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ABSTRACT 

 

Background 

Frailty syndrome is a condition of increased vulnerability related to aging 

that leads to a number of adverse health outcomes, including disability, 

falls, hospitalization, and death. Due to the high pre-frailty and frailty 

prevalence and the world’s population aging, the prevention and reduction 

of this syndrome is one of the most crucial challenges facing public health 

authorities. Reducing the levels of sedentary behaviour and increasing 

physical activity have been recognized to be key strategies for achieving 

healthy aging. However, there is a lack of evidence regarding the 

relationship between sedentary behaviour and physical activity with 

frailty. Therefore, the general aim of this PhD thesis was to study the role 

that objectively measured sedentary and physical activity patterns 

specifically plays in frailty. 

 

Methods 

The present PhD thesis is composed by 7 studies. The systematic review 

(study 1) was conducted and reported in accordance with the PRISMA 

statement using PubMed and Web of Science online databases. The 

participants of the observational studies were taken from the Toledo Study 

for Healthy Aging (TSHA). For studies 2 and 3, data were collected from 

wave 2 with a total subsample of 519 participants finally included. For 

studies 4 and 5, data were collected from wave 2 and 3 with a total 

subsample of 771 participants with a single assessment point between both 

waves. Longitudinal studies (studies 6 and 7) were based on both two data 
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collection waves separated by 4-years with 186 subjects with complete data 

on all exposures and outcomes. Briefly, sedentary patterns and physical 

activity were measured by accelerometry. Frailty Trait Scale (FTS) was used 

to determine frailty levels. Age, sex, educational status, income, and marital 

status were self-reported by the participants and used as confounding 

variables in the statistical analyses. Moreover, other health-related 

outcomes such as body mass index, waist-to-hip ratio, number of drugs, 

functional fitness, comorbidity status, and cognitive function were assessed 

with standard procedures and also used as confounding variables. 

Significance levels were set at P<0.05 in all the analyses performed. 

 

Results 

The systematic review (study 1) evidenced that objectively measured 

sedentary behaviour was adversely related to physical performance. 

However, the association between sedentary behaviour and frailty levels 

or mortality rates remained unclear and warranted further research. In the 

cross-sectional study 2, we found that sedentary time per day and the 

proportion of the day spent in sedentary bouts of 10 minutes or more were 

positively linked to frailty. In contrast, breaks in sedentary time were 

negatively associated with frailty levels. In the cross-sectional study 3, we 

observed that replacing sedentary time with moderate-to-vigorous 

physical activity is associated with positive theoretical effects on the frailty 

status. In addition, people with comorbidities may also benefit from 

substituting sedentary time with light physical activity.  When participants 

were classified into four movement patterns derived from the physically 

active/inactive and low/high sedentary behaviour categories (study 4), it 

was found that those physically active older adults had better physical 
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function and frailty profiles than those considered physically inactive, even 

in the presence of high sedentary time. Higher levels of light physical 

activity relative to sedentary time seemed to confer additional 

improvements in the frailty profile between those who meet the physical 

activity recommendations and also for those who do not. In the study 5, we 

found that moderate-to-vigorous physical activity was a moderator in the 

relationship between sedentary time and frailty in older adults, offsetting 

the detrimental effects of sedentary behaviour with 27 min/d of moderate-

to-vigorous activity. In longitudinal studies 6 and 7, cross-lagged panel 

models revealed that the relationship between moderate-to-vigorous 

physical activity and sedentary behaviour with frailty was unidirectional: 

initial moderate-to-vigorous physical activity predicted future frailty and 

baseline frailty was a predictor of sedentary behaviour at follow-up. 

Conversely, a reciprocal inverse relationship between breaks in sedentary 

time and frailty was displayed in physically inactive participants, while in 

active individuals no associations were found. 

 

Conclusions 

The relationship between objectively measured sedentary patterns and 

frailty in older adults was identified as a gap in the scientific literature 

through the systematic review (study 1). In cross-sectional studies, we 

found that both reducing sedentary time and introducing frequent short 

periods of activity within sedentary periods were associated with reduced 

frailty levels (study 2). In addition, we observed that replacing sedentary 

time with moderate-to-vigorous physical activity could have positive 

theoretical effects on frailty (study 3). Light physical activity could be 
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proposed as a middle step strategy for those individuals with comorbidities 

(study 3), besides to confer additional improvements on frailty status in 

both those who meet and those who do not meet the recommendations of 

physical activity (study 4). We also observed that engaging in 27 min/day 

of moderate-to-vigorous physical activity could eliminate the potential 

negative effects of sedentary behaviour on frailty (study 5). Finally, based 

on longitudinal data we found that moderate-to-vigorous physical activity 

predicts future frailty (study 6), and therefore, whenever possible, efforts 

should be directed towards the promotion of moderate-to-vigorous 

physical activity in early stages. For those individuals who do not meet 

with physical activity recommendations, the relationship between breaks 

in sedentary time with frailty was negative in both directions (study 7), and 

consequently, breaking-up sedentary time more frequently could be a good 

strategy to attenuate the burden associated with frailty. Future evidence 

should move towards experimental studies in order to address the 

hypotheses derived from this PhD thesis. 
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1.1. POPULATION AGING: 

WHERE ARE WE GOING? 
 

1.1.1.  An aging population: demographics and population 

projections 

The increase in life expectancy and, in some countries, the low birth rate 

are causing an accelerated growth in the percentage of older adults, which 

has as a consequence an increase in the aging population [1, 2]. 

The increase in life expectancy is due to the improvement in the quality of 

life and fundamentally to the advances in medical science that have 

occurred in recent decades [3]. Individuals are reaching ages that were 

unthinkable in earlier times, and have significantly increased the number 

of octogenarian people [4, 5]. The growing weight of the older adult 

population is therefore one of the most significant changes that has 

occurred in developed societies in the second half of the 20th century [6, 7]. 

The overall population aged 60 or over consisted of 962 million in 2017, 

which has more than double since 1980, when there were 382 million older 

persons worldwide [8]. In addition, the older persons rate is expected to 

double again by 2050, when it is estimated to reach nearly 2.1 billion [8]. 

The number of older persons is a growing phenomenon worldwide: in 

reality, it is considered that between 2017 and 2050, every country around 

the world will suffer a significant increase in the size of the population aged 

60 or over [9]. Without exception, the number of older persons is growing 

faster than the number of people in all younger age groups. As a matter of 

fact, in 1980, children aged 0-9 considerably exceeded the number of 
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persons aged 60 or over (1.1 billion versus 0.4 billion), however by 2030 the 

global population of older persons is expected to have outnumbered the 

rate of under 10 aged children (1.41 billion versus 1.35 billion) (Figure 1) 

[8]. The projections also estimate that in 2050 the number of persons aged 

60 or over will be higher than adolescents and youth at ages 10-24 years (2.1 

billion versus 2.0 billion) [8]. Lastly, the rate of people at very advanced 

ages is increasing as well: the global population aged 80 or over is expected 

to triple between 2017 and 2050, expanding from 137 million to 425 million 

[8]. 

Data Source: United Nations (2017). World Population Prospects: the 2017 Revision. 

Figure 1. Global population by broad age group, in 1980, 2017, 2030 and 

2050. 
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1.1.2.  Spanish population aging 

According to the estimates carried out by the United Nations, the 

population aging phenomenon is even more alarming in Spain, which 

place it as the second oldest country in the world in 2050, whose population 

41.9% would be above 60 years old [8]. 

If an analysis of the data focused on Spain was carried out in comparison 

with the rest of the countries, the phenomenon of aging would particularly 

mark an obvious growth in our country, as a consequence of a greater 

longevity, since in less than 30 years the number of people over 65 has 

considerably increased [10]. This process is accentuated by the low birth 

rate that has been recorded for some decades. This reduction is registered 

in Spain since the mid-70s. In 1975, the average number of children was 

almost 3 per woman of childbearing age, while currently it is only 1.31 [11].  

Current data in Spain show that the population over 65 years old is around 

19% of the total population, with almost 9 million people, of which 

approximately 32% are octogenarian [10]. In this sense and according to the 

projections made by the Spanish National Institute (Table 1), in 2033 people 

over 65 will be over 25% of the population and the octogenarians will be 

close to 4 million, which would represent more than 30% of the total older 

population [10]. 
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Table 1. Projection of the Spanish population residing in Spain by age 

groups, 2018-2033. 

Age Groups   2018*   2033   
2018-2033 

Growth 

TOTAL  46,659,302  49,016,091  2,356,790 

0 to 4 yrs  2,104,793  1,984,806  -119,987 

5 to 9 yrs  2,423,912  1,995,913  -427,998 

10 to 14 yrs  2,448,415  2,080,238  -368,177 

15 to 19 yrs  2,263,927  2,347,271  83,344 

20 to 24 yrs  2,261,685  2,796,807  535,121 

25 to 29 yrs  2,512,596  2,968,547  455,952 

30 to 34 yrs  2,853,574  2,803,431  -50,143 

35 to 39 yrs  3,577,880  2,707,978  -869,901 

40 to 44 yrs  3,972,611  2,828,356  -1,144,255 

45 to 49 yrs  3,767,952  3,041,851  -726,102 

50 to 54 yrs  3,592,122  3,613,980  21,858 

55 to 59 yrs  3,205,235  3,898,538  693,303 

60 to 64 yrs  2,713,921  3,618,870  904,949 

65 to 69 yrs  2,406,215  3,369,080  962,864 

70 to 74 yrs  2,126,891  2,907,752  780,861 

75 to 79 yrs  1,538,815  2,300,769  761,954 

80 to 84 yrs  1,422,838  1,766,105  343,267 

85 to 89 yrs  953,500  1,194,524  241,024 

90 to 94 yrs  401,328  531,257  129,929 

95 to 99 yrs  99,845  213,652  113,807 

≥100 yrs   11,248   46,366   35,118 

          *Provisional Data 

Data Source: Spanish National Institute (2018). Population Projections 2018. 
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1.1.3.  Health status and burden disease 

This last phenomenon is known as "aging of the aging" or "over-aging". Far 

from establishing a pessimistic perspective, these demographic 

phenomena, is a clear example of the progress and social, economic and 

health development of the peoples, as a result of which mortality rates have 

been reduced, especially infant mortality, whereas life expectancy has 

increased [12]. Undoubtedly it deserves to be considered a triumph, but at 

the same time it constitutes a challenge, since aging produces considerable 

social, political and economic changes in health systems, pensions, etc. [13]. 

It is currently estimated that public health expenditure in Spain for 2050-

2060 will lead to an increase of 1.6 points of gross domestic product in total 

health expenditure and 0.9 points of gross domestic product in long-term 

care. Older people consume 40% of the pharmaceutical benefit and 70% of 

the pharmaceutical expenditure [14]. We also know that the greatest health 

expense of any person is concentrated in the last phase of his life, especially 

in the last year [15, 16]. 

In parallel with the change in the demographic pattern, this increasingly 

aging population shows a change in the epidemiological pattern of both 

morbidity and mortality. The disease pattern has evolved from acute 

diseases, of a transmissible nature (infectious and contagious) that were 

generally isolated, to chronic, degenerative, non-communicable diseases, 

the result of habits and lifestyles, and which are generally associated 

(pluripathology), interacting negatively in a synergistic way with each 

other (comorbidity) [17, 18]. These diseases, in the elderly, have a well 

differentiated and unique behaviour characterized by its tendency to 

chronicity, not presenting a restitution or complete cure, by the association 

of more than one disease per person (multipathology or comorbidity), with 
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the negative interactions that it entails and in addition, by printing different 

degrees of clinical frailty, deterioration in the functional domain, loss of 

autonomy, disability and dependency for the activities of the daily life [19-

21]. Diseases are responsible for disability and dependence, that is, it is 

disease, and not exclusively age, that causes dependence, although 

dependence obviously increases in those over 65 and, above all, in the 

elderly 80 years old. In Spain, between 15 and 25% of people over 65 are 

dependent for basic activities of daily life, and when we consider those over 

75 years, these figures reach 25-35% [22]. 

The aging population is one of the four main trends (along with increases 

in non-communicable disease, shifts towards disabling causes and away 

from fatal causes, and changes in risk factors, particularly the influence of 

obesity) driving a change in the leading causes of disease burden. As a 

consequence of the change in the pattern of morbidity, the elderly, in 

general, need multiple medications to alleviate, improve or cure their 

health problems, finding the phenomenon of “polymedication” or 

“pluripharmacy” [23]: continuous consumption during the last 6 months of 

four or more active principles, specifically related to chronic and multi-

pathological elderly patients. Thus, polypharmacy is also defined as the 

continued consumption of six or more active substances. Today, we know 

that 88.9% of people over 65 take any medication, rising to 93.4% when 

considering those over 75, and that 94% of people with chronic diseases are 

polymedicated [24]. The average medication taken by the elderly varies 

between two and four medications per day, but when self-medication is 

considered, it rises between four and six, and in institutionalised people 

between 4.2 and eight [24]. 
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That is to say, we find older and very old people, multi-pathological, 

polymedicated, dependent, with a compromised functional reserve, which 

makes them frail and vulnerable. Therefore, they require continued or 

prolonged professionalized care, which in the community-domiciliary 

field, in some occasions, can hardly be guaranteed. First of all, we must 

consider as a challenge not only to live many years, but to live with the best 

possible state of health, in order to prevent disability and dependency. 

Moreover, it is known that medium-term estimates show that the increase 

in disability and dependence expected in the coming years is not 

attributable exclusively to population demographic change, but to other 

factors, some of them modifiable through appropriate intervention, such as 

tobacco use, obesity, alcohol use, high blood pressure and physical 

inactivity leading lifestyle risk factors [25-28]. Good health is one of the 

essential pillars of an economically and socially prosperous society that 

also contributes to the sustainability of the system. In this sense, the actions 

to be implemented are based on three fundamental pillars: the promotion 

of autonomy and self-care through "active aging", the integral prevention 

of dependence, and the active participation of health services in these 

activities [29, 30]. 

This increase in population aging is one of the main challenges that we will 

have to face in the medium and long term, and it can be an important 

challenge for governments that must implement policies to address the 

needs and interests of the older population, especially those related to with 

health care. 
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1.2. FRAILTY 

 

1.2.1.  Frailty definition 

The health of the elderly must be measured in terms of function and not of 

disease, since it is that which determines the life expectancy, the quality of 

life and the resources or care that each population will need [31]. The 

functional situation prior to the development of disability (restriction or 

loss of ability to perform an activity), and dependence (help from a person 

to carry out the activity) is one of the best indicators of health status and it 

is also a better predictor of disability incident than morbidity [32, 33]. In 

this regard, the importance of including this term is to focus on 

functionality and not in the diagnosis of disease. 

Currently, frailty can be considered as a pre-disability or risk of developing 

a new disability from a situation of incipient functional limitation. In other 

words, it can be said that frailty is a syndrome characterised by a decrease 

in strength and endurance, with an increase in vulnerability to low 

intensity stressors, produced by an alteration in multiple interrelated 

systems, which decreases the homeostatic reserve and the capacity of 

adaptation of the organism, predisposing it to adverse health events, higher 

probabilities of dependence and even death (Figure 2).  
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Data Source: British Columbia Guidelines (2017). Frailty in Older Adults - Early Identification 

and Management. 

Figure 2. Vulnerability of frail older adults to external stressors. 

 

The concept of frailty is a key factor in the context of geriatric care. 

However, it has been used with different meanings, as a result of its 

historical evolution, from the frailty phenotype model proposed by Fried, 

to accumulated deficits model by Rockwood, and Frailty Trait Scale (FTS) 

by García-García, up to Morley’s definition. This has caused that different 

international organisms have urged to agree a definition. 

Campbell and Buchner defined the term frailty in 1997 as a “biological 

syndrome of decreased functional reserve and resistance to stressors, due 

to the cumulative decline of multiple physiological systems that cause loss 

of homeostatic capacity and vulnerability to adverse events”. Since then, 

many definitions and constructs have been proposed, based almost always 

on alteration in several domains, although sharing common bases, such as 

the reduction of functional reserve and the vulnerability to presenting 
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adverse events. The two main theoretical frameworks on which the frailty 

construct has been developed are the one defended by Fried and colleagues 

in 2001 based on data from the Cardiovascular Health Study (CHS), in 

which they established a phenotype as a risk situation to develop disability, 

and the one promoted by Rockwood et al. based on data from the Canadian 

Study of Health and Aging (CSHA), which determined that frailty consists 

of the addition of several health conditions that include, among others, 

comorbidity and disability. These approaches diverge both in their 

conceptual framework and in the operational approach to frailty, and each 

could have a clinical utility in differentiated areas. Despite these 

differences, there is a growing consensus that frailty is a state or condition 

that precedes disability and that it is intrinsically related to the biological 

phenomenon of aging. Recently, a consensus conference sought, using the 

Delphi methodology, an operative definition of frailty. 

Experts agreed that no single biomarker by itself was adequate for the 

assessment of frailty, suggesting a need for a combination of multiple 

biomarkers. However, none of the proposed combinations of biomarkers 

was able to reach the 80% threshold of agreement required by the Delphi 

process. Remarkably important it is the fact that among all the laboratory 

biomarkers suggested for the assessment of frailty, none was accepted. 

Although an absolute consensus was not reached on the constituent 

elements that would be included in an operational definition of frailty, a 

high percentage of agreement was detected in the aspects of frailty that are 

detailed below: 

 Frailty is a syndrome of decreased functional reserve and 

resistance to stressors, which causes vulnerability. 
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 It identifies subjects at high risk of disability and/or other adverse 

outcomes. 

 It is multidimensional, dynamic and nonlinear. 

 It is different from disability and comorbidity, although the 

diseases modulate its appearance. 

 Diagnosis is useful in primary and community care. 

 Gait speed, mobility and physical activity can be useful for 

diagnosis, as well as the assessment of mental and nutritional 

status. 

 It can be reversible. Physical activity is a treatment. 

Subsequently, in 2013, a consensus group led by J.E. Morley defined frailty 

as “a medical syndrome of multiple causes characterised by loss of strength 

and endurance, and decreased physiological function, which increases 

individual vulnerability to develop dependence or death” [34]. This is the 

last definition of consensus that we have to identify frailty. In this same 

consensus there were also four major points of agreement [34]: 

1. Physical frailty is an important medical syndrome. The group 

defined physical frailty as “a medical syndrome with multiple 

causes and contributors that is characterised by diminished 

strength, endurance, and reduced physiologic function that 

increases an individual's vulnerability to develop increased 

dependency and/or death”. 

2. Physical frailty can potentially be prevented or treated with 

specific modalities, such as exercise, protein-calorie 

supplementation, vitamin D, and reduction of polypharmacy. 
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3. Simple, rapid screening tests have been developed and validated, 

such as the simple FRAIL scale, to allow physicians to objectively 

recognize frail persons. 

4. For the purposes of optimally managing individuals with physical 

frailty, all persons older than 70 and all individuals with significant 

weight loss (>5%) due to chronic disease should be screened for 

frailty. 

It is important to highlight that frailty is an autonomous concept, different 

from comorbidity and disability. Despite the possibility of coexistence, it 

can be present in the absence of both in 26.6% of the elderly (Figure 3). In 

the CHS on 2,762 people with disabilities, comorbidity or frailty, only 3% 

had all three entities at the same time and 14% had two of them. In the 

Toledo Study for Healthy Aging (TSHA) it was shown that 87% of the 

dependent elderly for instrumental activities and 67% of dependents for 

basic activities were not frail. Therefore, by definition we should not 

confuse comorbidity-pluripathology-multimorbidity with frailty, or 

disability or dependence with frailty. 
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Data Source: Fried et al. (2001). Frailty in Older Adults: Evidence for a Phenotype. Journal of 

Gerontology: Medical sciences. 

Figure 3. Venn diagram displaying extent of overlap of frailty with 

activities of daily living disability and comorbidity (≥2 diseases). 
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1.2.2. Frailty constructs 

Regardless of what definition of frailty is used, to be applied practically, 

frailty first needs to be operationally defined. A breakthrough in frailty 

measurement came in the mid-1990s, when it was verified that when frailty 

manifestations, such as slow walking speed and weight loss, were grouped 

together to form combination scores, prediction of adverse clinical 

outcomes was better than when components were considered alone [35, 

36]. Frailty combination scores have been used to operationally define 

frailty ever since. In 2001, Fried and colleagues proposed their landmark 

frailty phenotype measurement, which assessed frailty by measuring five 

of its physical components [37]. Following this, and also in 2001, Rockwood 

and Mitnitski released their accumulated deficits model of frailty, which 

considered not only the physical components of frailty, but also the 

psychosocial aspects of frailty [38]. Both of these frailty models are highly 

regarded and in common use today. 

 

1.2.2.1. Fried's Frailty Phenotype - the CHS index 

Fried's Frailty Phenotype is a popular measurement of frailty, also known 

as the CHS Index from the study it was originally applied to [37]. The frailty 

phenotype considers frailty by its physical characteristics, creating a 

construct whose bases are sarcopenia and energy imbalance, and 

establishes a feedback relationship between them, called “cycle of frailty” 

(Figure 4). They identify five dimensions in the construct: shrinking 

(unintentional weight loss of 4.5 kg or more in the last year), weakness (low 

grip strength), exhaustion (self-reported), slowness (slow walking speed) 

and low physical activity [37]. This scale divides the population into frail 
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(those who meet three or more criteria), pre-frail (if they meet one or two 

criteria) and non-frail or robust (those who meet none). It has a solid 

foundation of biological causative theory [39] and has been applied to 

multiple epidemiological studies where it is predictive of adverse clinical 

outcomes such as hospitalization, falls, disability, decreased mobility and 

short- and medium-term mortality [37, 40-42]. The Fried construct meets 

the criteria of the frailty definition: it is a biological phenomenon, which 

affects multiple systems and confers vulnerability to the individual. It is 

also a defined situation, precursor of geriatric syndromes (disability, falls, 

etc.), with standardised criteria, which has enabled the development of 

numerous epidemiological studies and the comparison between them. 

 

 

Data Source: Fried et al. (2001). Frailty in Older Adults: Evidence for a Phenotype. Journal of 

Gerontology: Medical sciences. 

Figure 4. Cycle of frailty. 
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1.2.2.2. Frailty Index of Accumulative Deficits 

The Frailty Index (FI) of Accumulative Deficits was first proposed by 

Rockwood and Mitnitski as a way to incorporate the multidimensional 

nature of frailty into an operational definition [43]. Just as cells, 

physiological processes and systems accumulate deficits with aging, 

human present an increase in the number of diseases and situations that 

condition their relationship with the environment and their response to 

internal and external stressors. The load of more or less deficit will 

determine the time remaining until the individual death, thus acting as an 

estimator of biological age. 

The FI is supported by biological causative theory [38, 44] and involves the 

accumulation of up to 80 (with 30–70 items being typically counted) 

comorbidities, symptoms, diseases, disabilities or any deficiency in health 

with the idea that a greater number of health deficits indicates a higher 

frailty [45]. The spectrum of deficits is broad and includes different 

dimensions: cognitive, emotional, nutritional and functional state, ability 

to communicate, motivation and perception of health status, strength, 

balance and mobility, sleep and social aspects. The FI is expressed as a ratio. 

For instance, if a list of possible health deficits obtainable from a study 

cohort is 60, a person with six of these deficits has a FI of 0.1. The exact list 

of health deficits for inclusion in the FI does not specifically matter, other 

than they should: increase in incidence but not have a ceiling effect with 

age; be reflective of a range of physiological systems; and be associated 

with health and not age per se [45]. Comprehensive guidelines for creating 

a FI have been provided by Searle et al. [45]. 

The FI is well validated, and has been applied to multiple datasets, 

including the Survey of Health, Ageing and Retirement (SHARE) study in 
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Europe [46, 47]. Ideally, the FI should be used as a continuous variable, 

however for comparison studies, various cut-off points have been 

considered to identify frailty [48, 49]. 

Several studies have found that the FI has a higher predictive ability of 

adverse clinical events than other frailty measurements in both hospital 

and community settings [48, 50, 51]. Additionally, it has been reported that 

it is the total FI score, rather than type of health deficits included in the FI, 

that is most predictive of adverse outcomes [38]. An upper limit to the FI is 

believed to exist at around 0.67, beyond which survival is unlikely [52]. 

Both frailty phenotype and frailty index have some weaknesses [53]. 

The FI of Rockwood et al. [38] has been criticised due to different possible 

limitations: the inclusion of too many elements, the inclusion of conditions 

that do not share a biological construct make it little useful to identify the 

pathophysiological determinants of frailty, and the inclusion of functional 

deficits away from the concept of frailty as a “precursor” state of disability 

on which action can be taken to prevent it. 

Similarly, the frailty phenotype of Fried et al. [37] also has some restrictions 

for clinical practice and research purposes. Firstly, it should be borne in 

mind that several biological mechanisms of the clinical syndrome (such as 

obesity, inflammation, hormonal changes, low muscular strength, 

sarcopenia, insulin resistance, physical inactivity, deficient cardiovascular 

balance, etc.) seem to be interdependent, creating a constant gradient of 

multisystemic biological dysfunction from vigorous to the most vulnerable 

individual. The previously mentioned is the one known as “Frailty Trait”. 

Fried et al. [37] definition does not include the continuous change from 

robustness to frailty, since the worst population quintile is used as the base 
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for some of the criteria to assess the different domains, being complicated 

to establish any contrast among older people over/under the thresholds. 

Secondly, as a result, Fried et al. [37] scale shows some difficulties with 

regards to the assessment of small changes in the patient’s status and to the 

supervised evolution in elderly individuals. Thirdly, the concept of frailty 

most accepted in its broadest sense [54] includes the multisystem 

involvement as the central element of the construct. However, contrary to 

the nature of frailty, the frailty phenotype definition is mainly 

oligodimensional. Therefore, there is an increasing movement to extend the 

frailty phenotype to other dimensions as in nutrition and cognitive 

functioning [55]. In this line, there is a very close relationship between 

vascular disease and frailty [56]. Both of them share some biological 

elements (inflammation, coagulation disorder, insulin resistance, hormonal 

changes) as well as risk factors (e.g. inactivity, obesity), a bidirectional 

pathogenic path, and outcomes [57]. The  relation is then clear from the 

early stages of the disease [58]. These conclusions are linked to vascular 

disease within the spectrum of frailty. 

 

1.2.2.3. Frailty Trait Scale 

Based on the characteristics of the biological trait of the frailty syndrome 

and overcoming some of the problems mentioned above, a new operational 

scale called Frailty Trait Scale (FTS) appears [59]. This construct 

incorporates new relevant domains according to the most recent findings 

on the pathophysiology of the frailty syndrome (vascular and nervous 

system and nutrition), makes a more extensive assessment of the domains 

and classifies the elderly in a more proper way according to their frailty 

status. This biological trait is a continuous phenomenon: the more it 
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decreases in the biological reserve, the closer it is to the threshold of 

presenting adverse effects derived from it (functional deterioration, 

hospitalization, mortality, etc.). This threshold is not a qualitative jump 

(presence/absence of risk of adverse events) but a continuous 

intensification in the risk. 

The FTS includes 7 aspects such as the following: energy balance and 

nutrition, physical activity, nervous system, vascular system, weakness, 

endurance, and slowness. These domains become operational through 12 

items [59]: 

1. Energy balance and nutrition were estimated by using the body 

mass index (BMI), central obesity (waist circumference), 

unintentional weight loss and serum albumin level. 

2. Activity was assessed by using the total score of the Physical 

Activity Scale for the Elderly [60].  

3. The nervous system was calculated by considering verbal fluency 

and balance. Verbal fluency was estimated by asking the 

participants to give names of animals during one minute [61]. 

Balance was measured by Romberg test [62]. 

4. The vascular system was measured by the brachial-ankle index 

done with Doppler ultrasound [63]. 

5. Weakness was estimated by assessing grip strength in the 

dominant arm and the knee extension strength [64]. 

6. Endurance was assessed by the chair stand test, which measures 

the number of times that a person stands up in 30 seconds [65]. 

7. Slowness was estimated by calculating the time to walk 3 m at a 

“normal pace” according to a standard protocol [62]. 
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Each item score represents a biological trait. When appropriate, items were 

analysed according to the item’s quintile distribution in the population. 

Participants had to complete at least 75% of the items included in the FTS 

in order to be included in the study analytical sample. The total score was 

determined according to the formula [59]: Total score = (Σ items score/total 

score possible by individual)*100. Therefore, the total FTS score ranged 

from 0 (best score) to 100 (worst score). 

The FTS was built following the methodology proposed by Searle et al. [45], 

as in the original article by using 40 items, which basically kept the 

dimensions and scaling. 
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1.2.3. Prevalence and incidence of frailty 

Depending on the diagnostic criteria used, cut-off points, areas of study 

and inclusion criteria of the populations studied, different studies of 

international cohorts have found prevalences that fluctuate between 4 and 

59.1%. 

The prevalence of this syndrome increases exponentially as it ages [66], 

from 3.2% on average to 65 years old, going through 16.3% in those over 80 

years old, until reaching 23.1% at 90 years old.  

It is also estimated that this syndrome is more prevalent in women than in 

men, with an approximate ratio of 2:1 [66]. 

The prevalence differs among countries, in countries with higher incomes, 

the prevalence of frailty is lower [67]. This is explained by the expenditure 

that each country devotes to health, those with less investment in health, 

have a higher rate of frailty. These differences can be explained by 

socioeconomic factors, especially due to low individual income and high 

social vulnerability. 

Collard et al. [66] conducted a joint analysis of the main international 

epidemiological studies, detecting a prevalence of frailty in 61,500 

community elders of 10.7% (9.6% applying the Fried phenotype and 13.6% 

applying broad-spectrum criteria such as those of Rockwood). The 

prevalence was higher in women than in men, and it increased along with 

the age. In this review, an estimated 44.2% of the studied population were 

at risk of becoming frail in the two following years [66]. However, data 

from none of the Spanish epidemiological studies were not included in the 

analysis, as they were not yet published at the time of preparing the article. 
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The data from the Spanish studies confirm the severity of frailty among 

elderly individuals living in the community. The TSHA of 8.4% (95% CI: 

7.1-9.8%) in 3,214 older than 64 years of the community [64]; the FRADEA 

study (Frailty and Dependence in Albacete) detected a prevalence of frailty 

of 16.3% (95% CI: 14.0-18.6%) in 993 older than 70 years of Albacete 

(included older than the community and institutionalised) [68]; and the 

Peñagrande study (Madrid) of 10.5% (95% CI: 8.9-12.3%) in 1,250 

community-dwelling older than 64 years [69]. Other cohorts, such as those 

of Leganes [70], Lleida (FRALLE) [71], and Barcelona (Octabaix) [72], have 

found prevalences between 9.6 and 20.4% according to population strata 

and criteria used. 

Recently, frailty prevalence data have also been published in nursing 

homes. The studies of Cuenca and Albacete (FINAL study) have shown 

very high figures, between 53.7 and 68.8%, respectively [73, 74]. 

