org/10.1002/clc.23311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref293
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref293
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref293
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref294
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref294
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref294
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref295
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref295
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref295
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref295
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref296
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref296
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref296
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref297
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref297
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref297
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref298
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref298
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref298
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref299
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref299
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref299
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref299
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref300
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref300
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref300
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref300
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref301
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref301
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref301
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref302
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref302
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref302
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref302
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref303
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref303
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref303
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref304
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref304
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref304
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref305
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref305
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref305
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref305
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref306
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref306
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref306
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref306
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref307
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref307
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref307
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref307
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref307
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref307
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref308
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref308
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref308
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref308
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref309
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref309
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref309
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref310
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref310
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref311
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref312
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref312
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref312
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref313
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref313
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref313
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref314
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref314
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref314
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref314
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref315
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref315
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref315
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref316
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref316
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref316


Scale short form: a frailty instrument for clinical practice, J. Am. Med. Dir. Assoc.
(2020), https://doi.org/10.1016/j.jamda.2019.12.008 S1525-8610(19)30868-0,
Epub ahead of print.

[318] B.J. Parmenter, Y. Mavros, R. Ritti Dias, S. King, M. Fiatarone Singh, Resistance
training as a treatment for older persons with peripheral artery disease: a sys-
tematic review and meta-analysis, Br. J. Sports Med. (2019 Apr 12), https://doi.
org/10.1136/bjsports-2018-100205 pii: bjsports-2018-100205, Epub ahead of
print.

[319] T. Suzuki, H. Shimada, H. Makizako, T. Doi, D. Yoshida, K. Tsutsumimoto,

Y. Anan, K. Uemura, S. Lee, H. Park, Effects of multicomponent exercise on cog-
nitive function in older adults with amnestic mild cognitive impairment: a ran-
domized controlled trial, BMC Neurol. 12 (2012) 128.

[320] N.M. Hamburg, G.J. Balady, Exercise rehabilitation in peripheral artery disease:
functional impact and mechanisms of benefits, Circulation 123 (1) (2011) 87–97.

[321] M. Izquierdo, L. Rodriguez-Mañas, A. Casas-Herrero, N. Martinez-Velilla,
E.L. Cadore, A.J. Sinclair, Is it ethical not to precribe physical activity for the
elderly frail? J. Am. Med. Dir. Assoc. 17 (2016) 779–781.

J. Angulo, et al. Redox Biology 35 (2020) 101513

74

https://doi.org/10.1016/j.jamda.2019.12.008
https://doi.org/10.1016/j.jamda.2019.12.008
https://doi.org/10.1136/bjsports-2018-100205
https://doi.org/10.1136/bjsports-2018-100205
https://doi.org/10.1136/bjsports-2018-100205
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref319
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref319
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref319
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref319
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref320
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref320
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref321
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref321
http://refhub.elsevier.com/S2213-2317(20)30117-8/sref321


Toledo Study of Healthy Ageing 
To answer the questions in the following chapters, data from the Toledo Study of Healthy Aging 

(TSHA) were used. TSHA is a prospective Spanish cohort study initiated in 2006 (2006-2009; 

wave 1) and consisted of 2488 (75.2 mean age, 56.1% women) participants aged ≥65 years living 

in the province of Toledo, Spain[213]. This study, which comprised 24% of the older living in 

the province of Toledo, aimed at studying determinants and consequences of frailty and aging, 

their social, clinical, pathophysiological, and genetic determinants, as well as their impact on the 

health care system and on different adverse events in institutionalized (1.9% of the sample) and 

community-dwelling older people. Participants signed an informed consent form when 

recruitment. The study conformed to the ethical standards defined in the 1964 Declaration of 

Helsinki and it was approved by the Clinical Research Ethics Committee of the Toledo Hospital. 

Baseline information on socio-demographic data, health status, lifestyle, social support, 

morbidity, among others were collected. In addition, home visits were performed in order to 

collect fasting blood samples and perform physical examinations and different clinical tests.  

New waves of the previously mentioned data were collected from each subject after a mean 

follow-up of 5 years (2011-2013; wave 2) and of 3 years (2015-2017; wave 3). To avoid the 

classical risk of attrition affecting the cohorts of older people, TSHA is an open cohort, which 

allows to refill the participants lost due to death or lost in the follow-up. This also indicates that 

each wave can be used as a validation cohort under some circumstances. Moreover, in each one 

of the waves some new determinations have been added to the dataset, raising the opportunity to 

address different research questions fitted to the changing hot topics in the field. This is the case 

of body composition that was measured through appropriate methods in the second wave. 
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Abstract

Background The association between frailty and adverse outcomes has been clearly defined. Frailty is associated with
age, but different frailty evolution patterns might determine the incidence of adverse outcomes at older ages. So far,
few observational studies have examined how distinct frailty trajectories could be associated with differences in the risk
of adverse events and assessing whether frailty trajectories could define risk of death, hospitalization, worsening, and
incident disability better than one-off assessment. Our hypothesis is that prospective increases in frailty levels are asso-
ciated with higher risk of adverse events compared with subjects that prospectively decreased frailty levels.
Methods Participants’ data were taken from the Toledo Study of Healthy Ageing. Frailty was evaluated using the
Frailty Trait Scale 5 (FTS5), being 0 the lower (the most robust) and 50 the highest (the frailest) score. FTS5 scores
at baseline and follow-up (median 5.04 years) were used to construct frailty trajectories according to group-based tra-
jectory modelling (GBTM). Multivariate Cox proportional hazard and logistic regression models were used to explore
associations between frailty status and trajectory membership and the adverse outcomes. Deaths were ascertained
through the Spanish National Death Index. Disability was evaluated through the Katz Index. Hospitalization was de-
fined as first admission to Toledo Hospital.
Results Nine hundred and seventy-five older adults (mean age 73.14 ± 4.69; 43.38% men) were included. GBTM
identified five FTS5 trajectories: worsening from non-frailty (WNF), improving to non-frailty (INF), developing frailty
(DF), remaining frail (RF), and increasing frailty (IF). Subjects belonging to trajectories of increasing frailty scores or
showing consistently higher frailty levels presented with an increased risk of mortality {DF [hazard ratio (HR), 95%
confidence interval (CI)] = 2.01 [1.21–3.32]; RF = 1.92 [1.18–3.12]; IF = 2.67 [1.48–4.81]}, incident [DF (HR,
95% CI) = 2.06 (1.11–3.82); RF = 2.29 (1.30–4.03); IF = 3.55 (1.37–9.24)], and worsening disability [DF (HR,
95% CI) = 2.11 (1.19–3.76); RF = 2.14 (1.26–3.64); IF = 2.21 (1.06–4.62)], compared with subjects prospectively
showing decreases in frailty levels or maintaining low FTS5 scores. A secondary result was a significant
dose–response relationship between baseline FTS5 score and adverse events.
Conclusions Belonging to trajectories of prospectively increasing/consistently high frailty scores over time are associ-
ated with an increased risk of adverse outcomes compared with maintaining low or reducing frailty scores. Our results
support the dynamic nature of frailty and the potential benefit of interventions aimed at reducing its levels on relevant
and burdensome adverse outcomes.
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Background

Frailty is defined as an age-associated, biological syndrome
characterized by decreased physiological reserves, which puts
an individual at risk when facing minor stressors. Because of
its powerful association with adverse events (i.e. disability,
mortality, and hospitalization)1 and its high prevalence in
older adults,2 frailty has been placed in the geriatric medicine
spotlight.1

Frailty is dynamic in nature and potentially reversible.3,4

However, to date, only a limited number of observational
studies have examined how changes in frailty status (i.e. tra-
jectories of frailty) can predict usual adverse events. The cat-
egorical structure of the classical tools for assessing the frailty
status5 may partially account for the short number of studies
assessing such relationship. In fact, most of the previous re-
searches have not considered frailty as a continuum4,6 or
are limited by their analytical approach, ignoring the variabil-
ity or reversibility in frailty score trajectories.7,8 Nevertheless,
our group has recently developed the so-named Frailty Trait
Scale 5 (FTS5),8 a Short Form of the 12 items one7 that allows
the continuous evaluation of frailty levels, potentially over-
coming several of previous frailty assessment pitfalls. This in-
strument refines risk profiling of the individual and
outperforms the predictive ability of adverse events (i.e. mor-
tality, hospitalization, and disability)8 even better than classi-
cal frailty tools, as the two most commonly used tools,9 the
Frailty Phenotype5 and Frailty Index.10

The aim of this study is to explore the existence of differ-
ent frailty trajectories and to investigate their associations
with adverse outcomes (disability, hospitalization, and mor-
tality) in a representative sample of older adults. Our hypoth-
esis is that prospective decreasing frailty levels along ageing
are associated with a lower risk of adverse events, compared
with developing or maintaining higher frailty levels. A sec-
ondary objective is to compare cross-sectionally and longitu-
dinally assessed frailty levels in terms of predictive ability.

Methods

This is a prospective analysis of the Toledo Study of Healthy
Ageing (TSHA), a population-based longitudinal study whose
main aim is to explore the prevalence, determinants, and im-
pact of frailty in a Spanish cohort of older adults
(>65 years).11

In the present analysis, we included subjects with frailty
and covariates data at TSHA Waves 1 (2006–2009) and 2
(2011–2013) and outcomes data at Wave 3 (2015–2017) or
time-censoring, depending on the outcome of interest. Wave
2 occurred 5.04 (range 2.32–6.84) median years after the first
wave. Wave 3 visit was performed 2.99 (range 2–5.4) median
years after the Wave 2.

TSHA protocol was approved by the Clinical Research
Ethics Committee of Toledo Hospital Complex, which was
conformed according to the ethical standards defined in the
1964 Declaration of Helsinki. As detailed elsewhere
previously,11 participants signed an informed consent form
prior to inclusion.

Frailty Trait Scale 5

Frailty was assessed through the FTS58 that evaluates five
core aspects of frailty:

• Physical activity was determined using the Physical Activity
Scale for the Elderly scale.

• Gait speed was defined using the 3 m walking test at their
usual pace, according to the standard protocol. The best
time of two performances was chosen. At least, 1 min of
resting was given between attempts.

• Hand grip strength was measured using JAMAR Hydraulic
Hand Dynamometer (Sammons Preston Rolyan, Boling-
brook, IL). The best peak strength of three performances
was selected and gathered using international standard
procedures. Between performances, at least 1 min of rest-
ing was permitted.

• Body mass index was measured according to the standard
procedure (weight/height2).

• Progressive Romberg test was established according to the
standing balance feet together, semi-tandem, and tandem
position.

Each domain score ranges between 0 and 10, being 0 the best
score and 10 the worst. FTS5 items are summed up to obtain
a final score between 0 and 50, being 0 the lowest and 50 the
highest frailty score. FTS5 scoring process is displayed in
Supporting Information, Appendix S1.

Adverse outcomes

Mortality
Vital status and death dates were ascertained through the
Spanish National Death Index (Ministry of Health, Consumer
Affairs and Social Welfare). Participants were followed-up to
March 2019 or death. Median follow-up for mortality was
6.76 (range 0.26–7.50) years.

Hospitalization

Hospitalization was defined as the first admission according
to the records of the Toledo Hospital Complex. Participants’
hospitalizations were followed-up to December 2016 with a
median follow-up of 4.18 (range 0.02–5.25) years.
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Incident or worsening disability

Basic activities of daily living were evaluated by the Katz
Index.12 Transitions of a score of 6 to 5 or less in the Katz In-
dex at follow-up were considered as incident disability. Wors-
ening disability was defined as a loss of 1 point or more
during the same time-period. Median follow-up for incident
and worsening disability was 2.99 (range 2–5.4) years.

Covariates

Covariates were selected according to previous research and
biological plausibility for confounding effects. Age, gender,
and educational level (no school, primary school incomplete,
and primary school complete or superior) were registered
during visits. Comorbidities were measured using the
Charlson Index score.13 The number of prescription and
non-prescription drugs within the Anatomical Therapeutic
Chemical Classification System taken by the participant was
calculated. Polypharmacy was defined as the use of five or
more drugs per day. Cognitive status was evaluated using
the Mini-Mental State Examination.14 Covariates data were
assessed at Wave 2 visit.

Trajectory modelling
We used GBTM to identify distinct patterns of evolution in
frailty levels according to the baseline FTS5 score and
changes in the FTS5 score between Waves 1 and 2 visits. This
mixture analysis uses semi-parametric empirical models and
tries to identify relatively homogeneous clusters of partici-
pants following similar longitudinal patterns of evolution
and estimate their shape and direction parameters within a
continuous distribution. GBTM assumes that the sample is
composed of distinct subpopulations that are not identifiable
based on measured characteristics ex ante.15,16

We compared models defining two with 10 trajectory
groups to find the optimal number of trajectories, based on
values from the Bayesian Information Criterion (BIC). BIC is
an index used in Bayesian statistics to choose between differ-
ent models. Two times the change in the BIC between models
greater than 10 was used as indicative of better fit in order to
compare more complex—with a greater number of trajecto-
ries—or more parsimonious—with a lower number of trajec-
tories—models.17 Every subject was assigned to a trajectory
depending on their FTS5 score and changes in FTS5 score.
The reliability of the final model classification was evaluated
using mean posterior probability of membership, which
represents their probability of belonging to the group they
was assigned to by previous grouping based on their individ-
ual features. Trajectories mean posterior probability of mem-
bership indicates its internal consistency. A higher value
indicates a better classification quality.15 At last, we checked
the number of subjects within each trajectory to confirm

adequate sample size for analysing the ensuing risk of ad-
verse outcomes.

Statistical analysis

Descriptive statistics were shown as mean (standard devia-
tion) and frequency (%) for continuous and categorical vari-
ables, respectively. Descriptive features of subjects in the
different frailty trajectories were compared through the anal-
ysis of variance test for continuous variables and χ2 tests for
categorical variables.

Cox proportional hazard regression models were used to
explore associations between frailty trajectories and
time-censored adverse outcomes (mortality and hospitaliza-
tion), and logistic regressions were used for incident and
worsening disability.

We further explored associations between final FTS5
scores in Wave 2 and adverse events. We studied adverse
events risks according to the FTS5 score as the change of
one point (continuous) and categorized into five categories:
≤10, 11–15, 16–20, 21–25, and >25.

We used the following set of models: Model 1 was the raw
model. Model 2 was adjusted by age and gender. In Model 3,
we added the MMSE. In Model 4, we added the Charlson In-
dex, polypharmacy, and Katz Index. Finally, we estimated
Model 5 including the educational level.

All analyses were performed using the Statistical Package R
Version 3.6.1 for Windows (Vienna, Austria). Statistical signif-
icance was set at P value < 0.05.

Results

Participant baseline characteristics are shown in Table 1, and
975 subjects (mean age 73.14 ± 4.69; 43.38% men) were
included.

Frailty Trait Scale 5 trajectories and adverse
outcomes

The GBTM yielded a five-frailty trajectory model as the best
fit to the data: worsening from non-frailty (WNF) (226,
23.17%), improving to non-frailty (INF) (353, 36.20%), devel-
oping frailty (DF) (127, 13.03%), remaining frail (203,
20.82%), and increasing frailty (IF) (66, 6.76%) (Figure 1).
Mean posterior probabilities of membership, an index of
quality classification, ranged from 0.74 (±0.14) to 0.77
(±0.18) indicating a moderate fit for this model.

In the fully adjusted models, when comparing with WNF,
subjects pertaining to trajectories showing both an increase
and maintenance in frailty scores showed an increased risk
for developing adverse outcomes compared with those
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showing a decreasing evolution, except for hospitalization. In
this latter outcome, only those maintaining or increasing
their frailty score, but not those who developed it during

the time of the trajectory, DF, showed an increased risk
(Table 2). By opposite, improving the frailty score according
to FTS5—INF—was associated with a low risk for developing

Table 1 Demographic characteristics of the sample according to the FTS5 trajectory

Variable All WFN INF DF RF IF P value

N (%) 975 226 (23.17) 353 (36.20) 127 (13.03) 203 (20.82) 66 (6.76)
Age, mean (SD) 73.14 (4.69) 71.20 (3.52) 72.48 (4.50) 73.72 (4.75) 75.12 (4.92) 76.05 (4.64) <0.001
Gender, men (%) 423 (43.38) 139 (61.50) 169 (47.88) 55 (43.31) 50 (24.63) 10 (15.15) <0.001
FTS5 basal, mean (SD) 18.08 (6.79) 9.44 (2.48) 19.01 (4.34) 16.02 (2.06) 24.67 (4.23) 26.39 (5.12) <0.001
Change in FTS5 per year,
mean (SD)

�0.01 (1.56) 0.80 (1.34) �1.23 (0.81) 1.61 (1.80) �0.25 (0.82) 1.37 (0.86) <0.001

Dependent according Katz
Index score ≤ 5, n (%)

124 (12.72) 11 (4.87) 38 (10.76) 12 (9.45) 41 (20.20) 22 (33.33) <0.001

MMSE, mean (SD) 24.44 (4.39) 26.02 (3.34) 24.68 (4.40) 24.51 (3.81) 22.85 (4.72) 22.22 (5.27) <0.001
Charlson Index, mean (SD) 0.94 (1.43) 0.78 (1.28) 0.83 (1.37) 1.27 (1.60) 1.00 (1.45) 1.29 (1.64) 0.003

Educational level
No school, n (%) 647 (66.70) 113 (50.22) 251 (71.71) 91 (71.65) 139 (68.81) 53 (80.30) <0.001
Primary school
incomplete, n (%)

162 (16.70) 54 (24.00) 36 (10.29) 24 (18.90) 37 (18.32) 11 (16.67) <0.001

Primary school complete
or superior, n (%)

161 (16.60) 58 (25.78) 63 (18.00) 12 (9.45) 26 (12.87) 2 (3.03) <0.001

Number of drugs per day,
mean (SD)

4.06 (2.72) 3.40 (2.59) 3.46 (2.55) 4.72 (2.61) 4.84 (2.62) 5.88 (2.97) <0.001

Polypharmacy, n (%) 391 (40.10) 78 (34.51) 104 (29.46) 61 (48.03) 104 (51.23) 44 (66.67) <0.001
Death, n (%) 211 (21.64) 31 (13.72) 61 (17.28) 38 (29.92) 56 (27.59) 25 (37.88) <0.001
Hospitalization, n (%) 393 (40.31) 83 (36.73) 124 (35.13) 48 (37.80) 100 (49.26) 38 (57.58) 0.007
Incident disability, n (%) 183 (29.66) 31 (18.90) 64 (26.23) 25 (33.33) 50 (44.64) 13 (59.09) <0.001
Worsening disability, n (%) 204 (26.56) 31 (16.76) 69 (23.71) 29 (29.90) 56 (37.33) 19 (42.22) <0.001

DF, developing frailty; FTS5: Frailty Trait Scale 5; IF, increasing frailty; INF, improving to non-frailty; MMSE, Mini-Mental State Examination;
RF, remaining frail; WNF, worsening from non-frailty.
In bold: P < 0.05. Mean (SD): continuous variables. N, %: categorical variable.