There are not many studies that estimate the incidence of frailty. A recent 

systematic review found only 6 studies where the incidence of frailty was 

estimated [75]. Frailty incidence ranged from 5% (follow-up 22.2 years; age 

≥ 30) to 13% (follow-up 1 year, age ≥ 55) [75]. Therefore, due to the 

heterogeneity of the data, more well-designed prospective frailty studies 

are needed to overcome the general scarcity of data on the onset and 

progression of this dynamic condition over time. 
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1.2.4. Frailty pathogenesis 

Frailty is characterised by multisystem dysregulations, leading to a loss of 

dynamic homeostasis, decreased physiologic reserve, and increased 

vulnerability for subsequent morbidity and mortality [76]. This is often 

manifested by maladaptive response to stressors, leading to a vicious cycle 

toward functional decline and other serious adverse health outcomes [77-

80]. 

In recent years, great efforts have been made to know the origins and causes 

of this syndrome. This evidence suggests several important multisystem 

pathophysiological processes in the pathogenesis of frailty syndrome, 

especially those related to the musculoskeletal and endocrine systems, and 

chronic inflammation and immune activation [76]. 

In this complex process sarcopenia has been proposed as one of the 

cornerstones. Sarcopenia is defined as the loss of muscle mass and strength, 

which can occur rapidly after the age of 50 years [81]. It can be further 

accelerated by chronic diseases, and is a major contributor to disability [82]. 

Its causes include age-related changes in α-motor neurons, type I muscle 

fibres, muscular atrophy, poor nutrition, growth hormone (GH) 

production, sex-steroid levels, and physical activity [83]. The 

musculoskeletal system is the body system that consumes more energy at 

rest, so that its reduction involves a decrease in the amount of energy 

consumed at rest. Likewise, sarcopenia decreases the energy consumed 

with exercise, since subjects move less, walk slower, have greater fatigue 

and avoid exercise. Both processes entail a decrease in the total energy 

expenditure that produces a down regulation of the appetite, with the 

consequent decrease in the intake of nutrients (especially proteins), which 
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causes lower protein synthesis. This approach was initially postulated by 

Fried [37], denominating cycle of the frailty, although later it has been 

completed with other elements. 

Chronic inflammation is likely a key underlying mechanism that 

contributes to frailty both directly and indirectly through other 

intermediate pathophysiologic processes (Figure 5). 

 

 

Data Source: Chen et al. (2014). Frailty syndrome: An overview. Clin Interv Aging. 

Figure 5. Pathogenesis of the frailty syndrome: potential underlying 

mechanisms and hypothetical modal pathways leading to frailty. 

 

Added to these phenomena, there is a state of chronic low-grade 

inflammation characteristic of old age, triggered by oxidative stress and by 

the production of cytokines from different body systems, including visceral 

fat, and that becomes more evident in frail people [84-86]. The so-called 

term “inflammaging” is known as the upregulation of certain pro-

inflammatory cytokines that occurs in adulthood and during chronic 
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diseases associated with aging, highlighting interleukin 6 (IL-6) [87, 88], IL-

1a, tumour necrosis factor α (TNF-α) and interferon α (IFN-α) [89, 90]. This 

activation of cytokines produces, as deleterious effects, chronic 

inflammation, release of acute phase hepatic reactants, insulin resistance 

and osteoclastic activity [91, 92]. 

To counteract this inflammatory state, the body acts through the anti-

inflammatory cytokines IL-4, IL-10 and IL-13 producing activation of the 

hypothalamic-pituitary-adrenal axis, and causing an elevation of the 

cortisol, which will cause secondarily, and as unwanted effects, bone 

resorption, lipolysis, protein catabolism, gluconeogenesis and immune 

dysfunction, depending on the system on which it acts, ultimately 

producing frailty and chronic disease [93]. The coexistence of inflammatory 

and anti-inflammatory phenomena in the elderly will have a negative effect 

on metabolism, bone density, strength, exercise tolerance, vascular system, 

cognition and affect, ultimately helping to trigger the phenotype of frailty 

[94]. Chronic inflammation is also an important contributor to sarcopenia, 

thus interrelating the two key pathophysiological factors in frailty. 

Since frailty is a multifactorial process, it is not surprising that many other 

elements have been implicated in its pathogenesis. It is noteworthy the 

neuroendocrine dysregulation (relationship with testosterone levels, 

growth hormone-insulin-like growth factor axis, cortisol, estradiol, leptin, 

ghrelin, obestatin or vitamin D), endothelial dysfunction and the presence 

of a procoagulant state, favoured by stress oxidative and chronic 

inflammation [95-98]. All this can prompt atherosclerosis, with the 

consequent visceral damage, cognitive deterioration, depression, obesity, 

osteoporosis, insulin resistance, alterations of the circadian rhythm and 

alterations of balance and gait, among others. 



INTRODUCTION 

77 

1.2.5. Frailty interventions 

Frailty is the new paradigm on which health care for the elderly should be 

based. The relevance of frailty as a public health problem lies in the number 

of elderly people who suffer from it. It is a dynamic process with evidence 

of reversibility [99], therefore, early identification of the state of pre-frailty 

is currently a vitally important issue in primary prevention, because pre-

frail individuals have more than doubled the risk of becoming frail during 

the next three years [100]. 

Frailty has become the most problematic expression of aging, as it is the 

prelude to disability. It is known that once the disability is established, the 

probability of reversing it is scarce, and although its treatment is highly 

expensive, it has been shown to be ineffective. In this regard, the European 

economic projections for the years 2016-2070 refer to an early intervention 

in frail people, which will improve the quality of life and reduce the 

economic cost [9]. 

A consensus group in 2013 supported four possible treatments that 

appeared to be effective in the treatment of frailty. These are: caloric and 

protein support, vitamin D deficit correction, reduction of polypharmacy, 

and exercise (resistance and aerobic). 

Weight loss is an important component of the frailty syndrome [101-103]. 

Nutritional interventions with calorie supplementation increased weight 

gain and reduced mortality in malnourished elderly people [104]. 

Nutritional supplementation is effective in the treatment of weight loss 

[105, 106]. Protein supplementation increases muscle mass [107, 108], 

reduces complications [109], improves grip strength [109], produces weight 

gain [109], and can act synergistically with resistance exercises in older 
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people [110, 111]. However, other studies of protein supplementation have 

not shown benefits in the functional improvement [104]. 

Regarding vitamin D, it has been proved that vitamin D supplementation 

will reduce falls [112], hip fractures [113], and mortality [114] in older 

people who are vitamin D deficient. It may also help the muscle to have a 

better functioning [115]. Despite the fact that the absence of large-scale 

clinical trials show that frailty can be prevented or treated by vitamin D, 

there is sufficient evidence of efficacy in frailty-appearing populations to 

assume that vitamin D in frail persons who are vitamin D deficient would 

be useful [34]. 

Polypharmacy is likely to be recognized as the main contributor to the 

pathogenesis of frailty [116, 117]. Therefore, reduction in inappropriate 

medicines can clearly decrease costs [118] and medication side effects in 

frail populations [119-121]. The STOPP and START criteria [122, 123] can 

be helpful guidelines to reduce inappropriate medicine use in this 

population. 

The therapy that has proven most effective so far to prevent and treat frailty 

is physical exercise, which has been shown to reduce mortality and 

disability in the elderly, maintaining muscle mass, increasing strength and 

functionality, stabilizing bone mineral density and favouring 

cardiovascular system [124-128]. In this connection, Singh et al. [129] 

proved that a year of resistance exercise in frail persons following hip 

fracture implied a decrease in hospitalisations and nursing home 

placement. Other study carried out in a community-based exercise 

program involving 610 frail persons, found that exercise was cost effective 

in preventing frailty progression and disability [130]. Theou et al. [127] in a 

systematic review, found that 45 to 60 minutes of exercise 3 times a week 
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seemed to have positive effects on frail older adults and may be used for 

the management of frailty. In the Lifestyle Interventions and Independence 

for Elders study (LIFE) according to which the patients received two 

different kinds of intervention, that is to say, physical activity versus 

education in successful aging, it has been shown that the prevalence of 

frailty at 12 months was considerably low regarding the physical activity 

group (10%), when compared to the control group that received education 

in successful aging (19.1%) [131]. Thus, it can be stated that exercise in frail 

subjects increases some functional performances, such as walking speed, 

chair stand, stair climbing, and balance, and decreased depression and fear 

of falling [132, 133]. Likewise, it has also been found that exercise can 

improve cognitive performance in frail individuals, mainly executive 

functions, processing speed and working memory [134, 135]. 
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1.3. PHYSICAL ACTIVITY AND 

SEDENTARY BEHAVIOUR 

 

1.3.1. Definitions and concepts 

Physical behaviour during the 24 hours of the day must be correctly 

defined to properly understand the relationships between one and the 

other behaviours with health outcomes. Figure 6 organises the movements 

that take place throughout the day into two components [136]:  

 

Data Source: Sedentary Behaviour Research Network (2012). Letter to the editor: 

standardized use of the terms "sedentary" and "sedentary behaviours". Appl Physiol Nutr 

Metab. 

Figure 6. Conceptual model of movement-based terminology arranged 

around a 24-h period. 
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The inner ring represents the main behaviour categories using energy 

expenditure. The outer ring provides general categories using posture. The 

proportion of space occupied by each behaviour is not prescriptive of the 

time that should be spent in these behaviours each day. 

 

1.3.1.1. Physical activity 

Since 1996 approximately and as a result of a broad international consensus 

[137], physical activity has been defined as any movement produced by 

skeletal muscles that requires a substantial increase in energy expenditure 

above the resting level. What basically characterises physical activity is the 

energy expenditure it produces. 

The quantification and prescription of physical activity, as indicated below, 

is the product of four variables: intensity, duration, frequency, and type of 

physical activity. Thus, the dose of physical activity for health could be 

described as a combination of these four variables. 

Intensity is an essential prerequisite for physical activity to induce 

improvements in physical fitness and other components of physical health. 

The intensity of physical activity is usually measured in metabolic 

equivalents, or METs. One MET is defined as the amount of oxygen 

consumed while sitting at rest and is equal to 3.5 ml O2 per kg body weight 

x minute [138]. The MET concept represents a simple, practical, and easily 

understood procedure to express the energy cost of physical activities as a 

multiple of the resting metabolic rate. Light physical activity (LPA) is 

defined between 1.6 and less than 3.0 METs. Moderate physical activity 
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(MPA) is between 3.0 and less than 6.0 METs. Finally, vigorous physical 

activity (VPA) requires 6.0 or greater METs. 

The duration is the amount of time in hours or minutes per day dedicated 

specifically to physical activity. Although years ago it was established that 

the minimum duration of time to account for a physical activity bout was 

10 minutes [139], currently, the new physical activity guidelines are 

eliminating it within their recommendations [140]. 

The frequency is the physical activity regularity and is usually expressed 

by the number of times or days per week of physical activity. 

The type of physical activity refers to the specific modality performed and 

the context in which the physical activity is developed (e.g. walking, 

running). 

To obtain health benefits through physical activity and exercise, a specific 

dose is necessary [141]. The principles of overload, progression and 

specificity are the main determinants of how the body responds to the dose 

of physical activity [142]. 

 

1.3.1.2. Exercise 

Exercise is a subset of physical activity that is planned, structured, and 

repetitive and has as a final or an intermediate objective the improvement 

or maintenance of physical fitness [143]. 
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1.3.1.3. Sedentary behaviour 

Sedentary behaviour (SB) is any waking behaviour characterized by an 

energy expenditure ≤1.5 METs, while in a sitting, reclining or lying posture 

[144]. In general, this means that any time a person is sitting or lying down, 

they are engaging in SB. Common sedentary time (ST) include TV viewing, 

video game playing, computer use (collective termed “screen time”), 

driving automobiles, and reading. 

 

1.3.1.4. Breaks in sedentary time 

A break in ST (BST) is generally defined as a period of non-sedentary 

activity (e.g. standing or walking) in between two sedentary conditions 

(e.g. sitting or reclining posture) [145]. 

 

1.3.1.5. Physical inactivity 

In a letter to the editor in 2012, physical inactivity is defined as people who 

are performing insufficient amounts of moderate-to-vigorous physical 

activity (MVPA) (i.e., not meeting specified physical activity guidelines) 

[136]. 

This recommendation was made after a high confusion was generated 

because the sedentary term was also used to define those individuals with 

lack of physical activity. 
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1.3.1.6. Physical fitness 

Physical fitness is a set of attributes that are either health- or skill-related 

[143]. The most common components of fitness are: cardiorespiratory 

endurance, muscle endurance, muscle strength, muscle power, flexibility, 

balance, and speed. 
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1.3.2. Physical activity and sedentary behaviour assessment 

The accurate assessment of physical activity and SB (Figure 7) is important 

for monitoring the prevalence and trends in different population groups 

including compliance with guidelines, determining dose-response 

associations with health outcomes, and informing intervention strategy 

design and effectiveness.  

 

Data Source: Hills et al. (2014). Assessment of Physical Activity and Energy Expenditure: An 

Overview of Objective Measures. Front Nutr. 

Figure 7. Components of total daily energy expenditure and measurement 

approaches. 

 

Depending on the methodology used, they are usually divided into three 

groups: 
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1.3.2.1. Reference methods 

Reference methods are based on obtaining energy expenditure, and the 

main ones are: direct calorimetry, indirect calorimetry, and doubly labelled 

water. 

Human energy metabolism leads to the production of energy from the 

combustion of fuel via carbohydrate, protein, fat, or alcohol. This way, 

oxygen is consumed and carbon dioxide is produced. The measurement of 

energy expenditure involves the assessment of heat generation or heat loss 

directly, evaluated through direct calorimetry. The evaluation of heat 

production or loss by determining oxygen consumption and/or carbon 

dioxide production is termed indirect calorimetry [146]. First calorimeters 

for the quantification of human energy expenditure were direct 

calorimeters; nevertheless, currently most measurement of energy 

expenditure is carried out by indirect calorimetry. This method is based on 

the relationship between O2 consumption and energy produced, i.e., for 

each litre of O2 consumed by the body, the equivalent of ~5 kcal is utilized. 

Simply, by determining O2 consumption during defined tasks such as 

resting, standing, walking, and running, the energy cost or energy 

expenditure can be calculated. 

Doubly labelled water, developed in the early 1950s by Nathan Lifson and 

colleagues, is the gold standard method to assess total energy expenditure 

due to its high degree of accuracy [147, 148]. In the doubly labelled water 

technique, daily urine samples are collected over a 7- to 14-day period and 

successively analysed through isotope ratio mass spectrometry [149]. This 

approach has been previously explained by Hills et al. [150]. The stable 

isotopes, deuterium (2H) and oxygen-18 (18O) are administered orally via a 

drink of water, and elimination of the isotopes from the body is tracked 
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[151, 152]. The difference between the elimination rates of 2H and 18O is 

equivalent to the rate of carbon dioxide generation that can then be 

converted to average total daily energy expenditure [153]. Generally, the 

method is appropriate in a wide range of populations including the most 

vulnerable, is used in a free-living context, is non-invasive and demands 

minimal participant burden. Another main advantage is the accuracy and 

precision of the technique. Despite being the gold standard method for the 

measurement of total energy expenditure, the doubly labelled water 

technique does not bring specific information concerning daily physical 

activity [154]. Briefly, the technique provides an accurate estimate of total 

energy expenditure from which average daily of energy expenditure can 

be determined, but does not quantify activity type, intensity, or duration 

from the energy expenditure [155]. Likewise, as the study of biological 

samples (commonly urine) for the technique needs the use of refined 

laboratory-based material, the combined cost of isotopes, and the 

examination of samples is a potential barrier for large-scale studies. 

 

1.3.2.2. Objective methods 

Objective methods are tools recognised for their quality and high precision 

when collecting data corresponding to the performance of physical activity 

(intensity, frequency and duration) and SB (duration, breaks) in 

epidemiological studies. In this category are pedometers, accelerometers, 

heart rate monitoring, and the combination of devices. 

The most common and controversial form to use motion sensor is by 

employing a pedometer. Pedometers count the steps taken by an individual 

while the person concerned goes walking and running and they have been 
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popularised as a motivational tool to stimulate sedentary or inactive 

individuals to turn into more physically active people. Physical activity 

targets in “steps per day” take into account the commonly used adult 

objective of “10,000 steps”, which is both well-known and understood by 

the lay public [150]. The objective review of pedometers has shown 

extensive and significant flaws in accuracy, for instance the inaccuracy at 

slow speeds, the variation according to the place where it is worn or the 

possible manipulation of data. However, some important advantages 

related to pedometers should be mentioned as well. They are relatively 

inexpensive, easy to use, and output data can be used to raise awareness 

regarding the level of physical activity, which causes a motivation to 

increase physical activity. 

Accelerometers are motion sensors that detect accelerations of the body. 

Acceleration is therefore defined as the variation rate of velocity in a 

specific time frame; thus, the frequency, intensity, in addition to the length 

of the physical activity, and the length and interruption of sedentary 

periods can be assessed as a function of body movement [156]. 

Accelerometers comprise piezoelectric transmitters that are stressed by 

acceleration forces. This is associated with the production of an electrical 

signal that will be subsequently converted by processing units to produce 

an indication of movement [157]. Accelerometers have become quite 

popular in recent years as a tool to achieve an objective approach to 

measure daily physical activity and SB, and they have also achieved a 

significant improvement over self-report methodologies [158]. Numerous 

papers [159, 160] have informed of the objective, practical, non-invasive, 

accurate, and reliable traits of accelerometers, which are used as a tool to 

quantify physical activity volume and intensity with minimal discomfort 
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[161]. In addition, accelerometers provide information (outputs) linked to 

the body movement in counts per unit time (also known as an epoch). 

Piezoelectric sensors catch the rate or intensity of movements to detect 

acceleration in one plane (uni-axial), two planes (bi-axial), or three 

orthogonal planes (tri-axial) which is equivalent to vertical, 

anteroposterior, and mediolateral directions [157]. Accelerometers are 

more complex and therefore greater motion sensors than pedometers. 

Additionally, the most considerable advantages of accelerometers are their 

relatively small size and the regular capacity to record data over a 

prolonged period (days or weeks) [154] and the absence of visual feedback 

to the subject who wear the device. This way, the lack of immediate 

feedback involves the likelihood of a reduce overestimation of physical 

activity or an underestimation of ST (such as the manipulation of a 

pedometer). Accelerometry has then facilitated the assessment of both 

physical activity and SB with a greater accuracy and precision than in 

previous studies by using subjective methodologies to quantify physical 

activity [162]. However, accelerometers also have certain limitations such 

as the possibility of reactivity based on the individual awareness to be 

monitored. Another significant limitation is related to the epoch chosen, 

since the final result depends on the fact and as well as on the algorithms 

introduced for the non-wear time, or the cut-off points used, among others. 

The use of heart rate monitoring as part of the estimation of energy 

expenditure and physical activity is well-known, convenient, relatively 

inexpensive, non-invasive, and versatile. Along with pedometers and 

accelerometers, heart rate monitors are the greatest samples of objective 

measurement. Monitoring heart rate minute-by-minute provides precise 

information on frequency, intensity, and duration of free-living physical 
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activity [163]. In addition, heart rate monitoring is also used to estimate 

energy expenditure based on the assumption of a linear relationship 

between heart rate and oxygen consumption. However, the method has 

important limitations. Due to the differences in the relationship between 

heart rate–oxygen consumption between upper-body and lower-body 

activities [164], the use of a single regression line derived from an activity 

such as walking or running will not be precise for other activities. As a 

matter of fact, it is safe to say that there is a very close relationship between 

heart rate and energy expenditure during exercise, however, this is not the 

case during rest and light activity [154, 165]. 

As it is not possible to quantify all the aspects of physical activity under 

free-living conditions through any technique, it is suggested the use of 

multiple complementary methods [163]. For instance, a potentially 

powerful approach to quantify energy expenditure is the simultaneous use 

of accelerometry and heart rate monitoring [154, 166]. The reason to 

combine these techniques is that accelerometer counts verify that elevations 

in heart rate are caused by physical activity. 

 

1.3.2.3. Subjective methods 

Subjective methods are indirect approaches, generally linked to the 

individual’s record of his or her own activity [156]. These include direct 

observation, activity diaries, physical activity and SB questionnaires, and 

interviews [165]. They are widely used for their practicality, both for the 

evaluator and for those who are evaluated, which facilitates their use in 

population studies. These methods are based on prediction equations in 

which a count is made of the activities performed in one or more days. 
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Energy expenditure is sometimes the result of multiplying the time spent 

on an activity by an estimated rate of energy expenditure for that activity. 

Considering these subjective methods, questioners are the most used 

instrument to assess physical activity and sedentary lifestyle, due to the 

absence of inexpensive, readily available, non-invasive, valid, and reliable 

objective technology employed for the evaluation of activity energy 

expenditure. Nevertheless, most of the physical activity and SB 

questionnaires have shown a reduced reliability and validity [167] and it is 

uncertain whether any of them are valid to estimate the activity energy 

expenditure at the individual and group levels (176). 
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1.3.3. Physical activity recommendations for health 

The physical activity recommendations from a health perspective have 

evolved over time, focusing several aspects of it, either towards its intensity 

(moderate and vigorous), the type of physical activity (aerobic, resistance, 

flexibility), frequency and, duration. 

In 2010, the World Health Organization (WHO) publishes the global 

recommendations on physical activity for health (currently under review) 

[139]. Specifically, for older adults (65 years old and above), these are the 

recommendations [139]: 

o Older adults should do at least 150 minutes of aerobic MVPA 

throughout the week or do at least 75 minutes of aerobic VPA 

throughout the week or an equivalent combination of MVPA. 

o Aerobic activity should be performed in bouts of at least 10 

minutes duration. 

o For additional health benefits, older adults should increase their 

aerobic MVPA to 300 minutes per week, or engage in 150 minutes 

of aerobic VPA per week, or an equivalent combination of MVPA. 

o Older adults, with poor mobility, should perform physical activity 

to enhance balance and prevent falls on 3 or more days per week. 

o Muscle-strengthening activities, involving major muscle groups, 

should be done on 2 or more days a week. 

o When older adults cannot do the recommended amounts of 

physical activity due to health conditions, they should be as 

physically active as their abilities and conditions allow. 

In November 2018, the U.S. Department of Health and Human Services 

issued the second edition of Physical Activity Guidelines for Americans 
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[140], thus updating those of 2008. These guidelines provide the most 

current physical activity recommendations, prepared by a Physical Activity 

Guidelines Advisory Committee formed by experts in the sciences of 

physical activity and health who conducted an extensive literature review. 

The update in physical activity recommendations published by the WHO 

is expected to be similar to these ones. 

In 2018, the new committee accepted most of the recommendations made 

by the 2008 committee, but not all of them. The major change in the activity 

recommendation in 2018 was to no longer require bouts of aerobic activity 

which consisted of at least 10 minutes in length; activity bouts of any length 

now contribute to accomplish the weekly goal. Although there is still 

limited published research testing for health benefits of exercise 

accumulated throughout the day in bouts lasting less than 5 minutes each, 

data are beginning to emerge that show the potential efficacy [168, 169]. 

However, understanding the specific health benefits of very short bouts 

remains in need of further research. 

The physical activity recommendations for American older adults are as 

follows [140]: 

o Older adults should move more and sit less throughout the day. 

Some physical activity is better than none. Older adults who sit less 

and do any amount of MVPA gain some health benefits. 

o For substantial health benefits, older adults should do at least 150 

minutes (2 hours and 30 minutes) to 300 minutes (5 hours) a week 

of moderate-intensity, or 75 minutes (1 hour and 15 minutes) to 150 

minutes (2 hours and 30 minutes) a week of VPA, or an equivalent 

combination of MVPA. Preferably, aerobic activity should be 

spread throughout the week. 
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o Additional health benefits are gained by engaging in physical 

activity beyond the equivalent of 300 minutes (5 hours) of aerobic 

MPA a week. 

o Older adults should also do muscle-strengthening activities of 

moderate or greater intensity and that involve all major muscle 

groups on 2 or more days a week, as these activities provide 

additional health benefits. 

o As a part of their weekly physical activity, older adults should do 

multicomponent physical activity that includes balance training as 

well as aerobic and muscle strengthening activities. 

o Older adults should determine their level of effort for physical 

activity relative to their level of fitness. 

o Older adults with chronic conditions should understand whether 

and how their conditions affect their ability to do regular physical 

activity safely. 

o When older adults cannot do 150 minutes of aerobic MPA a week 

because of chronic conditions, they should be as physically active 

as their abilities and conditions allow. 

 



INTRODUCTION 

96 



INTRODUCTION 

97 

1.4. PHYSICAL ACTIVITY, 

SEDENTARY BEHAVIOUR AND FRAILTY 

 

1.4.1. Importance of physical activity for health 

The first texts that talk about the value of physical activity to improve 

health were found in China more than 4600 years ago. Two thousand years 

later, Hippocrates (460-370 BC) highlighted that food alone would not 

maintain the health of a person, it was necessary that exercise was also 

performed, improving the health of people such combination. 

For most of the history of the human species, physical activity has been an 

essential part of daily life. Physical activity was not a choice, but it was 

necessary. Nowadays, since the industrial revolution, the development of 

new technologies, jobs with less physical load, rapid changes in transport 

and communications, and the new leisure time modes, have caused the 

reduction in the amount of physical activity of the population (Figure 8). 
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Data Source: 2018 Physical Activity Guidelines Advisory Committee (2018). 2018 Physical 

Activity Guidelines Advisory Committee Scientific Report. Adapted from data found in 

Matthew, 2005 [170], and Troiano et al., 2008 [171]. 

Figure 8. Proportion of time-awake at different categories of accelerometer 

counts for U.S. adults, by sex and age group, 2003-2004. 
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Physical inactivity has been recognised as the fourth leading risk factor for 

global mortality (6% of deaths globally) [139]. In 2009, Blair [172] 

considered physical inactivity as the biggest public health problem of the 

21st century (Figure 9). 

 

 

Data Source: Blair (2009). Physical inactivity: the biggest public health problem of the 21st 

century. Br J Sports Med. 

Figure 9. Low cardiorespiratory fitness as a major health problem.  

Attributable fractions (%) for all-cause deaths in 40,842 (3,333 deaths) men and 12,943 (491 

deaths) women in the Aerobics Center Longitudinal Study. The attributable fractions are 

adjusted for age and each other item in the figure. *Cardiorespiratory fitness determined by a 

maximal exercise test on a treadmill. 
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According to the WHO, chronic noncommunicable diseases, especially 

those derived from the cardio-metabolic system (high blood pressure, 

obesity, type 2 diabetes, ischemic heart disease, etc.), represent a serious 

public health problem with crucial social, psychological and physical 

consequences, and are associated with a higher risk of morbidity and 

mortality [173]. 

Today it is well known that physical activity is an effective factor in 

reducing the risk of mortality and preventing the loss of health, and 

therefore should be part of the activities of the daily life of all people (2). 

There is a multitude of evidence that shows that the enhancement in fitness 

improves health [174] and reduces the risk of a number of chronic diseases, 

such as cardiovascular diseases [175, 176], type 2 diabetes mellitus [177], 

osteoporosis [178], obesity [179], depression [180] and breast and colon 

cancer [181] among others. In addition, habitual physical activity improves 

the quality and duration of sleep [182] and also improves a wide range of 

other cardiovascular, hemodynamic, metabolic, neural, and arterial and 

cardiac risk factors, with the overall result of reduced clinical events [183]. 

The reduction of these diseases would entail the consequent decrease of 

direct and indirect medical costs. In addition, people would have a better 

quality of life, which would their energy and vitality. Despite this 

knowledge, a large proportion of the world’s population remains 

physically inactive. 

While greater attention has been placed on promoting physical activity for 

general health, the negative effects of SB have been shown to be highly 

important. Thus, there is now rapidly emerging evidence on the adverse 

associations for SB with health outcomes, showing a crucial role on diseases 

such as cardiovascular diseases, type 2 diabetes, cancer, obesity, and 
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metabolic syndrome [184-187], mental disorders, and musculoskeletal 

disorders [188]. Numerous studies have shown that some people can meet 

the physical activity recommendations and yet display high levels of SB. 

The reverse could also be true. In fact, some of these studies indicate that 

the detrimental consequences of SB may be independent of the time spent 

in physical activities [189]. 

Therefore, because both physical activity and SB contribute to the burden 

of chronic disease, it is necessary to mutually address the problem for 

global health population. 
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1.4.2. Relationship between physical activity, sedentary behaviour 

and frailty 

As described above, physical activity plays an important role in 

maintaining health, well-being, and quality of life. Physical inactivity is 

considered to be a major contributing factor for sarcopenia, physiological 

systems dysregulation, decreased physical and cognitive performance, and 

disability [190, 191]. 

Fried [192] establishes three systems by which physical activity can 

prevent, delay or treat physical frailty (Figure 10): the frailty phenotype 

itself, physiologic dysregulation and cellular and molecular dysfunction. 
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Data Source: Fried (2016). Interventions for Human Frailty: Physical Activity as a Model. 

Cold Spring Harb Perspect Med. 

Figure 10. Physical activity positively affects function of multiple 

components of the syndrome of frailty.  

DHEA-S, didehydroepiandrosterone sulfate; GH, growth hormone; HPA, hypothalamic–

pituitary–adrenal; SNS, sympathetic nervous system. 

 

If physical activity is considered to be part of the frailty cycle, the decreases 

in physical activity predicts the development of the rest of the phenotype 

and probably exacerbate both the frailty-related outcomes and the 

underlying dysregulation [192]. For example, Xue et al. [193] found that 

those who promptly declined in physical activity over 12 years or who were 

permanently sedentary (adjusting for chronic diseases, disability, obesity, 
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and other confounders) had hazard ratios for mortality of 2.34 and 3.34, 

respectively, compared with those who were permanently active. 

Physical activity is an effective protective strategy for avoiding the loss of 

muscle mass and functionality (i.e., sarcopenia), which in turn seems to be 

one of the cornerstones of frailty [194, 195]. Although sarcopenia and frailty 

are not the same construct they share some pathogenic mechanisms. 

Regular physical activity is a valuable strategy to attenuate age-related 

general decline of muscle structure and function [196, 197]. Different 

studies have shown that physical activity decreased the risk of low 

functionality and had the ability to delay the onset of disability [198-200]. 

Similarly, in a study conducted in older Finnish men and women it was 

found that those involved in a high level of daily physical activity 

(household chores, gardening, etc.) showed a significantly lower decrease 

in physical performance after 5 years, compared to those who were 

sedentary [201]. Ultimately, sarcopenia is highly predictive of disability, 

poor quality of life and all-cause mortality [202]. 

Physical activity can also maintain or improve protein synthesis, glucose 

metabolism, inflammation, anaemia and exercise tolerance, thus eluding 

other triggers in the cycle of physical frailty [192].  

In addition, physical activity is able to regulate cellular and molecular 

functions [192]. Although physical activity does not mitigate the aging 

process, it attenuates many of the systemic and cellular detrimental effects, 

also improving the function of most of the mechanisms involved in aging 

[203]. 

Nevertheless, frailty is a multidimensional entity that includes other factors 

such as cognitive function. The growing evidence suggests that physical 
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activity decreases the risk of early cognitive impairment and poor 

cognition. A review of meta-analyses concluded that physical activity has 

a neuroprotective effect for older adults [204]. Furthermore, a recent study 

has shown that physical activity can reduce by 36% the risk of death among 

cognitively frail people [205]. 

All of these might be reasons why physical activity can be a good strategy 

in the frailty process. However, the role that physical activity and SB 

specifically plays in frailty is poorly understood. 

Epidemiological studies suggest an association between lower risk of 

frailty and physical activity [206], especially that of MVPA. A cross-

sectional study showed that low MVPA was independently associated with 

higher levels of frailty, inferior self-reported health, increased disability 

and higher healthcare utilisation [207]. Similarly, Rogers et al. [208] found 

that higher intensities of physical activity are needed for continued 

improvement in frailty trajectories. Studies also show that there is a dose-

response relationship between greater amounts of physical activity and 

lower frailty levels [206, 209-212]. For example, the likelihood of incident 

frailty was decreased by 6% for each additional 1 MET-h/week increase in 

physical activity [209]. However, most of these studies have been based on 

self-reported measures of physical activity levels, which according to 

Prince et al. [213], tend to be less accurate and overestimate physical 

activity compared to objective methods such as accelerometry. 

Although the relationship between physical behaviours and frailty has 

been mainly focused on physical activity, there is currently a growing 

interest in the association between frailty and SB. To our knowledge, there 

are no clinical trials that have studied the effect of reducing ST on frailty. 

Thus, the impact of SB on frailty is based on observational evidence. da 
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Silva Coqueiro et al. [214] showed a positive association between self-

reported SB and frailty in a community-dwelling older adults. Blodgett et 

al. [207] cross-sectional study performed in a sample of >50 years-old adults 

found that ST was related with various adverse health outcomes including 

frailty, regardless of the time spent in MVPA. The scarce longitudinal 

evidence also indicates a harmful relationship between SB and frailty. For 

example, a study in two Spanish cohorts of older adults demonstrated that 

baseline self-reported television viewing time was linked to frailty at 

follow-up [215]. Another longitudinal study carried out in 1333 middle to 

older aged adults reported that every additional hour per day of ST 

increased the odds of becoming frail at follow-up by 36%, independently 

of MVPA [216]. Nonetheless, all these studies have important limitations 

due to the wide heterogeneity in the age of the sample, the use of self-

reported measures, or poor approaches in the frailty construct. 

Other SB accumulation patterns such as the frequency of BST have been 

related to cardiometabolic health risk factors [217], physical function [218], 

impairment in activities of daily living [219], and disability [220]. However, 

the evidence is highly limited in relation to the way ST is spent on frailty. 
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Given that the older population has increased dramatically in recent 

decades, successful aging is a major concern in developed societies. This 

situation represents a challenge for health and social care resources, in 

order to reduce the risk of non-communicable diseases, frailty and 

disability associated with aging. 

There is a large amount of evidence indicating that maintaining an active 

lifestyle is crucial for healthy aging. In addition, SB has recently emerged 

as an independent risk factor for different health outcomes. However, the 

role that objectively measured ST and physical activity plays specifically in 

frailty is insufficiently understood. 

A review of how objectively measured ST is associated to frailty, disability, 

and mortality in older adults can help clarify its importance as a risk factor 

in these health outcomes (Study 1). Beyond the total time spent on SB, the 

way in which SB is accumulated may impact on the wider health of 

individuals. Specifically, the relationship between sedentary patterns and 

frailty has not been yet investigated (Study 2). 

Furthermore, a deeper understanding on how ST and physical activity 

jointly interact with frailty in older adults could be relevant to identify 

evidence-based strategies for the prevention and management of frailty in 

this population group (Studies 3, 4 and 5). 

Finally, a major limitation of the existing evidence to date is that mainly 

relies on cross-sectional data, precluding us from making any causal 

inferences due to the inability of establishing the temporal sequence of the 

effects of ST or physical activity on frailty outcomes. Moreover, the absence 

of longitudinal data assessing relationships between ST, physical activity, 

and frailty are further complicated by the possibility of reverse causality. 
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Therefore, understanding the temporal order and the potential 

bidirectionality underpinning the relationship between patterns of SB and 

physical activity with frailty has the potential to inform about future public 

health interventions aimed at reducing the frailty burden among older 

adults (Studies 6 and 7). 
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HYPOTHESES 
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Study 1 

Objectives: 

- To systematically review the published literature related to the 

potential role of objectively assessed ST with regards to some 

of the most relevant outcomes of aging such as frailty, 

disability, and mortality among older adults. 

- To identify gaps in the current knowledge and future 

directions for research. 

 

Hypotheses: 

- The available evidence will be limited, particularly in the 

relationship between ST with frailty and mortality. 

- The association between objectively measured ST and physical 

performance in older adults will be strong. 

- A wide variety of methodologies for data extraction and 

analysis in the measurement of ST will be observed in the 

included articles. 
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Study 2 

Objectives: 

- To examine the associations of various SB patterns with frailty 

in older people. 

- To observe the association of the number of BST with frailty in 

both active and inactive groups. 

 

Hypotheses: 

- Total ST per day and the proportion of the day spent in 10-

minutes bouts of ST will be positively linked to frailty.  

- Breaks in sedentary time will be negatively associated with 

frailty.  

- Inactive subjects with less BST will have higher frailty values 

compared to those with greater number of BST. In active 

individuals, there will be no such differences between both 

groups. 
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Study 3 

Objective: 

- To use the isotemporal substitution technique in order to 

investigate the displacement effect of replacing ST with LPA 

and MVPA on frailty status among older adults (both in the 

whole group and also separately with/without comorbidities). 

 

Hypotheses: 

- Replacing ST with MVPA will produce reductions in frailty in 

both older adults with and without comorbidities. 

- Light physical activity will only be beneficial in older adults 

with comorbidities. 
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Study 4 

Objective: 

- To examine the combination of mutually exclusive categories 

of accelerometer-measured physical activity and ST on 

physical function and frailty in a community-dwelling sample 

of older adults. 

 

Hypotheses: 

- Meeting the physical activity guidelines will be associated with 

the most beneficial physical function and frailty profiles in our 

sample, regardless of sedentary status.  

- Engaging in more LPA relative to ST will be associated with 

better frailty and functional status only among inactive 

individuals. 
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Study 5 

Objective: 

- To determine whether the detrimental effects of SB on frailty 

were moderated by objectively measured MVPA and the 

magnitude of this moderation in a sample of older adults. 

 

Hypotheses: 

- Moderate-to-vigorous physical activity will be a moderator in 

the relationship between ST and frailty in older adults. 

- A MVPA amount close to the guidelines will be necessary to 

eliminate the harmful effects of ST on frailty. 
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Study 6 

Objective: 

- To examine the longitudinal and temporal order of the 

association of accelerometer-assessed MVPA and ST with 

frailty through a cross-lagged panel model during a follow-up 

period of 4-years in a population sample of older adults. 

 

Hypotheses: 

- The relationship between MVPA and ST with frailty will be 

unidirectional. Individuals who spent less time on MVPA at 

baseline will be more likely to increase their future frailty score, 

and individuals who are more frail will be more likely to spent 

more time on SB at follow-up. 
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Study 7 

Objective: 

- To investigate the longitudinal and temporal order of the 

association between the number of daily BST and frailty using 

a cross-lagged panel model in a total sample of community-

dwelling older adults as well as separately depending of their 

level of physical activity (inactive vs. active participants) over 

a 4-year period. 

 

Hypotheses: 

- There will be no relationship between daily BST and frailty 

neither in the whole sample or in physically active individuals, 

while the association will be inversely reciprocal in those 

physically inactive individuals.
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CHAPTER 4 
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4.1. Systematic Review 

(Study 1) 

The current short systematic review follows the PRISMA recommendations 

for reporting systematic reviews [221]. 

4.1.1. Literature search 

(Study 1) 

The Literature search was conducted (October 2016) in PubMed and Web 

of Science (WoS) online databases. The following Medical Subject Headings 

(MeSH) of the United States National Library of Medicine and search terms 

with the correspondent operators were included in this Boolean search 

syntax: (elderly OR “older adults” OR “old people” OR “elders”) AND 

(sedentarism OR sedentary OR sitting) AND (accelerometer OR 

accelerometry OR “objectively measured sedentary” OR “objectively 

measured physical”) AND:  

 

 (“physical function” OR “physical performance” OR “walking 

performance” OR “walking velocity” OR “gait speed” OR “activity 

of daily living”) to identify the section of articles related with 

physical performance; 

 

 (frail OR frailty) to distinguish the section of articles related with 

frailty status; 

 

 (mortality OR death OR “life expectancy”) to detect the section of 

articles related with mortality. 
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The search was limited to English language and full text availability of 

eligible articles. Additional suitable studies were included by screening the 

reference lists of each included study and other relevant reviews recently 

published. 
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4.1.2. Eligibility criteria 

(Study 1) 

For the review, studies were included if (i) they were journal articles in full, 

(ii) participants were humans aged ≥60 years old, (iii) SB was assessed 

using objective techniques and (iv) measurement of physical performance 

was carried out by filed or laboratory objective tests. Performance was 

defined as aspects of physical function (such as strength, endurance, 

flexibility, speed and agility) that are associated with daily life activities 

that are important for maintaining independence in older adults [222]. In 

addition, frailty should be evaluated with a validated scale. 

Studies were excluded from the analysis if (i) they were not available in 

English and (ii) the association of sedentary lifestyle evaluated with 

accelerometers was not examined with physical performance, frailty or 

mortality. In the studies with participants younger than 60 years old we 

only included the subsamples older than 60 years old when reported. The 

retrieved studies were imported into the EndNote Web® reference 

management software to remove any duplicates. 

Firstly, titles and abstracts were screened by two independent reviewers 

(AM and IA). Relevant articles were then selected for a full read of the 

article. If no consensus was achieved between the two reviewers, a third 

reviewer was consulted (AGG). 
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4.2. Participants of the studies 

(Studies 2, 3, 4, 5, 6, and 7) 

Data were taken from the TSHA, whose complete methodology has been 

reported elsewhere [59, 64]. Briefly, the TSHA is a population prospective 

cohort study aimed at studying the determinants and consequences of 

frailty in institutionalized and community-dwelling individuals older than 

65 years living in the province of Toledo, Spain. 

Signed informed consent was obtained from all volunteers prior 

participation in the study. The complete study was approved by the 

Clinical Research Ethics Committee of the Toledo Hospital, which was 

conducted according to the ethical standards defined in the 1964 

Declaration of Helsinki. 
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4.3. Data collection 

(Studies 2, 3, 4, 5, 6, and 7) 

Data were collected in 3 stages for each wave. In the first stage, 6 

psychologists conducted computer-assisted interviews face-to-face with 

potential subjects. In the second stage, 3 nurses performed a physical 

examination followed by clinical and performance tests at the subject’s 

home. In the third stage, the participants went to their health centre to 

provide a blood sample while fasting. At this stage, participants were 

invited to wear an accelerometer for a week. Only participants who wore 

the accelerometer for a week were included in these studies. 
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4.3.1. Cross-sectional studies 

(Studies 2, 3, 4, and 5) 

For studies 2 and 3, data were collected from wave 2 from July 2012 to June 

2014 with a total subsample of 626 volunteers. From these, 107 were 

excluded due to incomplete or invalid accelerometer data. A total of 519 

participants were finally included (Table 2). 

Table 2. Main characteristics of the subjects included in studies 2 and 3. 

Variables Sample 

N = 519 

Age (years)a 78.8 ± 4.6 

Sexb  

     Male 234 (45.1) 

     Female 285 (54.9) 

Body mass index (kg/m2)a 30.5 ± 4.7 

Frailty trait scale (points)a 37.8 ± 14.2 

aContinuous variable; mean ± standard deviation. 

bCategorical variable; n (%). 

 

For studies 4 and 5, data were collected from wave 2 (July 2012 to June 2014) 

and 3 (May 2015 to July 2017), with a total sample of 871 volunteers with a 

single accelerometer assessment between both waves. Of all eligible 

subjects, 771 participants were finally included for study 4 (100 participants 

had insufficient accelerometer wear time) (Table 3), and 749 participants 

for study 5 (100 participants with insufficient accelerometer wear time and 

22 participants with missing data related to frailty) (Table 4). 
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Table 3. Main characteristics of the subjects included in the study 4. 

Variables Sample 

N = 771 

Age (years)a 76.7 ± 4.9 

Sexb  

     Male 355 (46.0) 

     Female 416 (54.0) 

Body mass index (kg/m2)a 30.3 ± 4.8 

Frailty trait scale (points)a 38.0 ± 14.5 

aContinuous variable; mean ± standard deviation. 

bCategorical variable; n (%). 

 

Table 4. Main characteristics of the subjects included in the study 5. 

Variables Sample 

N = 749 

Age (years)a 76.7 ± 4.9 

Sexb  

     Male 346 (46.2) 

     Female 403 (53.8) 

Body mass index (kg/m2)a 30.3 ± 4.8 

Frailty trait scale (points)a 38.0 ± 14.5 

aContinuous variable; mean ± standard deviation. 

bCategorical variable; n (%).
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4.3.2. Longitudinal studies 

(Studies 6 and 7) 

Longitudinal studies were based on two data collection waves separated 

by 4-years (3.8 ± 0.8 years). 

The first time point of assessment for the longitudinal studies started in July 

2012 and lasted until June 2014. A total of 628 participants over 65 years of 

age at baseline were included, although 494 participants concluded the 

three stages of assessment and provide with valid data for the analyses. 

Participants were contacted again in 2015 and invited to participate in a 

follow-up study conducted between May 2015 and July 2017. After the 

follow-up, 200 participants (59.5% missing) completed the second 

evaluation. However, 186 subjects with complete data on all exposures, 

outcomes and ≥80% covariates were included in the final analyses of these 

studies (Table 5). 

Table 5. Main characteristics of the subjects included in studies 6 and 7. 

Variables Baseline 

N = 186 

Follow-up 

N = 186 

Age (years)a 76.68 ± 3.90 80.44 ± 4.24 

Sexb   

     Male 88 (47.3) 88 (47.3) 

     Female 98 (52.7) 98 (52.7) 

Body mass index (kg/m2)a 30.82 ± 4.62 30.33 ± 4.40 

Frailty trait scale (points)a 35.35 ± 13.94 43.79 ± 13.86 

aContinuous variable; mean ± standard deviation. 

bCategorical variable; n (%). 
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4.4. Assessments 

(Studies 2, 3, 4, 5, 6, and 7) 

4.4.1. Anthropometrics and confounding variables 

(Studies 2, 3, 4, 5, 6, and 7) 

Participants self-reported their age, sex and ethnicity (used in studies 2, 3, 

4, 5, 6, and 7). Other socio-demographic variables such as education, 

income, and marital status were also self-reported in face-to-face 

interviews. 

Educational status was assessed using seven categories ranging from 0 (no 

schooling) to 6 (university studies). We standardized this item into none 

(no schooling), low (primary school) and high (completed secondary school 

or more) categories of education (used in studies 3, 4, 5, 6, and 7). 

Marital status was coded into 4 categories: single, married/living together, 

widowed, divorced/separated (used in studies 4, 5, 6 and 7). 

Income was coded into 3 categories ranging from any income to 

€3000/month (used in studies 4, 5, and 6). 

Height and body mass were obtained on each subject using calibrated 

balance and stadiometer (Seca 711 scales, Hamburg, Germany). Both 

measurements were performed in the upright position, in underwear and 

barefoot. Height was recorded in the Frankfort plane with a precision of 1 

mm, and the body mass was determined with a 100 g precision. Body mass 

index (BMI) was calculated as body mass (kg) divided by height (m) 

squared (kg/m2) (used in studies 5 and 7). 
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Waist and hip circumference were measured using standard procedures 

[223]. Waist-to-hip ratio was then calculated by dividing waist 

circumference by hip circumference (used in the study 3). 

We also assessed objective cognitive function using the Mini-Mental State 

Examination (MMSE) [224] (used in studies 2, 3, 6, and 7). 

The Charlson Comorbidity Index was used to account for comorbidity 

status of participants [225] (used in studies 2 and 3). Diseases included in 

this Index and their weighting are myocardial infarction, congestive heart 

failure, peripheral vascular disease, dementia, cerebrovascular disease, 

chronic lung disease, connective tissue disease, ulcer, chronic liver disease, 

diabetes (weight 1); hemiplegia, moderate or severe kidney disease, 

diabetes with complication, tumour, leukaemia, lymphoma (weight 2); 

moderate or severe liver disease (weight 3); metastatic solid tumour, and 

AIDS (weight 6). 

Finally, the number of prescription and non-prescription drugs within the 

Anatomical Therapeutic Chemical (ATC) Classification System taken by 

the participant was calculated [226] (used in studies 2 and 3). 
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4.4.2. Physical activity and sedentary behaviour 

(Studies 2, 3, 4, 5, 6, and 7) 

Physical activity and SB were objectively assessed by accelerometry 

(ActiTrainer and wGT3X-BT; ActiGraph, LLC, Pensacola, FL). All 

participants were instructed how to wear an accelerometer on the left hip 

during waking hours. Participants wore the accelerometer for 7 consecutive 

days and removed it during any bathing or swimming activities. 

Accelerometer output is an activity count, which is the weighted sum of the 

number of accelerations measured over a time period or epoch. The devices 

were initialized to collect data using 1-minute epochs and all data were 

collected using the vertical axis collection mode. Non-wear time was 

defined as periods of at least 60 consecutive minutes of zero counts, with 

allowance for 2 minutes of counts between zero and 100 [227]. Inclusion 

criteria comprised at least 4 days with at least 8 hours recorded per day 

without excessive counts (i.e., >20,000 counts). 

 

4.4.2.1. Time 

(Studies 2, 3, 4, 5, 6, and 7) 

Accelerometer counts were used to derive the time spent in each intensity 

band: SB (<100 counts/min), LPA (100-1951 counts/min), MPA (1952-5724 

counts/min), VPA (≥5725 counts/min), and MVPA (≥1952 counts/min) 

[228]. Although there is a lack of consensus on the use of cut-off points to 

classify the intensity of the activity, the cut-off points used in these studies 

are the most commonly reported in this population group [229]; making 

our results comparable to other studies. Time spent in ST, LPA, MPA, VPA, 
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and MVPA was then registered. All these outcomes were weighted by daily 

averaged wear time on valid days (i.e. outcome summed over all wear time 

divided by the number of successfully monitored days for each 

participant). Minutes per day spent in each intensity band were then 

calculated (used in studies 2, 3, 4, 5, 6, and 7). In addition, SB, MPA, VPA, 

and MVPA time accumulated in bouts of ≥10 min, allowing for a two-

minute exception in the intensity threshold, were also derived (used in 

studies 2 and 4). 

 

4.4.2.2. Patterns 

(Studies 2 and 7) 

Each minute with less than 100 counts was considered ST [228, 229]. 

Therefore, a BST was defined as at least 1 min where the accelerometer 

registers ≥100 counts following a sedentary period. The number per day of 

BST was recorded (used in studies 2 and 7). The duration (min) per day of 

BST was also recorded (used in the study 2). 

A ≥10-min bout of sedentary time (ST-10) was defined as a period of at least 

10 consecutive minutes where the accelerometer registered <100 

counts/min. The number, duration (min) and proportion over total ST-10 

per day were recorded (used in the study 2). The corresponding variables 

were weighted by daily average wear time on valid days. 

Different sedentary pattern variables were standardized (Z-score = 

[observed - sample mean]/sample standard deviation (SD)). 

In an effort to account for the combined effect of both duration and number 

of the different patterns, two composite Z-scores representing patterns of 
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ST [ST COMP = Z-score ST-10 (number/day) + Z-score ST-10 (minutes/day)] 

and patterns of BST [BST-COMP = Z-score BST (number/day) + Z-score BST 

(minutes/day)] were then computed (used in the study 2). 

 

4.4.2.3. Categories 

(Studies 4 and 7) 

We followed the methods outlined in Bakrania et al. [230] to classify 

participants into 4 mutually exclusive behavioural categories according to 

their levels of physical activity and SB (used in the study 4). Based on 

Bakrania et al. [230], and other studies [231, 232], the LPA-to-ST ratio was 

used to classify participants in this study as low sedentary if they resided 

in the first quartile. Given that most of our sample was expected to be 

sedentary [233, 234], the remaining participants (i.e. those in quartiles 2, 3, 

and 4 of LPA-to-ST ratio) were classified as high sedentary. MVPA status 

was classified as ‘physically active’ or ‘physically inactive’ on the basis of 

whether or not participants met the WHO physical activity 

recommendations for older adults [139]. For this, at least one of these three 

premises had to be met: accumulate 150 minutes of MPA per week over 

periods of at least 10 minutes; accumulate 75 minutes of VPA per week over 

periods of at least 10 minutes, or accumulate 150 minutes per week of an 

equivalent combination of MVPA over periods of at least 10 minutes. 
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Based on previous studies [230, 235], four groups of mutually exclusive 

movement patterns were created (Figure 11): (1) ‘physically active and low 

sedentary’, (2) ‘physically active and high sedentary’, (3) ‘physically 

inactive and low sedentary’, and (4) ‘physically inactive and high 

sedentary’. 

 

Data Source: Bakrania et al (2016). Associations of mutually exclusive categories of physical 

activity and sedentary time with markers of cardiometabolic health in English adults: a 

cross-sectional analysis of the Health Survey for England. BMC Public Health. 

Figure 11. Mutually exclusive behavioural categories.  

‘Busy Bees’: Physically Active and Low Sedentary, ‘Sedentary Exercisers’: Physically Active 

and High Sedentary, ‘Light Movers’: Physically Inactive and Low Sedentary, ‘Couch 

Potatoes’: Physically Inactive and High Sedentary. a Low Sedentary: Quartile 1 of the ratio 

between the average ST and the average LPA. b High Sedentary: Quartiles 2, 3 or 4 of the ratio 

between the average ST and the average LPA. c Physically Active: ≥150 min of MVPA per 

week. d Physically Inactive: <150 min of MVPA per week. 
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Compliance with physical activity recommendations was calculated in 

order to classify individuals as active or inactive (used in the study 7). To 

be active, at least one of these three premises had to be met [140]: 

accumulate 150 minutes of MPA per week; accumulate 75 minutes of VPA 

per week; or accumulate 150 minutes per week of an equivalent 

combination of MVPA. 
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4.4.3. Frailty 

(Studies 2, 3, 4, 5, 6, and 7) 

The FTS [59] was used to assess frailty in this study. The FTS includes 7 

aspects: energy balance and nutrition, activity, nervous system, vascular 

system, weakness, endurance, and slowness. These domains become 

operational through 12 items: 

Energy balance and nutrition were assessed by BMI, central obesity (waist 

circumference), unintentional weight loss, and serum albumin level. 

Activity was assessed by using the total score of the Physical Activity Scale 

for the Elderly [60].  

The nervous system was calculated by considering verbal fluency and 

balance. Verbal fluency was estimated by asking the participants to give 

names of animals during one minute [61]. Balance was measured by 

Romberg test [62]. 

The vascular system was measured by the brachial-ankle index done with 

Doppler ultrasound [63]. 

Weakness was estimated by assessing grip strength in the dominant arm 

and the knee extension strength [64]. 

Endurance was assessed by the chair stand test, which measures the 

number of times that a person stands up in 30 seconds [65]. 

Slowness was estimated by calculating the time to walk 3 m at a “normal 

pace” according to a standard protocol [62]. 

Each item score represents a biological trait and ranges from 0 (the best) to 

4 (the worst), except in the “chair test” where the range is from 0 to 5 points 
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because of the necessity of scoring those unable to stand a single time. 

When appropriate, items are analysed according to the item’s quintile 

distribution in the population.  

To be included in the study, the participants had to overcome at least 75% 

(9 of the 12) of the items included in the FTS [59]. The total score was 

calculated by adding all the scores in each item divided by total score for 

each individual and multiplying by 100, standardizing the measure to a 

range from 0 (best score) to 100 (worst score), according to the formula 

Total score = (Σ items score/total score possible by individual)*100. 
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4.4.4. Physical Function 

(Study 4) 

The Short Physical Performance Battery (SPPB) was used to assess the 

physical function in this study [62]. The SPPB consists of the following tests: 

1) balance test: time standing in 3 different positions (feet together, semi-

tandem and full tandem) a maximum time of 10 s each; 2) usual gait speed: 

tested in a distance of three meters; and 3) chair stand test: time necessary 

to get up and sit on the chair five times with the arms crossed on the chest 

as fast as possible. The tests were scored as described in the original 

protocol [62]. 

 



MATERIAL AND METHODS 

147 

4.5. Data analyses 

(Study 2) 

Data were analysed using PASW Statistic, version 23.0.0, with statistical 

significance set at p<0.05 (two-tailed). Descriptive statistics (mean ± SD) 

were calculated for all outcome measurements of the study. 

Multiple linear regressions were used to examine the associations between 

frailty and the different SB patterns assessed. A model adjusted by age, 

gender, comorbidity status, mental health, and polypharmacy status was 

fitted for each of the SB pattern outcomes. 

Participants were clustered into 2 different groups according to the 

adherence to WHO physical activity guidelines status (i.e. meeting or not 

the guidelines) and were compared using t-test for independent 

measurements. Participants within each of the former groups were re-

allocated to either less BST group (i.e. group falling below the 50th 

percentile of BST) or more BST group (i.e. group falling over the 50th 

percentile of BST) and then compared using t-test for independent 

measurements. 

 

(Study 3) 

All analyses were performed using the statistical software SPSS, version 

24.0 (IBM Corp, Armonk, NY). Mean (SD) and frequency (percentage) were 

provided for continuous and categorical variables, respectively. 

Descriptive variables were compared between included and excluded 

participants with an independent t test or chi-square test for continuous 

and categorical variables, respectively. 
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Linear regression models were used to examine associations between time 

spent (minutes/d) in SB, LPA, and MVPA with the score in the FTS. Models 

were adjusted for prespecified covariates hypothesized to be 

independently associated with both exposure and outcome variables, 

including sex, age, educational status, polypharmacy status, functional 

fitness (SPPB), waist-to-hip ratio, comorbidity status (Charlson Index), and 

cognitive function (MMSE). 

Variance inflation factor was calculated to quantify the severity of 

multicollinearity in the regression analyses. All variance inflation factors 

were below 10. The Condition Number and Durbin-Watson statistic were 

also analysed. 

When performing subgroup analysis by comorbidity status, the Charlson 

Index was removed from the covariates. Subjects without comorbidity 

were those who scored 0 and subjects with comorbidity scored 1 or higher 

on the Charlson Index. 

Three different linear regression models were used [236]. The first set of 

models are single-factor, examining the association of each intensity 

category (ST, LPA, and MVPA) with frailty status without mutual 

adjustment for other activity categories. The second are partition models 

examining the association of each intensity category while controlling for 

each of the other categories of activity. The third are isotemporal 

substitution models that represent the estimated effects of substituting ST 

with an equal amount of time spent in LPA or in MVPA. In this model, ST 

was excluded whereas total wear time was kept constant in the equation 

[237]. For ease of interpretation, 30-minute units were chosen as time units 

for each behaviour. These models assume linear relationships between 
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dependent and independent variables, which were determined prior to 

performing these analyses. 

 

(Study 4) 

Analyses were performed using the statistical software SPSS version 24.0 

(IBM Corp., Armonk, NY). Participant characteristics of the full sample, 

stratified by each category, were tabulated. Mean (SD) and frequency 

(percentage) were provided for continuous and categorical variables, 

respectively. 

Ternary plots with the three behaviours were generated to show the 

distribution of the sample compositions using R statistical system version 

3.1.1. 

To test our hypothesis, a multiple linear regression analysis with the 

behavioural category as independent variable and frailty or physical 

function as dependent variable was fitted. Covariates in the model 

included: age, sex, education, marital status, and income. The ‘physically 

inactive and high sedentary’ category was selected as the reference 

category.  

Also, the continuous association between time spent in sedentary activities 

as well as MVPA with the outcomes of interest in the study were explored 

via regression. The same set of covariates in addition to accelerometer wear 

time as well as both continuous MVPA time and sedentary status was used. 

All analyses were two-sided where p≤0.05 was considered to be statistically 

significant. 
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(Study 5) 

Statistical analyses were conducted using R software (R project version 

3.5.1). Summary statistics were used to describe variables of interest. 

Significance levels were set at P<0.05. 

A multiple linear regression was conducted to determine the associations 

between time per day spent in SB and frailty in the sample population. 

An interaction term was then included in the equation to test the 

moderation effects of MVPA in the SB-frailty relationship. 

Lastly, the Johnson-Neyman technique [238, 239] was used to elucidate the 

MVPA values in which a significant and nonsignificant relationship exists 

between SB and frailty in the sample population. To confirm the robustness 

of our estimates, rank-based regression analyses were performed. All 

models above were adjusted for age, sex, education, income, marital status, 

BMI, MVPA, and accelerometer wear time. 

 

(Study 6) 

Preliminary analyses examined variable distributions, sample 

characteristics and attrition using R software (R project version 3.5.1). 

Descriptive variables were compared between participants retained with 

those of participants not retained from wave1-wave2 with an independent 

t test or chi-square test for continuous and categorical variables, 

respectively. 
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Descriptive statistics (mean and SD for continuous variables and as 

frequencies and percentages for categorical variables) were calculated for 

all outcome measurements. Comparison between baseline and follow-up 

time continuous variables was performed using a paired sample t-test. 

We tested our hypotheses using structural equation modelling with 

maximum likelihood estimation using functions from the R package 

Lavaan [240]. Full information maximum likelihood was used to provide 

unbiased and efficient estimates of the parameters of interest missingness 

at random [241]. Two cross-lagged panel models were used to test the 

hypothesis of the study. A cross-lagged panel model was implemented to 

test the relationships between SB and frailty status across the two time 

points for the present study (i.e., initial assessment and 4-year follow-up). 

The second cross-lagged panel model was used to test the relationships 

between MVPA and frailty status. The null hypotheses would be supported 

if neither of the coefficients associated with the cross paths were 

significantly different from zero. If the cross path towards frailty in time 2, 

but not towards SB/MVPA in time 2, was significant, then hypotheses 1 (H1) 

would be supported. If it were the reverse of the latter, then H2 would be 

supported. Finally, if both paths were significant, then H3 would be 

supported. Analyses included sex as time-invariant variable; in addition, 

age, education, marital status, income, BMI, MMSE, and accelerometer 

wear time were allowed to be time-varying covariates (i.e., allowing for 

possible changes in these measures from initial assessment to follow-up). 

Among the strengths of using a cross-lagged panel approach is that it 

allows simultaneous analysis of the two dependent outcomes, thereby 

permitting the identification of possible bidirectional associations over 

time. 



MATERIAL AND METHODS 

152 

Model fit was assessed using a selection of fit indices and criteria: root mean 

square error of approximation (RMSEA) (≤0.06), standardized root mean 

square residual (SRMR) (≤0.08), confirmatory fit index (CFI) (≥0.95), and 

Tucker-Lewis index (TLI) (≥0.95) [242]. 

 

(Study 7) 

All analyses were conducted with the R software (R project version 3.5.1) 

and significance level was set at usual P<0.05. 