Figure 1 Trajectories according Waves 1 and 2 FTS5 score and changes in FTS5 score. DF, developing frailty; FTS5, Frailty Trait Scale 5; IF, increasing
frailty; INF, improving to non-frailty; RF, remaining frail; WNF, worsening from non-frailty.
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any of the adverse outcomes, similar to the reference risk,
WNF, which denoted the risk of people that remained robust
along the follow-up. We did not find any particular additional
risk in any of the categories of high risk, not allowing to as-
cribe a particular higher risk to any of the three trajectories
with a poor prognosis.

Intermediate trajectories comparison and adverse
outcomes

To study if similar baseline scores but with different evolution
were associated with different risk, we repeated the analysis
taking as reference each different trajectory.

When comparing with INF, subjects who were grouped in
the DF had an increased risk of mortality of 1.81 [95% confi-
dence interval (CI): 1.20–2.75] in the fully adjusted model,
although not for the other adverse events. MF and IF trajec-
tories had also a significant higher risk for death and hospital-
ization when INF was used as the reference category.

When DF was the reference, we found an increased risk for
hospitalization for those subjects if belonging to MF (hazard
ratio = 1.51; 95% CI = 1.10–2.08) or IF (HR = 1.81; 95%
CI = 1.21–2.72).

Cross-sectionally assessed frailty and adverse
outcomes

When we cross-sectionally assessed the association between
frailty through FTS5 scores and the adverse outcomes, FTS5
showed a continuously increasing risk for developing any of
the adverse outcomes (participant baseline characteristics ac-
cording FTS5 score are shown in Table S1). This finding was
consistent irrespective of the study wave at which the FTS5
score was selected as the exposure. When we split the score
in FTS5 in five categories, we found a significant increased
risk of death, incident, and worsening disability beyond a
FTS5 ≥ 20, compared with FTS5 ≤ 10. In the case of hospital-
ization, the incremental risk was significant for values higher
than 10, compared with 10 or lower, even after adjusting for
potential confounders (Table 3).

Discussion

This work expands previous evidence linking frailty over time
to adverse outcomes incidence in a population of
community-dwelling older adults. Frailty is a continuum phys-
iological construct that should be evaluated as a continuous
identity, getting a proportional dose–effect relationship when
risks adverse outcomes are associated with increasingly high
FTS5 categories. Our results point to a dose–response associ-
ation between frailty and an increased risk of death,

hospitalization and disability progression, with significant in-
creases even for values well below the proposed FTS5 score
thresholds for frailty.8 However, although frailty burden
tended to increase with age,2 there could be variability in
the rate of progression. According to our results, trajectories
clearly show that reversing or improving frailty scores might
be beneficial, obtaining the same risk than subjects with the
lowest frailty scores over time. Our work does so by
employing a novel methodological approach that overcomes
important limitations of previous research. We identified five
distinct trajectories of frailty, which supports the dynamic
nature of this construct. Increasing frailty trajectories or
those who maintained higher frailty scores over time had
higher risk of death, hospitalization, and incident or worsen-
ing disability, than those who remained non-frail.

In fact, we have identified a trajectory in which those sub-
jects with moderate frailty could reduce their frailty levels,
what indicates that middle frailty burden could be reduced
in community-dwelling older adults as it has been shown in
other studies.18 On the other hand, unexpectedly, we have
not identified any trajectory in which those subjects with high
frailty load reduced their frailty levels. This could confirm that
high frailty load might be hard, but not impossible, to revert
and probably point towards the need of tailored interven-
tions to avoid frailty progression that may reduce the risk
of developing adverse events. To do so, the early and
accurate detection of frailty remains a need.19,20 The clinical
relevance of this finding supports assessing frailty levels to
determine older adults health status and contributes to pre-
vious research indicating that the reduction of frailty load
might be effective in lowering the burden of late-life adverse
outcomes.

FTS5 includes objective functional measures (such as walk-
ing speed, grip strength, or balance test) and capture longitu-
dinal frailty changes. These scales have been widely used in
geriatric medicine to assess older adults’ functional status.
Sensitivity and positive predictive value of FTS5 rising score
could permit recognize and stratify patients, supported by
clinical judgement, with a reliable predictor of death or at risk
of another adverse outcome (disability, first disability, or hos-
pitalization) according to their frailty trajectory. Even includ-
ing relevant cofounders, frailty trajectories have showed
different adverse events risks according to frailty dynamics.

The Fried frailty phenotype5 is largely the most frailty used
tool.9 It is based on the presence or absence of five domains
to determine frailty (weight loss, gait speed, handgrip
strength, physical activity, and fatigue) and identifies a very
high (frail) and moderate (pre-frail) risk groups against ad-
verse events.5 Nevertheless, this tool is a categorical instru-
ment, limiting, hence, the construction of different
trajectories. Another commonly used tool is the Frailty Index
(FI).10 FI defines the amount of individual frailty based on the
accumulation of deficits getting a proportion of physical,
mental, and cognitive deficits present in an individual.10,21
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FI has been shown to predict death equally well or better
than the Fried phenotype21 and some studies have studied
frailty trajectories according to the FI.22,23 However, FI is sub-
ject to measurement error due to self-reported health data,
having a number of changeable items, which difficult its com-
parison, and would not allow for capturing improvements in
frailty because the data on which it is based are mostly on
long-term or irreversible deficits.24 These two tools are
supposed to measure the same construct, but using different
domains and approaches. Because of that, some authors
have raised the possibility that they can complement each
other.25 Notwithstanding, FTS5 may capture this construct
with a better accuracy.8 However, although FTS5 is a recent
and promising scale, it should be validated in other cohorts.

Regarding the GBTM algorithm classification quality, the
mean posterior probability of membership to each group is
greater than 0.70, which is taken as a consistent indication
that the modelled trajectories group individuals with similar
patterns of change according to the outcome variable and
discriminate between individuals with dissimilar patterns of
change in a specific variable over time.26

Our findings regarding FTS5 trajectories and adverse
events cannot be directly compared with previous studies
due to the novelty of the scale and the identification of sub-
groups using GBTM. Although GBTM has been used by previ-
ous studies in order to explore the longitudinal evolution of
subtypes27 and factors related to frailty,28 as physical
activity,29 we have only identified one study which used this
method to explore frailty evolution with adverse outcomes.30

This latter study examined patterns of cognition and frailty in
690 community-dwelling older adults and found that longitu-
dinal declines in cognition had twice higher rates of hospital-
ization. According to disability, those with declines in
cognition had higher rates of mobility disability, instrumental
activities of daily living, but the dose–response association
was especially accentuated for activities of daily living
disability.30

Disablement process is not linear and could fluctuate in
cycles of deterioration and recovery short time periods, and
these fluctuations could be higher in late life.22 Nevertheless,
although disabled rates increase with ageing,30 their evolu-
tion could depend on intraindividual variability in mobility
limitation.31 This finding supports frailty as a multidimen-
sional measurement of health status and a sign of a loss of
homeostasis with overall system vulnerability to estimate
adverse event risk and an opportunity to anticipate
disability.1,5,8 Our results show that those trajectories of
physical and functional decline are more likely to lead to dis-
ability or to a progress in their disability levels. Only those
subjects who had moderate frailty scores and improved them
(improving to non-frailty) have no statistically significant
differences with respect to the reference trajectory. However,
to date, no study has studied FTS5 fluctuations in shorter
time intervals as a prognostic value to disability or mortality.

Frailty evolution has been previously associated with
death. Buchman et al. analysed trajectories in a continuous
frailty scale using gait speed, grip strength, body composition,
and fatigue and found that baseline frailty and annual change
in frailty were independently associated with mortality in a
similar way of using a categorical frailty measure after adjust-
ment for confounders. This approach reached also statisti-
cally results when the authors studied instrumental and
basic activities of daily living incident disability, obtaining sim-
ilar results to ours.32 Rapid or moderate increases compared
with those with stable frailty,33 or those with higher
fluctuations22 in Frailty Index scores, were associated with
higher mortality. Moreover, a 12 year follow-up study from
the Canadian National Population Health Survey showed that
the less frail individuals at baseline showed a healthier profile
at follow-up, whereas frailer participants were more likely to
die and utilized more healthcare services during the same
period,34 consistent with clinical experience and frailty
constructs.35

Improvements in medicine jointly to other socio-economic
facts have led to an extended lifespan but in many cases, ac-
companied by chronic health problems and disabilities associ-
ated with ageing.35 According to some studies, current
population cohorts are not only ageing, but they may also
be frailer, especially in low-income individuals.36 The
surveillance of frailty status is paramount to predict older
adults’ future health35 and public health burden and must
be a priority for public health policies.37 Our findings might
support studies that indicate that the increase in life expec-
tancy is associated with greater levels of frailty, leading to dis-
ability what may lead to greater costs for medical care, social
services, and long-term care.38

Strengths and limitations

This study has many strengths, including the large population
included, the excellent ascertainment of adverse events, and
the inclusion of relevant confounders that might distort the
associations.

We used GBTM, a novel powerful statistical tool to group
subjects into patterns of evolution over age or time of a var-
iable of interest according to the baseline score, magnitude,
and direction of the change without using ad hoc, ex ante
classification rules.15,16 Nevertheless, it is inherently limited
at capturing individual variability and may lead to over-
grouping.16 Because only two measurements were available
to assess trajectories, the results should be interpreted with
caution because the existing evidence suggests that studies
with two time points cannot measure within-person change39

but instead changes in terms of rank-order in the levels of a
variable. Confirmation of our results in studies with more
time points is therefore warranted.
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Our study used two frailty assessments that were
5.04 years apart on average. Therefore, when clustering indi-
viduals, we could have failed at differentiating between rapid
changes in frailty attending to an increasing individual vulner-
ability before death and more progressive changes related to
ageing process. More frequent assessment might assist in
reducing this bias.

Furthermore, discrepancies between how frailty is concep-
tualized, and the lack of a gold standard definition or tool
limits our results extrapolation.

Future directions

Although works of frailty trajectories are a growing research
area, more prospective works are necessary to confirm these
results, analysing drivers and predicting trends in frailty
states and ways to prevent and modify increases in frailty
prevalence.

Older adults’ health improvements and policies to pro-
mote them will potentially reduce costs incurred by an aged
population. In not doing so, medical care, social services,
and long-term care may lead to greater costs.38 The better
knowledge we have on how frailty changes over time, the
better we could prevent it with rehabilitation, physical exer-
cise, or nutritional programmes. Individualized programmes
for older adults according to their frailty status are para-
mount in the clinical setting, especially in terms of functional
outcomes.40 In this regard and in the absence of a pharmaco-
logical approach for frailty, physical exercise has arisen as the
unique contrasted alternative, with growing evidence in frail
community dwellers, what have led some experts to question
whether not prescribing it might be unethical.41 Neverthe-
less, more research focusing on the intensity, timing of exer-
cise and identification of the population who might benefit
the most from those interventions are still necessary.

Conclusions

Our results support frailty as a continuum physiological
construct with a proportional dose–effect relationship
against adverse outcomes. Our study contributes to expand
the notion of frailty dynamic nature and points towards the
association of its load reduction and reduced risk of adverse
events such as mortality, hospitalization, and disability. We

suggest that interventions tailored to the individual frailty
status might positively impact the economic and public
health burden of frailty.
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Abstract

Background Frailty and sarcopenia are age-associated syndromes that have been associated with the risk of several
adverse events, mainly functional decline and death, that usually coexist. However, the potential role of one of them
(sarcopenia) in modulating some of those adverse events associated to the other one (frailty) has not been explored.
The aim of this work is to assess the role of sarcopenia within the frailty transitions and mortality in older people.
Methods Data from the Toledo Study of Healthy Aging (TSHA) were used. TSHA is a cohort of community-dwelling
older adults ≥65. Frailty was assessed according with the Frailty Phenotype (FP) and the Frailty Trait Scale-5 (FTS5) at
baseline and at follow-up. Basal sarcopenia status was measured with the standardized Foundation for the National In-
stitutes of Health criteria. Fisher’s exact test and logistic regression model were used to determine if sarcopenia mod-
ified the transition of frailty states (median follow-up of 2.99 years) and Cox proportional hazard model was used for
assessing mortality.
Results There were 1538 participants (74.73 ± 5.73; 45.51% men) included. Transitions from robustness to prefrailty
and frailty according to FP were more frequent in sarcopenic than in non-sarcopenic participants (32.37% vs. 15.18%,
P ≤ 0.001; 5.76% vs. 1.12%; P ≤ 0.001, respectively) and from prefrailty-to-frailty (12.68% vs. 4.27%; P = 0.0026).
Improvement from prefrail-to-robust and remaining robust was more frequent in non-sarcopenic participants
(52.56% vs. 33.80%, P ≤ 0.001; 80.18% vs 61.15%, P ≤ 0.001, respectively). When classified by FTS5, this was also
the case for the transition from non-frail-to-frail (25.91% vs. 4.47%, P ≤ 0.001) and for remaining stable as non-frail
(91.25% vs. 70.98%, P ≤ 0.001). Sarcopenia was associated with an increased risk of progression from robustness-to-
prefrailty [odds ratio (OR) 2.34 (95% confidence interval, CI) (1.51, 3.63); P ≤ 0.001], from prefrailty-to-frailty [OR
(95% CI) 2.50 (1.08, 5.79); P = 0.033] (FP), and from non-frail-to-frail [OR(95% CI) 4.73 (2.94, 7.62); P-
value ≤ 0.001]. Sarcopenia does not seem to modify the risk of death associated with a poor frailty status (hazard ratios
(HR, 95%) P > 0.05).
Conclusions Transitions within frailty status, but not the risk of death associated to frailty, are modulated by the pres-
ence of sarcopenia.
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Introduction

In old age, pathways leading to disability could be accelerated
by certain conditions as frailty and sarcopenia.1–3 Frailty is an
age-associated, biological syndrome characterized by de-
creased biological reserves and is associated with adverse
outcomes (i.e. disability, institutionalization, death, and
hospitalization).4 In 2006, Gill and colleagues proved that
frailty is a dynamic state that changes over time, mainly
impairing, but also improving.5 These results, confirmed in
other longitudinal studies6–8 and in a recent meta-analysis,9

opened an ample opportunity for the prevention of frailty
and its consequences.5 Moreover, some studies have sug-
gested that different factors influence the frailty transitions
(such as older age, previous diseases,8,10 physical activity
and mobility levels,6 socio-economic and clinical factors,6,11

vitamin D levels,11 or hospitalizations8). A better knowledge
of these factors and how they could modulate the frailty tran-
sitions would help to both refine the prognosis of frailty but
also to develop effective strategies for the prevention and
restoration of frailty, improving the quality of life of older
people.4

Sarcopenia, the loss of lean muscle mass and muscle
strength and/or function,2 has been proposed as the biologi-
cal substrate of frailty.12 Although frailty and sarcopenia
could coexist and have been related as states of increased
vulnerability due to degradation on multiple systems2,13–15

and physical function impairment,16 both entities have been
clearly distinguished.17

We previously described that only a minority of people
with sarcopenia has frailty and, by opposite, that between a
third and a quarter of frail people do not have sarcopenia,
suggesting an association between sarcopenia and frailty be-
yond the simple coexistence of the two entities.17 More re-
cently, another group, using data from the Hertfordshire co-
hort study have reported similar findings in a cross-sectional
study.18 This fact opens the possibility of different risks for
the outcomes depending upon the coexistence of sarcopenia
in frail patients, raising the chance of the existence of differ-
ent clinical phenotypes,17 but to date, no study has addressed
this hypothesis.

Methods

Participant’s data were taken from the Toledo Study of
Healthy Aging (TSHA). This study was conformed according
to the ethical standards defined in the 1964 Declaration of
Helsinki and approved by the Clinical Research Ethics Com-
mittee of the Toledo Hospital, Spain. Participants signed an
informed consent form previous to recruitment.

As detailed elsewhere previously,19 TSHA is a longitudinal
cohort aimed at studying different aging phenotypes through

socio-demographic, clinical and genetical variables and its re-
lationship with physical and neuropsychological assessments
and lifestyle components, such as physical activity, diet, to-
bacco, and alcohol consumption. TSHA was designed to study
frailty prevalence and its underlying causes in rural and urban
community-dwelling older adults aged 65 years or older. Sub-
jects from the cohort were selected by a two-stage random
sampling of the municipal census of the province of Toledo.
Sampling was conducted within census sections in six strata
according to sex, age and town-size groups, recruiting 24%
of the population aged 65 and older in the Toledo province.

For the purposes of the current study, data from basal
(2011–2013) and follow-up (2014–2017; median time of
2.99 years, range 2.0–5.4) face-to-face visits were analysed.

Study variables

Frailty status was assessed according to two established
criteria: the Frailty Phenotype1 and the Frailty Trait Scale 5
(FTS5)20 at baseline and at follow-up.

Frailty status

Fried scale
Frailty Phenotype (FP) was assessed according to its five
criteria fitted to Spanish population21:

1. Weight loss: defined as self-reported unintentional weight
loss of ≥4.5 kg in the last year.

2. Exhaustion: was measured by self-report using two ques-
tions: (‘How many days during the last week have you felt
that anything you did was a big effort?’ and ‘How many
times during the last week have you felt that you could
not keep on doing things?’). The criterion was met when
participant answered at a score of 2 or higher (0–4).

3. Weakness: handgrip strength was measured using JAMAR
Hydraulic Hand Dynamometer (Sammons Preston Rolyan,
Bolingbrook, IL). Best peak strength of three perfor-
mances was selected and gathered using international
standard procedures.22 Between performances, at least
1 min of resting was permitted. Results was adjusted for
sex and body mass index. Low grip strength ≤20th
percentile.

4. Slowness: was defined using the 3 m walking test at their
usual pace, according to the standard protocol. Best time
of two performances was chosen. Cut-offs were adjusted
by sex and height.

5. Low physical activity: defined as being in the lowest quin-
tile using the Physical Activity Scale for the Elderly (PASE)
scale,23 stratified by gender.

The stages of frailty were defined as robust or not frail in
those whose score was 0. A score of 1 or 2 indicated that
someone is pre-frail. People were considered frail when they
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met three or more domains. Differences in the cut-off points
of the frailty criteria in the TSHA according to Fried’s originals
are shown in Supporting Information S1.