Baseline participants that did and did not complete the follow-up 

assessment were compared on their demographics and other 

characteristics with an independent t-test or chi-square test for continuous 

and categorical variables, respectively. The Mean (SD) and frequencies 

(percentages) were used to describe continuous variables and categorical 

variables respectively. A paired t-test was used to compare participants 

retained in the study across time points of assessment. An independent t-

test was conducted to compare active and inactive participants.  

We addressed our main objective using a structural equation modelling 

framework using functions from the R package Lavaan [240]. The full 

information maximum likelihood was used to provide unbiased and 

efficient estimates of the parameters of interest using the complete available 

information [241]. A cross-lagged panel model was designed to test the 

relationships between number of daily BST and frailty status between the 

initial assessment and the 4-year follow-up. Among the strengths of using 

a cross-lagged panel approach is that it tolerates simultaneous analysis of 

the two dependent outcomes, thereby allowing the identification of 

possible bidirectional associations over time. Covariates included sex as 
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time-invariant variable, in addition to age, education, marital status, BMI, 

MMSE, MVPA, and accelerometer wear time as time-variant. 

Subsequently, two more cross-lagged panel models were made by 

stratifying the sample in those active and inactive individuals. 

Model fit was considered using a selection of fit indices and criteria as 

previously published [242]: RMSEA (≤0.06), SRMR (≤0.08), CFI (≥0.95), and 

TLI (≥0.95).  
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“Role of objectively measured 

sedentary behaviour in physical 

performance, frailty and mortality 

among older adults: A short 

systematic review” 
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Abstract
Sedentary behaviour (SB) has recently emerged as an independent risk factor for different health outcomes. Older adults
accumulate long time in SB. Understanding the role that SB plays on health is crucial for a successful aging. This short
systematic review summarizes the current evidence related to the effects of objectively measured SB on frailty, physical
performance and mortality in adults ≥60 years old. The literature search produced 271 records for physical performance
(n= 119), frailty (n= 31), and mortality (n= 121). Finally, only 13 articles fulfilled the inclusion criteria and were included
in this review. All articles but one included in the physical performance section (n= 9) showed a negative association
between longer time spent in SB and physical performance. A significant association of SB with higher odds of frailty was
found, however this association disappeared after adjusting for cognitive status. Lastly, two of the three included studies
showed positive associations between SB and mortality, but this effect decreased or even disappeared in the more adjusted
models. In conclusion, there is consistency that SB is negatively associated with physical performance. However, the
relationship between objectively measured SB and frailty incidence and mortality rates remains unclear and deserves
further research. The use of homogenous criteria to assess SB and the inclusion of more robust research designs will help
clarifying the independent effects that SB could have on physical performance, frailty, and mortality. This will ultimately
help designing more efficient and comprehensive physical activity guidelines for older adults.

Keywords: Sedentary lifestyle, accelerometer, physical function, frailty, mortality rates, elderly

Highlights
. Older adults spend the great majority of their daily time in sedentary behaviours, linked to an increased risk of suffering

numerous diseases. Physical performance and frailty, as well as mortality, are outcomes closely related to successful
aging. Understanding the role of objectively measured sedentary lifestylein these outcomes is important for healthy aging.

. The association between objectively measured sedentary behaviour and physical performance in the elderly is strong. All
studies except one included in the review showed a negative association between increased sedentary time and some of the
components of the physical performance.

. Most of the articles found an association among sedentary lifestyle and frailty incidence or mortality, but the effect of these
associations diminished or even disappeared in the more adjusted models.

. A wide variety of methodologies was observed in the included articles. A more homogeneous methodology to assess
sedentary behaviour and more consistent research designs are needed to confirm the findings observed in this review.

Introduction

Successful aging is a big concern in western societies.
Globally, the older adult population has dramatically
increased worldwide in the last two decades, and it is

estimated that by 2015 the older population will
approximately represent 22% of the world’s popu-
lation (Scully, 2012). This situation provides a chal-
lenge for health and social care resources, in order

© 2017 European College of Sport Science

Correspondence: Ignacio Ara, GENUD Toledo Research Group, Universidad de Castilla-La Mancha, Avda. Carlos III s/n, 45071 Toledo,
Spain. Email: ignacio.ara@uclm.es

European Journal of Sport Science, 2017
https://doi.org/10.1080/17461391.2017.1327983



to reduce the risk of non-communicable diseases and
disability. In that regard, sarcopenia (i.e. loss of
muscle mass and strength) plays a central role, indu-
cing to a reduced physical performance and impaired
ability to perform activities of daily living therefore
increasing the risk of being frail (Roubenoff, 2000).
Frailty, a common condition among the older

population (Landi et al., 2010), has been described
as a biological status in which resistance to stressors
is reduced mainly due to cumulative declines in the
function of different biological systems (Fried et al.,
2001), including the immune, endocrine, musculos-
keletal and nervous system (Walston et al., 2006).
Frailty leads to a state of high vulnerability to
adverse health outcomes in the individuals and it is
associated with worsening of physical functioning,
falls, higher rates of admissions to hospital, co-mor-
bidity and mortality (Landi et al., 2010).
There is substantial evidence indicating that main-

tenance of an active lifestyle is central to successful
aging. Consequently, the relationship between phys-
ical activity (PA), especially moderate-to-vigorous
physical activity (MVPA), and frailty is now well
established. In a recent study, Blodgett, Theou, Kirk-
land, Andreou, and Rockwood (2015) demonstrated
a relationship between MVPA and frailty among a
group of people over 50 years old. Peterson et al.
(2009) concluded that PA is a preventive factor for
frailty among the older population. A recent meta-
analysis conducted by Chang and Lin (2015)
suggested that older adults with frailty have the
highest risks of mortality when compared with
robust elderly, followed by individuals in the pre-
frail phase.
While greater attention has been placed on pro-

moting MVPA for general health, the negative
effects of sedentary behaviour (SB), including those
behaviours characterized by very low energy expendi-
ture while in a sitting or reclining posture, have been
shown to be highly important. In a study published by
Stamatakis and Hamer (2011), SB emerged as an
independent risk factor for different health outcomes
such as cardiovascular and chronic diseases. In
addition, large epidemiological studies have indi-
cated that self-reported SB is associated with all
causes of mortality in a dose–response manner (Katz-
marzyk, Church, Craig, & Bouchard, 2009) and with
the incidence of cardiovascular diseases among the
general population (Manson et al., 2002). SB is
highly prevalent among the older population (Davis
et al., 2011; Matthews et al., 2008). Hallal et al.
(2012) conducted a global assessment in more than
60 countries and found that the elderly had the
highest prevalence of self-reported sitting time as
compare with younger adults. The scarce number
of studies conducted among older adults indicate

that SB is an independent risk factor for important
aging outcomes including declining physical function
(Santos et al., 2012; Seguin et al., 2012), greater dis-
ability in activities of daily living (Dunlop et al.,
2015), and increased mortality (Leon-Munoz et al.,
2013). Finally, some reviews have systematically ana-
lysed the detrimental effects of sedentary lifestyle on a
variety of health outcomes in older people (de
Rezende, Rey-Lopez, Matsudo, & do Carmo Luiz,
2014; Wirth et al., 2017), but none have done so con-
sidering only objectively measured data of SB and
relating it to physical performance, frailty and mor-
tality. Identifying the health outcomes of objectively
assessed SB in the older population seems to be
crucial for a successful aging.
Therefore, the aim of this short systematic review is

to provide a brief summary of the published literature
related to the potential role of objectively assessed SB
with regards to some of the important outcomes of
aging. Thus, this review is divided into three different
sections, summarizing separately the existing evi-
dence in regards to the potential role of objectively
assessed SB for frailty, disability and mortality
among older adults. For each section, the limited
available evidence is critically reviewed, while gaps
in the current knowledge and future directions for
research are identified.

Methods

The current short systematic review follows the
PRISMA recommendations for reporting systematic
reviews (Hutton et al., 2015).

Literature search

Literature search was conducted (October 2016) in
PubMed and Web of Science (WoS) online data-
bases. The following Medical Subject Headings
(MeSH) of the United States National Library of
Medicine (NLM) and search terms with the corre-
spondent operators were included in this Boolean
search syntax: (elderly OR “older adults” OR “old
people” OR “elders”) AND (sedentarism OR seden-
tary OR sitting) AND (accelerometer OR accelero-
metry OR “objectively measured sedentary” OR
“objectively measured physical”) AND:

. (“physical function”OR “physical performance”
OR “walking performance” OR “walking vel-
ocity” OR “gait speed” OR “activity of daily
living”) to identify the section of articles related
with physical performance;

. (frail OR frailty) to distinguish the section of
articles related with frailty status;
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. (mortality OR death OR “life expectancy”) to
detect the section of articles related with
mortality.

The search was limited to English language and full
text availability of eligible articles. Additional suitable
studies were included by screening the reference lists
of each included study and other relevant reviews
recently published.

Eligibility criteria

For the review, studies were included if (i) they were
journal articles in full, (ii) participants were humans
aged ≥60 years old, (iii) SB was assessed using objec-
tive techniques and (iv) measurement of physical per-
formance was carried out by filed or laboratory
objective tests. Performance was defined as aspects
of physical function (such as strength, endurance,
flexibility, speed and agility) that are associated with
daily life activities that are important for maintaining
independence in older adults (Guralnik, Ferrucci,
Simonsick, Salive, & Wallace, 1995). In addition,
frailty should be evaluated with a validated scale.
Studies were excluded from the analysis if (i) they
were not available in English and (ii) the association
of sedentary lifestyle evaluated with accelerometers
was not examined with physical performance, frailty
or mortality. In the studies with participants younger
than 60 years old we only included the subsamples
older than 60 years old when reported. The retrieved
studies were imported into the EndNote Web® refer-
ence management software to remove any duplicates.
Firstly, titles and abstracts were screened by two inde-
pendent reviewers (AM and IA). Relevant articles
were then selected for a full read of the article. If no
consensus was achieved between the two reviewers, a
third reviewer was consulted (AGG).

Results

The literature search produced 271 records, 119 in
the physical performance section, 31 in the frailty
status section and 121 in the mortality section.
After the removal of duplicates, 177 articles were
excluded based on title and abstract screening (59
in the physical performance section, 17 in the frailty
status section and 101 in the mortality section) and
31 were excluded based on eligibility criteria (19 in
the physical performance section, 6 in the frailty
status section and 6 in the mortality section) (see
details in Figure 1).
After all this process, nine full-text article remained

in the in the physical performance section, one in the
frailty status section, and three in the mortality

section. Thus, in total 13 full-text articles were
finally included in the review (a summary of the
most relevant study details of these studies are
included in Table I).

SB and physical performance

Seven cross-sectional studies, one interventional
study and one randomized clinical trial (RCT) inves-
tigated the relationship between SB and physical per-
formance (Table I). Fleig et al. (2016) showed a
negative association between time spent in sedentary
activities and gait speed (Beta (β): −90.13; standard
error (SE): 42.03) in 53 older adults with hip frac-
ture. Cooper et al. (2015) conducted a study in a
large cohort of 1727 participants from the MRC
National Survey of Health and Development in
England, Scotland and Wales. They showed that
one standard deviation score greater time spent
sedentary was associated with lower grip strength
(−0.588 kg; 95% CI: −1.062, −0.115), chair rise
speed (−0.550 stands/min; 95% CI: −0.898,
−0.201), standing balance time (−0.050 s; 95% CI:
−0.076, −0.024) and Timed Up-&-Go speed
(−0.021 m/s; 95% CI: −0.028, −0.013). These
effect estimates remained similar after additional
adjustment for other potential confounders, except
for the association with chair rise speed (−0.084
stands/min; 95% CI: −0.426, 0.257) and standing
balance time (−0.024 s; 95% CI: −0.050, 0.002)
which were substantially attenuated, largely due to
adjustment for long-term limiting illness or disability.
A total of 117 males and 195 females, aged 65–

103 years, were assessed in the article of Santos
et al. (2012). They found a negative association
between the composite Z-score for functional fitness
and the sedentary time (β: −0.002; 95% CI:
−0.003, −0.001), even adjusting for MVPA and
other confounders (β: −0.002; 95% CI: −0.002,
−0.001). Likewise, Rosenberg et al. (2016) con-
firmed these findings showing that higher sedentary
activity was statistically significant associated with
worse physical function (Short Physical Performance
Battery (SPPB), balance task scores, 400-m walk
time, chair stand time and gait speed), regardless of
participation in MVPA.
Rosenberg et al. (2015) examined the effects of an

eight-week behavioural intervention to reduce seden-
tary time among older overweight and obese older
adults. An improvement in gait speed (p= .01; d:
0.52) but not in chair stands (p= .46; d: 0.11) and
SPPB total score (p= .37; d: 0.14) was found as a
result of the intervention.
Barone Gibbs et al. (2016), in a RCT, divided par-

ticipants into one of two arms: Sit Less or Get Active.
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The Sit Less group had the aim to reduce SB by 1
hour each day. The Get Active group had a goal to
reach 150 min of MVPA each week. The Sit Less
group improved SPPB significantly from 11.1 ± 0.3
to 11.6 ± 0.1 points (p< .05) over 12 weeks but no
changes were detected in the Get Active group. If
the components of the SPPB were separated, a sig-
nificant improvement in the Sit Less Group in the
chair stands was shown but not in gait speed and
balance test.
In contrast, Gennuso, Thraen-Borowski,

Gangnon, and Colbert (2016) found no significant
associations between sedentary time and physical
performance (SPPB, chair stands, gait speed).
However, statistical significant associations were
found between breaks in sedentary time (BST) and
physical performance, independently of MVPA.
The former was found in men but not in women.
Similarly, Davis et al. (2014) showed that both

sedentary time (β: −0.111; 95% CI: −0.163,

−0.060) and BST (β: −0.721; 95% CI: −0.463,
−0.978) were negative associated with lower extre-
mity function (p< .001). But in fully adjusted
models, only BST and not overall sedentary time
remained significant.
Finally, the study of Sardinha, Santos, Silva, Bap-

tista, and Owen (2015) found a significant associ-
ation between BST and physical performance (β:
0.154; 95% CI: 0.027, 0.280), even after fully adjust-
ment of the models (β: 0.180; 95% CI: 0.052, 0.310).
Additionally, SB was a significant predictor of phys-
ical performance, independently of BST and
MVPA (p< .05).

SB and frailty status

The only article that met the inclusion criteria for
frailty showed a significant association of SB with
higher odds of frailty (Odd ratio (OR): 1.010916;

Figure 1. Flow diagram on identification, screening, eligibility and inclusion of full-text articles.
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95% CI: 1.00127, 1.020655), but this association
disappeared when the statistical model was adjusted
for cognitive function (OR: 1.025228; 95% CI:
0.999848, 1.051252) (Table I).

SB and mortality

Three prospective cohort studies investigated the
relationship between SB and mortality (all-cause,
cardiovascular, cancer, other causes) (Table I).
Ensrud et al. (2014) showed that more time spent

in sedentary activities was associated with greater
risk of death. Individuals in the highest SB quartile
had a higher all-cause mortality (Hazard ratio (HR):
1.56, 95% CI: 1.15, 2.14) than those in the lowest
SB quartile (reference group) after adjusting of
models for multiple confounders. Further adjust-
ment did not attenuate this association (HR: 1.79,
95% CI: 1.19, 2.70).
Similarly, Klenk et al. (2016) found a higher mor-

tality risk in those subjects with the longer SB times
compared with their physically active counterparts
(HR: 2.05, 95% CI: 1.13, 3.73). However, after
adjusting for various health outcomes and biomarkers
this association disappeared (HR: 1.63, 95% CI:
0.88, 3.02).
In Fox et al. (2015) individuals were classified as

low, medium and high sedentary time per day.
They showed no associations between sedentary
time and all-cause mortality in any case, with unad-
justed (low group, HR= 0.51, 95% CI: 0.21, 1.26)
and after more completely adjusted models (low
group, HR = 1.01, 95% CI: 0.35, 2.98).

Discussion

To the best of our knowledge, this is the first review
that examines the association between objectively
measured SB and its effects on physical performance,
frailty and mortality in older people. Although the
number of studies in which accelerometers were
used in order to ascertain SB is very limited in this
population, a relationship between SB and a wor-
sened physical performance is observed. However,
the association between SB and frailty incidence
and mortality rates remains unclear due to the
reduced number of studies available in the literature.

Effects of SB on physical performance

Earlier studies where sedentary lifestyle has been
measured by auto-reported questionnaires show that
the longer time older adults spend on SB, the higher
adverse health outcomes (i.e. diabetes, cardiovascular

diseases) present, independently of MVPA (Wilmot
et al., 2012). Disability is a major adverse health
outcome resulting in limitations in the activities of
daily living. This is of special interest, since PA has
been proposed for the prevention of impaired physical
functioning in older ages (Lang, Guralnik, & Melzer,
2007). However, these studies do not consider seden-
tary time as an independent domain of behaviour.
In the current review, we have found a negative

association between SB and physical performance,
regardless of MVPA in two of the cross-sectional
studies reviewed (Rosenberg et al., 2016; Santos
et al., 2012). Likewise, Fleig et al. (2016) and
Cooper et al. (2015) found a negative association
between time spent on sedentary activities and
various physical performance tests in older adults.
Accordingly, Dunlop et al. (2015) found a strong
relationship between greater time spent in SB and
the presence of activities of daily living disability,
and Ikezoe, Asakawa, Shima, Kishibuchi, and Ichiha-
shi (2013) with a slower time in the Timed Up-&-Go
test and lower muscle strength. The independent
relationship of SPPB extends recent findings demon-
strating that objectively measured sedentary time,
controlled for MVPA, is related to metabolic syn-
drome (Bankoski et al., 2011), cancer (Lynch et al.,
2011) and mortality (Koster et al., 2012). In contrast,
investigations performed in adults failed to relate
sitting time with impaired muscle strength or gait/
mobility (Reid et al., 2016). These discrepancies
may be attributable, at least in part, to the heterogen-
eity in the participant study samples examined.
SB and physical performance have also been

related longitudinally. Seguin et al. (2012) studied
62,000 woman aged 50–79 years from the Women’s
Health Initiative, and observed that those with the
higher auto-reported sitting time and total sedentary
time at the beginning of the study, had the higher
reduction in self-reported physical performance
after 12.3 years’ follow-up. Unfortunately, self-
report is susceptible to socially desirable responding
(Adams et al., 2005), and older adults have a less
accurate recall (Bonnefoy et al., 2001).
Thus, objectively assessed SB as well as home-

based physical performance tests may provide more
accurate and reliable results. According to our litera-
ture review, the RCT study performed by Barone
Gibbs et al. (2016) demonstrated that a 12 week
intervention aimed to reduce SB has a higher effect
on physical performance rather than on time spent
on MVPA in older sedentary but highly physically
functional adults. In agreement, Rosenberg et al.
(2015) showed that an eight-week behavioural inter-
vention to reduce SB is feasible and effective among
older overweight and obese adults in order to increase
physical performance.
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The present findings highlight the need to separate
SB from insufficient MVPA patterns. This is impor-
tant because it enables SB as a modifiable additional
risk factor for impaired physical performance, disabil-
ity and loss of independence. Beyond this, there
seems to be a negative relationship between spending
more time on sedentary activities and physical
performance.
Moreover, it is important to discuss that the way

sedentary time is spent also matters. For example,
Sardinha et al. (2015) as well as Davis et al. (2014)
found that breaking-up time in SB was positively
associated with physical performance in older
adults, even after controlling for overall time in
MVPA and SB. Davis et al. (2014) also reported
that breaking-up time in SB predicted overall physical
performance and was associated to higher scores in
selected fitness parameters like upper and lower
body muscle strength. This is not the case of high
functioning older adults who spend over an hour a
day walking, where higher SB and lower breaks
were associated with an improved muscle quality
(Chastin, Ferriolli, Stephens, Fearon, & Greig,
2012). Given the surprising results, authors explain
it by a higher body fat that might provide a training
stimulus to maintain muscle power.
Gennuso et al. (2016) reported that longer bouts

and fewer breaks in SB is negatively associated with
physical function in older adults, regardless of partici-
pation inMVPA. This adds to previous research were
the odds for abdominal obesity decreased 7% for
each additional hourly break in sedentary time in
older women (Judice, Silva, Santos, Baptista, & Sar-
dinha, 2015), as well as triglycerides and plasma
glucose (Healy, Dunstan, et al., 2008).
These findings represent a new challenge for public

health recommendations regarding how to break up
sedentary patterns complementary to those for PA
in order to improve physical functionality.

Effects of SB on frailty status

Current scientific evidence consistently shows that
changes in body composition, especially loss of
muscle mass, together with low PA and high SB,
could be an important contributor for developing
frailty in older adults (Fried et al., 2001). Interest-
ingly, regular exercise is probably the only non-drug
derived therapy effective to improve physical func-
tion, cognitive performance and mood (Landi et al.,
2010), besides sarcopenia (Gianoudis, Bailey, &
Daly, 2015), which is the central problem in the
frailty syndrome.
Despite all the potential benefits of PA in relation to

frailty, frail older adults spend 84.9% (about 10 h), of
their daily time in SBs (Jansen et al., 2015). Previous

evidence indicates that physically inactive individuals
who have higher levels of functional disability (Trem-
blay, Kho, Tricco, & Duggan, 2010), and those indi-
viduals who have high levels of SB are more likely to
be frail (Peterson et al., 2009).
DA Silva Coqueiro et al. (2016) found a positive

association between self-reported sedentary time
and frailty in 316 community-dwelling older adults.
The authors calculated that 7 h per day of SB was
the best cut-off point to discriminate frail individuals.
However, this cut-off point is quite low in compari-
son with other studies reporting objectively measured
SB (Jansen et al., 2015).
The only study that met the inclusion criteria in the

present literature review for the frailty section was the
one recently published by Bastone Ade, Ferriolli,
Teixeira, Dias, and Dias (2015). This investigation
found that the frail group spent more time in SB
that their robust peers. SB was significantly associ-
ated to frailty, even after adjusting by the number of
chronic health conditions, but this association disap-
peared when the statistical model was adjusted by
cognitive status. Bastone and coworkers did not
report an association between SB and frailty status
independently of the PA levels. This was the case in
Blodgett et al. (2015) study, where a positive associ-
ation was observed between SB and various adverse
health outcomes (frailty, self-reported health, activi-
ties of daily living disability and healthcare utiliz-
ation), independent of MVPA in a community-
dwelling older adults (>50 years) sample. As a limit-
ation, these cross-sectional studies do not take into
consideration causality. Therefore, it is not possible
to certainly know if SB causes the appearance of
frailty or if frailty can cause that individuals choose
to have a more sedentary lifestyle.
Longitudinal studies like the one by Song et al.

(2015) support the existing idea of a relationship
among daily sedentary time and the development of
a frailty status, regardless of MVPA. But the scarce
available data prevent to robustly demonstrate this
association, and more studies using similar method-
ologies both to measure SB and frailty are needed.

Effects of SB on mortality

As early as in the 1950s, we can found the first indi-
cation that SB could markedly increase adverse
health outcomes. Morris, Heady, Raffle, Roberts,
and Parks (1953) demonstrated a double age-
adjusted rate of fatal coronary heart disease in bus
drivers (sedentary) when compared with conductors
(active) workers.
Since then, much research efforts have been

focused on the relationship of an active lifestyle and
various health outcomes, even with all-cause
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mortality rates (Bembom, van der Laan, Haight, &
Tager, 2009). However, much less attention has
been devoted on the effects of SB on mortality.
Again, scientific literature relies on self-reported ques-
tionnaires to demonstrate an association between SB
and mortality (all-cause, cardiovascular, colorectal
cancer and other causes) in adults and older adults,
independently of PA levels (Dunstan et al., 2010).
This implies the limitation that questionnaires may
not correctly differentiate sedentary time from light
PA (Pate, O’Neill, & Lobelo, 2008), but the existing
scientific literature using objective PA measurements
is very scarce at the moment (Pate et al., 2008).
While Ensrud et al. (2014) observed that individ-

uals in the higher SB quartile had a higher all-cause
mortality than those in the lower SB quartile, Fox
et al. (2015) found that despite spending a mean
time of 11 SB hours, the study participants did not
show an association among mortality rates and
sedentary time volume.
Klenk et al. (2016) found a higher mortality risk in

those subjects who spent more time in sedentary
activities. However, when biomarkers were included
as a confounding variable the association disappeared.
Interestingly, a large recent review combining data

from over one million participants found that 60–
75 min of PA a day eliminated the harms of sitting
when it came to measuring death from cardiovascular
disease or death by all causes (Ekelund et al., 2016).
Despite the large number of people included in the
review, the results should be taken with caution as
they are based on self-report PA and SB data. When
we take into consideration populations younger than
those included in this review, studies mainly report a
significant effect of SB onmortality (Healy,Wijndaele,
et al., 2008; Koster et al., 2012). Among those, Koster
et al. (2012) concluded that SB is a risk factor for mor-
tality independent of moderate-to-vigorous PA.
Unfortunately, drawing conclusions in this section is
complicated because of the small number of studies
and the confusing results of each of them.

Methodological issues

To date, the use of accelerometers is considered the
most valid and reliable method to assess SB, despite
not all devices are able to discriminate between
sitting and standing changes in the posture (An,
Kim, & Lee, 2017). In order tomake stronger the con-
clusions of this review, only studies using acceler-
ometers to assess SB were included. However, the
variety of devices utilized and the diversity in tech-
niques regarding data extraction and analysis across
studies makes difficult drawing definitive conclusions.
Reactivity is an important point to take into

account when measuring PA and SB with

accelerometry because it may introduce a relevant
bias. Although the Hawthorne effect has been recog-
nized as a potential limitation of the accelerometry
method, evidence remains limited (Dossegger et al.,
2014). It seems clear that in children and adolescents
there may be some reactivity (Kremers & Brug,
2008). However, tampering with devices seems to
be less likely among older adults (Pedisic &
Bauman, 2015). None of the studies included in
this review use strategies to avoid reactivity, therefore
the results and conclusions must be interpreted with
caution since the evidence in this area is still scarce.
The number of valid days and the minimum hours

per day included in the analysis from the acceler-
ometer data is another important methodological
issue when working with these type of devices. The
average number of valid days to include acceler-
ometer data in the analysis is 3.6 ± 1.4 days among
the studies reporting this value included in the
review. However, according to the study of Hart,
Swartz, Cashin, and Strath (2011) conducted in
older people, at least five days are necessary to ade-
quately capture the SB. Thus, studies which take
less than five valid days for the accelerometry analysis
might be unrepresentative. Moreover, cut-offs points
for sedentary strip establishment is also important,
knowing that they are dependent on the analyses
unit (i.e. epoch length and axes) (Aguilar-Farias,
Brown, & Peeters, 2014).
The third important methodological variable to

consider is the criteria for non-wear time of the accel-
erometers. In that regard, published studies are
divided between the algorithm proposed by Troiano
(2007) or the algorithm recommended by Choi,
Liu, Matthews, and Buchowski (2011). The latter
incorporates improvements for the misclassification
of time intervals spent in SB that do not pass the
wear/non-wear classification criteria for the low
activity counts. Thus, studies in populations with a
low PA and high SB patterns, such as older adults,
could likely benefit from these improvements (Choi
et al., 2011).
Although according to the definition of SB (Seden-

tary Behaviour Research Network, 2012) only SB
should be accounted during waking hours, one
study in this review included the time that individuals
spend sleeping as SB (Klenk et al., 2016). This can
lead to an overestimation of sedentary time and
should be taken into account when comparing
results from studies using different approaches.
Finally, another important aspect that should be

considered when studying SB in relation to health
outcomes is MVPA. This factor should be taken
into account within the covariates included in the
statistical models so that the independent effect of
SB can be ascertain. The same applies with health
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status, especially in older adults studies in order to
avoid confounding interactions (Andrade & Fer-
nandes, 2012).
Although Pedisic and Bauman (2015) concluded

that accelerometer-based studies had limitations
regarding generalisability, validity, comprehensive-
ness, simplicity, affordability, adaptability, between-
study comparability and sustainability, many of
these methodological aspects have not yet been hom-
ogenized. Overall, the discrepancy in the methodo-
logical aspects across the analysed studies in this
review may preclude us from drawing definitive con-
clusions, although a recent review that could help
researchers to make better decisions before and
after data collection using accelerometers, in order
to obtain more valid and comparable data has been
published (Migueles et al., 2017). Consistency in
the methodological aspects when assessing SB and
stronger research designs are crucial points to
confirm the observed findings in this review.

Summary and conclusion

There is consistent evidence of the relationship
between objectively measured SB and physical per-
formance in the elderly. The association among
sedentary lifestyle, frailty incidence and mortality
rates warrant further investigation. The lack of
studies assessing these outcomes and the wide
variety of methodological issues reported among the
reviewed studies make difficult to draw definitive
conclusions. Another important aspect that deserves
further investigation is the manner that SB is accu-
mulated. BST seem to minimize the decline of phys-
ical performance with aging. Future research should
test this hypothesis also regarding frailty and mor-
tality outcomes.
While sedentary lifestyle can have an independent

relationship on the outcomes of interest for this
review, future studies should consider how PA and
SB could simultaneously influence these outcomes.
The latter has already been studied in relation to
cardio-metabolic health variables (Bakrania et al.,
2015) but, to our knowledge, no studies have ana-
lysed this combined effect on physical performance,
frailty and mortality. Nonetheless, homogeneity
with regards to the assessment of SB and other meth-
odological issues commented in this review will help
clarifying the potential role of SB (and patterns) on
physical performance, frailty and mortality among
older adults.
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Abstract

Objective
The aim of this study was to examine the association of sedentary behaviour patterns with

frailty in older people.

Setting
Clinical setting.

Design
Cross-sectional, observational study.

Participants andmeasurements
A triaxial accelerometer was used in a subsample from the Toledo Study for Healthy Aging

(519 participants, 67–97 years) to assess several sedentary behaviour patterns including

sedentary time per day, the number and duration (min) of breaks in sedentary time per day,

and the proportion of the day spent in sedentary bouts of 10 minutes or more. Frailty was

assessed using the Frailty Trait Scale (FTS). Regression analysis was used to ascertain the

associations between sedentary behaviour patterns and frailty.
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Results
Sedentary time per day and the proportion of the day spent in sedentary bouts of 10 minutes

or more, were positively associated with frailty in the study sample. Conversely, the time

spent in breaks in sedentary time was negatively associated with frailty.

Conclusion
In summary, breaking up sedentary time and time spent in sedentary behaviour are associ-

ated with frailty in older people.

Introduction
Frailty in older adults is considered a biological condition where poor resolution of several

physiological systems to maintain homoeostasis occurs after a low-power stressor event [1, 2].

Frailty is associated with alterations in the musculoskeletal, vascular and central nervous sys-

tems [3]. Prevalence of frailty in Spain is 8.4%, with an additional prevalence of pre-frailty of

41.8%, therefore approximately 50% of people over 65 years are categorized as frail or pre-frail

[4]. Socio-economic costs associated with frailty are also of relevance [5]. Frailty has been asso-

ciated with an increase in hospitalization rates, falls, incident disability, decreased mobility,

and higher mortality rates [2, 6, 7]. In the last decade, frailty has been recognized as one of the

most promising indicators to help prevent disability [8]. Finding mechanisms to prevent frailty

are therefore of interest.

Sedentary behaviours, including those characterized by low energy expenditure while in a

sitting or reclining posture, have been shown to contribute to adverse outcomes. Even in the

absence of other risk factors, sedentary behaviour has recently emerged as an independent car-

diovascular risk factor [9–11] and is related to all causes of mortality in a dose-response man-

ner [12], possibly because sedentary behaviour influences homeostasis and function of many if

not all body systems [13]. Lack of exercise and a sedentary lifestyle is one of the most signifi-

cant public health problems of the 21st century [14], the effect that a sedentary lifestyle exerts

on frailty is poorly assessed [1].

Da Silva Coqueiro et al. [15] recently reported an association between sedentary behaviour

as assessed by a questionnaire and frailty status among adults over 60 years. Similarly, objec-

tively assessed sedentary behaviour was associated with frailty among adults over 50 years old

in the National Health and Nutrition Examination Survey [16] independent of moderate-to-

vigorous physical activity (MVPA). Sedentary behaviour patterns (i.e. how sedentary behav-

iour is accumulated) can make an impact on the wider health of individuals [17]. For example,

an increased number of bouts of sedentary behaviour per day is associated with worse health

outcomes including reduced cardiovascular health or physical function [17]. Inserting bouts of

activity into otherwise sedentary time (ST) is associated with better physical function in older

adults [18]. Breaking up sedentary time has also been positively associated with a lower risk of

disability in the activities of daily life and inversely associated with impairments and physical

dependence in older age, independent of MVPA [19]. Hence, reducing or breaking up long

sedentary periods seems to be a feasible and promising approach expected to attenuate the

consequences of frailty among older adults. Nonetheless, there is a lack of data regarding the

relationship between sedentary behaviour patterns and frailty in this population group [1].
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Therefore, the aim of this study was to examine the associations of various sedentary behaviour

patterns with frailty in older people.

Methods

Research design and participants
Data were taken from the Toledo Study for Healthy Aging (TSHA), whose complete method-

ology has been reported elsewhere [4, 20]. Briefly, the TSHA is a population prospective cohort

study aimed at studying the determinants and consequences of frailty in institutionalised and

community-dwelling individuals older than 65 years living in the province of Toledo, Spain. A

subsample of 626 volunteers was assessed on sedentary behaviour patterns. From these, 107

were excluded due to incomplete or invalid accelerometer data. A total of 519 participants

were finally included. All the subjects gave their informed consent in written and the study

was performed in accordance with the Helsinki Declaration of 1975, as last modified in 2000,

regarding the conduct of clinical research, and was approved by the Ethical Committee of the

Toledo Hospital (CEIC).

Outcomemeasures
Frailty. The Frailty Trait Scale (FTS) was used to assess frailty [21]. Briefly, the FTS

includes 7 dimensions (i.e. energy balance and nutrition, activity, nervous system, vascular sys-

tem, weakness, endurance, and slowness) operationalised through 12 items. Each item repre-

sents a biological trait. All items but one (“chair test”, which scored 0 [worst status] to -5 [best

status]) are scored 0 (best status) to 4 (worst status). The total score was calculated by adding

all the scores in each item divided by total score possible for each individual, multiplied by

100. The total score ranged from 0 (best score) to 100 (worst score).

Sedentary behaviour patterns. Sedentary behaviour patterns were assessed by accelero-

metry (ActiGraph, ActiTrainer 3X, Fort Walton Beach, FL). Accelerometer output is an activ-

ity count, which is the weighted sum of the number of accelerations measured over a time

period or epoch (a 1 minute epoch was used in this study). The intensity of activity is assessed

from the weighted sums, which are proportional to the magnitude of measured acceleration.

Participants were asked to wear the accelerometer on their left hip for 7 consecutive days.

Sleeping periods were removed from the analyses and considered non-wear time. Moreover,

periods of at least 60 consecutive minutes of zero counts were also considered as non-wear

time and removed as well [22]. Only data from participants with 4 or more valid days of accel-

erometer data (i.e. a day with 480 minutes or more of wear time) were included in the analyses

(n = 519).

Each minute with less than 100 counts was considered sedentary time [23, 24]. Time per

day (min) spent in sedentary time was then registered. A break in sedentary time (BST) was

defined as at least 1 min where the accelerometer registers�100 counts following a sedentary

period. The number and duration (min) per day of BST were recorded. A 10-min bout of sed-

entary time (ST-10) was defined as a period of at least 10 consecutive minutes where the accel-

erometer registered<100 counts/min. The number, duration (min) and proportion over total

10-min bouts per day of ST-10 were recorded. All outcomes were weighted by daily averaged

wear time on valid days (i.e. outcome summed over all wear time divided by the number of

successfully monitored days for each participant). The different sedentary pattern variables

were standardized (Z-score = [observed—sample mean]/sample SD). In an effort to account

for the combined effect of both duration and number of the different patterns, two composite

Z-scores representing patterns of ST [ST-COMP = Z-score ST-10 (number/day) + Z-score ST-

Sedentary behaviour and frailty in the elderly

PLOSONE | https://doi.org/10.1371/journal.pone.0183911 September 11, 2017 3 / 9



10 (minutes/day)] and patterns of BST [BST-COMP = Z-score BST (number/day) + Z-score

BST (minutes/day)] were then computed.

Adherence to WHO physical activity guidelines. In order to analyse the adherence of

physical activity (PA) in the study with recommendations for public health proposed by the

World Health Organization, the accumulation of at least 150 min/week of moderate physical

activity or 75 min/week of vigorous physical activity or as an equivalent combination of mod-

erate and vigorous physical activity was assessed with an accelerometer [25].

Anthropometrics and confounding variables. Height was measured to the nearest milli-

metre using a portable stadiometer (Medizintechnik seit 1890, KaWe, Germany), and weight

was measured with a SECA precision scale (SECA 884 floor scale, Germany). Individuals

removed their shoes, socks and heavy clothes prior to weighing. Body mass index (BMI) was

calculated as weight (kg) divided by height squared (m2). A number of confounders were

assessed. Mental status was assessed using the Minimental Scale questionnaire [26]. Comor-

bidity history was assessed using the Charlson Comorbidity index [27]. Physical performance

was assessed by means of the Short Physical Performance Battery [28]. MVPA was assessed by

accelerometry (i.e. each minute of 1952 or more counts was considered MVPA) [23]. Current

medication (i.e. number of drugs), age, and gender were also recorded.

Statistical analysis
Data were analysed using PASW Statistic, version 23.0.0, with statistical significance set at

p<0.05 (two-tailed). Descriptive statistics (mean ± SD) were calculated for all outcome mea-

surements of the study.

Multiple linear regressions were used to examine the associations between frailty and the

different sedentary behaviour patterns assessed. A model adjusted by age, gender, comorbidity

status, mental health, and polypharmacy status was fitted for each of the sedentary behaviour

pattern outcomes.

Participants were clustered into 2 different groups according to the adherence to WHO PA

guidelines status (i.e. meeting or not the guidelines) and were compared using t-test for inde-

pendent measurements. Participants within each of the former groups were re-allocated to

either less BST group (i.e. group falling below the 50th percentile of BST) or more BST group

(i.e. group falling over the 50th percentile of BST) and then compared using t-test for indepen-

dent measurements.

Results
Characteristics of the participants are shown in Table 1. A total of 519 older adults aged 67–97

including 234 males and 285 females, were included in the study.

Table 2 shows the results of different multiple regressions analyses testing the associations

between various sedentary behaviour patterns and frailty in the TSHA study. After adjusting

for several covariates (i.e. age, gender, comorbidity status, mental health, and polypharmacy

status) ST ( , 95CI% = 0.015, 0.004 to 0.027; p = 0.03), ST-10 (proportion) ( , 95CI% = 0.079,

0.234 to 0.195; p = 0.04), BST (minutes/day) ( , 95CI% = -0.031, -0.048 to -0.014; p = 0.03),

and BST-COMP ( , 95CI% = -0.805, -1.339to -0.210; p = 0.01), were significantly associated

with frailty in the study sample. However, ST-10 (number/day and minutes/day), BST (num-

ber/day), and ST-COMP were not significantly associated with frailty.

Participants who met the WHO PA guidelines scored statistically significant less in the

Frailty Trait Scale than those who did not meet the PA guidelines (Fig 1). In both groups,

those who fell into the bottom half of interruptions of sedentary time had a statistically signifi-

cant higher frailty level than those depicting more BST (p<0.05) (Fig 1).

Sedentary behaviour and frailty in the elderly
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Discussion
To our knowledge, this is the first study that comprehensively analyses the impact of objec-

tively assessed sedentary patterns beyond total time spent in sedentary behaviour on frailty in

older adults. The main findings were that in adjusted models (i.e. in models adjusted by rele-

vant demographic and medical confounders) frailty was associated with sedentary time per

day, the proportion of the day spent in sedentary bouts of 10 minutes or more, and time spent

in breaks of sedentary time. These results may shed some light on the ongoing discussion

regarding the health consequences of sedentary lifestyles and could generate novel hypotheses

that could help in informing future public health interventions in order to prevent frailty

among older adults.

Available evidence suggests that, regardless of MVPA, spending time in sedentary activities

increases the odds of being frail among older adults [15, 16]. Our results confirm and extend

Table 1. Characteristics of the participants in the study (n = 519).

Variables

Age (yr) 78.84 (4.55)

Gender, male (%) 45.10

Body Mass Index (kg/m2) 30.54 (4.74)

Charlson Comorbidity Index (0–31) 1.12 (1.56)

Mini Mental State Examination (0–30) 23.01 (4.40)

Polypharmacy status (%)

3 19.10

3–4 26.60

5 53.90

Educational Status (%)

Never attended to school 41.10

Less than primary school 41.10

At least primary school 17.40

Short Physical Performance Battery (0–12) 8.44 (2.26)

Accelerometer data

Average wear time per valid day (min) 780.70 (84.68)

MVPA (min/day) 17.62 (21.87)

LPA (min/day) 223.03 (91.69)

ST (min/day) 540.04 (93.87)

10-min bouts of ST (number/day) 16.09 (3.46)

10-min bouts of ST (min/day) 494.29 (114.98)

10-min bouts of ST (percentage) (%) 68.37 (14.48)

BST (number/day) 69.17 (19.28)

BST (min/day) 240.66 (99.39)

BST (number/hour) 5.29 (1.29)

BST (min/hour) 18.30 (6.91)

Meeting WHO PA guidelines, yes (%) 29.60

Frailty trait scale (0–100) 39.84 (15.12)

All values are mean (SD) unless otherwise stated. All accelerometer variables are adjusted for wear time;

ST: Sedentary time; LPA: Light physical activity; MVPA: Moderate-to-vigorous physical activity; BST: Breaks

in sedentary time; PA: physical activity; MeetingWHO PA guidelines: accumulating 150 min/week of

moderate physical activity or 75 min/week of vigorous physical activity or equivalent combination of

moderate and vigorous physical activity.

https://doi.org/10.1371/journal.pone.0183911.t001

Sedentary behaviour and frailty in the elderly

PLOSONE | https://doi.org/10.1371/journal.pone.0183911 September 11, 2017 5 / 9



those of Da Silva Coqueiro et al. [15] and Blodgett et al. [16] (i.e. frailty was associated with ST

in our sample), but also verified thatthe proportion of the day spent in sedentary bouts of 10

minutes or more is a more powerful predictor of frailty than raw sedentary time or sedentary

time spent in 10 min blocks. The former opens the hypothesis that health consequences of sed-

entary behaviour may be connected to the display of other behaviours. Compositional analysis

of time spent in different behaviours is therefore required to fully understand the impact sed-

entary behaviour may have on health, including frailty among older adults.

Table 2. Linear regression analysis for the association of various sedentary behaviour patterns with frailty in the TSHA study.

Predictors of interest

Models,
(95%CI)

ST (minutes/
day)

ST-10
(number/day)

ST-10
(minutes/day)

ST-10
(proportion)

BST (number/
day)

BST (minutes/
day)

ST-COMPa BST-COMPb

Model† 0.015 (0.004
to 0.027)*

0.044 (-0.371
to 0.459)

0.007 (-0.006
to 0.021)

0.157 (0.079 to
0.234)*

-0.065 (-0.148
to 0.018)

-0.031 (-0.048
to -0.014)*

0.220 (-0.386
to 0.829)

-0.805 (-1.339 to
-0.210)*

R2 0.224 0.223 0.225 0.238 0.227 -0.232 0.224 0.234

†Model, (95%CI): Adjusted for age, gender, comorbidity status (Charlson index), mental health (Mini Mental Scale), and polypharmacy status

ST: Sedentary time; ST-10: 10-min bouts of ST; BST: Breaks in sedentary time; ST-COMP: ST Composite score; BST-COMP: BST Composite score

All predictors of interest were adjusted for wear time
aSum of ST-10 (minutes/day) and ST-10 (number/day) z-scores
bSum of BST (number/day) and BST (minutes/day) z-scores

*Significant at p 0.05

https://doi.org/10.1371/journal.pone.0183911.t002

Fig 1. Frailty trait scale score in different groups. BST: breaks in sedentary time (number/hour); WHO;World Health Organization; PA: physical
activity; MeetingWHOPA guidelines: the accumulation of at least 150 min/week of moderate physical activity or 75 min/week of vigorous physical
activity or equivalent combination of moderate and vigorous physical activity; More BST: BST�P50 (P50 = 4.47); Less BST: BST P50; #: p 0.05.

https://doi.org/10.1371/journal.pone.0183911.g001
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In an attempt to understand more precisely how the pattern of accumulation of sedentary

time may have an impact on frailty scores in older adults, we combined the number and

duration of bouts of 10 minutes or more spent in sedentary time into a novel sedentary time

compositional score. Previous work has shown an association between sedentary behaviour

and frailty status among adults and older adults [15, 16]. Similarly, in order to reflect the

potential combined implication of both duration and number of BST on frailty, a composi-

tional score from the number of and minutes spent in breaks of sedentary time was created

(BST-COMP). Previous work has demonstrated that BST is associated with physical func-

tion and disability in older adults [18, 19]. Our empirical work extends and confirms the

hypothesis that interrupting ST has the potential of enhancing the wider health of individu-

als by demonstrating that not only the number of BST but also duration of those BST may

have an impact on frailty status among older individuals. Collectively, the results from

our study support and extend to frailty the inactivity physiology hypothesis. Future experi-

mental research is warranted to clarify the potential mechanisms underpinning these

associations.

From a public health perspective, reducing sedentary behaviour and engaging in light

physical activity, for instance, by inserting short bouts of activity into otherwise sedentary

periods, may be a more feasible and less challenging approach for older adults than taking

part in more strenuous activities in order to promote health [29]. Our findings reveal that

having fewer breaks in sedentary periods was associated with higher frailty level among the

study sample. The reverse is also true. This is of interest, as only a minor proportion of older

adults meet the WHO PA recommendations (30% in our sample). Therefore, while efforts

on MVPA promotion should be sustained, guidelines for older adults should also reinforce

the idea of breaking up ST more often in order to prevent frailty among this population

group.

Key strengths of the study include the relatively large sample, the objective measures of sed-

entary behaviour patterns, and the inclusion of a novel analytical approach by deriving new

variables that reflects more accurately sedentary behaviour patterns and therefore provide

unique knowledge in the field with potential clinical relevance. The cross-sectional nature of

the research design used does not allow definitive conclusions to be drawn around the causal

relationship between the variables of the study. There are some inherent issues with sedentary

behaviour patterns being derived from accelerometers, such as the use of<100 counts/minute

as a threshold to determine sedentary activities [30] or the use of 1-min epoch length that may

impact the generalization of the results [31]. Despite these limitations, our findings contribute

to the current literature and ongoing discussion on the impact of sedentary behaviour on

frailty among older adults. More research is warranted around the potential effects of activity

insertion of different intensities to prevent frailty in this population group. Moreover, longitu-

dinal experimental designs are necessary to overcome some of the research-design inherent

limitations of this study and confirm the results showed here.

In conclusion, sedentary time, time spent in more active behaviour, and daily proportion of

time spent in sedentary behaviour bouts of 10 minutes or more are associated with frailty in

older people in the TSHA study. Altogether, these results may point to the pathways through

which engaging in frequent, short bouts of activity insertions into otherwise sedentary periods

can attenuate frailty among older adults. Our results suggest that interventions should there-

fore not only be focused on reducing the time spent in sedentary activities but also on how

that time is accrued in order to prevent frailty in older people. However, longitudinal, experi-

mental research, preferably in form of RCT, is required to confirm the causality of the relation-

ships observed in the current study.
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a b s t r a c t

Introduction: The effects of replacing sedentary time with light or moderate- to vigorous-intensity
physical activity on frailty are not well known.
Aim: To examine the mutually independent associations of sedentary time (ST), light-intensity physical
activity (LPA), and moderate- to vigorous-intensity physical activity (MVPA) with frailty status in older
adults.
Methods: A total of 628 people aged �65 years from the Toledo Study of Healthy Aging (TSHA) partici-
pated in this cross-sectional study. Frailty was measured using the Frailty Trait Scale. Hip-worn accel-
erometers were used to capture objective measurements of ST, LPA, and MVPA. Linear regression and
isotemporal substitution analyses were used to examine associations of ST, LPA, and MVPA with frailty
status. Analyses were also stratified by comorbidity.
Results: In single and partition models, LPA and MVPA were negatively associated with frailty. Time in
sedentary behavior was not associated with frailty in these models. In the isotemporal substitution
models, replacing 30 minutes/d of ST with MVPA was associated with a decrease in frailty [b �2.460;
95% confidence interval (CI): �3.782, �1.139]. In contrast, replacing ST with LPA was not associated
with favorable effects on this outcome. However, when the models were stratified by comorbidity,
replacing ST with MVPA had the greatest effect on frailty in both the comorbidity (b �2.556; 95% CI:
�4.451, �0.661) and the no comorbidity group (b �2.535; 95% CI: �4.343, �0.726). Moreover, the
favorable effects of LPA in people with comorbidities was found when replacing 30 minutes/d of ST
with LPA (b �0.568; 95% CI: �1.050, �0.086).
Conclusions: Substituting ST with MVPA is associated with theoretical positive effects on frailty. People
with comorbidity may also benefit from replacing ST with LPA, which may have important clinical im-
plications in order to decrease the levels of physical frailty.
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According to Clegg et al,1 one of the most problematic manifesta-
tions of population ageing is the clinical condition of frailty. In Spain, 1
in 2 people over 65 years are prefrail, and there is a frailty prevalence
of 27.3%, the highest of the 10 European countries tested in the study
of Santos-Eggimann et al.2 Frailty is a multifaceted condition that
coincides with a decreased functional reserve capacity in different
organ systems. Frailty leads to a number of adverse health outcomes,
including disability, falls, hospitalization, and death.1 Frailty syndrome
increases the need of medical and social care of patients and, there-
fore, increases health careederived costs. Consequently, the preven-
tion and reduction of frailty is one of the most important challenges
that public health authorities face in ageing societies.3

Lifestyle is considered one of the keystones in the development of
frailty,4 and increasing physical activity (PA) has been suggested as a
fundamental strategy to prevent the onset, perpetuation, and pro-
gression of this syndrome.5 According to the World Health Organi-
zation,6 all older adults over 65 years should accumulate at least
150 minutes of moderate-intensity aerobic PA, or at least 75 minutes
of vigorous-intensity aerobic PA, or an equivalent combination of both
intensities in 10-minute bouts in order to achieve the health-
enhancing benefits of physical activity. However, relatively few
adults meet the physical activity guidelines, and the odds of doing so
drop as a person ages. Older adults are the most inactive age group,
spending 8.7 minutes/d for males and 5.4 minutes/d for females in
objectively measured moderate- to vigorous-intensity physical activ-
ity (MVPA).7

The negative consequences of sedentary behavior, characterized
by very low energy expenditure (eg, sitting or reclining posture),8 on
health have been recently acknowledged.9,10 Studies in the United
States and Europe report that older adults spend between 60% and
80% of their awake time in sedentary behavior, which represents 8
to 12 hours per day.11,12 It has been previously suggested that
sedentary time (ST) is associated with frailty in the elderly13e15 in-
dependent of MVPA,16,17 but in recent international research con-
cerning sedentary time it is necessary to include health results
relevant to the geriatric population with the quantification of the
dose-response relationship.18

Recently, light-intensity PA (LPA) has been suggested to improve
various health outcomes.19 LPA may be more appealing and feasible
for currently inactive populations. This is relevant among older adults,
where MVPA guidelines are generally not met. Previous research has
demonstrated that in inactive older adults and older adults with
comorbidities (which tend to be less active and more frail), LPA is
associated with better cardiometabolic19,20 and mortality outcomes.21

Whether LPA may reduce the frailty level among older adults with
comorbidities is still unknown.

In addition, the isotemporal substitution approach,22 which has
been recently developed, assumes that activity time in a day is finite
and that performing one activity involves substitution for another.
Depending on the kind of activity that is replaced, the effects on health
may be varied. Despite the recently acknowledged impact of seden-
tary behaviors,13,15 the potential benefits of replacing sedentary be-
haviors with LPA or MVPA on frailty among older adults are largely
unknown. A deeper understanding on how ST and PA interact with
frailty in older adults is highly relevant to public health professionals
for identifying research-informed strategies for prevention and
management of frailty in this population group.

Therefore, the aim of this study was to use the isotemporal sub-
stitution technique to investigate the displacement effect of replacing
ST with LPA and MVPA on frailty status among older adults in the
Toledo Study for Healthy Aging (TSHA). We hypothesized that
replacing ST with MVPA will produce reductions in frailty in both
older adults with and without comorbidities and that LPA will only be
beneficial in older adults with comorbidities.

Methods

Study Design and Participants

This cross-sectional investigation used baseline data from the
TSHA. The complete methodology of the TSHA has been reported
elsewhere.23,24 Briefly, the TSHA is a population prospective cohort
study aimed at studying the determinants and consequences of frailty
in institutionalized and community-dwelling individuals older than
65 years living in the province of Toledo, Spain. Data were collected in
3 stages. In the first stage, 6 psychologists conducted computer-
assisted interviews face-to-face with potential subjects. In the sec-
ond stage, 3 nurses performed a physical examination followed by
clinical and performance tests at the subject’s home. In the third stage,
the participants went to their health center to provide a blood sample
while fasting. At this stage, participants were invited to wear an
accelerometer for a week. Only those who agreed to and wore the
accelerometer were included in the study (n ¼ 628). Data were
collected from July 2012 until June 2014. Signed informed consent was
obtained from all participants. The study was approved by the Clinical
Research Ethics Committee of the Toledo Hospital.

Measurements

Frailty status
The Frailty Trait Scale (FTS)25 was used to assess frailty in this

study. The FTS includes 7 aspects: energy balance and nutrition, ac-
tivity, nervous system, vascular system, weakness, endurance, and
slowness. These domains become operational through 12 items. Each
item score represents a biological trait. Each item ranges from 0 (the
best) to 4 (theworst) except in the “chair test”where the range is from
0 to 5 points because of the necessity of scoring those unable to stand
a single time. When appropriate, items are analyzed according to the
item’s quintile distribution in the population.

To be included in the study, the participants had to overcome at
least 75% (9 of the 12) of the items included in the FTS. The total score
was calculated by adding all the scores in each item divided by total
score for each individual and multiplying by 100, standardizing the
measure to a range from 0 (best score) to 100 (worst score), according
to the formula Total score ¼ (S items score/total score possible by
individual) � 100.

Physical activity and sedentary behavior assessment
Physical activity and sedentary behavior were objectively assessed

by accelerometry (ActiTrainer; ActiGraph, LLC, Fort Walton Beach, FL).
All participants were instructed how to wear an accelerometer on the
left hip during waking hours. Participants wore the accelerometer for
7 consecutive days and removed it during any bathing or swimming
activities. The ActiTrainer device was initialized to collect data using
1-minute epochs. Nonwear time was defined as periods of at least 60
consecutive minutes of zero counts, with allowance for 2 minutes of
counts between zero and 100.26 The study included the results from
participants with at least 4 valid days with at least 480 minutes
(8 hours) of wear time without excessive counts (ie, >20,000 counts).
Accelerometer counts were used to derive the time spent in each in-
tensity band: sedentary behavior (<100 counts/min), light-intensity
physical activity (100-1951 counts/min), and moderate- to vigorous-
intensity physical activity (�1952 counts/min).27 Although there is a
lack of consensus on the use of cut-off points to classify the intensity of
the activity, the cut-off points used in this study are the most
commonly reported in this population group28; this makes our results
comparable to other studies. Minutes spent in each of these 3 be-
haviors were tallied per day and averaged over all available valid days,
expressed as proportions of 24 hours.
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Anthropometrics and confounding variables
Participants self-reported their age, sex, ethnicity, and educational

status. Height and weight were measured using standard procedures.
Body mass index was then calculated as weight (in kilograms)
divided by height-squared (in meters). Waist and hip circumference
were measured using standard procedures.29 Waist-to-hip ratio was
then calculated by dividing waist circumference (cm) by hip
circumference (cm).

The Charlson Comorbidity Index was used to account for comor-
bidity status of participants in the study.30 Diseases included in this
Index and their weighting are myocardial infarction, congestive heart
failure, peripheral vascular disease, dementia, cerebrovascular dis-
ease, chronic lung disease, connective tissue disease, ulcer, chronic

liver disease, diabetes (weight 1); hemiplegia, moderate or severe
kidney disease, diabetes with complication, tumor, leukemia, lym-
phoma (weight 2); moderate or severe liver disease (weight 3);
metastatic solid tumor, and AIDS (weight 6). We also assessed
objective cognitive function using the Mini-Mental State Examina-
tion.31 Finally, the number of prescription and nonprescription drugs
within the Anatomical Therapeutic Chemical (ATC) Classification
System taken by the participant was calculated.32

The Short Physical Performance Battery (SPPB) was used to assess
physical function in this study.33 The SPPBmeasures gait speed (8-foot
walk), standing balance, and lower extremity strength and endurance
(chair rise task). The tests were performed and scored as described in
the original protocol.33

Statistical Analysis

All analyses were performed using the statistical software SPSS,
version 24.0 (IBM Corp, Armonk, NY). Mean (standard deviation) and
frequency (percentage) were provided for continuous and categorical
variables, respectively. Descriptive variables were compared between
included and excluded participants with an independent t test or chi-
square test for continuous and categorical variables, respectively.
Linear regression models were used to examine associations between
time spent (minutes/d) in sedentary behavior, LPA, andMVPAwith the
score in the FTS. Models were adjusted for prespecified covariates
hypothesized to be independently associated with both exposure and
outcome variables, including sex, age, educational status, poly-
pharmacy status, functional fitness (SPPB), waist-to-hip ratio,
comorbidity status (Charlson Index), and cognitive function (Mini-
Mental State Examination). Variance inflation factor was calculated to
quantify the severity of multicollinearity in the regression analyses. All
variance inflation factors were below 10. The Condition Number and
Durbin-Watson statistic were also analyzed. When performing sub-
group analysis by comorbidity status, the Charlson Indexwas removed
from the covariates. Subjects without comorbidity were those who
scored 0 and subjects with comorbidity scored 1 or higher on the
Charlson Index. Three different linear regression models were used.34

The first set of models are single-factor, examining the association of
each intensity category (ST, LPA, andMVPA) with frailty status without
mutual adjustment for other activity categories. The second are
partition models examining the association of each intensity category
while controlling for each of the other categories of activity. The third
are isotemporal substitution models that represent the estimated ef-
fects of substituting ST with an equal amount of time spent in LPA or in
MVPA. In this model, ST was excluded whereas total wear time was
kept constant in the equation.22 For ease of interpretation, 30-minute

Table 1
Comparison of Characteristics in Those Included and Excluded by Accelerometry
From the Study

Included Sample
(n ¼ 519)

Excluded Sample
(n ¼ 65)

P Value

Age, y 78.8 (4.6) 79.0 (4.7) .847
Sex, n (%) .311
Male 234 (45.1) 27 (41.5)
Female 285 (54.9) 38 (58.5)

BMI 30.5 (4.7) 31.1 (5.1) .419
WHR 0.90 (0.11) 0.90 (0.08) .991
Whole body fat mass (%) 36.7 (7.5) 38.0 (6.6) .216
Whole body lean mass (kg) 43.79 (8.23) 43.17 (7.68) .560
Education, n (%) .379
None 213 (41.0) 31 (47.7)
Lower than primary 215 (41.4) 26 (40.0)
Completed primary or more 90 (17.3) 8 (12.3)

Number of drugs 5.1 (2.9) 4.8 (2.6) .481
FTS (0-100) 37.81 (14.17) 41.45 (14.10) .438
SPPB score 8.44 (2.26) 8.40 (2.47) .640
MMSE score 23.02 (4.40) 22.83 (3.98) .756
Charlson Index 1.13 (1.56) 0.80 (1.25) .118
Comorbidity status, n (%) .217
With comorbidity 272 (52.6) 36 (55.4)
Without comorbidity 245 (47.4) 29 (44.6)

Accelerometry
Valid minutes per valid day
of wear time, min

780.71 (84.68) d

SB, % 69.48 (11.52) d

LPA, % 28.30 (10.66) d

MVPA, % 2.21 (2.68) d

Meet WHO Guidelines, n (%)
No 362 (70.4) d

Yes 152 (29.6) d

BMI, body mass index; MMSE, Mini-Mental State Examination; WHO, World Health
Organization; WHR, waist-to-hip ratio.
Values are means (SD), unless otherwise indicated.

Table 2
Single Behavior, Partition, and Isotemporal Substitution Models for Frailty (FTS) in Elderly People (n ¼ 519)

Model Regression Coefficient (95% CI), R2

SB LPA MVPA

Single behaviors (models 1-3) 0.006 (�0.004, 0.016), 0.461 L0.014 (L0.024, �0.004)**, 0.468 L0.094 (�0.136, �0.052)**, 0.481
Partition behaviors (models 4-6) �0.004 (�0.017, 0.08), 0.486 �0.012 (�0.025, 0.000)*, 0.486 L0.086 (�0.129, �0.043)**, 0.486
Isotemporal substitutiona

Replace SB (models 7 and 8) Dropped �0.237 (�0.573, 0.099), 0.486 L2.460 (�3.782, �1.139)**, 0.486

Bold indicates statistical significance (*P < .05, **P < .01). Italics indicates R2 of the model.
Covariates for models included sex, age, educational status, number of drugs, functional fitness (SPPB), waist-to-hip ratio, comorbidity status (Charlson Index), and cognitive
function (Mini-Mental State Examination).
For model 1, SB and covariates were entered in the model.
For model 2, LPA and covariates were entered in the model.
For model 3, MVPA and covariates were entered in the model.
For models 4, 5, and 6, SB, LPA, MVPA, and covariates were entered in the model.
For models 7 and 8, LPA, MVPA, and covariates (plus total behavior time) were entered in the model (sedentary behavior dropped).

aPrior to the regression models, all behavior variables were divided by a constant of 30 so that unit increase in the behavior represented an increase of 30 minutes/d within
the given behavior.
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units were chosen as time units for each behavior. These models as-
sume linear relationships between dependent and independent var-
iables, which were determined prior to performing these analyses.