Frailty Trait Scale 5 (FTS5)
FTS520 is a recent tool developed and validated in the TSHA.
It seems to improve the accuracy of the Frailty Phenotype to
predict adverse events (death, hospitalization, incident frailty,
and disability)20 in older adults even better than classical
frailty tools, as the two most used tool24: the Frailty
Phenotype1 and the Frailty Index.25 In addition, it allows con-
tinuous assessment of frailty levels, being sensitive to small
changes that have been shown to be related to the risk of dif-
ferent adverse events such as disability, hospitalization and
mortality, potentially overcoming several of the pitfalls of
previous frailty assessment.26 It is composed by five domains
[gait speed, grip strength, physical activity, body mass index
(BMI), and balance].

Gait speed, handgrip strength, and physical activity were
performed, as has been detailed previously, and scored ac-
cording to the rules of this scale (Supporting Information S2).

BMI was estimated as body weight in kg (adjusted to the
nearest 0.1) divided by height in meter squared. Height was
measured using a stadiometer at head level to the nearest
centimetre.

Balance was evaluated using the progressive Romberg
test.27 This battery test consists of testing the balance ability
of the participant in three position (side-by-side,
semi-tandem and full-tandem position), each one more chal-
lenging than previous and with the goal of maintaining bal-
ance for at least 10 s.

FTS5 score ranges from 0 to 50, being 0 the lowest frailty
score and 50 the highest. Each of the five domains scores
from 0 to 10. Scores to 25.25 or higher were considered as
frail and lower as no frail.

Sarcopenia

Sarcopenia was measured at baseline and defined according
to the Foundation for the National Institutes of Health (FNIH),
fitted to the cut-off points of our population (standardized
FNIH [sFNIH]).17 An individual was qualified as sarcopenic if
he or she had a low muscle mass, in addition to a low gait
speed and a grip strength below the cut-off points.

Muscle mass was determined using dual-energy X-ray ab-
sorptiometry (DEXA) (Hologic, Serie Discovery QDR, Bedford,
MA, USA). DEXA scans were analysed using the software Phy-
sician’s Viewer (apex System Software, version 3.1.2: Bed-
ford, USA).

BMI-adjusted by appendicular lean mass (BMI/ALM),
derived as the sum of the muscle mass of the arms and legs
was finally determined. According to sFNIH diagnosis

algorithm, low muscle mass was present in men and women
when ALM/BMI is below 0.65 and 0.54, respectively.

Gait speed and handgrip strength measurement methodol-
ogy has been explained previously. Gait speed cut-off point
was <0.8 m/s and handgrip strength cut-off points were
<25.51 kg for men and <19.19 kg for women.

Mortality
Vital status was ascertained by the Spanish National Death In-
dex (Ministry of Health, Consumer Affairs and Social Wel-
fare), hospital records, and phone contact during the study
follow-up. Mortality follow-up time was right censored at
4 years. Median follow-up time was 2.64 years (range from
0.60 to 4.00).

Co-morbidity
Charlson index28 was used to assess co-morbidity.

Nutritional status
Mini-Nutritional Assessment29 was used to assess nutritional
status. Participants were categorized according to their score
as well-nourished (≥24), at risk of malnutrition (17–23.5), or
undernourished (<17). Due to the small number of under-
nourished subjects we merged this category with at-risk of
malnutrition in the same category.

Cognitive status
The Mini-Mental State Examination30 was used to evaluate
the cognitive status. Participants were classified into two cat-
egories (normal cognitive status and cognitive impairment)
according to their cut-off point based on their educational
level adjusted to the Spanish population.31

Statistical analysis

Characteristics of the subjects at baseline were stratified ac-
cording to frailty status and presence, or absence, of
sarcopenia.

Descriptive statistics were shown as mean (standard devi-
ation, SD) and number (N, %). Differences between
sarcopenic and non-sarcopenic were tested using Mann–
Whitney and χ2 test.

We used Fisher exact test to assess if transitions between
frailty status were modified by the presence of sarcopenia.

The association between sarcopenia and basal frailty sta-
tus with the outcomes were assessed using Cox proportional
hazard model for death and logistic regression model for im-
provement, maintenance and worsening in frailty category:
robust, prefrail and frail in FP; and no frail and frail in FTS5.
We used two models. Model 1 was the univariate model.
Then, we adjusted by age, gender and Charlson index
(Model 2). Additionally, in a sensitivity analysis, we included
to Model 2 cognitive or nutritional status as confounders.

Sarcopenia and frailty transitions in older people 3
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Analyses were performed using the Statistical Package R
version 3.6.1 for Windows (Vienna, Austria). Statistical
significance was set at P-value <0.05.

Results

Study population

There were 1538 participants (700 men) included in the
analysis, with a mean age of 74.73 (5.73 SD) years old.
Three hundred forty-eight met criteria of sarcopenia ac-
cording to the sFNIH. Participant’s characteristics are shown
in Table 1. Sarcopenia rates were statistically higher in indi-
viduals with frailty. While 77.64% (FTS5) and 56.82% (FP) of
subjects with frailty were sarcopenic, only 16.19% (FTS5)
and 15.02% (FP) of non-frail participants met sarcopenic
criteria. Moreover, frailty rates within the sarcopenic indi-
viduals were statistically higher than in non-sarcopenic indi-
viduals (Supporting Information S3). The status of the par-
ticipants was successfully assessed along the follow-up
in 1349 subjects (87.71%). Participants lost for the
follow-up did not show any difference in their baseline
characteristics regarding age (P-value 0.904), gender (P-
value 0.348), Charlson index (P-value 0.792), frailty (FP: P-
value 0.718; FTS5: P-value 0.775), and sarcopenia (P-value
0.331) stata.

Frailty transitions
Transitions in frailty status and mortality according to the
presence or absence of sarcopenia at baseline are included
in Table 2. Subjects who met sarcopenia criteria showed a
higher probability to impair their frailty status, disregarding
the tool used to assess their condition. When FP was used,
people with sarcopenia showed a higher percentage of tran-
sitions from robust to prefrail (32.37% vs. 15.18%; P ≤ 0.001)
and frail (5.76% vs. 1.13%; P ≤ 0.001) and from prefrail to frail
(12.68% vs. 4.27%; P = 0.003). When FTS5 was used, the per-
centage of those progressing from non-frail to frail achieved
the figure of 25.91% in those with sarcopenia, while it was
4.47% in those non-sarcopenic (P ≤ 0.001). When we looked
to those remaining in the same frailty status, we again ob-
served the same trend. Those without sarcopenia had the
highest probability of remaining robust than their sarcopenic
counterparts (FP: 80.18% vs. 61.15%, P ≤ 0.001; FTS5: 91.25%
vs. 70.98%, P ≤ 0.001).

Although most of these spontaneous transitions were to-
ward a worse state of frailty (Figure 1), some individuals im-
proved, especially those who did not meet the criteria for sar-
copenia. In this line, a lower number of prefrail sarcopenic
persons (according to the FP) improved in their frailty status
(29.27% vs. 45.22%; P ≤ 0.001).

Risk of worsening, maintenance or improving within the
same frailty status at baseline according to the presence or Ta
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absence of sarcopenia is shown in Table 3. Sarcopenic sub-
jects were significantly more likely to worsen in their frailty
status (FP: robust OR (95% CI) 2.34 (1.51; 3.63). P-
value < 0.001, prefrail OR (95% CI) 2.50 (1.08; 5.79), P-
value = 0.033; FTS5 non-frail OR (95% CI) 4.73 (2.94; 7.62),
P-value < 0.001). Robust non-sarcopenic subjects were sig-
nificantly more likely to maintain their robustness regardless
of the tool used. According to the FP, prefrail individuals with
sarcopenia were more likely to maintain their prefrailty sta-
tus or worsening while those without sarcopenia improved
in their frailty status twice as much.

In frail participants, people without sarcopenia had a
higher possibility of improving frailty [FP: OR (95% CI)
2.96 (0.41; 21.20); FTS5: OR 1.50 (0.48; 4.73)] and
those with sarcopenia of maintaining their frail condition
[FP: OR 2.51 (0.37; 17.13); FTS5: OR 1.31 (0.47; 3.63)]. In
no case, these increases in risk achieved statistical
significance. Sensitivity analysis models adding cognitive
and nutritional status are shown in the Supporting
Information S4.

Mortality

Even though frailty was associated to a higher mortality (FP:
robust 2.74%; prefrail 7.57%; frail 22.73%, P < 0.001; FTS5:
no frail 3.63%; frail 15.53%, P < 0.001), there were no signif-
icant differences in mortality between sarcopenics and
non-sarcopenics within the same frailty status (Table 2). Ac-
cording to this finding, there were no statistically significant
differences in the risk of mortality between sarcopenic and
non-sarcopenic older adults within the same frailty category
(Table 4), as expected. These findings were not modified
when nutritional and cognitive status were added to the
model (Supporting Information S5).

Discussion

This study directly addresses the relationship between sarco-
penia and frailty regarding the prognosis of frailty. We show

Table 2 Number and rates of transition in frailty status and mortality according to the presence or absence of sarcopenia

Fried phenotype Follow-up group

Basal frailty state Basal sarcopenia state Robust Prefrail Frail P-value Death P-value Total

From robust No sarcopenic to (%) 639 (80.17) 121 (15.18) 9 (01.12) <0.001 28 (03.51) 0.13 797
Sarcopenic to (%) 85 (61.15) 45 (32.37) 8 (05.76) 1 (00.72) 139

From prefrail No sarcopenic to (%) 123 (52.56) 85 (36.32) 10 (04.27) <0.001 16 (06.84) 0.13 234
Sarcopenic to (%) 48 (33.80) 59 (41.55) 18 (12.68) 17 (11.97) 142

From frail No sarcopenic to (%) 2 (11.11) 9 (50.00) 2 (11.11) 0.32 5 (27.78) 0.89 18
Sarcopenic to (%) 3 (15.79) 7 (36.84) 4 (21.05) 5 (26.32) 19

FTS5 Follow-up group

Basal frailty state Basal sarcopenia state No frail Frail P-value Death P-value Total

From no frail No sarcopenic 939 (91.25) 46 (04.47) <0.001 44 (04.28) 0.53 1,029
Sarcopenic 137 (70.98) 50 (25.91) 6 (03.11) 193

From frail No sarcopenic 8 (27.59) 14 (48.28) 1.00 7 (24.14) 0.63 29
Sarcopenic 32 (30.19) 56 (52.83) 18 (16.98) 106

Data are shown as number and percentage. In bold: p-value <0.05. Percentage adds up to 100 horizontally. FTS5: Frailty Trait Scale 5.

Figure 1 Rates of transitions in frailty status, assessed by FP and FTS5, according to the presence of sarcopenia. FP, frailty phenotype; FTS5, Frailty
Trait Scale 5. *P < 0.005; **P < 0.001. Columns without symbol means non-significant difference P ≥ 0.05.
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that sarcopenia seems to be a modulator of transitions in the
frailty status: sarcopenic individuals had more than two-fold
the risk of non-sarcopenics of worsen across the frailty con-
tinuum. In this continuum, sarcopenia was an independent
predictor of frailty but not in mortality. These findings rein-
force the hypothesis of the existence of different frailty phe-
notypes in which sarcopenia could be one of the major risk
factors of developing functional decline along the frailty spec-
trum, with a less relevant role, if any, in the mortality associ-
ated to frailty.

One of the strengths of this study is the large
community-based population used. Moreover, frailty tools
and sarcopenia diagnosis criteria used in this study have been
standardized and adjusted to the study population prior to
this analysis, showing a better predictive ability.17,21 Further-
more, muscle mass has been determined by DEXA, which is
considered the gold standard in assessing body composition.
Finally, and to avoid biases linked to the tool used, frailty has
been evaluated by using two different tools without detect-
ing relevant differences in the findings depending upon the
tool, thus reinforcing the strengths of the results. On the
other hand, our study presents a reliable ascertainment of
mortality. Using the Spanish National Death Index ensures
that all the deaths occurring in the cohort are registered.

Some weaknesses can be found in our study, but they do
not seem to significantly bias the results and/or the conclu-
sions. Although grip strength and gait speed are used to as-
sess both frailty and sarcopenia, a fact that could explain
some of the overlapping between the two entities, the
cut-off points used for qualifying the participants as
sarcopenic or frail are different, being higher for sarcopenia.

Another limitation regards the low prevalence of frailty
when FP is used. This prevalence is lower to the one found
in the whole TSHA cohort and is probably explained by the
lower number of frail subjects who attended to the DEXA ex-
amination. The consequence of this low power is a decrease
in the ability to detect some differences, making
non-significative some of our findings. In our study, this po-
tential source of bias could account for the outcomes in frail

subjects, a category only met by 44 individuals at baseline
when using the frailty phenotype. The lack of significant dif-
ferences impacts both changes in frailty status and the risk
of death. Regarding death, although there is an increase in
the percentage of deaths as the frailty status worsen from ro-
bust to prefrailty and frailty, there is no differences inside
each category of frailty. Having measured frailty by two dif-
ferent tools makes this unlikely, taking into account that the
amount of people qualified as frail using FTS5 is not so low
(n = 161) and the number of events is high enough to make
our results stable. The findings in our study are quite consis-
tent and do not change depending upon the method of
assessing frailty.

It must be highlighted that the design of our study suffers
from a ceiling effect for those who are frail. As we are only
assessing the frailty status, but not disability, this makes im-
possible for those who are frail to impair their functional con-
dition toward disability.

Although sarcopenia is usually mentioned as a key factor in
frailty and has been proposed as a biomarker to confirm
frailty,17 its role in the transitions of the frailty status has
been broadly neglected. In fact, we have not found studies
addressing the issue of how the presence of sarcopenia can
influence the changes in the frailty status along the time in
terms of worsening, improving or maintenance of that status.
However, in a study assessing the role of muscle mass, by the
determination of the Phase Angle, in the transition of frailty,
they found a direct relationship between muscle mass and
the improvement in the frailty status,32 a finding supporting
our results.

Although frailty generally increases with age, there is high
variability between subjects, and not necessarily should in-
crease over time.9,26 According to the FP, a 57% of total par-
ticipants remain in their basal frailty status. These results are
similar to those found in other studies5,7 or meta-analysis.9

Moreover, among those who started being prefrail, 23% im-
proved in their frailty status and 18.2% worsened, with twice
the risk of improvement in those prefrail subjects without
sarcopenia, and twice the risk of worsening in sarcopenic

Table 4 Risk of death within the same frailty status according to the presence or absence of sarcopenia

Frailty tool

Basal
frailty
state

Basal sarcopenia
state

Model 1 Model 2

OR (95% CI) P-value OR (95% CI) P-value

Frailty phenotype Robust No Sarcopenic to (%) 3.39 (0.82; 14.07) 0.09 3.00 (0.71; 12.69) 0.14
Sarcopenic to (%) 1 1

Prefrail No Sarcopenic to (%) 0.67 (0.37; 1.20) 0.18 0.71 (0.38; 1.30) 0.26
Sarcopenic to (%) 1 1

Frail No Sarcopenic to (%) 2.29 (0.75; 7.00) 0.15 1.50 (0.48; 4.63) 0.48
Sarcopenic to (%) 1 1

Frailty Trait Scale 5 No frail No Sarcopenic to (%) 1.72 (0.79; 3.76) 0.17 1.73 (0.78; 3.87) 0.18
Sarcopenic to (%) 1 1

Frail No Sarcopenic to (%) 1.42 (0.63; 3.20) 0.40 0.99 (0.43; 2.27) 0.98
Sarcopenic to (%) 1 1

In bold: P-value<0.05. NA, not applicable. Model 1: univariate regression model. Model 2: adjusted by age and gender. OR, odds ratio; LL,
lower limit; UL, upper limit. LL and UL were calculated according to 95% confidence interval.
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ones. This higher prevalence of improvement in those who
started being prefrail was found by Lee and colleagues after
2 years of follow-up.8 They showed that 23.4 and 26.6% of
the prefrail men and women, respectively, improved in their
frailty status; and 11.1 and 6.6% worsened.

Also, as we assessed subject at 3 years, there may be tran-
sitions in frailty status that we are not capturing because of
the time between visits. Several studies in the literature have
assessed the transitions in the frailty status, with separate
times of observation and controversial results, not allowing
to establish what is the best time to reassess it.6,33,34

Unanswered questions

According to our results, it seems that the presence of sarco-
penia influences the spontaneous transition of frailty over
time, suggesting the existence of different clinical pheno-
types (sarcopenic vs. non-sarcopenic) with different progno-
sis within the framework of frailty.17 The existence of some
other phenotypes of frailty with different origin and course
has been proposed by other authors recently.35–37 These dif-
ferent phenotypes raise the need of studying the different
pathogenic pathways leading to each of them, but also the
need of doing further research for identifying risk8,11 and
protective11 factors, and looking for different diagnostic and
therapeutic approaches according to these different pheno-
types, with the final aim of providing a most personalized
and accurate clinical framework for prevention, detection,
and intervention of frailty,38 thus contributing to healthy
aging.

Conclusions

These results show sarcopenia as a modulator of frailty sug-
gesting the existence of two different clinical phenotypes of
frailty (with and without sarcopenia) associated to different
prognosis. This raises the need of assessing sarcopenia as a
second step after diagnosing frailty in the daily clinical man-
agement of this condition.
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Abstract 

Objectives: Frailty and sarcopenia have been related with adverse events, including hospitalization. However, its 
combined effect with hospitalization‑related outcomes, including costs, has not been previously investigated. Our 
purpose was to explore how frailty, sarcopenia and its interaction could impact on healthcare expenditures.

Methods: 1358 community‑dwelling older adults from the Toledo Study of Healthy Ageing (TSHA) were included. 
Sarcopenia was measured using the Foundation for the National Institutes of Health criteria fitted to our cohort. Frailty 
was defined according to Frailty Trait Scale 5 (FTS5) and the Frailty Index fitted to the cut‑off points of TSHA popula‑
tion. Hospitalization costs were taken from hospital records and costs were attributed according to Diagnostic‑Related 
Groups, using as the cost base year 2015. Two‑part regression models were used to analyze the relationship between 
frailty and sarcopenia and hospital admission, number of hospitalizations, length of stay and hospitalization costs.

Results: Sarcopenia was associated only with the probability of being admitted to hospital. Frailty was also associ‑
ated with higher hospital use, regardless of the frailty tool used, but in addition increased hospital admission costs at 
follow‑up by 23.72% per year and by 19.73% in the full model compared with non‑frail individuals. The presence of 
sarcopenia did not increase the costs of frailty but, by opposite, frailty significantly increased the costs in people with 
sarcopenia, reaching by 46–56%/patient/year at follow‑up. Older adults with frailty and sarcopenia had a higher risk of 
hospitalization, disregarding the tool used to assess frailty, and higher hospitalization costs (FTS5) in the full model, at 
the cross‑sectional and at the follow‑up level.