Results

From the initial sample (n¼ 628), data from 519 participants (male,
45.1%; mean age 78.8 � 4.6 years) were included in the analysis.
Exclusion criteria were missing frailty data (n ¼ 27) or covariates
(n ¼ 17), and insufficient accelerometer wear time data (n ¼ 65).
Descriptive variables between those who were included in the ana-
lyses versus those who were excluded because of insufficient accel-
erometer wear time are presented in Table 1. Compared with the
included sample, excluded participants were not different in any
outcome. For the included sample, participants spent 17.6 minutes per
day of the wear time in MVPA and 224 minutes in LPA on average.
Sedentary time accounted for 69.5% of the wear time (ie,
540.0 � 93.9 minutes).

Table 2 presents single, partition, and isotemporal substitution
models for the associations between specific activity categories and
frailty status after the adjustment for potential confounders.

In single and partition models, LPA and MVPA showed an inverse
relationship with the frailty score, but no association was found be-
tween ST and frailty. In isotemporal substitution models, replacing
30 minutes/d of ST with 30 minutes of MVPA was associated with a
decrease in the frailty score [b �2.460; 95% confidence interval
(CI): �3.782, �1.139]. However, replacing ST with LPA was not asso-
ciated with changes in the frailty score.

Table 3 displays the results of the single, partition, and isotemporal
substitution models for ST, LPA, and MVPA on frailty status divided by
comorbidity status. In people without comorbidity, only MVPA was
associated with a decrease in the frailty score, as shown by the single
and partition models. However, for people with comorbidity LPA
showed an inverse relationship with the frailty score, in addition to
MVPA. Associations were also observed between increased sedentary
time and increased frailty status in the single model in people with
comorbidity.

Reallocating 30 minutes/d of ST to 30 minutes of LPA or MVPA in
people with comorbidity resulted in an estimated reduction in the FTS
(adjusted b �0.568; 95% CI: �1.050, �0.086; adjusted b �2.556; 95%
CI: �4.451, �0.661, respectively). Similarly, replacing 30 minutes/d of
ST with 30 minutes of MVPA showed a decrease in the frailty score
(adjusted b �2.535; 95% CI: �4.343, �0.726) in people without co-
morbidity. However, in people categorized as being without comor-
bidities, the reallocation of 30 minutes/d of ST to 30 minutes of LPA
was not associated with significant changes in the frailty score.

Discussion

This study aimed to investigate the relationship between physical
activity, sedentary behavior, and frailty. We first assessed the asso-
ciation between these factors using a classical approach, then using a
theoretical model, to examine how the displacement of activity of
different intensities is associated with changes in the frailty score
using isotemporal substitution modeling. Our results estimate that
replacing 30 minutes of ST with an equivalent amount of MVPA is
associated with a more theoretically favorable frailty status in older
adults, regardless of comorbidity or physical function status. Equal
time-exchange of ST with LPA is predicted to reduce frailty but only
in older adults with comorbidity (52.6% in our subsample). In addi-
tion, the modeled relationships also suggest potential benefits of LPA
in those with comorbid conditions, which may be a more feasible
and less challenging approach than more strenuous activity.

In our study, we found that replacing sitting time with MVPA
resulted in reductions in the Frailty Trait Scale. This is consistent with Ta
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previous findings where MVPA was associated with frailty even after
controlling for ST.16 MVPA is well known to affect cognitive and
physical outcomes, all known to impact frailty. Supporting our results
are the findings of Song et al17 and Peterson et al,35 which show evi-
dence that ST negatively impacts frailty in older adults. Likewise,
Fanning et al36 only found an improvement in self-regulatory behavior
and executive functioning when 30 minutes of ST was replaced by
30 minutes of MVPA time.

We have found in single and partitionmodels that LPA has a role on
frailty. Some authors have found a positive relationship between LPA
and different outcomes regarding frailty, whereas others have not.
Elkins37 showed that daily time spent in LPA is associated with lower
risk of onset and progression of disability whereas Lee et al38 found a
positive effect of LPA in cognitive status. Jantunen et al39 also showed
that LPA was positively associated with better physical performance.
However, Pau et al40 found that LPA is not the most adequate intensity
to improve daily static and dynamic motor tasks.

As a novelty, our grouping analysis shows that only in people
reporting comorbidities did LPA bring benefits in terms of frailty.
Other studies have shown the beneficial effects of LPA in the iso-
temporal substitution analyses. Ekblom-Bak et al41 showed signifi-
cant lower metabolic syndrome prevalence by replacing 10 minutes
of ST with the same amount of LPA. Similarly, Fishman et al42 and
Schmid et al43 found that replacing 30 minutes of ST with LPA was
associated with significant reduction in mortality risk. Our findings
show that in frail individuals, with low fitness even minimal move-
ment can positively impact health.44 But when a certain fitness level
is reached, more strenuous activity is needed to elicit more beneficial
results.

Despite requiring between 4 to 5 times more LPA to elicit the same
changes in frailty compared with MVPA, according to our estimates,
the benefits of LPA for improving frailty status in those with comor-
bidities is of relevance from a public health perspective as might be a
population, of those with comorbidities, that cannot or do not find
opportunities to (frail older adults spend 84.9% of their daily time in
sedentary behaviors45) become engaged in MVPA successfully. Thus,
replacing ST (eg, television viewing, sitting) with LPA (eg, leisure
walking, active transport) may be a more feasible strategy to reduce
the risk of frailty in older adults with additional disease. Future lon-
gitudinal experimental studies should confirm these results.

This study has several strengths and limitations. The sample in-
cludes a relatively large number of community-dwelling older adults
with objectively assessed frailty and physical activity. However, when
comparing the full cohort with the included sample, there were dif-
ferences in most outcomes used in this study, so caution should be
exercised when interpreting the results. Although there is no estab-
lished gold standard to identify frailty, the Frailty Trait Scale, derived
from the classical model proposed by Fried et al46 in combinationwith
the positive aspects of the Frailty Index of Rockwood et al,47 has been
suggested as a more sensitive scale for detecting changes in the in-
dividual’s biological status.25 The validity of this scale was evaluated
by assessing its associationwith comorbidities, biomarkers associated
with frailty status, and by comparing its predictive value for adverse
events with the 2 most frequently used frailty scales: Frailty Pheno-
type46 and the Frailty Index.47 Although accelerometry has some ad-
vantages over questionnaires and other self-report methods,48 it is not
exempt from error. Waist-worn accelerometers are not able to detect
differences between sitting and standing positions, and therefore the
measurement of ST can be overestimated. In addition, the cut-off
points used in this study and the algorithm chosen to discard zero-
value periods can affect the amount of different physical activity in-
tensity ranges and sedentary behavior.

Causal inferences are limited towing to the cross-sectional nature
of the study. Moreover, isotemporal substitution models represent a
mathematical way of replacing one behavior with another, so the

results should be interpreted with caution. There is therefore a need
for more experimental research in this area, especially in the clinical
setting, in order to better understand the impact of replacing ST with
activity of different intensities on frailty status among older adults.
Another limitation of the study may be the nonmeasurement of sleep,
an important behavior that may affect the associations found in this
study.

Conclusions

In conclusion, this study demonstrates that replacing 30 minutes/
d of sedentary behavior with the same amount of MVPA could bring
benefits in terms of frailty status among older adults. Participants with
comorbidities may also benefit from the substitution of ST by LPA.
From a public health perspective, this is an important message in
order to improve frailty status through increasing LPA, which a priori
seems to be a more feasible approach as opposed to increasing MVPA
in this population group. Future research should move beyond this
hypothetical, observational evidence and identify more-robust indi-
cation of the frailty outcomes of experimentally reallocating time
spent in sedentary behaviors with physical activities of different
intensities.49
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Abstract

Background: Physical activity and sedentary behaviour have been suggested to independently affect a number of
health outcomes. To what extent different combinations of physical activity and sedentary behaviour may influence
physical function and frailty outcomes in older adults is unknown. The aim of this study was to examine the combination
of mutually exclusive categories of accelerometer-measured physical activity and sedentary time on physical function and
frailty in older adults.

Methods: 771 older adults (54% women; 76.8 ± 4.9 years) from the Toledo Study for Healthy Aging participated in this
cross-sectional study. Physical activity and sedentary time were measured by accelerometry. Physically active was defined
as meeting current aerobic guidelines for older adults proposed by the World Health Organization. Low sedentary was
defined as residing in the lowest quartile of the light physical activity-to-sedentary time ratio. Participants were then
classified into one of four mutually exclusive movement patterns: (1) ‘physically active & low sedentary’, (2) ‘physically
active & high sedentary’, (3) ‘physically inactive & low sedentary’, and (4) ‘physically inactive & high sedentary’. The Short
Physical Performance Battery was used to measure physical function and frailty was assessed using the Frailty Trait Scale.

Results: ‘Physically active & low sedentary’ and ‘physically active & high sedentary’ individuals had significantly higher
levels of physical function (β = 1.73 and β = 1.30 respectively; all p < 0.001) and lower frailty (β = − 13.96 and β = − 8.71
respectively; all p < 0.001) compared to ‘physically inactive & high sedentary’ participants. Likewise, ‘physically inactive &
low sedentary’ group had significantly lower frailty (β = − 2.50; p = 0.05), but significance was not reached for physical
function.

Conclusions: We found a dose-response association of the different movement patterns analysed in this study with
physical function and frailty. Meeting the physical activity guidelines was associated with the most beneficial physical
function and frailty profiles in our sample. Among inactive people, more light intensity relative to sedentary time was
associated with better frailty status. These results point out to the possibility of stepwise interventions (i.e. targeting less
strenuous activities) to promote successful aging, particularly in inactive older adults.
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Background
There is compiling evidence showing the benefits of regu-
lar physical activity to improve physical functioning and
reduce frailty among the elderly [1, 2]. Consequently,
physical activity, particularly more strenuous activity is
now routinely recommended in the clinical management
of frailty [2, 3]. Blodgett et al. [4] and Manas et al. [5] have
shown that moderate-to-vigorous physical activity
(MVPA) is inversely associated with frailty and adverse
health outcomes in middle-age (≥50 years) and older
adults (≥65 years), respectively. However, few older adults
meet the physical activity recommendations (i.e., 150min
of moderate intensity aerobic activity, 75min of vigorous
intensity aerobic activity, or an equivalent combination, in
10-min bouts [6]). In fact, previous research has found
that older adults spend between 8 and 12 h of their waking
day sedentary [7]. Sedentary behaviours, such as TV view-
ing, motorized transport, or leisure-time sitting, have been
shown to contribute to adverse health outcomes in older
people, including lower levels of physical functioning and
higher levels of frailty [4, 8–10].
Nevertheless, we are far from a complete understand-

ing of the inter-relationships between MVPA and seden-
tary behaviours and the role they may play on preserving
physical function and reducing frailty levels among older
adults. Several studies have shown that some people can
meet the physical activity recommendations and yet dis-
play high levels of sedentary behaviours. The reverse
could also be true. Thus, different combinations of be-
haviours (i.e. ‘physically active and low sedentary’, ‘phys-
ically active and high sedentary’, ‘physically inactive and
low sedentary’, and ‘physically inactive and high seden-
tary’) are plausible during waking times. Potentially,
these distinct combinations of behaviours may lead to a
gradient of health consequences [11, 12]. For example,
Bakrania et al. [11] found that physically active adults,
even those who spent much of their time on sedentary
behaviours, had better cardiometabolic health than those
who were inactive. It was also suggested that those indi-
viduals with lower sedentary status in the absence of
meeting the physical activity recommendations had bet-
ter cardiometabolic health profile compared to those
with higher sedentary status and that were physically in-
active (i.e. did not meet the physical activity guidelines).
This dose-response pattern has also been confirmed
for biological markers and mortality in previous
studies [12, 13].
Appreciation of potential physical function and frailty

consequences that different combinations of mutually
exclusive waking behaviours may have among older
adults will be advantageous to target successful public
health interventions. For instance, increasing light inten-
sity physical activity could be a feasible approach to im-
prove the physical functioning and reduce the level of

frailty of older adults categorize as inactive and high sed-
entary. Further, if a dose-response exists between the
different movement behaviour patterns and physical
functioning/frailty in older individuals (i.e., if more active
patterns of behaviour are associated with better health
profiles), a gradual range of stepwise interventions can
be proposed. For example, if someone is sitting in the
lowest movement category (i.e., inactive, high sedentary),
we could focus on an intervention that targets sedentary
behaviour first to move that particular person from in-
active, high sedentary to inactive, low sedentary. There
are, however, no existing studies analysing the associa-
tions between mutually exclusive categories of physical
activity and sedentary time with physical function and
frailty in older adults. Therefore, the purpose of this
study was to examine the combination of mutually ex-
clusive categories of accelerometer-measured physical
activity and sedentary time on physical function and
frailty in a community-dwelling sample of older adults.

Methods
Study design and participants
The current study included a sample of 871 community-
dwelling older adults (416 women) from wave 2 (2012 to
2014) and wave 3 (2015 to 2017) of the Toledo Study for
Healthy Aging (TSHA) [14]. The methodology of the
TSHA study has been described in detail elsewhere [5,
15]. Briefly, the TSHA is a population-based prospective
cohort study originally conceived to explore the determi-
nants and consequences of ageing and frailty in older
adults from Toledo, Spain. All participants gave their
written informed consent prior enrolment. All proce-
dures were approved by the Clinical Research Ethics
Committee of the Toledo Hospital and were conducted
in accordance with the Declaration of Helsinki for hu-
man studies.

Measurements
Frailty status
Frailty was assessed by means of the Frailty Trait Scale
(FTS) [16]. The FTS includes 7 domains calculated from
12 items including energy balance and nutrition,
assessed using the body mass index, central obesity
(waist circumference), unintentional weight loss and
serum albumin levels; activity levels, assessed using the
total score of the Physical Activity Scale for the Elderly
[17]; the nervous system performance, evaluated based
on was verbal fluency (estimated by asking the partici-
pants to give names of animals during one minute [18])
and balance (Romberg test [19]); the vascular system,
measured by the brachial-ankle index done with Doppler
ultrasound [20]; weakness, estimated with the grip
strength in the dominant arm and the knee extension
strength [14]; endurance, assessed by the chair stand
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test, which measures the number of times that a person
stands up in 30 s [21]; and slowness, estimated by calcu-
lating the time to walk 3m at a “normal pace” according
to a standard protocol [19]. Scoring is detailed elsewhere
[16]. The Total FTS score ranged from 0 (less frailty) to
100 (more frailty).

Physical Function
The Short Physical Performance Battery (SPPB) was
used to assess physical function in this study [19]. Previ-
ous studies have shown that low scores on the SPPB
have a high predictive value for a wide range of health
consequences comprising disability [22], hospitalization
[23], and death [24].
The SPPB measures gait speed (8-ft walk), standing

balance, and lower extremity strength and endurance
(chair rise task). A maximum of 4 points each for the
balance, chair stand, and gait speed tests may be
awarded, for a score between 0 and 12 (best), in which
only integers are allowed [19].

Physical activity and sedentary time assessment
Physical activity and sedentary time were assessed via
accelerometry (ActiTrainer and ActiGraph wGT3X-BT;
ActiGraph, LLC, Pensacola, FL). Participants were
instructed to wear an accelerometer on the left hip dur-
ing waking hours for 7 consecutive days and to remove
the accelerometer only before going to bed or for water
activities [25]. A valid day was defined as having ≥480
min (≥8 h) of monitor wear, and the study included the
results from participants with at least four valid days
[26, 27]. Accelerometer cut-points for sedentary time
were 0–99 cpm, 100–1951 cpm for light physical activ-
ity, 1952–5724 cpm for moderate physical activity,
and ≥ 5725 cpm for vigorous physical activity based on
previously established cut-points [28]. These cut-off
values have been used in previous analyses from the
TSHA [5, 15]. In addition, moderate physical activity,
vigorous physical activity and MVPA time accumulated
in bouts of ≥10 min, allowing for a two-minute excep-
tion in the intensity threshold, were also derived. The
total minutes in each intensity band were averaged over
the number of valid days to estimate the mean time
spent in each activity band.

Physical activity and sedentary time categories
determination
We followed the methods outlined in Bakrania et al. [11]
to classify participants in this study into 4 mutually ex-
clusive behavioural categories according to their levels of
physical activity and sedentary behaviour. Based on Bak-
rania et al. [11], and other studies [12, 29], the light
physical activity-to-sedentary time ratio was used to
classify participants in this study as low sedentary if they

resided in the first quartile. Given that most of our
sample was expected to be sedentary [7, 15], the
remaining participants (i.e. those in quartiles 2, 3, and 4
of light physical activity-to-sedentary time ratio) were
classified as high sedentary. MVPA status was classified
as ‘physically active’ or ‘physically inactive’ on the basis
of whether or not participants met the WHO (World
Health Organization) physical activity recommendations
for older adults [30]. For this, at least one of these three
premises had to be met: accumulate 150 min of moder-
ate physical activity per week over periods of at least 10
min; accumulate 75 min of vigorous physical activity per
week over periods of at least 10 min, or accumulate 150
min per week of an equivalent combination of MVPA
over periods of at least 10 min.
Based on previous studies [31], four groups of mu-

tually exclusive movement patterns were created: [1]
‘physically active and low sedentary’, [2] ‘physically
active and high sedentary’, [3] ‘physically inactive and
low sedentary’, and [4] ‘physically inactive and high
sedentary’.

Confounding variables
Participants were asked about their age, sex and ethni-
city. Other socio-demographic variables such as educa-
tion, income, and marital status were also self-reported
in face-to-face interviews as described elsewhere [15].

Statistical analysis
Analyses were performed using the statistical software
SPSS version 24.0 (IBM Corp., Armonk, NY). Participant
characteristics of the full sample, stratified by each cat-
egory, were tabulated. Mean (standard deviation) and
frequency (percentage) were provided for continuous
and categorical variables, respectively. Ternary plots with
the three behaviours were generated to show the distri-
bution of the sample compositions using R statistical
system version 3.1.1. To test our hypothesis, a multiple
linear regression analysis with the behavioural category
as independent variable and frailty or physical function
as dependent variable was fitted. Covariates in the model
included: age, sex, education, marital status, and income.
The ‘physically inactive and high sedentary’ category was
selected as the reference category.
Also, the continuous association between time spent in

sedentary activities as well as MVPA with the outcomes of
interest in the study were explored via regression. The
same set of covariates in addition to accelerometer wear
time as well as both continuous MVPA time and seden-
tary status was used.
All analyses were two-sided where p ≤ 0.05 was con-

sidered to be statistically significant.
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Results
Descriptive
Of the 871 eligible subjects, 100 participants had insuffi-
cient accelerometer wear time so 771 participants were
finally included (Table 1).

The sample splits across the four different categories
of movement as follows: [1] ‘physically active and low
sedentary’: n = 38; 4.9%, [2] ‘physically active and high
sedentary’: n = 89; 11.5%, [3] ‘physically inactive and low
sedentary’: n = 154; 20.0%, and [4] ‘physically inactive

Table 1 Participant characteristics

Characteristics Sample ‘Physically active
& low sedentary’

‘Physically active
& high sedentary’

‘Physically inactive
& low sedentary’

‘Physically inactive
& high sedentary’

N = 771 n = 38; 4.9% n = 89; 11.5% n = 154; 20.0% n = 490; 63.6%

Age (years) a 76.8 (4.9) 74.4 (4.0) 74.8 (3.7) 75.9 (4.5) 77.7 (5.1)

Sex b

Male 355 (46.0) 23 (60.5) 62 (69.7) 50 (32.5) 220 (44.9)

Female 416 (54.0) 15 (39.5) 27 (30.3) 104 (67.5) 270 (55.1)

Education b

None 487 (63.2) 19 (50.0) 46 (51.7) 97 (63.0) 325 (66.3)

Primary school 169 (21.9) 11 (28.9) 26 (29.2) 39 (25.3) 93 (19.0)

Secundary or more 109 (14.1) 8 (21.1) 17 (19.1) 16 (10.4) 68 (13.9)

Missing c 6 (0.8) 0 (0.0) 0 (0.0) 2 (1.3) 4 (0.8)

Income b

Low 369 (47.8) 23 (60.5) 45 (50.6) 66 (42.8) 235 (48.0)

Medium 299 (38.8) 11 (29.0) 33 (37.1) 75 (48.7) 180 (36.7)

High 56 (7.3) 3 (7.9) 6 (6.7) 7 (4.6) 40 (8.1)

Missing c 47 (6.1) 1 (2.6) 5 (5.6) 6 (3.9) 35 (7.1)

Marital status b

Single 42 (5.4) 2 (5.3) 1 (1.1) 9 (5.8) 30 (6.1)

Married 541 (70.2) 28 (73.7) 73 (82.0) 112 (72.7) 328 (66.9)

Widowed 171 (22.2) 7 (18.4) 13 (14.6) 30 (19.5) 121 (24.7)

Divorced/Separated 12 (1.6) 1 (2.6) 2 (2.2) 0 (0.0) 9 (1.8)

Missing c 5 (0.6) 0 (0.0) 0 (0.0) 3 (1.9) 2 (2.4)

Body mass index (kg/m2) a 30.3 (4.8) 26.9 (3.8) 28.8 (3.6) 30.2 (4.4) 30.8 (5.0)

Short physical performance battery (points) a 8.4 (3.2) 10.7 (1.6) 10.2 (2.1) 8.4 (2.9) 7.9 (3.4)

Missing c 6 (0.8) 0 (0.0) 0 (0.0) 1 (0.6) 5 (1.0)

Frailty trait scale (points) a 38 (14.5) 23.6 (11.7) 28.9 (11.8) 37.7 (13.9) 40.9 (13.9)

Missing c 22 (2.9) 0 (0.0) 0 (0.0) 4 (2.6) 18 (3.7)

Accelerometer wear time (min/valid day) a 786.0 (82.6) 810.0 (84.3) 828.9 (80.1) 799.9 (81.5) 772.0 (79.6)

Sedentary time (min/valid day) a 539.9 (90.6) 433.2 (46.7) 557.9 (67.4) 447.0 (65.1) 574.0 (76.1)

Light physical activity (min/valid day) a 226.8 (86.2) 311.6 (50.1) 211.9 (44.0) 337.1 (58.4) 188.2 (64.5)

Moderate-to-vigorous physical activity
(min/valid day) a

19.4 (23.8) 65.2 (22.0) 59.1 (23.8) 15.8 (13.8) 9.8 (12.1)

≥ 10-min bouts of moderate-to-vigorous
physical activity (min/day) b

9.6 (17.7) 42.6 (18.2) 42.6 (22.3) 4.3 (6.1) 2.7 (5.1)

Meet WHO guidelines b

Yes 127 (16.5) 38 (100.0) 89 (100.0) 0 (0.0) 0 (0.0)

No 644 (83.5) 0 (0.0) 0 (0.0) 154 (100.0) 490 (100.0)

Light physical activity-to-sedentary time ratio a 0.45 (0.24) 0.72 (0.11) 0.39 (0.09) 0.78 (0.26) 0.34 (0.13)
aContinuous variable; Mean (Standard Deviation)
bCategorical variable; n (Proportion (%))
cMissing data; n (%)
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and high sedentary’: n = 490; 63.6%. Ternary plots repre-
sent the time spent in each movement behaviour at a
time for the different categories (Fig. 1).
Compared to ‘physically inactive and high seden-

tary’ participants, ‘physically active and low sedentary’
and ‘physically active and high sedentary’ individuals
had significantly higher levels of physical functioning
(β = 1.73; confidence interval [CI] = 0.77, 2.68; and
β = 1.30; CI = 0.63, 1.98; respectively; p < 0.001) and
lower frailty trait (β = − 13.96; CI = − 18.31, − 9.62;
and β = − 8.71; CI = − 11.77, − 5.65; respectively; p <
0.001). Furthermore, ‘physically inactive and low

sedentary’ group had significantly lower frailty score
(β = − 2.50; CI = − 4.98, − 0.03; p < 0.05). However, dif-
ferences on physical function between this two
groups were not significant (β = 0.31; CI = − 0.23,
0.84; p = 0.26) (Table 2).
Increased time spent in MVPA was significantly as-

sociated with higher levels of physical functioning
(p < 0.001) and lower frailty trait (p < 0.001). Likewise,
a higher light physical activity-to-sedentary time ratio
was significantly associated with higher physical func-
tioning score (p = 0.03) and lower frailty trait (p =
0.008) (Table 3).

Fig. 1 Ternary plots of the mutually exclusive behavioral categories of time spent in sedentary behavior (SB), light physical activity (LPA) and
moderate-to-vigorous physical activity (MVPA). Low Sedentary: Quartile 1 of the ratio between the average light-intensity physical activity time
and the average sedentary time. High Sedentary: Quartiles 2, 3 or 4 of the ratio between the average light-intensity physical activity time and the
average sedentary time. Physically Active: ≥150min of moderate-to-vigorous physical activity per week. Physically Inactive: < 150min of
moderate-to-vigorous physical activity per week. The overlapped heat map represents the distribution of the data points (the more intense the
color the higher the concentration of data points)
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Discussion
The way in which time packed in a given day remains
relevant for a wide range of health outcomes [32]. Previ-
ous research has identified the cardiometabolic [11] and
mortality outcomes [13] of different movement patterns
in adults and older adults, respectively. This is the first
study assessing the associations of mutually exclusive
categories of accelerometer-derived physical activity and
sedentary time with physical function and frailty in older
adults. The main findings were that participants who en-
gaged in ≥150 min/week of MVPA had more favourable
physical function and frailty profiles than those classified
in the other movement pattern groups, regardless of sed-
entary status. Our results also suggest that engaging in
more light intensity relative to sedentary time may have
a positive impact on physical function and frailty status
on the studied population, even in those individuals
already meeting the physical activity guidelines. This
might provide alternative intervention strategies to im-
prove physical function and prevent frailty, as light activ-
ities are more feasible than more strenuous activity,
particularly among previously inactive individuals.
Previous research have demonstrated that MVPA is ef-

fective to prevent, delay or even reverse functional limi-
tations and frailty among older adults [33]. The present
study provides novel data indicating that older adults
who meet recommended physical activity levels, regard-
less of time spent in light-intensity activities relative to
sedentary activities, have better physical function levels
and frailty status compared to older adults who do not
meet the required physical activity levels. These results

emphasize the importance of engaging in sufficient
MVPA, which could buffer some of the negative conse-
quences of sedentary behaviour in preserving the phys-
ical functionality and reduce frailty in this population
group [34, 35]. A recent meta-analysis involving more
than 1 million adults has shown that engaging in higher
amounts of strenuous activity can eliminate the mortal-
ity risk associated with too much sitting reported else-
where [36]. The association of more intense activity with
fitness levels partially explains why meeting the physical
activity recommendations may overcome the harmful ef-
fects of sedentary behaviours. Thus, cardiovascular
fitness has been proposed as a plausible mechanism me-
diating the relationship between sedentary behaviour
and cardiometabolic health in older adults [37]. More
studies are required to elucidate the role of fitness in the
relationship between MVPA, sedentary behaviour, phys-
ical functioning and frailty in older adults.
Contemporary experimental [38, 39] and observational

[40, 41] evidence emphasizes the health-enhancing role
of light-intensity activities. In a recent meta-analysis by
Chastin et al. [42], light-intensity physical activity
emerged as potentially relevant for cardiometabolic
health and mortality in adults and older adults, in
particular among impaired individuals. Our estimates
suggest that increasing the time in light physical activity
relative to sedentary time has a positive impact on frailty
levels in those considered physically inactive. Other
studies have suggested the potential benefits of replacing
sedentary behaviour with light-intensity physical activity
to reduce frailty in older adults with multiple diseases [5].

Table 2 Categorical associations with physical function and frailty (beta coefficients (95% CIs) and corresponding p-values)

Outcome ‘Physically active
& low sedentary’

‘Physically active
& high sedentary’

‘Physically inactive
& low sedentary’

‘Physically inactive
& high sedentary’

Beta (95% CI) p-value Beta (95% CI) p-value Beta (95% CI) p-value

Short Physical Performance
Battery (n = 765)

1.73 (0.77, 2.68) < 0.001 1.30 (0.63, 1.98) < 0.001 0.31 (−0.31, 0.84) 0.263 Reference

Frailty Trait Scale (n = 749) −13.96 (−18.31, −9.62) < 0.001 −8.71 (−11.77, −5.65) < 0.001 −2.50 (−4.98, −0.03) 0.047 Reference

Adjusted linear regression models were fitted for physical function and frailty outcomes. The models were controlled for: age, sex, education, income and
marital status
Bold indicates statistical significance at α = 0.05

Table 3 Continuous associations with physical function and frailty (beta coefficients (95% CIs) and corresponding p-values)

Outcome Moderate-to-vigorous physical activity time Light physical activity-to-sedentary behavior ratio

Beta (95% CI) a p-value Beta (95% CI) b p-value

Short Physical Performance
Battery (n = 765)

0.03 (0.02, 0.04) < 0.001 0.96 (0.09, 1.82) 0.030

Frailty Trait Scale (n = 749) −0.18 (− 0.22, − 0.14) < 0.001 −5.39 (− 9.34, − 1.44) 0.008

Adjusted linear regression models were fitted for physical function and frailty outcomes. The models were controlled for: age, sex, education, income, marital
status, moderate-to-vigorous physical activity time, light physical activity-to-sedentary time ratio, and accelerometer wear-time.
Bold indicates statistical significance at α = 0.05
aBeta coefficients represent a one minute increase in moderate-to-vigorous physical activity time per day
bBeta coefficients represent a one unit increase in the light physical activity-to-sedentary behavior ratio
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It might be the case that in the more frail and functionally
compromised individuals even small stimulus from light
intensities can benefit their wider health [5]. Collectively,
these findings are policy-relevant. Light-intensity physical
activity is normally naturally embedded into the daily
living of individuals (e.g. walking a dog, doing home
chores or standing up while talking on the phone), there-
fore requiring no mental or physical effort or starting level
to perform such activities, and thereby making light-
intensity activities a pragmatic target for future public in-
terventions to reduce frailty and improve physical function
of older adults, particularly among those inactive (i.e.
83.5% in our sample) and that also depict very high levels
of sedentary time (i.e. 63.6% in our sample) which might
also be the most impaired individuals.
Interestingly, we identified the group meeting the

physical activity guidelines (i.e. active) and showing
higher levels of light intensity relative to sedentary time
as the group with better frailty and physical function
profile in our sample. Others have found similar results
for cardiometabolic health [11] and mortality [13]. Re-
cent epidemiologic evidence suggests that sitting time
has deleterious cardiovascular and metabolic effects that
are independent of whether or not adults meet the phys-
ical activity guidelines [31]. Our results suggest that en-
gaging in more light-intensity activity relative to
sedentary time beyond meeting the physical activity rec-
ommendations can provide with extra benefits in im-
proving physical function and reducing frailty in older
adults. Those individuals in our sample meeting the
physical activity guidelines and engaging in more light-
intensity activities extend their total volume of physical
activity as supposed to those that meet the recom-
mended amount of physical activity yet are sedentary,
which could partially explain the extra benefit associated
to that movement pattern [43]. Thus, promoting light-
intensity activities could be a good approach to increase
the total volume of physical activity and reduce seden-
tary time in those already meeting the physical activity
guidelines, thereby enhancing their health, including in-
creasing physical function and improving their frailty
profile.

Strengths and limitations
The present study has several strengths. First, the study
includes a relatively-large sample of community-dwelling
older adults with advanced age. Although there is no
current established gold standard to determine physical
function and frailty in older adults, the short physical
function battery has positioned as one of the most used
tools to objectively evaluate functional performance
among older adults [44]. Similarly, the Frailty Trait Scale
has been suggested as a more sensitive scale for detect-
ing changes in the individual’s biological status than

previously validated frailty instruments [16]. We also
used accelerometer-measured procedures to assess phys-
ical activity and sedentary time.
Our study has also limitations. Firstly, the cut-off

points used in the study to categorize the activity inten-
sity of participants in the study can lead to a misclassifi-
cation of both physical activity and sedentary time.
However, the cut-off points used in this study are the
most commonly reported in the literature for this age
group [45], which make the results found here compar-
able with other investigations. Furthermore, ActiGraph
devices are not able to discriminate between sitting and
standing changes in the posture [46]. In order to obtain
the activity status, bouts of at least 10 min were used,
which may underestimate the time spent in MVPA.
Nevertheless, further research is needed to consider the
impact of the bout duration on frailty syndrome. Similar
to what Bakrania et al. [11] reported, data could be over-
estimating the sedentary time [47], we therefore decided
to use a more conservative approach for the extraction
of sedentary status based on the behaviour of our popu-
lation, an approach used in previous studies [11].
Loprinzi et al. defined low sedentary status as a positive
light physical activity-to-sedentary time ratio [12]. If we
had used the Loprinzi et al. [12] method, only 2.1% of
our population would have been categorized as low sed-
entary status. This procedure used may have limitations
and strengths. On the one hand, it is not influenced by
the measurement of the accelerometer, but on the other
hand, because is data-driven, may not be applicable to
other populations. The use of this novel approach allows
combining in mutually exclusive categories that best
represent the different plausible combinations of phys-
ical activity and sedentary time within waking hours.
Nonetheless, the cross-sectional nature of the research
design used does not allow definitive conclusions to be
drawn around the causal relationship between the out-
comes of the study.

Conclusions
We observed that physically active older adults had
better physical function and frailty profiles than those
considered physically inactive, even in the presence of
high sedentary time. Higher levels of light-intensity
physical activity relative to sedentary time seems to
provide additional benefits in both physical function and
frailty outcomes among those meeting the physical activ-
ity guidelines. Lower sedentary levels were associated
with decreased frailty in physically inactive participants.
Altogether, our findings reinforce the idea of the health-
enhancing benefits of meeting the current physical activ-
ity guidelines. Also, our results highlight the relevance of
light-intensity physical activity for inactive older adults.
If our results remain experimentally true, light intensity
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physical activity can be promoted as a middle step
intervention among inactive individuals to achieve the
recommended levels of physical activity and improve
their health. We should move beyond observational
studies and confirm our results in well-design longitu-
dinal, experimental studies.
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a b s t r a c t

Objectives: To determine whether or not and to what extent the association between sedentary time and
frailty was moderated by moderate-to-vigorous physical activity in older adults.
Design: Cross-sectional.
Setting: Community-dwelling individuals.
Participants: 749 (403 females and 346 males) white older adults.
Measurements: Sedentary time and moderate-to-vigorous physical activity were measured with accel-
erometers. Frailty was objectively measured using the Frailty Trait Scale. All models were adjusted for
age, sex, education, income, marital status, body mass index, moderate-to-vigorous physical activity, and
accelerometer wear time.
Results: The regression model reported a significant effect of sedentary time on frailty (P < .05).
Nevertheless, the results indicated that moderate-to-vigorous physical activity moderates the relation-
ship between frailty status and sedentary time. The Johnson-Neyman technique determined that the
estimated moderate-to-vigorous physical activity point was 27.25 minutes/d, fromwhich sedentary time
has no significant effect on frailty.
Conclusions:Moderate-to-vigorous physical activity is a moderator in the relationship between sedentary
time and frailty in older adults, offsetting the harmful effects of sedentary behavior with 27 minutes/d of
moderate-to-vigorous activity. Engaging in moderate-to-vigorous physical activities should be encour-
aged. Reducing sedentary behavior may also be beneficial, particularly among inactive older adults.

� 2018 AMDA e The Society for Post-Acute and Long-Term Care Medicine.

Frailty is considered a condition of increased vulnerability as a
consequence of aging-associated decline in reserve and function across
multiple physiologic systems1 and is associated with increased disability,

hospitalization, and death.2 Therefore, in an aging society, prevention of
frailty and reduction of its consequences is one of the most important
challenges that public health authorities face in the 21st century.
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Promoting physical activity, particularly of moderate-to-vigorous
intensity, is central to prevent the onset, perpetuation, and progres-
sion of frailty.3 On the other hand, some evidence has identified
sedentary behavior as an important predictor of healthy aging.4 For
example, Dogra and Stathokostas5 found a dose-dependent relation-
ship between sedentary behavior and different components of suc-
cessful aging among middle-aged and older adults. A number of
existing studies, but not all, have claimed that the detrimental asso-
ciations between sedentary behavior and health outcomes are inde-
pendent of physical activity levels.6 Authors such as Song et al7 and
Blodgett et al8 have confirmed these associations also for frailty out-
comes. However, the relationships between physical activity, seden-
tary behavior, and health outcomes are far more complex. In fact,
more recent evidence has suggested that the negative consequences
of sedentary behavior on older adults can be mitigated with adequate
physical activity levels. For example, Garcia-Hermoso et al9 demon-
strated that moderate-to-vigorous physical activity attenuated the
relationship between self-reported sitting time and cognitive function
in a nationally representative sample of 954 community-dwelling
older adults. Others have shown that the effects of sedentary
behavior even disappear after consideration of time spent in
moderate-to-vigorous physical activity. Beyond these associations, a
recent meta-analysis with 1,005,791 individuals concluded that high
levels of moderate-to-vigorous physical activity eliminate the
increased risk of death associated with sitting time.10 Whether
physical activity can ameliorate or even offset the negative conse-
quences of sedentary behavior on frailty in older adults remains un-
known. This study aimed to determine whether or not and to what
extent the detrimental effects of sedentary behavior on frailty were
moderated by moderate-to-vigorous physical activity in a sample of
749 community-dwelling older adults measured with accelerometers.

Methods

Study Design and Participants

This cross-sectional investigation considered data from 871 older
adults (395 men) interviewed between 2012 and 2017 in the Toledo
Study for Healthy Aging (TSHA), a Spanish population-based pro-
spective cohort study involving men and women older than 65 years
and for which the primary aim was the study of the ageing process.
The full methodology of the TSHA has been previously described.11 All
participants provided written consent for partaking in the current
study before enrolment. The Clinical Research Ethics Committee of the
Toledo Hospital approved the research protocol.

Measurements

Frailty status
The Frailty Trait Scale (FTS)12 was used to measure frailty in this

study. The FTS assessed 7 aspects including energy balance and nutri-
tion, physical activity, nervous system, vascular system, weakness,
endurance, and slowness. These domains become operational through
12 items. Each itemscore represents a biological trait. Only participants
with at least data on 75% (9 of the 12) of the items included in the FTS
were included in the study. The total scorewasdeterminedaccording to
the formula: Total score ¼ (S items score/total score possible by indi-
vidual)*100. Therefore, the total FTS score ranged from0 (best score) to
100 (worst score).

Physical activity and sedentary behavior assessment
Physical activity and sedentary behavior were assessed during 7

consecutive days by accelerometry (ActiTrainer and ActiGraph
wGT3X-BT; ActiGraph, LLC, Pensacola, FL). All participants wore the
accelerometer in an elastic waistband on the left hip during waking

hours, exceptwhile bathing or swimming. Monitors were set to record
accelerometer counts in 1-minute epochs. Nonwear time was defined
as 60 consecutive minutes or longer of zero-intensity counts, with no
more than 2 minutes of counts between zero and 100.13 The study
included data only from participants with at least 4 valid days with 8
or more hours per day of wear time. The intensity threshold for
sedentary behaviors was <100 cpm, whereas moderate-to-vigorous
physical activity was defined as �1952 cpm.14 The values were aver-
aged over the number of valid days to derive an estimate of the mean
time (minutes) spent in sedentary behavior andmoderate-to-vigorous
physical activity per day.

Anthropometrics and confounding variables
Height was measured to the nearest centimeter using a stadi-

ometer (Seca 711 Scales, Hamburg, Germany), and weight was
measured with a SECA precision scale (Seca 711 Scales, Hamburg,
Germany). Individuals removed their shoes, socks, and heavy clothes
prior to weighing. Body mass index was calculated as weight (in ki-
lograms) divided by height (in meters) squared.

Participants self-reported their age, sex, and ethnicity. Education
(no studies, primary school completed, secondary school completed
or more), marital status (single, married/living together, widowed,
divorced/separated), and income (it was coded into 3 categories
ranging from any income to V3000/mo) were also self-reported in
face-to-face interviews.

Analytical approach
Statistical analyses were conducted using R software (R project

version 3.5.1). Summary statistics were used to describe variables of
interest. Significance levels were set at P < .05. A multiple linear
regressionwas conducted to determine the associations between time
per day spent in sedentary behavior and frailty in the sample popu-
lation. An interaction term was then included in the equation to test
the moderation effects of moderate-to-vigorous physical activity in
the sedentary behaviorefrailty relationship. Lastly, the Johnson-
Neyman technique15,16 was used to elucidate the moderate-to-
vigorous physical activity values in which a significant and nonsig-
nificant relationship exists between sedentary behavior and frailty in
the sample population. To confirm the robustness of our estimates,

Table 1
Participant Characteristics

Characteristics Sample (N ¼ 749)

Age, y* 76.7 (4.9)
Sexy

Male 346 (46.2)
Female 403 (53.8)

Educationy

None 471 (62.9)
Primary school 169 (22.6)
Secondary or more 109 (14.5)

Incomey

Low 381 (50.9)
Medium 310 (41.4)
High 58 (7.7)

Marital statusy

Single 41 (5.5)
Married 530 (70.8)
Widowed 166 (22.1)
Divorced/separated 12 (1.6)

Body mass index* 30.3 (4.8)
Frailty Trait Scale, points* 38.0 (14.5)
Accelerometer wear time, min/valid day* 786.6 (83.0)
Sedentary time, min/valid day* 538.7 (90.3)
Moderate-to-vigorous physical activity, min/valid day* 19.7 (23.9)

*Continuous variable; mean (standard deviation).
yCategorical variable; n (%).
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rank-based regression analyses were performed. All models above
were adjusted for age, sex, education, income, marital status, body
mass index, moderate-to-vigorous physical activity, and accelerom-
eter wear time.

Results

Characteristics of the participants are shown in Table 1. Of the 871
eligible subjects with all the data collected, 749 participants in total
were included in all analyses. Reasons to exclude participants were
insufficient accelerometer wear time data (n ¼ 100) and missing data
related to frailty (n¼ 22). Appendix 1 shows the relationship between
sedentary time and moderate-to-vigorous physical activity with
frailty in our sample.

The mean age of participants was 76.7 (standard deviation 4.9)
years and of those, 54.0% were women. The FTS ranged from 4.4 to
86.7 points, with a mean of 38.0 (standard deviation 14.5) points. On
average, participants spent 538.7 minutes/d (68.5%) in sedentary be-
haviors and 19.7 minutes/d (2.5%) in moderate-to-vigorous activities.

In the crudemodels, therewas a statistically significant association
between sedentary behavior and frailty in our study sample (b¼ 0.207
[95% confidence interval {CI} 0.115, 0.299], P < .001). The sedentary

behavior � moderate-to-vigorous physical activity interaction term
contributed uniquely to the model (b ¼ �0.422 [�0.830, �0.014],
P ¼ .042). These associations remained significant after adjusting for
the potential covariates (b ¼ 0.152 [0.066, 0.238], P ¼ .006), for
sedentary behavior and frailty and b ¼ �0.391 (�0.762, �0.021),
P ¼ .039 for the interaction. The Johnson-Neyman technique revealed
a significant relationship between sedentary behavior and frailty
when moderate-to-vigorous physical activity levels were below
27.25 minutes/d (P < .05; 72% of sample) but not at higher levels
(P � .05; 28% of sample). The strength of this inverse relationship
decreased as moderate-to-vigorous physical activity levels increased
(see Figure 1).

Similar results were obtained for the robustness analyses per-
formed (data available on request).

Discussion

The main finding of the current study was that 27 minutes/d of
moderate-to-vigorous physical activity eliminated the increased risk
of frailty associated with sedentary time.

The detrimental health consequences of sedentary behavior have
been demonstrated for a range of health outcomes such as metabolic

Fig. 1. Conditional effect of sedentary time on frailty as function of moderate-to-vigorous physical activity. The dashed blue vertical line (MVPA ¼ 27.25) represents the point where
the relationship between frailty status and sedentary time transitions from statistically significant to nonsignificant and is determined using the Johnson-Neyman technique. The
dashed red vertical line represents the amount of MVPA required to meet the WHO physical activity recommendations. MVPA, moderate-to-vigorous physical activity.

A. Mañas et al. / JAMDA xxx (2019) 1e5 3



syndrome, waist circumference, and overweight/obesity.4 For
example, Gao et al17 found that greater time spent viewing television
was associatedwith highwaist-to-hip ratio, and Gennuso et al18 found
that more time spent in objectively measured sedentary behavior was
associated with a high waist circumference and body mass index. This
damaging effect of time spent in sedentary activities seems to be
confirmed for frailty in older adults7,8,19,20 and remains true also in our
sample. Several factors such as loss of maximal aerobic capacity and
muscle strength, decreased cognitive function, dysfunction of the
immune system, and damaged metabolic function or weight gain may
partially explain these associations.21

The main contribution of our study is the confirmation of the
moderating role of physical activity on the sedentary behaviorefrailty
association. Our results suggest that engagement in 27 minutes/d of
moderate-to-vigorous physical activity could eliminate the negative
consequences of spending too much time in otherwise sedentary ac-
tivities. Recent evidence in Chilean older adults also suggests that
more intense physical activity attenuates the negative effects of sitting
time on cognition.9 This estimated protective role of physical activity
has also been confirmed in a large meta-analysis with more than 1
million adults and older adults.10 The former study suggests that in
highly physically active people (ie, participants accumulating 60-
75 minutes/d of moderate-to-vigorous physical activity), sitting time
was no longer a predictive factor of all-cause mortality. Also, Theou
et al22 reported that in active individuals over 50 years old, sedentary
time does not affect the risk of mortality, regardless the level of frailty.
Altogether, these findings seem to reinforce the idea of increasing
moderate-to-vigorous activity to offset the harmfulness that seden-
tary time may have on frailty in older adults. Future studies need to
confirm our results in longitudinal, experimental studies.

Despite the well-established health benefits,23,24 engaging in more
moderate-to-vigorous physical activity may not be feasible for all
older adults. In fact, only 28% in our sample met the suggested
threshold of 27 minutes/d of moderate-to-vigorous activity (which is
6 minutes/d above the current physical activity guidelines) necessary
to theoretically offset the impact of sedentary behavior on frailty. A
recent systematic review and meta-analysis25 concluded that replac-
ing accelerometer-assessed sedentary time with light-intensity ac-
tivities is a feasible health-enhancing strategy, particularly among
previously sedentary individuals. A previous study also demonstrated
that replacing sedentary behavior with light-intensity activities can
reduce the frailty levels among vulnerable older adults.26 Our esti-
mations confirm the benefits of reducing sedentary behavior to reduce
frailty levels among inactive older adults (ie, 68% of the sample in the
current study). Some studies have also demonstrated that reductions
in sedentary behavior (ie, short breaks of light activity into otherwise
inactive periods) are possible27 and have the potential of improving
the physical function of older individuals.28e31 Collectively, these
findings indicate that both increasing moderate-to-vigorous physical
activity and reducing sedentary time should be encouraged to reduce
frailty among older adults. The inclusion of strategies to reduce time
spent sitting and increase time spent in light-intensity activities to
reduce frailty may be of particular interest among the most inactive
older adults and could be taken as a first, feasible step toward accu-
mulation of more moderate-to-vigorous physical activity throughout
the day.

Strengths and Limitations

An important strength of our study is that it includes a relatively
large sample of community-dwelling older adults with accelerometer-
derived sedentary behavior and physical activity estimations. Also,
although there is no established gold standard to identify frailty, the
Frailty Trait Scale has been suggested as a more sensitive scale for
detecting comorbidities, biomarkers, and adverse events associated

with frailty than previously validated frailty scales such as Frailty
Phenotype32 and the Frailty Index.33 Some limitations have to be
acknowledged. Despite the validity and widespread use of acceler-
ometers to assess physical activity in free living conditions, these
devices are not able to discriminate between sitting and standing34 or
activity type, thus potentially biasing the estimations in our study. The
cross-sectional nature of the observations does not allow definitive
conclusions to be drawn around the causal relationship between the
variables of interest. Additional evidence is required to extend these
findings using longitudinal and experimental data.

Conclusions

The present study shows that moderate-to-vigorous physical ac-
tivity is a moderator in the relationship between sedentary time and
frailty in older adults, offsetting the harmful effects of sedentary
behavior with 27 minutes/d of moderate-to-vigorous physical activity.
Whenever possible, efforts should be directed toward the promotion
of moderate-to-vigorous physical activity in older adults. Also,
reducing sedentary behavior may be beneficial, particularly in those
engaging in less-intense activity throughout the day.
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Abstract 22 

Background: There has been limited longitudinal assessment of the relationship 23 

between moderate-to-vigorous physical activity (MVPA) or sedentary behavior (SB) 24 

with frailty and no studies have explored the possibility of reverse causality. This study 25 

aimed to determine the potential bidirectionality of the relationship between 26 

accelerometer-assessed MVPA, SB and frailty over time in older adults. 27 

Methods: Participants were from the Toledo Study for Healthy Aging. We analyzed 186 28 

older people aged 67 to 90 (76.7 ± 3.9; 52.7% females) over a 4-year period. Time spent 29 

in SB and MVPA was assessed by accelerometry. Frailty Trait Scale (FTS) was used to 30 

determine frailty levels. A cross-lagged panel model design was used to test the 31 

reciprocal relationships between MVPA/SB and frailty. 32 

Results: FTS score changed from 35.4 to 43.8 points between the two times (p < 0.05). 33 

We also found a reduction of 7 min/day in the time spent on MVPA (p < 0.05), and 34 

participants tended to spend more time on SB (p = 0.076). Our analyses revealed that 35 

lower levels of initial MVPA predicted higher levels of later frailty (std. β = -0.126; CI 36 

= -0.231, -0.021; p < 0.05); whereas initial spent time on SB did not predict later frailty 37 

(std. β = -0.049; CI = -0.185, 0.087; p = 0.48). Conversely, an initial increased frailty 38 

status predicted higher levels of later SB (std. β = 0.167; CI = 0.026, 0.307; p < 0.05), 39 

but not those of MVPA (std. β = 0.071; CI = -0.033, 0.175; p = 0.18). 40 

Conclusions: Our observations suggest that the relationship between MVPA/SB and 41 

frailty is unidirectional: individuals who spent less time on MVPA at baseline are more 42 

likely to increase their frailty score, and individuals who are more frail are more likely 43 

to spent more time on SB at follow-up. Interventions and policies should aim to increase 44 

MVPA levels from earlier stages to promote successful aging. 45 
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Introduction 66 

Globally, the population aged 65 and over is growing faster than all other age groups [1, 67 

2]. One of the most remarkable changes in body composition related to aging is the loss 68 

of skeletal muscle (i.e., sarcopenia) [3]. Frailty, defined as a condition of increased 69 

vulnerability associated with aging, and sarcopenia have been linked because both can 70 

lead to disability, hospitalization and premature death [4-6]. Sarcopenia has been 71 

considered both as the biological substrate for the development of physical frailty and 72 

the pathway through which adverse health-related outcomes of physical frailty occur 73 

[7]. Consequently, interventions to reduce the burden associated with frailty should be 74 

focused, among others, on skeletal muscle and its functionality [8]. 75 

Increasing physical activity and reducing the levels of sedentary behavior has been 76 

suggested to be a key strategy to attenuate the declines in muscle mass and physical 77 

function associated with aging, and may also delay the clinical symptoms of frailty in 78 

older adults [9]. Several cross-sectional studies suggest that objectively-assessed 79 

moderate-to-vigorous physical activity (MVPA) and sedentary behavior (SB) are related 80 

with frailty in middle- to older-aged adults [10-13]. Nonetheless, a major limitation of 81 

the existing evidence is that it mainly relies on cross-sectional designs, thus precluding 82 

us from making any causal inferences due to the inability of establishing the temporal 83 

sequence of the effects of MVPA or SB on frailty outcomes. 84 

Therefore, longitudinal studies are essential because they provide an opportunity to 85 

explore in more detail the causal direction of the associations between MVPA or SB 86 

and frailty, knowledge which could then contribute to the development of intervention 87 

strategies to favor successful aging outcomes, including frailty and associated 88 

symptoms. To date, most of the existing longitudinal studies found a positive 89 

association between SB and frailty [14, 15] and an inverse association for MVPA and 90 
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frailty [16]. For example, a longitudinal study in two Spanish cohorts of community-91 

dwelling older adults reported baseline television viewing time was also associated with 92 

frailty at 4-years follow-up [17]. Nevertheless, all of these studies used self-report 93 

methods to assess the movement behavior of interest. Song et al. [18] showed a 94 

relationship between objectively-assessed sedentary time and development of physical 95 

frailty. However, an important caveat with this study is that used gait speed as a proxy 96 

measure of frailty, thus could not capture the multidimensional nature of frailty [4]. To 97 

our knowledge, there is no longitudinal study that has objectively measured both frailty 98 

and MVPA/SB. 99 

The relationships between physical activity, sedentary time and frailty are further 100 

complicated by the possibility of reverse causality [16, 19]. In all previous longitudinal 101 

studies, whether using objective or subjective measures of the variables of interest, the 102 

authors investigated the prospective associations of MVPA or SB with frailty, not 103 

taking into account the potential reverse or temporal order in the causality chain. We 104 

cannot rule out the possibility that a high level of frailty can be associated with lower 105 

levels of physical activity and a greater amount of sedentary time at a future time. The 106 

reverse may also be true. Estimating the temporal ordering, and potential 107 

bidirectionality of the association of SB and MVPA with frailty would be advantageous 108 

to inform subsequent interventions aimed at reducing the burden of frailty among the 109 

older population. However, no studies exist investigating this issue.  110 

With fill in this gap by examining the longitudinal association of accelerometer-111 

assessed MVPA and SB with frailty over a period of 4-years in a population sample of 112 

older adults from the Toledo Study of Health Aging (TSHA). In doing so, we applied a 113 

cross-lagged panel model, a statistical technique appropriate for the context and aims of 114 

the current study  [20, 21]. Specifically, this study examined whether MVPA or SB 115 
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predicted frailty in the future and whether frailty predicted subsequent movement 116 

behaviors (or both). As far as we know, this is the first study that has examined the 117 

potentially reciprocal relationships between movement behaviors and frailty in older 118 

adults. In the current study, four hypotheses were tested: 119 

H0: Frailty does not predict changes in SB/MVPA, and SB/MVPA does not predict 120 

changes in frailty. 121 

H1: Frailty predicts changes in SB/MVPA, but SB/MVPA does not predict changes in 122 

frailty. 123 

H2: SB/MVPA predicts changes in frailty, but frailty does not predict changes in 124 

SB/MVPA. 125 

H3: SB/MVPA and frailty have a reciprocal relationship - frailty predicts changes in SB/ 126 

MVPA, and SB/ MVPA predicts changes in frailty. 127 

 128 

Methods 129 

Study Design and Participants 130 

This is a longitudinal study consisting of two data collection waves separated by 4-years 131 

(3.8 ± 0.8 years). This investigation used data from the second and third wave of the 132 

TSHA. Details of the protocol of the TSHA is described elsewhere [22, 23]. Briefly, the 133 

TSHA is a population prospective cohort study aimed at studying the determinants and 134 

consequences of frailty in institutionalized and community-dwelling individuals older 135 

than 65 years living in the province of Toledo, Spain. In the current study a subsample 136 

of the TSHA with accelerometer data was included. A total of 277 men and 351 women 137 

over 65 years of age at baseline, although 494 participants concluded the three stages of 138 
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assessment and provide with valid data for the analyses [224 men (45.3%)]. The first 139 

time point of assessment for this study started in July 2012 and lasted until June 2014. 140 

In the first stage, six psychologists conducted computer-assisted interviews face to face 141 

with potential subjects. In the second stage, three nurses performed a physical 142 

examination followed by clinical and performance tests at the subject’s home. In the 143 

third stage, the participants were invited to wear an accelerometer for a week. 144 

Participants were contacted again in 2015 and invited to participate in a follow-up study 145 

conducted between May 2015 and July 2017 [24]. After the follow up, 200 participants 146 

(59.5% missing) completed the second evaluation. However, 186 subjects (88 men 147 

(47.3%) with complete data on all exposures, outcomes and ≥80% covariates were 148 

included in the final analyses of this study (see Figure 1 for the study participant flow 149 

diagram). Signed informed consent was obtained from all participants prior 150 

participation in the study. The study was approved by the Clinical Research Ethics 151 

Committee of the Toledo Hospital, which was conducted according to the ethical 152 

standards defined in the 1964 Declaration of Helsinki. 153 

Measurements 154 

Frailty status 155 

The Frailty Trait Scale (FTS) [25] was used to assess frailty in this study. The FTS 156 

includes 7 aspects: energy balance and nutrition, activity, nervous system, vascular 157 

system, weakness, endurance, and slowness. These domains become operational 158 

through 12 items: 159 

Body mass index, central obesity (waist circumference), unintentional weight loss and 160 

serum albumin level were used to assess energy balance and nutrition. 161 
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Activity was assessed using the total score of the Physical Activity Scale for the Elderly 162 

[26].  163 

The nervous system was calculated by considering verbal fluency and balance. Verbal 164 

fluency was estimated by asking the participants to give names of animals during one 165 

minute [27]. Balance was measured by Romberg test [28]. 166 

The vascular system was measured by the brachial-ankle index done with Doppler 167 

ultrasound [29]. 168 

Weakness was estimated assessing grip strength in the dominant arm and the knee 169 

extension strength [23]. 170 

Endurance was assessed by the chair stand test, which measures the number of times 171 

that a person stands up in 30 seconds [30]. 172 

Slowness was estimated by calculating the time to walk 3 m at a “normal pace” 173 

according to a standard protocol [28]. 174 

Each item score represents a biological trait and ranges from 0 (the best) to 4 (the 175 

worst), except in the “chair test” where the range is from 0 to 5 points because of the 176 

necessity of scoring those unable to stand a single time. When appropriate, items are 177 

analyzed according to the item’s quintile distribution in the population.  178 

To be included in the study, the participants had to overcome at least 75% (9 of the 12) 179 

of the items included in the FTS [25]. The total score was calculated by adding all the 180 

scores in each item divided by total score for each individual and multiplying by 100, 181 

standardizing the measure to a range from 0 (best score) to 100 (worst score), according 182 

to the formula Total score = (Σ items score/total score possible by individual)*100. 183 

 184 
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Physical activity and sedentary behavior assessment 185 

The ActiGraph accelerometer ActiTrainer and wGT3X-BT (ActiGraph, LLC, 186 

Pensacola, FL) were used to assess the participants’ physical activity and SB levels 187 

during a week as previously described [11]. In brief, participants were instructed to 188 

wear an accelerometer on the left hip during waking hours, with exception for water 189 

activities. The devices were initialized to collect data using one-minute epochs and all 190 

data were collected using the vertical axis collection mode. Inclusion criteria comprised 191 

at least 4 days with at least 8 hours recorded per day without excessive counts (i.e., 192 

>20,000 counts) [31]. Non-wear time was defined as a minimum of 60 minutes with 193 

allowance of 1‐2 minutes of counts below 100 counts [32]. Daily average times spent in 194 

SB (<100 counts/min) and MVPA (≥1952 counts/min) were derived according to 195 

previous work [33]. Although there is a lack of consensus on the use of cut-off points to 196 

classify the intensity of the activity, the cut-off points used in this study are the most 197 

commonly reported in this population group [34], this makes our results comparable to 198 

other studies. Minutes spent in each of these three behaviors were tallied per day and 199 

averaged over all available valid days. 200 

Anthropometrics and confounding variables 201 

Height was measured to the nearest centimeter using a stadiometer (Seca 711 scales, 202 

Hamburg, Germany), and weight was measured with a SECA precision scale (Seca 711 203 

scales, Hamburg, Germany). Individuals removed their shoes, socks and heavy clothes 204 

prior to weighing. Body mass index (BMI) was calculated as weight (kg) divided by 205 

height squared (m2). 206 

Participants self-reported their age, sex and ethnicity. Education (no studies, primary 207 

school completed, secondary school completed or more), marital status (single, 208 
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married/living together, widowed, divorced/separated), and income (it was coded into 3 209 

categories ranging from any income to 3000€/month) were also self-reported in face-to-210 

face interviews. We also evaluated objective cognitive function using the Mini-Mental 211 

State Examination (MMSE) [35]. 212 

Statistical analysis 213 

Preliminary analyses examined variable distributions, sample characteristics and 214 

attrition using R software (R project version 3.5.1). Descriptive variables were 215 

compared between participants retained with those of participants not retained from 216 

wave1-wave2 with an independent t test or chi-square test for continuous and 217 

categorical variables, respectively. Descriptive statistics (mean and standard deviation 218 

(SD) for continuous variables and as frequencies and percentages for categorical 219 

variables) were calculated for all outcome measurements. Comparison between baseline 220 

and follow-up time continuous variables was performed using a paired sample t-test. 221 

We tested our hypotheses using structural equation modeling with maximum likelihood 222 

estimation using functions from the R package Lavaan [36]. Full information maximum 223 

likelihood was used to provide unbiased and efficient estimates of the parameters of 224 

interest missingness at random [37]. Two cross-lagged panel models were used to test 225 

the hypothesis of the study. A cross-lagged panel model was implemented to test the 226 

relationships between SB and frailty status across the two time points for the present 227 

study (i.e., initial assessment and 4-year follow-up). The second cross-lagged panel 228 

model was used to test the relationships between MVPA and frailty status. The null 229 

hypotheses would be supported if neither of the coefficients associated with the cross 230 

paths were significantly different from zero. If the cross path towards frailty in time 2, 231 

but not towards SB/MVPA in time 2, was significant, then H1 would be supported. If it 232 

were the reverse of the latter, then H2 would be supported. Finally, if both paths were 233 
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significant, then H3 would be supported. Analyses included sex as time-invariant 234 

variable; in addition, age, education, marital status, income, BMI, MMSE, and 235 

accelerometer wear time were allowed to be time-varying covariates (i.e., allowing for 236 

possible changes in these measures from initial assessment to follow-up). Among the 237 

strengths of using a cross-lagged panel approach is that it allows simultaneous analysis 238 

of the two dependent outcomes, thereby permitting the identification of possible 239 

bidirectional associations over time. Model fit was assessed using a selection of fit 240 

indices and criteria: root mean square error of approximation (RMSEA) (≤0.06), 241 

standardized root mean square residual (SRMR) (≤0.08), confirmatory fit index (CFI) 242 