Conclusions: Frailty is associated with increased hospitalization costs and accounts for the potential effects of 
sarcopenia.

Keywords: Frailty, Sarcopenia, Hospital admission, Healthcare costs, Ageing
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Introduction
Healthcare systems are suffering an increasing burden in 
terms of a heavier demand due to chronic health diseases 
accompanying the ageing of the population. Since 1980, 
people aged 65 years and older has almost tripled, and 
prospective studies expected these population to double 

by 2050 [1]. Although healthcare expenditures (HCE) 
increase as people age, age itself is considered a distrac-
tion from the true drivers of spending [2, 3], like physical 
debilitating conditions [4]. This is also true for those who 
are not heavily disabled: older adults with moderate func-
tional limitations are expected to live for longer periods 
of time and with greater use of medical care than most 
older adults with disabilities, increasing in an exponential 
way as their frailty status worsen [5].

Frailty and sarcopenia, two highly prevalent conditions 
in older people, are characterized by physical function 
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impairment with a high potential risk of disability [6, 7]. 
Frailty is defined as an age-associated, biological syn-
drome characterized by decreased biological reserves of 
the individual, increasing the risk of adverse events when 
facing minor stressors [7]. On the other hand, sarcopenia 
is defined as a loss of lean mass, strength and/or func-
tion usually associated with ageing [8]. These entities 
are closely related to chronic disease, a high prevalence 
of polypharmacy [9, 10] and adverse events, such as falls 
and poor quality of life [11–13] In addition, it has been 
proposed that older people with frailty or sarcopenia are 
more likely to be hospitalized, augmenting health ser-
vice costs [4, 14–16]. Furthermore, frailty and sarcope-
nia could be reverted [17–20], and the cost associated to 
them avoidable, thus preventing imminent future society 
demands.

Frailty and sarcopenia have been related between them 
[21], could coexist, but are two different conditions [22]. 
In addition, the lack of a universal gold standard for 
frailty assessment has allowed a wide spectrum of frailty 
assessment tools that focus on different characteristics of 
subjects with a poor agreement between them [23–25]. 
The Frailty Index is one of the most used frailty tools 
inside the “cumulative deficit” approach to frailty. It is 
constructed through a long checklist of symptoms, signs, 
diseases, disabilities, laboratory, radiographic or elec-
trocardiographic abnormalities and social characteris-
tics [26, 27] and even health utilization [28]. The Frailty 
Trait Scale 5 (FTS5) is an instrument stemming from 
the frailty phenotype conceptual framework [13] with a 
predictive ability of adverse events in community-dwell-
ing older adults that could improve the FI one and aim-
ing to overcome some of its drawbacks [29]. It includes 
objective functional measures, and it has proven to be 
highly dynamic and sensitive to changes with different 
risks of adverse events as mortality, hospitalization and 
disability associated to its score [30]. Although there are 
some studies that have already supported the increas-
ing economic burden of frailty and sarcopenia in terms 
of healthcare costs in older populations [4, 31–34], to the 
best of our knowledge, there is no study that has analyzed 
the economic impact of these two prevalent conditions 
separately and their interaction on costs related to hos-
pitalizations in older adults. This gap in the literature has 
motivated the purpose of this study, motivating the pur-
pose of our research.

Methods
Participant data were taken from the Toledo Study of 
Healthy Ageing (TSHA). TSHA is a longitudinal cohort 
that was designed to analyze different models of frailty 
and ageing and to measure the impact that frailty, 
comorbidity and disability may have on health system 

by assessing rural and urban community dwelling older 
adults aged 65 years or older [35]. TSHA was performed 
in concordance with the Helsinki Declaration of 1975 and 
was approved by the Clinical Research Ethics Commit-
tee of the Toledo Hospital in Spain. Participants signed 
an informed consent form. Visits were performed in the 
second wave of the study (basal visit) between 2011 and 
2013 and the outcomes were collected during the third 
wave (until December 2015).

Measures of frailty
Frailty was measured using Frailty Index (FI) and Frailty 
Trait Scale 5 (FTS5).

Frailty Index: characterizes frailty as an accumulation 
of deficits. It is based on the ratio between deficits pre-
sent in the individual and the total measured deficits [36]. 
Subjects were considered frail if the score was ≥0.275.
The TSHA FI was built following Searle et  al., using 40 
items with scores of 0 to 1 [37]. TSHA FI scoring tool is 
displayed in the Supplementary Information Table S1.

Frailty Trait Scale 5 [29]: a Short Form of the 12 items 
one [38] is a continuous scale that monitor frailty sta-
tus in a range between 0 to 50. Each domain score range 
between 0 to 10. Subjects were considered as frail if their 
score were > 25 and no frail ≤25 [29]:

– Physical Activity: defined using the PASE scale [39].
– Gait speed: was defined using the 3-m walking test at

their usual pace, according to the standard protocol.
Best time of two performances was chosen.

– Hand grip strength: was measured using JAMAR
Hydraulic Hand Dynamometer (Sammons Preston
Rolyan, Bolingbrook, IL). Best peak strength of three
performances was selected and gathered using inter-
national standard procedures [40]. Between perfor-
mances, at least 1 min of resting was permitted.

– Body Mass Index: was measured according to the
standard recommendation (weight/height2).

– Balance test: was stablished according to the stand-
ing balance feet together, semi-tandem, and tandem
position (progressive Romberg balance test) [41].

FTS5 scoring tool is displayed in the Supplementary 
Information Table S2.

Sarcopenia
Sarcopenia was measured at baseline and was calculated 
according to the Foundation for the National Institutes 
of Health (FNIH), but fitted to the cut-points of our 
population (standardized FNIH [sFNIH]) [22]. Accord-
ing to this definition, sarcopenia is present when the 
low grip strength, low muscle mass and low gait speed 
criteria are met.
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Muscle mass was determined using Dual-Energy X-ray 
Absorptiometry (DEXA) (Hologic, Serie Discovery QDR, 
Bedford, MA, USA). DXA scans were analyzed using the 
software Physician’s Viewer (apex System Sofware, ver-
sion 3.1.2: Bedford, USA). BMI- adjusted by Appendicular 
Lean Mass (ALM/BMI), derived as the sum of the muscle 
mass of the arms and legs, it was used as marker of low 
lean mass. According to sFNIH diagnosis algorithm, low 
muscle mass was considered in men and women when 
ALM/BMI is below 0.65 and 0.54 respectively.

Gait speed and handgrip strength measurement meth-
odologies were explained above. Gait speed cut-off 
point was < 0.8 m/s and handgrip strength cut-off points 
were < 25.51 kg for men and < 19.19 kg for women.

Hospitalization
Hospitalization after recruitment was defined as first 
admission and was registered reviewing the records of 
Toledo Hospital Complex. Participants’ hospitalizations 
were followed-up to December 2015 with a median of 
167 weeks (36.43 weeks SD).

Hospitalization is composed of four measures: hav-
ing been admitted to hospital which takes value 1 if 
the respondent has been hospitalized in the previous 
12 months and 0 otherwise, number of hospitalizations 
per year, average length of stay in days per year and hos-
pitalization costs in euros per year. In order to estimate 
hospitalization costs, we used data from each survey 
respondent at baseline and during the follow-up period 
from hospital clinical records and we subsequently esti-
mated the costs per person and per year in €. The unit 
costs per each Diagnostic Related Group (DRG), which 
were obtained from national data sources, were mul-
tiplied by the number of hospital admissions for each 
DRG. All costs were updated, if applicable, and expressed 
in 2015 euros.

Covariates
Age and gender were self-reported. Comorbidities were 
ascertained by the Charlson Index Score [42]. Polyphar-
macy was defined as the intake of ≥5 drugs/day [43]. All
covariates were measured at the baseline visit (between 
2011 and 2013).

Study variable and statistical analysis
Given the substantial proportion of zeros within the 
number and costs of hospital admission, as well as the 
length of stay, which led to a skewed distribution of the 
data, two-part regression models will be run for such 
outcomes, which assume a first part for modelling the 
probability of being admitted to hospital and a second 
part on the positive continuous outcome only on those 
who have been admitted to hospital.

Two-part models combine a model for the binary 
response variable, which would take value 1 if the indi-
vidual has been admitted to hospital at least once and 0 if 
no hospitalizations, and a model for the outcome variable 
that is conditioned on the binary response [44], condi-
tional on having been admitted to hospital.

The first stage of the two-part model was performed as a 
traditional logit regression model, in which the estimated 
coefficients capture the effects on the log-odds-ratio [45].

The second stage involves a Generalized Linear Model 
(GLM) with a gamma distribution in case of hospitali-
zation costs with a log link and a zero-truncated Pois-
son distribution for the number of hospitalizations and 
length of stay, in days.1 GLM models have frequently 
been used for healthcare costs analysis recently, given 
the skewed distribution of costs [47]. GLMs are empiri-
cal transformations of the classical ordinary least square 
(OLS) regression model, which specify the conditional 
mean function directly. Specifically, GLMs do not require 
transformation scales, but a response distribution of one 
of the exponential family of distributions (normal, Pois-
son, gamma, binomial, inverse Gaussian), which relates 
the mean of the response to a scale on which the model 
effects combine additively [48]. As previously stated, 
according to the Modified Park Test, the chosen family 
was the Gamma distribution for modelling total hospi-
talization costs and the Poisson distribution for the other 
two continuous outcomes in our analysis [49].

Several regression models have been run. The first 
regression model only includes one of the main variables 
of interest (sarcopenia or frailty). In a second regres-
sion model, age and its square, and gender have been 
included. Model three adds to Model two the other 
variable of interest (sarcopenia or frailty, as applicable). 
Models four adds the comorbidity severity of individu-
als according to the Charlson Index, which is medium-
low if the Charlson Index score is 1 or 2; and high if the 
Charlson Index score is three or higher. Moreover, poly-
pharmacy is also included if the daily number of drugs 
the subject is taking is 5 or more. We also perform the 
likelihood ratio test in order to detect overfitting after the 
inclusion of new variables in the nested models.

Two assessments will be made regarding the associa-
tion between frailty and sarcopenia and hospitalization 
outcomes: the first analysis will entail the associations 
within the same wave (outcome and main variables of 

1 Since the number of hospital admissions and the average length of stay do 
not allow for zero-count data, a zero-truncated regression model was run for 
the second part of the two-part model for these outcomes. The data are trun-
cated because there are no observations on individuals who stayed for zero 
days nor for negative values [46]. Additionally, we used robust standard errors 
for the parameter estimates.
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interest measured in wave 2), whereas the second analy-
sis will consider outcomes at follow-up, wave 3, and the 
independent variables evaluated in wave 2. The sample 
size will be reduced at follow-up assessment from 1358 
individuals to 1349 older adults due to mortality, during 
the hospital admission (n = 9).

Results
Participants´ characteristics classified depending on 
frailty status according to different frailty tools and sar-
copenia are shown in Table  1. Prevalence of frailty are 
12.42% (FI) and 10.38% (FTS5). In our sample, 22.31% 
were diagnosed with sarcopenia.

Regardless of the tool used to assess frailty, in the 
bivariant analyses frail individuals seem to be older, more 
likely to have sarcopenia, and to be in worse health status 
(higher Charlson index value). Moreover, they seem to 
be more prone towards polypharmacy. Older adults with 
sarcopenia presented similar characteristics to those with 
frailty.

Table  2 reports the differences in hospitalization-
related outcomes, showing a higher number of hospital 
admissions, longer stays, and higher hospitalization costs 
among older adults with frailty and with sarcopenia, 
compared to their counterparts.

Results from the regression analyses
Table 3 shows that sarcopenia, when it is the only inde-
pendent variable, is associated with an increased risk of 
being admitted to hospital both at the cross-sectional 
level (OR 1.56) and at follow-up (OR 1.47). However, it 

is not significantly related to the other hospital-related 
outcomes. Such associations were observed in the second 
regression model, when age and gender were considered 
(OR 1.48 in the cross-sectional analysis and OR 1.76 at 
follow-up), but only remained at follow-up when frailty 
entered the analysis (Model 3). In the fourth regression 
model, sarcopenia was only significantly associated with 
higher odds of being admitted to hospital at follow-up 
(OR 1.46) when frailty is evaluated by the Frailty Index.

As it is shown in the Table 4, in the raw model, frailty 
was cross-sectionally associated with higher risk of hos-
pitalization, mean length of stay (the log-count of aver-
age length of stay increases by 0.74 and 0.53 days in case 
of being frail according to the FI and the FTS5, respec-
tively, compared to non-frail older adults), disregarding 
the tools used, and with an increase in hospital costs by 
22.85%2 when FTS-5 was used to assess the condition, 
but not when FI was used. In the fully adjusted model, 
only FI showed a significantly higher risk of hospi-
talization. When the association in the follow-up was 
estimated, frailty was associated with almost all the out-
comes. Frailty was associated with an increase in costs, 
ranging from an increase by 13.98% (FTS-5, Model 2) to 
a maximum increase by 38.69% (FI, Model 1). When fully 
adjusted, some of the figures and associations changed. 
When we assessed the relationship between frailty and 

Table 1 Characteristics of the sample, at baseline

Mean (SD): continuous variables. N, %: categorical variable

FTS5 Frailty Trait Scale 5

*** p < 0.001, ** p < 0.01, * p < 0.05

Variable Frailty Index FTS5 Sarcopenia

Frail No frail p-value Frail No frail p-value With 
sarcopenia

Without 
sarcopenia

p-value

N (%) 83 (6.11) 1275 (93.89) 141 (10.38) 1217 (89.62) 303 (22.31) 1055 (77.69)

Age (SD) 81.72 (5.65) 74.73 (5.89) < 0.001*** 79.48 (5.76) 74.02 (5.47) < 0.001*** 77.53 (5.52) 73.74 (5.52) < 0.001***

Gender, female, 
n (%)

936 (68.90) 718 (52.85) < 0.001*** 1021 (75.18) 693 (51.03) < 0.001*** 1116 (82.18) 615 (45.31) < 0.001***

Sarcopenia yes, 
n (%)

867 (63.86) 266 (19.61) < 0.001*** 1088 (80.14) 212 (15.61) < 0.001*** – – –

Charlson Index 
(SD)

2.25 (2.30) 1.08 (1.46) < 0.001*** 1.76 (1.93) 1.11 (1.54) < 0.001*** 1.57 (1.90) 1.06 (1.48) < 0.001***

Drugs, mean (SD) 7.25 (3.40) 4.74 (2.86) < 0.001*** 6.95 (2.86) 4.56 (2.77) < 0.001*** 6.18 (2.97) 4.42 (2.73) < 0.001***

Polypharmacy, 
n (%)

168 (80.38%) 731 (49.59%) < 0.001*** 112 (79.43%) 581 (47.74%) < 0.001*** 303 (69.97%) 1055 (45.59%) < 0.001***

Hospitalization 
yes, n (%)

370 (27.27) 117 (8.62) < 0.001*** 221 (16.31) 108 (7.97) 0.001*** 166 (12.21) 107 (7.88) 0.019*

2 The coefficients on hospitalization costs in the text do not match the coef-
ficients reported in the tables, due to the corresponding exponential transfor-
mation associated with the log-link. For example, the 22.85% comes from the 
calculation of exp. (0.2058307)-1.
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the outcomes in the long-term, we observed an associa-
tion between frailty and the probability of being admit-
ted to hospital (FTS5), the number of hospital admissions 
(FTS5 and FI) and length of hospitalization (FI, which 
increased the log count of average length of stay by 
0.611 days). The increase in costs was only significant for 
the FTS5, which were higher by 19.73% among frail indi-
viduals than the non-frail. The differences in the signifi-
cant associations between frailty and hospital admission 
and sarcopenia and hospital admission observed before 
were confirmed in Table 5, when the different combina-
tions of sarcopenia and frailty status entered the analysis. 
Older adults with sarcopenia but without frailty showed 
a significantly higher probability of hospitalization at 
follow-up regardless of the tool used in Models 2 and 3, 
but not for the other outcomes either cross-sectional or 
longitudinal. On the other hand, older adults with frailty 
but without sarcopenia were significantly more likely to 
have most of the hospitalization-related outcomes in the 
raw model, especially when frailty was assessed by the 
Frailty Index, although only the length of hospital stay 
was significantly longer in the fully adjusted cross-sec-
tionally model, and number and length of hospitalization 
for the FI at follow-up. However, older adults that have 
frailty and sarcopenia presented a significant association 
with the likelihood of being admitted to hospital, both at 
the cross-sectional and the follow-up levels, regardless of 
the frailty tool when the interaction was the only variable. 
In the fully adjusted model, both tools showed signifi-
cant association with the probability of being admitted to 

hospital, in both cross-sectional and longitudinal analy-
sis, but only FTS5 showed higher hospitalization costs, 
which increased by 11.18 and 4.74% among frail indi-
viduals with sarcopenia against the reference category, at 
the cross-sectional and at follow-up level, respectively.3 
Additionally, we assessed the likelihood ratio test for each 
regression model in order to estimate if the sequence of 
models suffer from overfitting (Table 6).

Moreover, when performing the analyses only on frail 
older adults (Supplementary Information Table S4), pres-
ence of sarcopenia significantly reduced length of hospi-
talization in the FI cross-sectional raw model but does 
not significantly modify any other outcome. This result 
would confirm the limited significance of sarcopenia 
as a determinant of hospital use. In case of running the 
analyses on older adults with sarcopenia (Supplemen-
tary Information Table S5), frailty is, in fact, significantly 
associated with higher hospital use, especially at follow-
up, when in the full model (adjusted for age, gender, 
comorbidity severity and polypharmacy), being frail was 
associated with more number of hospitalization (FTS5), 
higher length of stay (FI) and hospital admission costs, 
which increased by 55.63% per year when the FI was used 

Table 2 Summary statistics on hospitalization‑related outcomes, at baseline

FTS5 Frailty Trait Scale 5

Variable Frailty according to the Frailty Index Frailty according to the FTS5 Sarcopenia

Frail No frail Frail No frail With sarcopenia Without 
sarcopenia

Number of hospitalizations

 P25 0 0 0 0 0 0

 P50 0 0 0 0 0 0

 P75 1 0 1 0 0 0

 P95 3 1 2 1 2 1

Average length per hospital admission

 P25 0 0 0 0 0 0

 P50 0 0 0 0 0 0

 P75 7.75 0 0.25 0 0 0

 P95 29.50 7.50 18.25 6.50 10.50 6

Accumulated costs of hospital admission, 2015€
 P25 0 0 0 0 0 0

 P50 0 0 0 0 0 0

 P75 1279.36 0 517.51 0 0 0

 P95 4782.86 2058.84 2323.29 1939.79 2264.69 1884.10

3 When the interaction between frailty and sarcopenia was included in addi-
tion to each of these terms individually, the results showed that none of the 
interactions between frailty and sarcopenia were statistically significant, but 
for its interaction in the full model when assessing hospitalization costs and 
frailty was measured through the FTS5 (Table S3, Supplementary Material).
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and by 45.50% in case of the FTS5, compared with non-
frail individuals.

Discussion
To our knowledge, this is the first study to demonstrate in 
community-dwelling older adults the costs of hospitali-
zation to frailty and sarcopenia taking into account their 
interaction.

While sarcopenia increases only the likelihood of 
being hospitalised, frailty was also related to other 
outcomes such as an increase in the number of hos-
pitalizations, in hospital stay and in healthcare costs. 
In addition, the interaction of having frailty and 

sarcopenia had an increased likelihood of hospi-
talization at both cross-sectional and follow-up, and 
increased length of stay and hospital-related costs 
(FTS5) at follow-up. Further segmentation of the sam-
ple revealed that could be frailty and not sarcopenia 
what increased healthcare expenditures. Among older 
adults with sarcopenia, the presence of frailty, even 
when adjusted for potential confounders such age, gen-
der, polypharmacy or comorbidity, increased both the 
number of admissions and hospital stay and exponen-
tially increased costs. In this line, it has been reported 
that those older adults with sarcopenia have two-fold 
risk for hospitalization and a significative higher hos-
pital stays that those without sarcopenia, increasing in 

Table 3 Results on the association between sarcopenia and the hospitalization‑related outcomes, both at the cross‑sectional level 
and at‑follow up

95% confidence intervals in parentheses. *** p < 0.001, ** p < 0.01, * p < 0.05

Model 1 includes sarcopenia as the only independent variable. Model 2 enters sociodemographic characteristics (age and its square and gender) in addition to 
sarcopenia. Model 3 adds to Model 2 the frailty status, measured by the Frailty Index or the Frailty Trait Score. Models 4 adds the comorbidity severity of individual 
according to the Charlson Index, which is medium‑low if the Charlson Index score is 1 or 2; and high if the Charlson Index score is three or higher. Moreover, 
polypharmacy is also included if the daily number of drugs the subject is taking is 5 or more

Cross-sectional analysis At follow-up

Sarcopenia if frailty is 
measured via the Frailty 
Index

Sarcopenia if frailty 
is measured via the 
FTS5

Sarcopenia if frailty is 
measured via the Frailty 
Index

Sarcopenia if frailty 
is measured via the 
FTS5

Model 1

 OR on the probability of being 
admitted to hospital

1.557** (1.141–2.106) 1.469** (1.133–1.982)

 Coeff on number of hospital admis‑
sions

0.221 (− 0.358–0.799) 0.009 (− 0.366–0.384)

Coeff on length of hospitalization 0.162 (− 0.221–0.545) − 0.037 (− 0.343–0.269)

 Coeff on hospitalization costs −0.032 (− 0.320–0.255) − 0.063 (− 0.295–0.168)

Model 2

 OR on the probability of being 
admitted to hospital

1.481* (1.034–2.104) 1.760*** (1.283–2.456)

 Coeff on number of hospital admis‑
sions

0.513 (− 0.271–1.298) −0.011 (− 0.484–0.463)

Coeff on length of hospitalization 0.159 (− 0.307–0.626) − 0.140 (− 0.531–0.250)

 Coeff on hospitalization costs 0.055 (− 0.248–0.359) − 0.051 (− 0.303–0.202)

Model 3

 OR on the probability of being 
admitted to hospital

1.318 (0.909–1.895) 1.456 (0.991–2.134) 1.629** (1.177–2.301) 1.477* (1.028–2.132)

 Coeff on number of hospital admis‑
sions

0.484 (− 0.387–1.355) 0.387 (− 0.507–1.281) − 0.142 (− 0.669–0.385) −0.231 (− 0.642–0.180)

Coeff on length of hospitalization − 0.033 (− 0.565–0.498) −0.096 (− 0.599–0.406) −0.298 (− 0.726–0.129) −0.244 (− 0.705–0.216)

 Coeff on hospitalization costs 0.025 (− 0.282–0.333) 0.122 (− 0.227–0.471) −0.093 (− 0.359–0.172) −0.129 (− 0.374–0.116)

Model 4

 OR on the probability of being 
admitted to hospital

1.197 (0.824–1.726) 1.318 (0.897–1.934) 1.463* (1.059–2.074) 1.348 (0.941–1.944)

 Coeff on number of hospital admis‑
sions

0.357 (− 0.404–1.117) 0.264 (−0.533–1.061) −0.180 (− 0.654–0.293) −0.270 (− 0.637–0.097)

Coeff on length of hospitalization −0.092 (− 0.558–0.374) −0.151 (− 0.585–0.283) −0.035 (− 0.747–0.045) −0.318 (− 0.735–0.099)

Coeff on hospitalization costs 0.013 (− 0.283–0.309) 0.091 (− 0.241–0.423) −0.126 (− 0.373–0.122) −0.164 (− 0.403–0.075)
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$375 the cost per person and had an annual marginal 
increase of $2315 [34], but in that study frailty was 
not assessed. However, our results might indicate that 
probably the frailty construct, and not the presence of 
sarcopenia, is what increases health economic costs in 
the medium/long term but more studies showing the 
combination of these entities are needed.

Traditionally, the allocation of healthcare resources has 
been made based on chronic conditions profiles. How-
ever, such approach might have been wrongly understood 

[13], since more recent existing evidence has pointed 
towards a greater burden of disability and dependency, 
as well as their previous stages [50]. Functional decline 
explains health care utilization with chronic conditions 
and disability [4] and hospitalization represents a major 
driver of total HCE [32, 51] and long-term care expendi-
ture [52]. According to these new burdensome condi-
tions, health economic resources should be destinated to 
policies or interventions in which greatest health patient 
benefits can be obtained [32] contributing with valuable 

Table 4 Results on the association between frailty and the hospitalization‑related outcomes, both at the cross‑sectional level and 
at‑follow up

95% confidence intervals in parentheses. *** p < 0.001, ** p < 0.01, * p < 0.05

Model 1 includes frailty status, measured by the Frailty Index or the Frailty Trait Score, as the only independent variable. Model 2 enters sociodemographic 
characteristics (age and its square and gender) in addition to frailty. Model 3 adds to Model 2 sarcopenia. Models 4 adds the comorbidity severity of individual 
according to the Charlson Index, which is medium‑low if the Charlson Index score is 1 or 2; and high if the Charlson Index score is three or higher. Moreover, 
polypharmacy is also included if the daily number of drugs the subject is taking is 5 or more

Cross-sectional analysis At follow-up

Frailty measured with 
the Frailty Index

Frailty measured with the 
FTS5

Frailty measured 
with the Frailty 
Index

Frailty measured with the FTS5

Model 1

 OR on the probability of 
being admitted to hospital

3.611*** (2.666–4.899) 1.586* (1.045–2.361) 2.687*** (1.990–3.609) 2.127*** (1.505–3.110)

 Coeff on number of hospital 
admissions

0.366 (− 0.092–0.824) 0.397 (− 0.247–1.039) 0.535*** (0.306–0.764) 0.327* (0.104–0.757)

 Coeff on length of hospitali‑
zation

0.739*** (0.417–1.061) 0.526* (0.094–0.959) 0.626*** (0.349–0.902) 0.183* (0.062–0.360)

 Coeff on hospitalization costs 0.104 (− 0.121–0.330) 0.206* (0.075–0.487) 0.212* (0.040–0.385) 0.064 (− 0.239–0.367)

Model 2

 OR on the probability of 
being admitted to hospital

2.797*** (2.000–3.923) 1.283* (1.003–1.996) 2.337*** (1.677–3.221) 2.086*** (1.420–3.181)

 Coeff on number of hospital 
admissions

0.558 (− 0.081–1.196) 0.515 (− 0.178–1.209) 0.628*** (0.342–0.914) 0.397* (0.084–0.877)

 Coeff on length of hospitali‑
zation

0.845** (0.349–1.344) 0.498* (0.039–0.958) 0.724** (0.303–1.145) 0.155 (− 0.241–0.551)

 Coeff on hospitalization costs 0.168 (− 0.062–0.398) 0.112* (0.039–0.185) 0.327** (0.142–0.512) 0.131* (0.013–0.249)

Model 3

 OR on the probability of 
being admitted to hospital

2.172** (1.296–3.666) 1.054 (0.643–1.697) 1.766* (1.065–2.876) 1.701* (1.102–2.716)

 Coeff on number of hospital 
admissions

0.127 (− 0.717–0.972) 0.301 (− 0.470–1.073) 0.616** (0.189–1.043) 0.518* (0.069–0.966)

 Coeff on length of hospitali‑
zation

0.719** (0.183–1.256) 0.555* (0.068–1.042) 0.761** (0.291–1.231) 0.274 (− 0.202–0.750)

 Coeff on hospitalization costs 0.179 (− 0.214–0.572) 0.186 (− 0.143–0.229) 0.278* (0.003–0.553) 0.201* (0.115–0.287)

Model 4

 OR on the probability of 
being admitted to hospital

1.801* (1.070–3.046) 0.937 (0.569–1.523) 1.445 (0.870–2.360) 1.481* (1.014–2.403)

 Coeff on number of hospital 
admissions

−0.101 (− 0.819–0.617) 0.183 (− 0.516–0.882) 0.509* (0.075–0.944) 0.473* (0.066–0.881)

 Coeff on length of hospitali‑
zation

0.450 (− 0.016–0.916) 0.357 (− 0.075–0.789) 0.611** (0.200–1.023) 0.220 (− 0.210–0.650)

Coeff on hospitalization costs 0.008 (− 0.342–0.359) 0.212 (− 0.113–0.538) 0.227 (− 0.060–0.514) 0.181* (0.012–0.350)
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Table 5 Results on the association between the frailty and sarcopenia status and the hospitalization‑related outcomes, both at the 
cross‑sectional level and at‑follow up

Cross-sectional analysis At follow-up

Frailty measured with 
the Frailty Index

Frailty measured with the FTS5 Frailty measured with the 
Frailty Index

Frailty measured with the 
FTS5

Model 1

 Non-frail # without sarcopenia Ref. Ref. Ref. Ref.

Non-frail # with sarcopenia

 OR on the probability of being 
admitted to hospital

1.295 (0.908–1.828) 1.388 (0.949–2.030) 1.357 (0.991–1.871) 1.293 (0.916–1.827)

 Coeff on number of hospital admis‑
sions

0.258 (− 0.443–0.959) 0.101 (− 0.683–0.884) −0.095 (− 0.618–0.429) −0.335 (− 0.728–0.059)

Coeff on length of hospitalization 0.264 (− 0.185–0.713) 0.007 (− 0.452–0.466) −0.125 (− 0.487–0.238) −0.122 (− 0.527–0.282)

 Coeff on hospitalization costs −0.005 (− 0.327–0.317) 0.043 (− 0.341–0.427) −0.096 (− 0.377–0.185) −0.177 (− 0.429–0.075)

Frail # without sarcopenia

 OR on the probability of being 
admitted to hospital

2.926** (1.367–6.262) 1.334 (0.533–3.339) 2.771** (1.333–5.760) 3.175** (1.492–6.754)

 Coeff on number of hospital admis‑
sions

0.391 (− 0.694–1.477) 0.467 (− 0.311–1.245) 0.733** (0.241–1.226) 0.165 (− 0.561–0.891)

Coeff on length of hospitalization 1.302*** (0.745–1.859) 0.891** (0.261–1.521) 0.985** (0.371–1.599) 0.337 (− 0.510–1.184)

 Coeff on hospitalization costs 0.380 (− 0.240–1.001) 0.362* (0.070–0.795) 0.259 (− 0.207–0.726) −0.045 (− 0.579–0.490)

Frail # with sarcopenia

 OR on the probability of being 
admitted to hospital

3.316*** (1.854–5.931) 1.768* (1.113–2.740) 2.621*** (1.485–4.624) 2.025*** (1.376–3.116)

 Coeff on number of hospital admis‑
sions

0.232 (− 0.568–1.031) 0.406 (−0.343–1.154) 0.443* (0.052–0.834) 0.307 (− 0.194–0.807)

Coeff on length of hospitalization 0.424 (− 0.146–0.994) 0.436 (−0.080–0.951) 0.458* (0.038–0.878) 0.101 (− 0.287–0.488)

 Coeff on hospitalization costs −0.005 (− 0.505–0.496) 0.169* (0.144–0.194) 0.093 (− 0.218–0.403) 0.057 (−0.296–0.411)

Model 2

Non-frail # without sarcopenia Ref. Ref. Ref. Ref.

Non-frail # with sarcopenia

 OR on the probability of being 
admitted to hospital

1.324 (0.895–1.941) 1.427 (0.943–2.162) 1.681** (1.200–2.411) 1.640* (1.119–2.395)

 Coeff on number of hospital admis‑
sions

0.567 (−0.340–1.474) 0.401 (− 0.579–1.380) −0.100 (− 0.737–0.536) −0.340 (− 0.795–0.115)

Coeff on length of hospitalization 0.314 (− 0.229–0.857) 0.034 (− 0.479–0.547) −0.203 (− 0.661–0.255) −0.211 (− 0.691–0.269)

 Coeff on hospitalization costs 0.078 (− 0.248–0.405) 0.111 (− 0.271–0.493) −0.085 (− 0.374–0.203) −0.158 (− 0.425–0.109)

Frail # without sarcopenia

 OR on the probability of being 
admitted to hospital

2.216 (0.994–4.945) 0.940 (0.361–2.448) 2.109 (0.977–4.545) 2.785* (1.187–6.540)

 Coeff on number of hospital admis‑
sions

0.416 (− 0.823–1.655) 0.363 (−0.778–1.504) 0.687* (0.135–1.240) 0.321 (− 0.410–1.053)

Coeff on length of hospitalization 1.256*** (0.716–1.796) 0.945** (0.380–1.510) 0.918** (0.250–1.585) 0.349 (−0.538–1.235)

 Coeff on hospitalization costs 0.379(− 0.205–0.962) 0.258* (0.131–0.385) 0.312 (− 0.139–0.763) 0.100 (−0.410–0.610)

Frail # with sarcopenia

 OR on the probability of being 
admitted to hospital

2.837*** (1.501–5.370) 1.561 (0.933–2.553) 2.638** (1.428–4.847) 2.305*** (1.495–3.726)

 Coeff on number of hospital admis‑
sions

0.518 (− 0.389–1.424) 0.682 (−0.196–1.559) 0.437* (0.014–0.860) 0.316 (− 0.275–0.906)

Coeff on length of hospitalization 0.428 (− 0.202–1.057) 0.400 (−0.189–0.990) 0.371 (− 0.102–0.843) 0.014 (− 0.428–0.456)

 Coeff on hospitalization costs 0.114 (−0.390–0.618) 0.054* (0.001–0.107) 0.167 (− 0.154–0.488) 0.091 (−0.271–0.452)

Model 3

Non-frail # without sarcopenia Ref. Ref. Ref. Ref.

Non-frail # with sarcopenia

 OR on the probability of being 
admitted to hospital

1.170 (0.786–1.729) 1.252 (0.820–1.911) 1.483* (1.057–2.144) 1.469* (1.002–2.149)

 Coeff on number of hospital admis‑
sions

0.401 (−0.437–1.240) 0.255 (− 0.664–1.174) −0.163 (− 0.747–0.421) −0.466 (− 0.903–0.029)
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information improving decision-making processes. Our 
results could certify this hypothesis, although some dif-
ferences have also been observed depending on the tool 
with which we assess frailty.

Frailty status, and not age, has been proposed as a 
criterion for risk interventions in older adults [53]. 
As an example, frail subjects spend three times more 
resources than robust older adults in costs derived from 

surgical hospitalization and total post-operative costs 
at six-months [54]. Although prevalence of sarcopenia 
and frailty are estimated at around 10% in community-
dwelling older adults [55, 56], which could be inter-
preted as minor rates, its estimated relationship with 
adverse outcomes and high associated expenditures 
may lead to a costly public health problem [57, 58], as 
our findings have also supported. Moreover, our results 

95% confidence intervals in parentheses. *** p < 0.001, ** p < 0.01, * p < 0.05

Model 1 includes the interaction term between frailty status, measured by the Frailty Index or the Frailty Trait Score, and sarcopenia as the only independent variable. 
Model 2 enters sociodemographic characteristics (age and its square and gender) in addition to the interaction term from Model 1. Model 3 adds to Model 2 the 
comorbidity severity of individual according to the Charlson Index, which is medium‑low if the Charlson Index score is 1 or 2; and high if the Charlson Index score is 
three or higher. Moreover, polypharmacy is also included if the daily number of drugs the subject is taking is 5 or more

Table 5 (continued)

Cross-sectional analysis At follow-up

Frailty measured with 
the Frailty Index

Frailty measured with the FTS5 Frailty measured with the 
Frailty Index

Frailty measured with the 
FTS5

Coeff on length of hospitalization 0.156 (− 0.368–0.680) −0.096 (− 0.597–0.405) −0.295 (− 0.741–0.150) −0.381 (− 0.867–0.105)

 Coeff on hospitalization costs 0.057 (− 0.261–0.376) 0.073 (− 0.287–0.433) −0.131 (− 0.398–0.135) −0.219 (− 0.486–0.048)

Frail # without sarcopenia

 OR on the probability of being 
admitted to hospital

1.628 (0.730–3.624) 0.708 (0.264–1.893) 1.556 (0.728–3.348) 2.217 (0.918–5.383)

 Coeff on number of hospital admis‑
sions

0.043 (−1.040–1.125) 0.143 (−0.773–1.059) 0.539* (0.026–1.051) 0.133 (− 0.566–0.832)

Coeff on length of hospitalization 0.831** (0.300–1.363) 0.511* (0.055–0.966) 0.701* (0.108–1.294) 0.090 (−0.768–0.947)

 Coeff on hospitalization costs 0.179 (− 0.368–0.726) 0.337 (− 0.087–0.761) 0.201 (−0.242–0.644) 0.125 (− 0.219–0.469)

Frail # with sarcopenia

 OR on the probability of being 
admitted to hospital

2.255* (1.174–4.333) 1.289* (1.043–1.675) 2.041* (1.093–3.803) 1.869** (1.199–3.094)

 Coeff on number of hospital admis‑
sions

0.204 (−0.639–1.046) 0.451 (− 0.350–1.251) 0.315 (− 0.102–0.731) 0.246 (−0.277–0.769)

Coeff on length of hospitalization 0.166 (− 0.442–0.775) 0.183 (− 0.387–0.754) 0.209 (−0.250–0.667) −0.072 (− 0.492–0.347)

Coeff on hospitalization costs −0.050 (− 0.488–0.387) 0.106* (0.0002–0.211) 0.114 (− 0.220–0.448) 0.046* (0.00005–0.092)

Table 6 Log‑likelihood ratio tests for each regression nested model showed in Tables 3, 4 and 5

FTS5 Frailty Trait Scale 5, M Model

*** p < 0.001, ** p < 0.01, * p < 0.05

Cross-sectional analysis At follow-up

Frailty measured with the 
Frailty Index

Frailty measured with the 
FTS5

Frailty measured with the 
Frailty Index

Frailty 
measured with 
the FTS5

Regression results from Table 3

M2 vs M1 359.82*** 288.96***

M3 vs M2 318.80*** 323.05*** 294.07*** 255.98**

M4 vs M3 358.93*** 367.01*** 287.63*** 299.02***

Regression results from Table 4

M2 vs M1 263.48*** 269.01*** 270.07*** 277.27***

M3 vs M2 272.31*** 281.09*** 286.12*** 292.37***

M4 vs M3 288.82*** 295.72*** 290.69*** 297.99***

Regression results from Table 5

M2 vs M1 301.98*** 321.14*** 318.68*** 326.79***

M3 vs M2 310.45*** 333.37*** 335.09*** 341.20***
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could confirm that in addition to the contribution of 
sarcopenia and frailty to the healthcare costs, differ-
ent frailty construct can identify different individuals at 
risk of suffering adverse events. The use of frailty scales 
may be inclusive and not substitutable [59]. Further-
more, our results enhance the necessity of identifying 
frailty in people with sarcopenia [22] which may help 
policy makers in the efficient allocation of health care 
resources, being an opportunity for healthcare profes-
sionals to revert these ageing associated conditions.

Strengths
This study has many strengths, including the large 
population included and the use of two relevant frailty 
tools previously adjusted and validated in our cohort 
to assess frailty. Another strength is the excellent 
ascertainment of the hospitalization related outcomes 
which are not self-reported, but extracted from clinical 
records, which enabled us to estimate healthcare cost 
expenditures associated with each available GRD.

Muscle mass has been determined using DEXA, 
which is the gold-standard. Moreover, the inclusion of 
relevant cofounders in adjusted models contributes to 
the increase the strength of our findings.

Limitation
Although hospitalization has been proposed as 
the main health costs, we could not include other 
resources as physiotherapy, drugs, specialist or general 
practitioner visits, or diagnostic tests which are not 
included within the corresponding DRG.

Despite our sample size, due to the segmentation 
according to frailty and sarcopenia status (Supplemen-
tary Information Table S6), and the low number of 
hospitalized events, problems of low power to detect 
differences could be occurring, and subsequently, 
more studies should confirm our results. The results 
could be extended to a longer period of time in order 
to check whether the results obtained in the cur-
rent study are consistent through a longer follow-up. 
Moreover, having only two points of analysis might not 
allow us to establish causality and, hence, the results 
should be interpreted with caution, suggesting associa-
tions rather than causal relationships.

Conclusions
Demographic ageing could burden health care ser-
vices. Interventions to improve frailty and sarcopenia 
must be promoted to prevent disability and health care 
pressure. Strategies for early detection and integrated 
multidisciplinary interventions should be promoted. 
Our results should be used to predict future health 

economic trends according to patient screening and 
assessment.
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Discussion 

The demographic transformation of the population has resulted in an increasing number of older 

adults[1,7]. Improvements in medicine along with other socioeconomic factors have prolonged 

life expectancy[1,4] but, in many cases, accompanied by chronic health problems and disabilities 

associated with ageing [10]. In fact, the way individuals age is highly heterogeneous and 

dependent on several factors such as where life courses, genetic, biological, environmental and 

social backgrounds that influence the final individual functional status [21,22]. This fact demands 

healthcare systems to adapt to the specific conditions of these individuals, where multiple chronic 

disease reigns over isolated acute pathology, and where function is what determines the subject's 

prognosis[214–217].  

On the functional continuum, frailty would refer to the grey scale between white (robust) and 

black (disability). In this PhD dissertation, we have discussed how frailty conceptualizes the state 

of diminished physiological reserve and compromises the capacity to maintain 

homeostasis[54,55]. Cost-effective health care strategies to counteract this unhealthy ageing 

pattern are vital to sustain current and future health systems. Understanding the basic and 

physiological mechanisms by which frail subjects differ from non-frail subjects, but also how 

different accompanying conditions in frail subjects could condition their prognosis, is paramount 

to action on this geriatric syndrome. The first chapter discusses the basic and clinical mechanisms 

of physical activity and exercise in the prevention of impaired function in older adults. As frailty 

has a multisystemic etiology, interventions that act on a single mechanism without understanding 

the global context make such treatment useless. In fact, to date, frailty has no effective treatment 

to prevent or counteract it. It seems that interventions based on physical activity and exercise, 

especially those involving multicomponent exercise of a certain type, frequency, and intensity, 

appear to be the most effective in reversing certain deficits in functional capacity in older adults. 

Although elucidating which intervention is the most effective has not yet been achieved, we have 
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compiled a compendium narrative to better understand the mechanisms by which exercise 

benefits this condition. 

Functional status, as evidenced by the state of frailty, is a dynamic entity over time[218–220]. 

Secondly, we demonstrate the dynamism of frailty and its association with different risks of 

adverse events based on the trajectories of frailty. In this second article, we found that those who 

spontaneously reverse their frailty status do not have an increased risk of different adverse events, 

such as mortality, hospitalization or disability, compared to those with a lower frailty score at the 

baseline. This is independent of age, so the idea that ageing necessarily parallels an inevitable 

decline in function seems to be unsubstantiated [23,218,219]. This idea re-emphasises the need 

to reverse this state of frailty, with the aim of achieving healthy ageing and avoiding periods of 

disability in community-dwelling older adults.  On the other hand, in a second analysis, we show 

that small changes in frailty scores confer different risks, so that frailty may be a continuous rather 

than a dichotomous entity. Our results point to a dose-response relationship between frailty and 

an increased risk of death, hospitalization, and disability progression, even for values well below 

the proposed frailty thresholds[74].  

Alternatively, unexpectedly, we have observed that subjects with high-frailty burden do not 

appear to reduce their frailty levels spontaneously, presenting monomorphic trajectories toward 

maintenance or worsening of frailty. This may confirm that high-frailty burden may be difficult, 

but not impossible, to reverse and probably points to the need for personalized interventions at 

early stages of frailty to prevent its progression and thus, reduce the risk of developing adverse 

events[221]. To this end, early and accurate detection of frailty remains necessary, as we proposed 

in the first article of the thesis. The clinical relevance of this finding supports the assessment of 

frailty levels to determine the health status of older adults and contributes to the idea that reducing 

the burden of frailty could be effective in reducing the risk of adverse outcomes in older age. 

Subsequently, we explored whether one of the possible factors influencing this increase in frailty 

status could be the presence of sarcopenia. Although sarcopenia has been proposed as one of the 

physiological substrates of frailty[222,223] and has been shown to be two related but clearly 
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distinct entities[182], and with different risks of disability and mortality[183]. In this manuscript, 

we demonstrated that sarcopenia increases the risk of increasing frailty status and decreases the 

likelihood of reversing frailty, although its presence does not appear to influence mortality risk 

once the frailty stage is taken into account. To our knowledge, this is the first study to demonstrate 

the role of sarcopenia in frailty transitions and reinforces the idea of the existence of different 

phenotypes in older adults based on the presence or not of frailty and sarcopenia, with different 

clinical prognoses[183]. Influencing the effectiveness and efficiency of different treatments based 

on the presence or not of both entities seems to be the next step in understanding the interaction 

of both entities.  

This PhD thesis evaluates the economic impact of frailty and sarcopenia on the healthcare system. 

This impact is assessed by hospitalization-related costs. According to our results, while 

sarcopenia hardly influences the studied outcomes in the presence of other covariates, frailty 

appears as a major contributor in these outcomes, especially at the longitudinal level. Moreover, 

when we evaluate the interaction of both entities, the probability of hospitalization increases at 

both cross-sectional and longitudinal levels, as well as the costs of hospitalization when frailty is 

measured according to the FTS5, reinforcing the usefulness of this diagnostic tool for frailty 

compared to other more widespread ones. 

Frail older adults are at risk of premature death [108,111,183,224–226], as well as falls [108], 

fractures[225,227], disability[108], poor quality of life[228], increased health care costs and 

resources[216,229–232], hospitalization[157,233] and institutionalization[33]. Screening for 

frailty could be costly [216]. However, health systems are increasingly aware of the need to screen 

patients and determine an action plan by screening subjects who may meet these criteria [63]. 

This is the case, for example, in Spain, which has developed an action plan for the detection and 

intervention of frailty. However, the lack of consensus on a universal definition of frailty, as well 

as a standard screening tool, hinders this task[234].  
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Therefore, the implementation of successful interventions to reduce frailty and sarcopenia can 

improve the quality of care for older adults and promote healthy aging, as well as to reduce the 

impact of these entities on health care systems and strengthen their sustainability. 
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Clinical Implications 

The sustainability of health systems is being threatened due to the increasing number of older 

adults visiting clinical services. As we have commented throughout this doctoral thesis, in older 

adults, where chronic comorbidity reigns instead of isolated acute or chronic diseases, function 

opens up as a new paradigm in the creation of criteria and algorithms for clinical decision 

[20,118,214,216]. Frail older adults present a poor performance in functional tasks, which affects 

their daily quality of life and favors the occurrence of adverse events such as falls, use of social 

and health resources, and the use of social and health care resources [13], in addition to disability 

or death.  

Fortunately, frailty is reversible, at least partially, as we have found. Moreover, we have shown 

that it is the individual's current frailty state that confers the risk of adverse events, and that this 

state is spontaneously reversible, especially at moderate frailty loads. 

According to data from this doctoral thesis, between 9% and 26% of subjects with sarcopenia 

who did not meet frailty criteria will develop frailty after three years, compared with 2% and 4% 

of those who do not meet these criteria of sarcopenia. This compelling data reinforce the need to 

create effective prevention strategies for preventing not only frailty, as an entity intimately related 

to various adverse health events in older adults, but also sarcopenia, as a preliminary step to 

frailty. Although it is true that frailty is a multicomponent entity, and sarcopenia affects only the 

physical domain (neuromuscular component)[234], sarcopenia stands as one of the main risk 

factors for frailty.  

Therefore, it plays a crucial role in promoting comprehensive care for older adults to promote a 

holistic approach by identifying and treating these two conditions. Multiple metabolic, 

hematologic, and inflammatory biomarkers have been shown to be associated with frailty and 

sarcopenia. In fact, in community-dwelling individuals in whom both entities coexist, albumin 

was negatively associated with both entities, regardless of age and the clinical setting. Likewise, 

in individuals younger than 75, IL-6 also showed such an association. Moreover, community-
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dwelling older adults with frailty and sarcopenia also had higher circulating levels of tumor 

necrosis factor-alpha (TNF-α) compared to their robust and non-sarcopenic counterparts, 

respectively [235]. The identification of these biomarkers is key in reaching therapeutic targets 

amenable to pharmacological enhancement. Multiple drugs have been proposed as candidates for 

the treatment of frailty and sarcopenia, without being approved for treating both geriatric 

entities[236]. In fact, lifestyle interventions are currently the central treatment for both 

entities[236].  

Both physical activity and exercise may reduce the risk of frailty, as we developed in the first 

objective of the thesis, and sarcopenia [237–239]. Within the different types of physical exercise, 

muscular strength exercise has been proposed as the reference treatment to counteract the loss of 

muscle mass associated with age, improving neuromuscular performance and cellular adaptations 

[240–243]. However, its combination with aerobic exercise could be more effective in improving 

muscle mass and strength in older adults with sarcopenia[244]. Multicomponent exercise, i.e., 

exercise that composed of different types of exercise, such as cardiovascular exercise, strength 

exercise, balance exercise, and flexibility exercise, seems to be the most suitable when dealing 

with frail patients[245,246].  

The implementation and inclusion of older adults in interventions based on physical exercise 

seems to be mandatory. However, much remains to be defined in aspects such as frequency, 

intensity, time, or type of exercise in older adults, especially when frailty and sarcopenia coexist. 

According to the World Health Organization, older adults should perform at least 150 min of 

moderate-intensity aerobic exercise or 75 min of vigorous intensity spread over 3 or more days 

per week and perform a balance and strength training program of at least moderate intensity 

involving all muscle groups for 3 or more days per week[247]. Although clinicians and public 

health professionals should encourage decreased sedentary lifestyles and promote physical 

activity and exercise in patients with chronic conditions [248], adherence to these 

recommendations may not be suitable for all individuals, and the need for individualization is 

paramount. Therefore, efforts are needed to implement exercise-based interventions. In fact, even 
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unsupervised interventions are safe and effective for certain variables of function in community-

dwelling older adults [249,250], as well as in individuals with mild cognitive impairment or mild 

dementia[251].  

On the other hand, similarly to the case for drugs, the variability of response to exercise is high, 

and relies on multiple factors,[252,253]. Accordingly, detailed and individualized prescriptions 

could improve exercise-associated outcomes [253]. Nevertheless, further rigorous research is 

needed in this field[246,247,254].  

The results of these Thesis, taken as a whole suggest the need for establishing a clinical pathway 

once the patient is diagnosed of prefrailty/frailty, taking into account the role of sarcopenia in 

determining the transitions along the frailty status. Furthermore, to know if sarcopenia is present, 

can modify the program of physical exercise to be implemented in these patients. Moreover, 

recent studies have shown that assessment of both sarcopenia and frailty in outpatient settings is 

feasible[264,265] although its use is not yet widespread [266]. Now is the time, then, to move 

more confidently towards its implementation in daily clinical practice, with the aim of avoiding 

precariousness in public health systems and prioritizing care focused on the optimal functionality 

of the individual. 
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Conclusions 

1. Physical activity is a key element in the prevention and treatment of the loss of physical

function, expressed through the frailty syndrome. The implementation of multicomponent 

physical exercise programs according to the functional status of the patient should be a public 

health priority to prevent this geriatric condition.  

2. Frailty is a physiological construct that can be assessed continuously, demonstrating a

proportional dose-effect relationship against adverse events in the elderly population. Moreover, 

this construct is dynamic and reducing the burden of frailty reduces the risk of mortality, 

hospitalization, and disability.  

3. Sarcopenia influences the spontaneous transition in frailty states over time, suggesting the

existence of different frailty phenotypes with different clinical prognoses. Assessing the presence 

or not of frailty, as well as sarcopenia, seems to be a priority in the daily clinical management of 

older adults.  

4. Demographic aging could place a burden on health services. Frailty is associated with increased

hospitalization costs and may mediate the potential effects of sarcopenia, which appears to 

influence only the likelihood of be hospitalized. Early detection strategies and integrated 

multidisciplinary interventions that reduce frailty and sarcopenia status should be promoted to 

positively impact the economic and public health burden. 
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Conclusiones 

1. La actividad física es un elemento clave en la prevención y tratamiento de la pérdida de función

física, expresada mediante el síndrome de la fragilidad. La implantación de programas de ejercicio 

físico multicomponente de acuerdo con el estado funcional del paciente ha de ser un elemento de 

salud pública prioritario para prevenir esta condición. 

2. La fragilidad es un constructo fisiológico que puede ser evaluado de manera continua,

demostrando una relación dosis-efecto proporcional frente a los eventos adversos en la población 

mayor. Además, este constructo es dinámico y la reducción de la carga del mismo, reduce el 

riesgo de mortalidad, hospitalización y discapacidad.  

3. La sarcopenia influye en la transición espontánea a estadios de fragilidad a lo largo del tiempo,

sugiriendo la existencia de diferentes fenotipos de fragilidad con diferentes pronósticos clínicos. 

Evaluar la presencia o no de la fragilidad, así como de la sarcopenia, parecen ser prioritarios en 

el manejo clínico diario de los adultos mayores.  

4. El envejecimiento demográfico podría suponer una carga para los servicios sanitarios. La

fragilidad se asocia con un aumento de los costes de hospitalización, pudiendo actuar como 

mediador en los efectos potenciales de la sarcopenia, que parece influir sólo en la probabilidad de 

ser hospitalizado. Deben promoverse estrategias de detección precoz e intervenciones 

multidisciplinares integradas que reduzcan el estado de fragilidad y sarcopenia, con el fin de 

impactar de manera positiva en la carga económica y de salud pública. 
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Appendix 

Appendix 1: Supplementary material of Chapter 2. 

Table S1. Demographic characteristics of the sample according to the FTS5 score. 

Variable All 
FTS5 

(>=0 & 
<=10) 

FTS5 
(>10 & 
<=15) 

FTS5 
(>15 & 
<=20) 

FTS5 
(>20 & 
<=25) 

FTS5 
(>25) p-value 

N (%) 975 142 
(14.56) 

208 
(21.33) 

272 
(27.89) 

207 
(21.23) 

146 
(12.97) <0.001 

Age, mean (SD) 73.14 
(4.69) 

70.86 
(3.27) 

71.88 
(4.08) 

73.21 
(4.81) 

74.57 
(4.91) 

74.99 
(4.75) <0.001 

Gender, men (%) 423 
(43.38) 

94 
(66.20) 

106 
(50.96) 

126 
(46.32) 

67 
(32.37) 

30 
(20.55) <0.001 

FTS5 basal, mean (SD) 18.08 
(6.79) 

7.97 
(1.87) 

13.17 
(1.36) 

17.66 
(1.46) 

22.83 
(1.31) 

28.96 
(3.30) <0.001 

Change in FTS5 per year, mean 
(SD) 

-0.01
(1.56) 

1.08 
(1.30) 

0.45 
(1.51) 

-0.12
(1.52) 

-0.50
(1.45) 

-0.82
(1.27) <0.001 

Dependent according Katz Index 
score ≤5, n (%) 

124
(12.72) 5 (3.52) 15 (7.21) 30 

(11.03) 
28 

(13.53) 
46 

(31.51) <0.001 

MMSE, mean (SD) 24.44
(4.39) 

26.45 
(3.03) 

25.13 
(3.80) 

24.75 
(4.01) 

23.17 
(5.10) 

22.52 
(4.81) <0.001 

Charlson Index, mean (SD) 0.94
(1.43) 

0.67 
(0.99) 

0.79 
(1.42) 

1.03 
(1.44) 

1.06 
(1.53) 

1.08 
(1.59) 0.023 

Educational level 647 
(66.70) 

70 
(49.65) 

125 
(60.39) 

194 
(71.59) 

146 
(71.22) 

112 
(76.71) <0.001 

No School, n (%) 162 
(16.70) 

34 
(24.11) 

42 
(20.29) 

32 
(11.81) 

35 
(17.07) 

19 
(13.01) <0.001 

Primary School 
Incomplete, n (%) 

161 
(16.60) 

37 
(26.24) 

40 
(19.32) 

45 
(16.61) 

24 
(11.71) 

15 
(10.27) <0.001 

Primary School Complete 
or Superior, n (%) 

4.06 
(2.72) 

3.20 
(2.58) 

3.48 
(2.45) 

4.07 
(2.54) 

4.43 
(2.88) 

5.20 
(2.89) <0.001 

Number of Drugs per day, mean 
(SD) 

391 
(40.10) 

44 
(30.99) 

70 
(33.65) 

107 
(39.34) 

88 
(42.51) 

82 
(56.16) <0.001 

Polypharmacy, n (%) 211 
(21.64) 

20 
(14.08) 

32 
(15.38) 

70 
(25.74) 

46 
(22.22) 

43 
(29.45) <0.001 

Death, n (%) 
393 

(40.31) 
54 

(38.03) 
62 

(29.81) 
108 

(39.71) 
95 

(45.89) 
74 

(50.68) <0.001 

Hospitalization, n (%) 183 
(29.66) 

18 
(16.82) 

40 
(26.85) 

47 
(26.70) 

41 
(36.61) 

37 
(50.68) <0.001 

Worsening Disability, n (%) 204 
(26.56) 

18 
(15.79) 

41 
(23.43) 

56 
(25.57) 

47 
(29.56) 

42 
(41.58) 0.002 

In bold: p<0.05. Mean (SD): continuous variables. N, %: categorical variable. FTS5: Frailty Trait Scale 5. 
MMSE: Mini-Mental State Examination. 
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Appendix 1. Frailty Trait Scale 5 (FTS5) score. 

Score BMI, kg/m2 PASE Gait 
Speed a 

Grip strength, kg Progressive Romberg 

Women Men Score Position 
Seconds Seconds 

0 23.01-
26.99 >194 <2.45 >22 >29 0 Tandem ≤10 

1 27-
28.99 

21.01-
23 

174.61-
194 

2.45-
2.99 19.81-22 26.11-

29 2.5 Tandem 3.01-9.99 

2 29-
30.99 

19.01-
21 

155.21-
174.6 

3.00-
3.54 

17.61-
19.8 

23.21-
26.1 5 

Tandem ≤3 

3 31-
32.99 

17.01-
19 

135.81-
155.2 

3.55-
4.09 

15.41-
17.6 

20.31-
23.2 Semitandem ≤10 

4 33-
34.99 

15.01-
17 

116.41-
135.8 

4.10-
4.64 

13.21-
15.4 

17.41-
20.3 7.5 

Semitandem <10 

5 35-
36.99 

13.01-
15b 

97.01-
116.4 

4.65-
5.19 

11.01-
13.2 

14.51-
17.4 Side by side ≤10 

6 37-
38.99 

11.01-
13b 77.61-97 5.20-

5.74 
8.81-
11.0 

11.61-
14.5 10 Side by side <10 

7 39-
40.99 NA 58.21-

77.6 
5.75-
6.29 6.61-8.8 8.71-

11.6 

8 41-
42.99 NA 38.81-

58.2 
6.30-
6.84 4.41-6.6 5.81-

8.7 

9 43-
44.99 NA 19.41-

38.8 
6.85-
7.39 2.21-4.4 2.91-

5.8 
10 ≤45 NA 0-19.4 ≤7.4 0-2.2 0-2.9

BMI: Body Mass Index. PASE: Physical Activity Scale for the Elderly. 

FTS5 includes all the items of the table (range 0-50), and frail participants are those with 
FTS5 scores >25.  

a: Gait speed refers to time in accomplish 3-metres at usual pace in seconds. 

b: Model estimation. 
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Appendix 2: Supplementary material of Chapter 3. 

Supplementary Material 1. Differences in the cut-off points of the criteria for defining frailty in the TSHA 
according to Fried's originals. 

Frailty Phenotype Criteria TSHA Frailty Phenotype Criteria 

Weight loss 
In the last year, have you lost more than 10 pounds (4.54 kg) unintentionally? 
No , Yes 
If answer is yes, this criterion is positive. 

Exhaustion 

Using the CES-D, the following two statements are read asking how often in the last 
week did you feel this way? 
I felt that everything I did was an effort 
I could not get going 
0 ¼ rarely or none time (<1 day) 
1 ¼ some or little time (1e2 days) 
2 ¼ a moderate amount of the time (3e4 days) 
 3 ¼ most of the time 
Persons answering “2” or “3” to either of these questions are categorized as positive. 

Slowness 

Gait speed stratified by gender and height 
Men 
Height ≤173  cm.≤ 0.76 m/s 
Height >173  cm.≤ 0.65 m/s 
Women 
Height ≤159  cm.≤0.76  m/s 
Height >159  cm.≤0.65  m/s 

Gait speed stratified by gender and height 
Men 
Height <160  cm.≤0.38  m/s 
Height ≥160-<164    cm.≤0.43 m/s 
Height ≥164-<168   cm.≤0.46 m/s 
Height ≥168  cm.≤0.5  m/s 
Women 
Height <148  cm.≤0.43  m/s 
Height ≥148-<156    cm.≤0.38 m/s 
Height ≥156 cm.≤0.33  m/s 

Weakness 

Grip strength stratified by gender and 
BMI quartiles: 
Men 
BMI ≤24. ≤29 kg  
BMI 24.1-26. ≤30 kg 
BMI 26.1-28. ≤30 kg 
BMI >28. ≤32 kg 
Women 
BMI ≤23. ≤17 kg 
BMI 23.1-26. ≤17.3 kg 
BMI 26.1-29. ≤18 kg 
BMI >29. ≤21 kg 
If grip strength is lower than these 
respective cut-offs, the criterion is 
positive 

Grip strength stratified by gender and 
BMI quartiles: 
Men 
BMI <25.91 _ ≤19.01 kg 
BMI ≥25.91_ ≤22.01 kg 
Women 
BMI <25.91 _ ≤10.01 kg 
BMI ≥25.91- <28.76 _ ≤12.01 kg 
BMI ≥28.76- <31.99 _ ≤11.01 kg 
BMI ≥31.99 _ ≤12.01 kg 
If grip strength is lower than these 
respective cut-offs, the criterion is 
positive 

Low Physical 
Activity 

Kcal of leisure physical activity stratified 
by gender: 
Men <383 Kcal (to walk at least 2:30 
hours per week). 
Women <270 Kcal (to walk at least 2 
hours per week) 

PASE score <27.8571 

BMI, body mass index; CES-D, Center for Epidemiological Studies, Depression Scale; TSHA: Toledo 
Study for Healthy Ageing. PASE: Physical Activity Score for the Elderly. 
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Supplementary Material 2. Frailty Trait Scale 5 (FTS5) score. 

Score BMI, kg/m2 PASE Gait 
Speed a 

Grip strength, kg Progressive Romberg 

Women Men Score Position 
Seconds Seconds 

0 23.01-
26.99 >194 <2.45 >22 >29 0 Tandem ≤10 

1 27-
28.99 

21.01-
23 

174.61-
194 

2.45-
2.99 19.81-22 26.11-

29 2.5 Tandem 3.01-9.99 

2 29-
30.99 

19.01-
21 

155.21-
174.6 

3.00-
3.54 

17.61-
19.8 

23.21-
26.1 5 

Tandem ≤3 

3 31-
32.99 

17.01-
19 

135.81-
155.2 

3.55-
4.09 

15.41-
17.6 

20.31-
23.2 Semitandem ≤10 

4 33-
34.99 

15.01-
17 

116.41-
135.8 

4.10-
4.64 

13.21-
15.4 

17.41-
20.3 7.5 

Semitandem <10 

5 35-
36.99 

13.01-
15b 

97.01-
116.4 

4.65-
5.19 

11.01-
13.2 

14.51-
17.4 Side by side ≤10 

6 37-
38.99 

11.01-
13b 77.61-97 5.20-

5.74 
8.81-
11.0 

11.61-
14.5 10 Side by side <10 

7 39-
40.99 NA 58.21-

77.6 
5.75-
6.29 6.61-8.8 8.71-

11.6 

8 41-
42.99 NA 38.81-

58.2 
6.30-
6.84 4.41-6.6 5.81-

8.7 

9 43-
44.99 NA 19.41-

38.8 
6.85-
7.39 2.21-4.4 2.91-

5.8 
10 ≤45 NA 0-19.4 ≤7.4 0-2.2 0-2.9

BMI: Body Mass Index. PASE: Physical Activity Scale for the Elderly. 

FTS5 includes all the items of the table (range 0-50), and frail participants are those with 
FTS5 scores >25.  

a: Gait speed refers to time in accomplish 3-metres at usual pace in seconds. 

b: Model estimation. 
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Supplementary Material 3. Characteristics of participants according to the presence or absence 
of sarcopenia.  

Variable All No sarcopenic Sarcopenic p-value
N (%) 1538 1190 (77.37) 348 (22.63) 

Age (SD) 74.73 (5.73) 73.91 (5.51) 77.53 (5.57) <0.001 
Gender, male (%) 700 (45.51) 640 (53.78) 60 (17.24) <0.001 

Charlson Index (SD) 1.18 (1.59) 1.08 (1.48) 1.52 (1.89) <0.001 

FTS5 No Frail (%) 1377 
(89.53) 1154 (96.97) 223 (64.08) <0.001 

FTS5 Frail (%) 161 (10.47) 36 (3.03) 125 (35.92) 

Fried Robust (%) 1058 
(68.79) 899 (75.55) 159 (45.69) 

<0.001 Fried Prefrail (%) 436 (28.35) 272 (22.86) 164 (47.13) 
Fried Frail (%) 44 (2.86) 19 (1.60) 25 (7.18) 

Cognitive impairment or dementia (%) 241 (15.98) 83 (24.70) 158 (13.48) <0.001 
At-risk of malnutrition and malnourished 

(%) 368 (24.93) 139 (41.62) 229 (20.05) <0.001 

Data are expressed as mean (SD) and frequency (%). In bold: p-value <0.05. N: Number of the sample. 
FTS5: Frailty Trait Scale 5. SD: standard deviation. 
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Supplementary Material 4. Risk of worsening, maintenance, and improvement in frailty status according to the presence or absence of sarcopenia, nutritional 
and cognitive status. 

Frailty tool 
Basal 
frailty 
state 

Basal Sarcopenia 
State  

Worsening Staying the same Improving 

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 

OR (95% 
CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% 

CI) p-value OR (95% 
CI) p-value 

OR 
(95% 
CI) 

p-
value 

Frailty 
Phenotype 

Robust 
No Sarcopenic 1 

<0.001 
1 

<0.001 

2.48 (1.64; 
3.76) <0.001 

2.43 (1.59; 
3.69) <0.001 

NA NA 

Sarcopenic 2.32 (1.50; 
3.60) 

2.23 (1.43; 
3.48) 1 1 NA NA 

Prefrail 
No Sarcopenic 1 

0.035 
1 

0.047 
1 

0.018 
1 

0.026 

2.06 
(1.22; 
3.49) 0.006 

1.93 
(1.13; 
3.31) 0.016 

Sarcopenic 2.47 (1.06; 
5.73) 

2.37 (1.01; 
5.57) 

1.77 (1.10; 
2.83) 

1.73 (1.07; 
2.81) 1 1 

Frail 
No Sarcopenic NA NA 1 

0.35 
1 

0.35 

2.96 
(0.41; 
21.46) 0.28 

3.42 
(0.45; 
26.00) 0.24 

Sarcopenic NA NA 2.50 (0.37; 
17.08) 

2.52 (0.36; 
17.64) 1 1 

Frailty Trait 
Scale 5 

No frail 
No Sarcopenic 1 

<0.001 
1 

<0.001 

5.20 (3.26; 
8.33) <0.001 

5.10 (3.18; 
8.20) <0.001 

NA NA 

Sarcopenic 4.68 (2.91; 
7.54) 

4.57 (2.82; 
7.40) 1 1 NA NA 

Frail 

No Sarcopenic NA NA 1 

0.62 

1 

0.46 

1 

0.49 

1 

0.75 
Sarcopenic NA NA 1.30 (0.46; 

3.62) 
1.49 (0.52; 

4.26) 

1.49 
(0.47; 
4.71) 

1.21 
(0.38; 
3.84) 

In bold: p-value <0.05. Model 1: adjusted by age, sex, Charlson Index, and nutritional status. Model 2: adjusted by age, sex, Charlson Index, and cognitive status. 
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Supplementary Material 5. Risk of death within the same frailty status according to the presence 
or absence of sarcopenia and cognitive and nutritional status. 

Frailty tool 
Basal 
frailty 
state 

Basal Sarcopenia State  
Model 4 Model 5 

HR (95% CI) p-value HR (95% CI) p-value

Frailty 
Phenotype 

Robust 
No Sarcopenic to (%) 3.00 (0.71; 

12.69) 0.14 
2.99 (0.71; 

12.69) 0.14 
Sarcopenic to (%) 1 1 

Prefrail 
No Sarcopenic to (%) 0.71 (0.38; 

1.30) 0.26 
0.68 (0.37; 

1.26) 0.22 
Sarcopenic to (%) 1 1 

Frail 
No Sarcopenic to (%) 1.49 (0.48; 

4.62) 0.49 
1.47 (0.48; 

4.56) 0.50 
Sarcopenic to (%) 1 1 

Frailty Trait 
Scale 5 

No frail 
No Sarcopenic to (%) 1.73 (0.78; 

3.87) 0.18 
1.68 (0.75; 

3.76) 0.21 
Sarcopenic to (%) 1 1 

Frail 
No Sarcopenic to (%) 0.99 (0.43; 

2.28) 0.98 
0.96 (0.42; 

2.22) 0.93 
Sarcopenic to (%) 1 1 

Model 1: adjusted by age, sex, Charlson Index, and nutritional status. Model 2: adjusted by age, sex, 
Charlson Index, and cognitive status. 
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Appendix 3: Supplementary material of Chapter 3. 

Table S1. Toledo Study of Health Ageing Frailty Index.  

Rockwood Frailty Index TSHA Frailty 
Index 

Score 

1. Help bathing Same Yes =1, No =0 
2. Help dressing Same Yes =1, No =0 
3. Help getting in/out of chair and bed Same Yes =1, No =0 
4. Help walking a round house Same Yes =1, No =0 
5. Help eating Same Yes =1, No =0 
6. Help grooming Same Yes =1, No =0 
7. Help using toilet Same Yes =1, No =0 
8. Help up stairs Same Yes =1, No =0 
9. Help lifting 10 lbs Same Yes =1, No =0 
10. Help shopping Same Yes =1, No =0 
11. Help with housework Same Yes =1, No =0 
12. Help with meal preparations Same Yes =1, No =0 
13. Help taking medication Same Yes =1, No =0 
14. Help with finances Same Yes =1, No =0 
15. Lost more than 10 lbs in the last year Same Yes =1, No =0 
16. Selfrating of health Same Very poor =1, Poor =0.75, Regular 

=0.5, Good =0.25, Very good =0 
17. How health has changed in last year Same Much better =0, Better =0, Same =0, 

Worse =1, Much worse =1 
18. Stayed in bed at least half the day 

due to health (in las month) 
During the past 
moth how often 
have yo gone or 
has visited the 
doctor for being 

Any time =0, Once =0.5, Twice or 
more =1 

19. Cut down on usual activity (in the 
last month): Activity. Worst quintile 
of PASE 

Activity (Physical 
Activity Scale for 
the Elderly, 
PASE) 

Worst quintile =1, Rest =0 

20. Walk outside Same Any time =1, Once or twice=0.5, 
Three times or more =0 

21. Feel everything is an effort Same Most of time =1, Some time =0.5, 
Rarely =0 

22. Feel depressed Feel depressed or 
anxious 

Not =0, Moderately =0.5, Very =1 

23. Feel happy Same Very or pretty happy =0, neither 
happy nor unhappy =0.5, Very o 
rather unhappy =1 

24. Feel lonely Can you talk 
about your 
problems with 
someone close at 
least your family 
and friends 

Never or almost never =1, Sometimes 
=0.5, Mostly or always =0 

25. Have trouble getting going Do you feel you 
can do anything 
you propose? 

Never or almost never =1, Sometimes 
=0.5, Mostly or always =0 

26. High blood pressure Same Yes =1, Suspect =0.5, No =0 
27. Heart attack Same Yes =1, Suspect =0.5, No =0 
28. CHF Same Yes =1, Suspect =0.5, No =0 
29. Stroke Same Yes =1, Suspect =0.5, No =0 
30. Cancer Same Yes =1, Suspect =0.5, No =0 
31. Diabetes Same Yes =1, Suspect =0.5, No =0 
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32. Arthritis Same Yes =1, Suspect =0.5, No =0 
33. Chronic lung disease Same Yes =1, Suspect =0.5, No =0 
34. MMSE Same <10= 1, 11-17=0.75, 18-20= 0.5, 21-

24=0.25, >24 =0 
35. Peak Flow Forced expiratory 

volume in 1 
second (FEV) 
(litres) 

<1.39 

36. Shoulder strength Same Men <10.84 =1, Women<6.4 =1, 
Other values =0 

37. BMI Same <18.5 or ≥30 =1, 25 -<30 =0.5, other 
values =0 

38. Grip strength Same Worst BMI quintil by sex =1, Other 
value =0 

39. Usual pace Same Worst height quintil by sex =1, Other 
value =0 

40. Rapid pace Balance 1= side by side 0-9 sec or unable, 
other value =0 

FEV: Forced expiratory volume. PASE: Physical Activity Scale for the Elderly. 
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Table S2. Frailty Trait Scale 5 (FTS5) scoring. 

Score BMI, kg/m2 PASE Gait 
Speed a 

Grip strength, kg Progressive Romberg 

Women Men Score Position 
Seconds Seconds 

0 23.01-
26.99 >194 <2.45 >22 >29 0 Tandem ≤10 

1 27-
28.99 

21.01-
23 

174.61-
194 

2.45-
2.99 19.81-22 26.11-

29 2.5 Tandem 3.01-9.99 

2 29-
30.99 

19.01-
21 

155.21-
174.6 

3.00-
3.54 

17.61-
19.8 

23.21-
26.1 5 

Tandem ≤3 

3 31-
32.99 

17.01-
19 

135.81-
155.2 

3.55-
4.09 

15.41-
17.6 

20.31-
23.2 Semitandem ≤10 

4 33-
34.99 

15.01-
17 

116.41-
135.8 

4.10-
4.64 

13.21-
15.4 

17.41-
20.3 7.5 

Semitandem <10 

5 35-
36.99 

13.01-
15b 

97.01-
116.4 

4.65-
5.19 

11.01-
13.2 

14.51-
17.4 Side by side ≤10 

6 37-
38.99 

11.01-
13b 77.61-97 5.20-

5.74 
8.81-
11.0 

11.61-
14.5 10 Side by side <10 

7 39-
40.99 NA 58.21-

77.6 
5.75-
6.29 6.61-8.8 8.71-

11.6 

8 41-
42.99 NA 38.81-

58.2 
6.30-
6.84 4.41-6.6 5.81-

8.7 

9 43-
44.99 NA 19.41-

38.8 
6.85-
7.39 2.21-4.4 2.91-

5.8 
10 ≤45 NA 0-19.4 ≤7.4 0-2.2 0-2.9

BMI: Body Mass Index. PASE: Physical Activity Scale for the Elderly. 

FTS5 includes all the items of the table (range 0-50), and frail participants are those with 
FTS5 scores >25.  
a: Gait speed refers to time in accomplish 3-metres at usual pace in seconds. 
b: Model estimation.

165



Table S3. Results on the association between the interaction term between frailty and sarcopenia 
and the hospitalization-related outcomes, both at the cross-sectional level and at-follow up 

Cross-sectional analysis At follow-up 
Frailty measured 
with the Frailty 

Index 

Frailty measured 
with the FTS5 

Frailty 
measured with 

the Frailty Index 

Frailty measured 
with the FTS5 

Model 1 
Having sarcopenia 

OR on the probability 
of being admitted to 

hospital 

1.318 
(0.934 – 1.862) 

1.395  
(0.957 – 2.034) 

1.365* 
(1.005 – 1.854) 

1.292 
(0.916 – 1.822) 

Coeff on number of 
hospital admissions 

0.258 
(-0.443 – 0.959) 

0.101 
(-0.683 – 0.884) 

-0.095
(-0.618 – 0.429) 

-0.335
(-0.728 – 0.059) 

Coeff on length of 
hospitalization 

0.264 
(-0.185 – 0.713) 

0.007 
(-0.453 – 0.466) 

-0.125
(-0.487 – 0.238) 

-0.122
(-0.527 – 0.282) 

Coeff on 
hospitalization costs 

-0.005
(-0.327 – 0.317) 

0.043 
(-0.341 – 0.427) 

-0.096
(-0.377 – 0.185) 

-0.177
(-0.429 – 0.075) 

Being frail 
OR on the probability 

of being admitted to 
hospital 

2.851** 
(1.333 – 6.101) 

1.301 
(0.520 – 3.256) 

2.698** 
(1.298 – 5.608) 

3.092** 
(1.454 – 6.575) 

Coeff on number of 
hospital admissions 

0.391  
(-0.694 – 1.477) 

0.467  
(-0.311 – 1.245) 

0.733** 
(0.241 – 1-226) 

0.165 
(-0.561 – 0.891) 

Coeff on length of 
hospitalization 

1.302*** 
(0.745 – 1.859) 

0.891** 
(0.261 – 1.521) 

0.985** 
(0.371 – 1.599) 

0.337 
(-0.510 – 1.184) 

Coeff on 
hospitalization costs 

0.380 
(-0.240 – 1.001) 

0.362 
(-0.070 – 0.795) 

0.259 
(-0.207 – 0.726) 

-0.045
(-0.579 – 0.490) 

Frail # with 
sarcopenia 

OR on the probability 
of being admitted to 

hospital 

0.930 
(0.346 – 2.499) 

1.026 
(0.355 – 2.965) 

0.693 
(0.267 – 1.800) 

0.505 
(0.205 – 1.244) 

Coeff on number of 
hospital admissions 

-0.418
(-1.874 – 1.039) 

-0.162
(-1.423 – 1.099) 

-0.196
(-0.977 – 0.586) 

0.476 
(-0.460 – 1.412) 

Coeff on length of 
hospitalization 

-1.142
(-2.323 – 0.039) 

-0.462
(-1.331 – 0.407) 

-0.402
(-1.193 – 0.388) 

-0.114
(-1.098 – 0.871) 

Coeff on 
hospitalization costs 

-0.380
(-1.210 – 0.449) 

0.150 
(-0.468 – 0.768) 

-0.071
(-0.676 – 0.534) 

0.279 
(-0.390 – 0.948) 

Model 2 
Having sarcopenia 

OR on the probability 
of being admitted to 

hospital 

1.361 
(0.928 – 1.994) 

1.450 
(0.960 – 2.189) 

1.666** 
(1.178 – 2.356) 

1.615* 
(1.108 – 2.355) 

Coeff on number of 
hospital admissions 

0.567  
(-0.340 – 1.474) 

0.401  
(-0.579 – 1.380) 

-0.100
(-0.737 – 0.536) 

-0.340
(-0.795 – 0.115) 

Coeff on length of 
hospitalization 

0.314 
(-0.229 – 0.857) 

0.034 
(-0.479 – 0.547) 

-0.203
(-0.661 – 0.255) 

-0.211
(-0.691 – 0.269) 

Coeff on 
hospitalization costs 

0.078 
(-0.248 – 0.405) 

0.111 
(-0.271 – 0.493) 

-0.085
(-0.374 – 0.203) 

-0.158
(-0.425 – 0.109) 

Being frail 
OR on the probability 

of being admitted to 
hospital 

2.154 
(0.963 – 4.821) 

0.910 
(0.348 – 2.379) 

2.027 
(0.937 – 4.389) 

2.645* 
(1.129 – 6.200) 

Coeff on number of 
hospital admissions 

0.416 
(-0.823 – 1.655) 

0.363 
(-0.778 – 1.504) 

0.687*  
(0.135 – 1.240) 

0.321 
(-0.410 – 1.053) 

Coeff on length of 
hospitalization 

1.256*** 
(0.716 – 1.796) 

0.945** 
(0.380 – 1-510) 

0.918** 
(0.250 – 1.585) 

0.348 
(-0.538 – 1.235) 
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Cross-sectional analysis At follow-up 
Frailty measured 
with the Frailty 

Index 

Frailty measured 
with the FTS5 

Frailty 
measured with 

the Frailty Index 

Frailty measured 
with the FTS5 

Coeff on 
hospitalization costs 

0.379 
(-0.205 – 0.962) 

-0.258
(-0.648 – 0.131) 

0.312 
(-0.139 – 0.763) 

0.100 
(-0.410 – 0.610) 

Frail # with 
sarcopenia 

OR on the probability 
of being admitted to 

hospital 

1.025 
(0.367 – 2.860) 

1.256 
(0.423 – 3.731) 

0.739 
(0.274 – 1.994) 

0.525 
(0.197 – 1.400) 

Coeff on number of 
hospital admissions 

-0.465
(-2.015 – 1.084) 

-0.082
(-1.595 – 1.430) 

-0.149
(-0.965 – 0.666) 

0.334 
(-0.565 – 1.233) 

Coeff on length of 
hospitalization 

-1.142
(2.316 – 0.032) 

-0.578
(-1.423 – 0.266) 

-0.344
(-1.164 – 0.475) 

-0.124
(-1.146 – 0.897) 

Coeff on 
hospitalization costs 

-0.343
(-1.112 – 0.426) 

0.094 
(-0.490 – 0.677) 

-0.060
(-0.626 – 0.507) 

0.149 
(-0.454 – 0.752) 

Model 3 
Having sarcopenia 

OR on the probability 
of being admitted to 

hospital 

1.199 
(0.812 – 1.769) 

1.265 
(0.836 – 1.915) 

1.477* 
(1.040 – 2.098) 

1.452 
(0.989 – 2.132) 

Coeff on number of 
hospital admissions 

0.401 
(-0.437 – 1.240) 

0.255 
(-0.664 – 1.174) 

-0.163
(-0.747 – 0.421) 

-0.466
(-0.943 – 0.011) 

Coeff on length of 
hospitalization 

0.156 
(-0.368 – 0.680) 

-0.096
(-0.597 – 0.405) 

-0.295
(-0.741 – 0.150) 

-0.381
(-0.866 – 0.105) 

Coeff on 
hospitalization costs 

0.057 
(-0.261 – 0.376) 

0.073 
(-0.248 – 0.394) 

-0.131
(-0.398 – 0.135 

-0.219
(-0.498 – 0.059) 

Being frail 
OR on the probability 

of being admitted to 
hospital 

1.562 
(0.700 – 3.488) 

0.678 
(0.255 – 1.806) 

1.508 
(0.701 – 3.246) 

2.120 
(0.931 – 4.828) 

Coeff on number of 
hospital admissions 

0.043  
(-1.040 – 1.125) 

0.143  
(-0.773 – 1.059) 

0.539* 
(0.026 – 1.051) 

0.133 
(-0.566 – 0.832) 

Coeff on length of 
hospitalization 

0.831** 
(0.300 – 1.363) 

0.511* 
(0.055 – 0.966) 

0.701* 
(0.108 – 1.294) 

0.090  
(-0.768 – 0.947) 

Coeff on 
hospitalization costs 

0.179 
(-0.368 – 0.726) 

-0.337
(-1.115 – 0.442) 

0.201 
(-0.242 – 0.644) 

-0.012
(-0.531 – 0.506) 

Frail # with 
sarcopenia 

OR on the probability 
of being admitted to 

hospital 

1.266 
(0.452 – 3.544) 

1.592 
(0.525 – 4.822) 

0.870 
(0.324 – 2.335) 

0.595 
(0.229 – 1.551) 

Coeff on number of 
hospital admissions 

-0.240
(-1.690 – 1.209) 

0.052 
(-1.261 – 1.366) 

-0.061
(-0.825 – 0.703) 

0.578 
(-0.325 – 1.481) 

Coeff on length of 
hospitalization 

-0.821
(-1.637 – 1.363) 

-0.231
(-1.000 – 0.538) 

-0.197
(-0.959 – 0.565) 

0.219 
(-0.785 – 1.224) 

Coeff on 
hospitalization costs 

-0.287
(-0.999 – 0.426) 

0.158 
(-0.714 – 1.030) 

0.044 
(-0.497 – 0.586) 

0.278 
(-0.346 – 0.902) 

95% confidence intervals in parentheses. *** p<0.001, ** p<0.01, * p<0.05 
Model 1 includes the interaction term between frailty status, measured by the Frailty Index or the Frailty 
Trait Score, and sarcopenia, in addition to each of them individually as the only independent variables. 
Model 2 enters sociodemographic characteristics (age and its square and gender) in addition to the 
interaction term from Model 1. Model 3 adds to Model 2 the comorbidity severity of individual according 
to the Charlson Index, which is medium-low if the Charlson Index score is 1 or 2; and high if the Charlson 
Index score is three or higher. Moreover, polypharmacy is also included if the daily number of drugs the 
subject is taking is 5 or more. 
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Table S4. Results on the association between sarcopenia and the hospitalization-related 
outcomes, both at the cross-sectional level and at-follow up, only on the frail older adults. 

Cross-sectional analysis At follow-up 
Sarcopenia if 

frailty is 
measured via 

the Frailty Index 

Sarcopenia if 
frailty is 

measured via 
the FTS5 

Sarcopenia if 
frailty is 

measured via 
the Frailty Index 

Sarcopenia if 
frailty is 

measured via 
the FTS5 

Model 1 
OR on the 
probability of being 
admitted to hospital 

1.226 
(0.483 – 3.113) 

1.431 
(0.529 – 3.872) 

0.946 
(0.381 – 2.347) 

0.652 
(0.282 – 1.506) 

Coeff on number of 
hospital admissions 

-0.159
(-1.454 – 1.135) 

-0.062
(-1.061 – 0.938) 

-0.290
(-0.878 – 0.297) 

0.142 
(-0.714 – 0.997) 

Coeff on length of 
hospitalization 

0.878* 
(0.149 – 1.608) 

-0.455
(-1.202 – 0.292) 

-0.527
(-1.238 – 0.184) 

-0.236
(-1.140 – 0.668) 

Coeff on 
hospitalization 
costs 

-0.385
(-1.160 – 0.390) 

0.193 
(-0.297 – 0.683) 

-0.167
(-0.710 – 0.376) 

0.102 
(-0.522 – 0.727) 

Model 2 
OR on the 
probability of being 
admitted to hospital 

1.301 
(0.455 – 3.717) 

2.208 
(0.747 – 6.529) 

1.103 
(0.397 – 3.065) 

0.937 
(0.372 – 2.365) 

Coeff on number of 
hospital admissions 

-0.244
(-1.442 – 0.955) 

0.467 
(-1.660 – 2.593) 

-0.308
(-0.895 – 0.279) 

0.083 
(-0.824 – 0.991) 

Coeff on length of 
hospitalization 

0.862* 
(0.185 – 1.539) 

-0.413
(-1.493 – 0.667) 

-0.543
(-1.297 – 0.211) 

-0.290
(-1.370 – 0.790) 

Coeff on 
hospitalization 
costs 

-0.502
(-1.266 – 0.263) 

0.325 
(-0.299 – 0.948) 

-0.280
(-0.737 – 0.178) 

-0.022
(-0.602 – 0.558) 

Model 3 
OR on the 
probability of being 
admitted to hospital 

1.551 
(0.521 – 4.616) 

2.497 
(0.869 – 7.174) 

1.091 
(0.393 – 3.029) 

0.933 
(0.370 – 2.350) 

Coeff on number of 
hospital admissions 

-0.813
(-1.702 – 0.077) 

0.470 
(-0.971 – 1.911) 

-0.271
(-0.779 – 0.236) 

0.210 
(-0.608 – 1.027) 

Coeff on length of 
hospitalization 

0.813* 
(0.124 – 1.503) 

-0.331
(-1.251 – 0.590) 

-0.437
(-1.023 – 0.149) 

-0.149
(-1.053 – 0.755) 

Coeff on 
hospitalization 
costs 

-0.480
(-1.165 – 0.206) 

0.293 
(-0.258 – 0.844) 

-0.234
(-0.661 – 0.193) 

0.092 
(-0.463 – 0.647) 

95% confidence intervals in parentheses. *** p<0.001, ** p<0.01, * p<0.05. 
Model 1 includes sarcopenia as the only independent variable. Model 2 enters sociodemographic 
characteristics (age and its square and gender) in addition to sarcopenia. Model 3 adds to Model 2 the 
comorbidity severity of individual according to the Charlson Index, which is medium-low if the Charlson 
Index score is 1 or 2; and high if the Charlson Index score is three or higher. Moreover, polypharmacy is 
also included if the daily number of drugs the subject is taking is 5 or more. 
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Table S5. Results on the association between frailty and the hospitalization-related outcomes, 
both at the cross-sectional level and at-follow up, only on the older adults with sarcopenia  

Cross-sectional analysis At follow-up 
Frailty 

measured with 
the Frailty 

Index 

Frailty 
measured with 

the FTS5 

Frailty 
measured with 

the Frailty 
Index 

Frailty 
measured with 

the FTS5 

Model 1 
OR on the 
probability of being 
admitted to hospital 

2.651** 
(1.408 – 4.991) 

1.334 
(0.782 – 2.277) 

1.870* 
(1.013 – 3.454) 

1.561 
(0.951 – 2.560) 

Coeff on number of 
hospital admissions 

-0.026
(-1.002 – 0.950) 

0.305 
(-0.692 – 1.302) 

0.538 
(-0.072 – 1.147) 

0.641* 
(0.048 – 1.234) 

Coeff on length of 
hospitalization 

0.160 
(-0.483 – 0.802) 

0.429 
(-0.173 – 1.031) 

0.583* 
(0.083 – 1.082) 

0.223 
(-0.280 – 0.727) 

Coeff on 
hospitalization costs 

0.001 
(-0.553 – 0.553) 

-0.212
(-0.656 – 0.231) 

0.189 
(-0.199 – 0.576) 

0.234 
(-0.170 – 0.638) 

Model 2 
OR on the 
probability of being 
admitted to hospital 

2.314* 
(1.175 – 4.559) 

1.181 
(0.682 – 2.045) 

1.583 
(0.820 – 3.056) 

1.468 
(0.864 – 2.493) 

Coeff on number of 
hospital admissions 

-0.019
(-1.077 – 1.040) 

0.447 
(-0.462 – 1.356) 

0.684 
(-0.004 – 1.371) 

0.692* 
(0.145 – 1.240) 

Coeff on length of 
hospitalization 

0.117 
(-0.619 – 0.853) 

0.416 
(-0.151 – 0.983) 

0.637* 
(0.104 – 1.170) 

0.237 
(-0.231 – 0.705) 

Coeff on 
hospitalization costs 

0.126 
(-0.381 – 0.634) 

0.123* 
(0.013 – 0.233) 

0.443* 
(0.101 – 0.786) 

0.352* 
(0.016 – 0.688) 

Model 3 
OR on the 
probability of being 
admitted to hospital 

2.261* 
(1.129 – 4.526) 

1.167 
(0.659 – 2.065) 

1.348 
(0.688 – 2.642) 

1.296 
(0.743 – 2.261) 

Coeff on number of 
hospital admissions 

-0.131
(-1.047 – 0.785) 

0.474 
(-0.498 – 1.446) 

0.600 
(-0.144 – 1.344) 

0.756** 
(0.224 – 1.289) 

Coeff on length of 
hospitalization 

0.112 
(-0.570 – 0.795) 

0.322 
(-0.251 – 0.896) 

0.587* 
(0.082 – 1.091) 

0.274 
(-0.202 – 0.751) 

Coeff on 
hospitalization costs 

0.051 
(-0.423 – 0.526) 

0.046 
(-0.431 – 0.531) 

0.442* 
(0.091 – 0.794) 

0.375* 
(0.039 – 0.711) 

95% confidence intervals in parentheses. *** p<0.001, ** p<0.01, * p<0.05 
Model 1 includes frailty status, measured by the Frailty Index or the Frailty Trait Score, as the only 
independent variable. Model 2 enters sociodemographic characteristics (age and its square and gender) in 
addition to frailty. Model 3 adds to Model 2 the comorbidity severity of individual according to the Charlson 
Index, which is medium-low if the Charlson Index score is 1 or 2; and high if the Charlson Index score is 
three or higher. Moreover, polypharmacy is also included if the daily number of drugs the subject is taking 
is 5 or more. 
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Table S6. Cross-tabulations of sarcopenia and frailty according to the FTS5 and the FI. 

Sarcopenia 
Total 

Without 
Sarcopenia 

With 
Sarcopenia 

Frailty, 
according 

to the FTS5 

No frail 1,027 190 1,217 

Frail 28 114 142 

Frailty, 
according 
to the FI 

No frail 1,025 251 1,276 

Frail 30 53 83 

Total 1,055 304 1,359 

FTS5: Frailty Trait Scale 5. FI: Frailty Index. 
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