(≥0.95), and Tucker-Lewis index (TLI) (≥0.95) [38]. 243 

 244 

Results 245 

Attrition/missing data across time points 246 

Participants decreased from 494 with complete data at baseline to 186 with complete 247 

data at follow-up assessment (see Figure 1). The causes and numbers who were lost to 248 

the follow-up assessment were death (n = 42), refusal (n = 225), and could not be 249 

located (n = 27). Additional missing data were lost by insufficient accelerometer wear 250 

time data (n = 9), missing frailty data (n = 2) or losing more than 80% of the covariates 251 

(n = 3). Compared with the retained sample, participants who dropped the study at 4-252 

year follow-up were significantly older, less educated and spent more time on SB 253 

(Supplementary File 1). Also, MVPA had a trend toward significance reductions in 254 

those participants. Missing data were addressed using a full information maximum 255 

likelihood algorithm, as recommended elsewhere [39].  256 

 257 
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Descriptive statistics 258 

Means and standard deviations for MVPA, SB and frailty as well as confounders at each 259 

of the two time-points of assessment (namely T1 and T2) for the present study are 260 

shown in Table 1. At baseline, participants had a mean age of 76.68 (SD = 3.90), a 261 

mean FTS of 35.35 (SD = 13.94), and a mean time (min/day) spent on SB of 530.18 262 

(SD = 84.86), and MVPA of 20.12 (SD = 23.30). FTS score declined significantly 263 

between T1 and T2 (p<0.05). It was found that participants tended to spend more time 264 

on SB (p=0.076), and there was a significant reduction in the time spent on MVPA 265 

between the two times (p<0.05). BMI and MSSE also decreased significantly at both 266 

time points (p<0.05).  267 

Cross-lagged panel model 1: Moderate-to-vigorous physical activity 268 

Figure 2 shows the final cross-lagged model. The data fit the model well (RMSEA = 269 

0.000; SRMR = 0.013; CFI = 1.000; TLI = 1.023). The largest effects on T2 MVPA and 270 

T2 frailty were those determined by the autoregressive pathways. That is, past MVPA 271 

and frailty scores predicted future MVPA and frailty scores respectively. The cross-272 

lagged effect from MVPA at T1 to frailty status at T2 was statistically significant 273 

(standardized regression coefficient of -0.126; 95% Confidence Interval [CI] = -0.231, -274 

0.021; p<0.05), indicating that higher levels of MVPA at baseline predicted lower 275 

frailty score 4-years later, adjusting for baseline frailty status. In contrast, the cross-276 

lagged effect from frailty status to MVPA was not statistically significant (standardized 277 

regression coefficient of -0.049; 95% CI = -0.185, 0.087; p=0.48), suggesting that 278 

frailty did not predict future levels of MVPA. 279 

 280 

 281 



13 
 

Cross-lagged panel model 2: Sedentary behavior 282 

Figure 3 shows the final cross-lagged model. The data fit the model well (RMSEA = 283 

0.012; SRMR = 0.018; CFI = 0.997; TLI = 0.992). Similar to the previous model, the 284 

autoregressive SB and frailty pathways were statistically significant. The cross-lagged 285 

effect from frailty to SB levels was statistically significant (standardized regression 286 

coefficient of 0.167; 95% CI = 0.026, 0.307; p<0.05), indicating that higher levels of 287 

frailty at baseline predicted higher SB 4-years later, adjusting for baseline SB. In 288 

contrast, the cross-lagged effect from SB levels to frailty was not statistically significant 289 

(standardized regression coefficient of 0.071; 95% CI = -0.033, 0.175; p=0.18), 290 

suggesting that SB levels did not predict future frailty status. 291 

 292 

Discussion 293 

The present study investigated the longitudinal relationships between MVPA and SB 294 

with frailty status in a community-based sample of older adults. As a novelty, we 295 

applied a cross-lagged panel model to test for potential reciprocal relationships between 296 

MVPA/SB and frailty over a 4-years period. The main finding in our study was that 297 

accelerometer-assessed initial MVPA predicted frailty score at follow-up. However, 298 

baseline sedentary time was not significantly related to frailty after the follow-up. We 299 

further found that initial frailty status predicted subsequent sedentary time (i.e., more 300 

frailty status was related to posterior higher levels of SB), but not of MVPA. These 301 

results have the potential to inform future interventions that aim at reducing the burden 302 

associated with frailty among older adults.  303 

Different cross-sectional [10, 11, 40] and longitudinal [16] studies have linked 304 

moderate-to-vigorous physical activity with frailty. Blodgett et al. [10] found that 305 
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MVPA was associated with frailty in a group of community dwelling adults aged over 306 

50 from the National Health and Nutrition Examination Survey. Other longitudinal 307 

studies such as Rogers et al. [16] have also confirmed these results in 8649 adults aged 308 

50 and over an average of 10 years of follow-up. We also found that MVPA 309 

prospectively predicted frailty levels in our sample. There are numerous arguments 310 

supporting these findings [41-44]. It has been demonstrated that physical activity, 311 

particularly of moderate intensity plays an important role on multiple components of the 312 

frailty syndrome including the frailty phenotype, physiologic dysregulation, and cellular 313 

function [9]. Increases in MVPA seem to also preserve or even improve muscle 314 

function and structure, protein synthesis, glucose metabolism or inflammation [43]. 315 

Furthermore, regular physical activity can maintain a set of bioenergetically functional 316 

mitochondria that, by improving systemic mitochondrial function, contribute to 317 

reducing the risk of morbidity and mortality throughout life [41]. Not surprisingly, 318 

MVPA is considered a cornerstone for the prevention, delay or treatment of frailty 319 

among older adults.  320 

On the other hand, our results did not support the hypothesis that initial frailty levels 321 

predict future MVPA levels. Several studies support the predictive ability of physical 322 

functioning on subsequent MVPA levels [45-47]. However, it may also be plausible that 323 

other, non-biological mechanisms (e.g., behavioral) accounted for the observations of 324 

the current study. Different intervention studies have shown the possibility of increasing 325 

physical activity also in frail participants [48]. For example, Yamada et al. [49] found 326 

that is possible to promote exercise of moderate-to-vigorous intensity among very frail 327 

older adults. Future studies are warranted to clarify the role of frailty in subsequent 328 

MVPA levels in older adults.   329 
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Sedentary behavior has recently been considered as an important factor for numerous 330 

health outcomes [50, 51]. A recent systematic review has shown that SB may be 331 

associated with increased levels of frailty, particularly among the most vulnerable 332 

population [52]. Interestingly, our results indicate that SB was not a determinant of 333 

frailty, but rather a consequence of an altered state of increased frailty. A smaller study 334 

by Edholm et al. [53] with 60 older woman found that only activities of at least 335 

moderate intensity were associated with physical function in a subsequent follow-up 336 

time but not activities of lighter intensity or sedentary activities. In addition, Marques et 337 

al. [54], in a study conducted with 131 males and 240 females aged 65-103 years, 338 

suggested that sedentary time was not a significant predictor of loss of physical 339 

independence in later life. In a previous cross-sectional study, we showed that engaging 340 

in high levels of MVPA (i.e., 27 minutes/day) could cancel out the detrimental effects 341 

of sedentary behavior on frailty, which may partly explain our current observations [55]. 342 

Given that the relationship between SB and frailty may go beyond total accumulated 343 

time [12], future studies should enquire whether or not the results of this, and other 344 

studies are confirmed for different patterns of accumulation of SB.  345 

According to our findings, the promotion of MVPA at earlier stages will translate into 346 

more MVPA and less frailty markers in the future. Also, the observations of the current 347 

study point out to the possibility that the detrimental effects on frailty are primarily 348 

defined by insufficient amounts of MVPA rather than an excessive amount of sedentary 349 

time. Public health organizations should target MVPA to reduce the burden associated 350 

with frailty in older adults.  351 

Strengths and limitations 352 

An important strength of our study is that includes a relatively large sample of 353 

community-dwelling older adults with longitudinal data separated by 4-years. It also 354 
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includes accelerometer-derived sedentary and physical activity behavior estimations. 355 

Also, although there is no established gold standard to identify frailty, the FTS has been 356 

suggested as a measurement of frailty with superior predictive validity than previously 357 

validated scales such as the Frailty Phenotype [56] and the Frailty Index [57]. 358 

Additionally, a key strength of this study was that the statistical analysis deployed has 359 

allowed to explore the auto-regressive and cross-lagged pathways in exploring how 360 

frailty relates over time with both MVPA and SB. Despite the methodological rigor of 361 

this study, some limitations have to be acknowledged. First, we cannot rule out the 362 

possibility that our estimations could be influenced by the characteristics of the 363 

participants who did not provide valid data at follow-up (i.e., older, less active, more 364 

sedentary, less educated) and therefore our results should be interpreted with caution. A 365 

further limitation of our work was that despite validity and widely used of 366 

accelerometers to assess physical activity in free living conditions, these devices are not 367 

able to discriminate between sitting and standing [58] or activity type (e.g., running vs. 368 

muscle strength), which could potentially bias the estimations in our study. Finally, 369 

physical activity and sedentary behavior have been examined separately from other 370 

lifestyle behaviors (e.g., diet, smoking, alcohol consumption). However, lifestyle 371 

behaviors tend to cluster together. Therefore, it could be that our results rather reflect 372 

the synergistic consequences of different observed (i.e., physical activity and sedentary 373 

behavior) and unobserved (e.g., diet quality) lifestyle behaviors [59, 60]. Future studies 374 

may want to test this hypothesis.  375 

 376 

Conclusion 377 

In summary, our findings suggest that moderate-to-vigorous physical activity, but not 378 

sedentary behavior, predicts frailty in older adults. In contrast, frailty seems to be a 379 
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predictor of sedentary behavior but not of moderate-to-vigorous physical activity. 380 

Efforts should be directed at increasing moderate-to-vigorous physical activity from 381 

earlier stages. Future experimental studies should examine the best strategies to include 382 

moderate-to-vigorous physical activity in the daily lives of older people [61]. 383 
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Table Legends 621 

 622 

Table 1. Sociodemographic and descriptive data. 623 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; MVPA, 624 

moderate-to-vigorous physical activity. 625 
aContinuous variable; mean (standard deviation). 626 
bCategorical variable; n (%). 627 
cMissing data; n (%). 628 

*Significant differences between baseline vs. follow-up (p<0.05). 629 
ŦTrend toward significance between baseline vs. follow-up (p<0.08>0.05) 630 

 631 

 632 

 633 

Figure Legends 634 

 635 

Figure 1.  Flow diagram of the process for obtaining the final sample of the study. 636 

 637 

Figure 2. Cross-lagged panel model 1: Moderate-to-vigorous physical activity 638 

Abbreviations: MVPA, moderate-to-vigorous physical activity 
Model adjusted for age, sex, BMI, education, income, marital status and MMSE 
Bold indicates statistical significance (p<0.05) 
 639 

Figure 3. Cross-lagged panel model 2: Sedentary behavior 640 

Model adjusted for age, sex, BMI, education, income, marital status and MMSE 
Bold indicates statistical significance (p<0.05) 
 641 
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Supplementary Files 642 

 643 

Supplementary File 1. Comparison of characteristics at baseline of participants 644 

retained with those of participants not retained from wave1-wave2. 645 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; MVPA, 646 

moderate-to-vigorous physical activity. 647 
aContinuous variable; mean (standard deviation). 648 
bCategorical variable; n (%). 649 
cMissing data; n (%). 650 

Bold indicates statistical significance (p<0.05) and Italics a trend toward significance 651 

(p<0.08>0.05). 652 



Table 1. Sociodemographic and descriptive data. 
 

 
   

Variables 
Baseline Follow-up 
(n=186) (n=186) 

Age (years)a 76.68 ± 3.90 80.44 ± 4.24* 
Sexb    
   Men 88 (47.3) 88 (47.3) 
   Women 98 (52.7) 98 (52.7) 
BMI (kg/m2)a 30.82 ± 4.62 30.33 ± 4.40* 
Educationb     
  None 139 (74.7) 116 (62.4) 
  Primary school 30 (16.1) 51 (27.4) 
  Secundary or more 14 (7.5) 19 (10.2) 
  Missingc 3 (1.6) - 
Incomeb   
  Low 87 (46.8) 75 (40.4) 
  Medium 87 (46.8) 70 (37.6) 
  High 9 (4.8) 6 (3.2) 
  Missingc 3 (1.6) 35 (18.8) 
Marital statusb       
  Single 7 (3.8) 7 (3.8) 
  Married 136 (73.1) 125 (67.2) 
  Widower 40 (21.5) 51 (27.4) 
  Separated/Divorced 1 (0.5) 2 (1.1) 
  Missingc 2 (1.1) 1 (0.5) 
MSSEa 24.02 ± 3.73 23.32 ± 3.54* 
  Missingc 15 (8.1) 15 (8.1) 
Frailty Trait Scale, pointsa 35.35 ± 13.94 43.79 ± 13.86* 
Accelerometer wear time, min/valid daya 781.36 ± 83.14 777.61 ± 74.45 
Sedentary time, min/valid daya 530.18 ± 84.86 542.61 ± 75.91Ŧ 
MVPA, min/valid daya 20.12 ± 23.30 13.21 ± 18.73* 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; MVPA, moderate-

to-vigorous physical activity. 
aContinuous variable; mean standard ± deviation. 
bCategorical variable; n (%). 
cMissing data; n (%). 

*Significant differences between baseline vs. follow-up (p<0.05). 
ŦTrend toward significance between baseline vs. follow-up (p<0.08>0.05) 

 



Figure 1 Click here to access/download;Figure;Figure 1. Flow Diagram.tif
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Supplementary File 1. Comparison of characteristics at baseline of participants 
retained with those of participants not retained from wave1-wave2. 
 

 
    

Variables 
Retained Not retained P value 

(n=186) (n=308)  

Age (years)a 76.68 ± 3.90 78.17 ± 4.69 0.003 
Sexb   0.495  
   Men 88 (47.3) 137 (44.2)  
   Women 98 (52.7) 173 (55.8)  
BMI (kg/m2)a 30.82 ± 4.62 30.48 ± 4.82 0.497 
Educationb     0.014 
  None 139 (74.7) 262 (84.5)  

  Primary school 30 (16.1) 25 (8.1)  
  Secundary or more 14 (7.5) 19 (6.1)  
  Missingc 3 (1.6) 4 (1.3)  
Incomeb   0.888 
  Low 87 (46.8) 136 (43.9)  
  Medium 87 (46.8) 166 (44.2)  
  High 9 (4.8) 21 (6.8)  
  Missingc 3 (1.6) 16 (5.2)  
Marital statusb       0.579 
  Single 7 (3.8) 18 (5.8)  
  Married 136 (73.1) 211 (68.1)  
  Widower 40 (21.5) 76 (24.5)  
  Separated/Divorced 1 (0.5) 1 (0.3)  
  Missingc 2 (1.1) 4 (1.3)  
MSSEa 24.02 ± 3.73 22.90 ± 4.82 0.207 
  Missingc 15 (8.1) 36 (11.7)  
Frailty Trait Scale, pointsa 35.35 ± 13.94 40.53 ± 14.32 0.093 
Accelerometer wear time, 
min/valid daya 781.36 ± 83.14 781.76 ± 86.86 0.693 

Sedentary time, min/valid daya 530.18 ± 84.86 542.79 ± 98.05 0.043 
MVPA, min/valid daya 20.12 ± 23.30 16.71 ± 21.19 0.055 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; MVPA, 

moderate-to-vigorous physical activity. 
aContinuous variable; mean (standard deviation). 
bCategorical variable; n (%). 
cMissing data; n (%). 

Bold indicates statistical significance (p<0.05) and Italics a trend toward significance 

(p<0.08>0.05). 
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of later frailty (std. β= -0.150, 95% CI= -0.281, -0.018;  p  <0.05); as well as initial lower
frailty levels predicted higher future BST (std. β= -0.161, 95% CI= -0.310, -0.011;  p
<0.05). Conversely, no significant pathway was found in the active participants (n=60).
Conclusions
In inactive older adults, the relationship between BST and frailty is bidirectional, while
in active individuals no associations were found. This investigation provides robust
longitudinal evidence that breaking-up sedentary time more often may reduce frailty in
those older adults who do not meet physical activity recommendations. Targeting
frequent BST may bring a feasible approach to decrease the burden of frailty among
more at risk inactive older adults.
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Stefan Anker, MD, PhD
Editor-in-Chief of the Journal of Cachexia, Sarcopenia and Muscle

Dear Prof. Stefan Anker,
Please find attached the manuscript entitled “Temporal and bidirectional associations
between breaks in sedentary time and frailty: A cross-lagged panel model” for
consideration in the Journal of Cachexia, Sarcopenia and Muscle.

For the first time, we have observed the association between breaks in sedentary time
(BST) and frailty status over time in older adults. In addition, we have applied a cross-
lagged panel model approach to test the potential bidirectionality of this relationship.
We used data from 186 older people assessed with accelerometers over a 4-year
period.

Recently, the work entitled “Which came first: the movement behavior or the frailty? A
cross-lagged panel model in the THSA study” [1] has been accepted in your
prestigious journal, which is a first part of the piece of work being submitted. We
believe the current submission nicely develop on the previous paper by covering the
different movement patterns together with the breaks in sedentary time, which have
acquired in recent years an important relevance in public health research and may
easily be translated into practice [2-4].

Our results suggest that the daily number of sedentary breaks and the frailty levels is
bidirectional over time in physically inactive older individuals, that is, higher levels of
baseline BST predicted lower levels of frailty score at follow-up after adjusting for
potential confounders and baseline frailty status as well as initial frailty predicted
subsequent frailty. Conversely, we found no evidence of a longitudinal association
between breaks of sedentary time and frailty in older adults considered physically
active.

Our findings are important and future-policy relevant: these results suggest that
breaking-up sedentary time more often may reduce frailty in older adults who do not

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



meet physical activity recommendations and therefore, targeting frequent reductions in
sedentary time may provide with a feasible approach to reduce the burden of frailty
among more at risk inactive older adults.

We will also take this opportunity to state that this is an original piece of research that
has never been submitted elsewhere.

We hope that you consider this submission positively and look forward to hearing from
you.
Yours sincerely,
Ignacio Ara (on behalf of all authors)
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Abstract 42 

Background: Cross-sectional evidence exist on the beneficial effects of breaks in 43 

sedentary time (BST) on frailty in older adults. Nonetheless, the longitudinal nature of 44 

these associations is unknown. This study aimed to investigate the direction and 45 

temporal order of the association between accelerometer-derived BST and frailty over 46 

time in older adults. 47 

Methods: This longitudinal cohort study analyzed a total of 186 older adults aged 67 to 48 

90 (76.7 ± 3.9 y.; 52.7% females) from the Toledo Study for Healthy Aging over a 4-49 

year period. Number of daily BST was measured by accelerometry. Frailty was 50 

objectively assessed with the Frailty Trait Scale. A cross-lagged panel model was used 51 

to test the temporal and reciprocal relationship between BST and frailty. In a subsequent 52 

analysis, participants were divided into physically active and inactive depending on 53 

whether or not meet the physical activity recommendations. 54 

Results: Number of daily BST changed from 71.7 to 65.9 between two times (p<0.05). 55 

We also found an increase of 8 points (35.4 to 43.8 points) in the FTS score (p<0.05). 56 

We did not find a significant association between BST and frailty for the whole sample. 57 

For those physically inactive (n=126), our analyses revealed a reciprocal inverse 58 

relationship between BST and frailty, such as higher initial BST predicted lower levels 59 

of later frailty (std. β= -0.150, 95% CI= -0.281, -0.018; p<0.05); as well as initial lower 60 

frailty levels predicted higher future BST (std. β= -0.161, 95% CI= -0.310, -0.011; 61 

p<0.05). Conversely, no significant pathway was found in the active participants 62 

(n=60). 63 

Conclusions: In inactive older adults, the relationship between BST and frailty is 64 

bidirectional, while in active individuals no associations were found. This investigation 65 
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provides robust longitudinal evidence that breaking-up sedentary time more often may 66 

reduce frailty in those older adults who do not meet physical activity recommendations. 67 

Targeting frequent BST may bring a feasible approach to decrease the burden of frailty 68 

among more at risk inactive older adults. 69 

 70 

Keywords: Structural equation modeling; Longitudinal; Patterns; Sedentary time; 71 

Ageing; Functioning and disability 72 
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MVPA: Moderate-to-Vigorous Physical Activity 75 

ST: Sedentary Time 76 

BST: Breaks in Sedentary Time 77 

TSHA: Toledo Study of Health Aging 78 

FTS: Frailty Trait Scale 79 

RMSEA: Root Mean Square Error of Approximation 80 

SRMR: Standardized Root Mean Square Residual 81 

CFI: Confirmatory Fit Index 82 
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CI: Confidence Interval 84 
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Introduction 87 

Frailty is a condition of increased vulnerability associated with aging that leads to a 88 

number of adverse health outcomes, including disability, falls, hospitalization, and 89 

death [1]. During the past decade, robust evidence has continued to accumulate on the 90 

health benefits of optimal levels of moderate-to-vigorous physical activity (MVPA) [2-91 

4], including frailty [5-8]. Consequently, physical activity, particularly of moderate-to-92 

vigorous intensity is considered as one of the keystones to prevent, delay, or even 93 

reverse the frailty syndrome in older adults [9]. Unfortunately, MVPA occupies 2-3% of 94 

the waking day in older adults [5, 10-12]. The majority of waking time is spent in 95 

sedentary behaviors (i.e., sitting or reclining). Sedentary time (ST) is increasingly 96 

recognized as a novel risk factor for the wider health of individuals [13, 14], also 97 

comprising frailty [15, 16]. For instance, a cross-sectional study with 3146 older people 98 

in the USA showed that total time spent sitting was associated with frailty [7]. Other 99 

studies seem to confirm this ST throughout the day (i.e., frequency of breaks in ST 100 

(BST)) have been demonstrated to be relevant for a variety of health-related outcomes 101 

including physical function, performance of activities of daily living, and disability [17-102 

20]. Two studies in the field found that breaking-up ST was associated with better 103 

physical function in older adults [19, 20]. However, in a sample of high functioning and 104 

high active older adults, more time spent in sedentary behavior and lower BST were 105 

associated with improved lower limb extensor muscle quality [21]. These findings 106 

suggest that the relationship between BST and health outcomes may vary depending on 107 

whether the sample is active or inactive.  108 

The number of studies assessing the role of BST on frailty is scarce [15]. A recent 109 

cross-sectional study with 519 participants ≥65 years old assessed with accelerometers 110 

concluded that increasing daily BST was associated with less frailty in the population 111 
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studied, regardless of meeting physical activity guidelines [22]. In contrast, in another 112 

cross-sectional study with 2317 people from the National Health and Nutrition 113 

Examination Survey (NHANES), it was found no association between the frequency of 114 

BST and frailty [8]. Nonetheless, the longitudinal association of BST and frailty 115 

outcomes remains unknown. In addition, there is the possibility of reverse causality, 116 

such as a high level of frailty being associated with lower number of BST in the future. 117 

Understanding the temporal order underpinning the relationship between BST and 118 

frailty has the potential to inform future public health interventions aimed to reduce the 119 

frailty burden among older adults.  120 

In this study, we used a cross-lagged panel model to investigate the longitudinal and 121 

temporal order of the association between the number of daily BST and frailty in a 122 

sample of community-dwelling older adults assessed with accelerometers over a 4-year 123 

period. Based on some literature findings [21], we conducted the analyses in the whole 124 

sample as well as separately for physically inactive and active participants, to determine 125 

the potential impact of BST on these two groups. We hypothesized that there will be no 126 

relationship between daily BST and frailty in the whole sample or in physically active 127 

individuals, while the association will be inversely reciprocal between those physically 128 

inactive individuals. 129 

 130 

Methods 131 

Study Design and Participants 132 

This is a longitudinal study involving two data collection time points separated by 4 133 

years (3.8 ± 0.8 years). This investigation used data from the second and third waves of 134 

the Toledo Study of Health Aging (TSHA). Details of the protocol of the TSHA have 135 
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been described elsewhere [23, 24]. In brief, the TSHA is a population prospective 136 

cohort study designed to examine the determinants and consequences of frailty in 137 

community-dwelling individuals ≥65 years residing in the province of Toledo, Spain. In 138 

the present study, a subsample of the TSHA with accelerometer data was included. The 139 

baseline assessment for this study started in July 2012 and lasted until June 2014. A 140 

total of 277 men and 351 women over 65 years of age were assessed at baseline. 141 

However, 494 participants finally provided valid data for the analyses [270 females 142 

(54.7%)]. Those 494 participants were contacted again in 2015 and invited to participate 143 

in a follow-up study, conducted between May 2015 and July 2017 [25]. Of the 494 144 

participants invited to partake in the follow-up study, 200 participants (59.5% missing) 145 

completed the second evaluation. Of these, 186 participants (98 women (52.7%) with 146 

complete data on all exposures, outcomes and ≥80% covariates were included in the 147 

final analyses of this study. The flow of participants in the study have been described 148 

elsewhere [26]. Signed informed consent was obtained from all participants prior to 149 

their involvement in the study. The study was approved by the Clinical Research Ethics 150 

Committee of the Toledo Hospital (approval code: 2010/93), which was conducted 151 

according to the ethical standards defined in the 1964 Declaration of Helsinki. 152 

Measurements 153 

Frailty status 154 

Frailty was assessed using the Frailty Trait Scale (FTS) [27]. The FTS includes 7 155 

domains to complete a continuous frailty scale in which the more decrease in the 156 

biological reserve, the closer it is to the threshold of presenting adverse effects derived 157 

from it (functional deterioration, hospitalization, mortality, etc.). These domains 158 

become operational through 12 items [27]: 159 
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1. Body mass index, waist circumference, unintentional weight loss and serum 160 

albumin level were used to assess energy balance and nutrition. 161 

2. Activity was assessed using the total score of the Physical Activity Scale for the 162 

Elderly [28].  163 

3. The nervous system was calculated by considering verbal fluency and balance. 164 

Verbal fluency was estimated by asking the participants to give names of 165 

animals during one minute [29]. Balance was measured by Romberg test[30]. 166 

4. The vascular system was measured by the brachial-ankle index done with 167 

Doppler ultrasound [31]. 168 

5. Weakness was estimated assessing grip strength in the dominant arm and the 169 

knee extension strength [24]. 170 

6. Endurance was assessed by the chair stand test, which measures the number of 171 

times that a person stands up in 30 seconds [32]. 172 

7. Slowness was estimated by calculating the time to walk 3 m at a “normal pace” 173 

according to a standard protocol [30]. 174 

Each item score was obtained as recommended elsewhere [27]. The total score was 175 

calculated according to the formula Total score = (Σ items score/total score possible by 176 

individual)*100, standardizing the measure to a range from 0 (less frailty) to 100 (more 177 

frailty). 178 

To be included in the study, the participants had to overcome at least 75% (9 of the 12) 179 

of the items included in the FTS [27].  180 

Physical activity and sedentary behavior assessment 181 

Physical activity and ST were measured by accelerometry (ActiTrainer and wGT3X-182 

BT, ActiGraph, LLC, Pensacola, FL) as previously described [5]. Briefly, all 183 
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participants were asked to wear the accelerometer on the left hip during waking hours of 184 

a whole week, with exception for water activities. A valid day was defined as having 185 

≥480  min (≥8 h) of monitor wear, and the study included the results from participants 186 

with at least four valid days [33, 34]. 187 

Each minute during which the accelerometer counts were below 100 cpm was defined 188 

as ST [35, 36]. BST was defined as at least 1 min where the accelerometer registers 189 

≥100 cpm following a sedentary period. Number of daily BST was then calculated to be 190 

used in the analyses. 191 

Accelerometer counts more than or equal to 100 cpm were classified as physical activity 192 

with additional separation into light-intensity (LPA: 100–1951 cpm), moderate-intensity 193 

(MPA: 1952-5724 cpm), and vigorous-intensity (VPA: ≥5725 cpm) physical activity. 194 

In addition, compliance with physical activity recommendations was calculated in order 195 

to classify individuals as active or inactive at the baseline moment. To be active, at least 196 

one of these three premises had to be met [37]: accumulate 150 minutes of moderate 197 

physical activity per week; accumulate 75 minutes of vigorous physical activity per 198 

week; or accumulate 150 minutes per week of an equivalent combination of MVPA. 199 

Anthropometrics and confounding variables 200 

Height and weight were measured using a balance-stadiometer with a precision of 100 g 201 

and 1 mm, respectively (Seca 711 scales, Hamburg, Germany). Individuals removed 202 

their shoes, socks and heavy clothes prior to weighing. Body mass index was 203 

determined as weight (kg) divided by height squared (m2). 204 

Participants were asked about their age, sex, and ethnicity. Other sociodemographic 205 

variables such as education (no studies, primary school completed, secondary school 206 

completed or more) and marital status (single, married/living together, widowed, 207 
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divorced/separated) were also self-reported in face-to-face interviews. Mini-Mental 208 

State Examination was also collected in order to evaluate objective cognitive function 209 

[38]. 210 

Statistical analysis 211 

All analyses were conducted with the R software (R project version 3.5.1) and 212 

significance level was set at usual P<0.05. Baseline participants that did and did not 213 

complete the follow-up assessment were compared on their demographics and other 214 

characteristics with an independent t-test or chi-square test for continuous and 215 

categorical variables, respectively. The Mean ± SD and frequencies (percentages) were 216 

used to describe continuous variables and categorical variables respectively. A paired t-217 

test was used to compare participants retained in the study across time points of 218 

assessment. An independent t-test was conducted to compare active and inactive 219 

participants.  220 

We addressed our main objective using a structural equation modeling framework using 221 

functions from the R package Lavaan [39]. The full information maximum likelihood 222 

was used to provide unbiased and efficient estimates of the parameters of interest using 223 

the complete available information [40]. A cross-lagged panel model was designed to 224 

test the relationships between number of daily BST and frailty status between the initial 225 

assessment and the 4-year follow-up. Among the strengths of using a cross-lagged panel 226 

approach is that it tolerates simultaneous analysis of the two dependent outcomes, 227 

thereby allowing the identification of possible bidirectional associations over time. 228 

Covariates included sex as time-invariant variable, in addition to age, education, marital 229 

status, body mass index, Mini-Mental State Examination, MVPA, and accelerometer 230 

wear time as time-variant. Subsequently, two more cross-lagged panel models were 231 

made by stratifying the sample in those active and inactive individuals. Model fit was 232 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



considered using a selection of fit indices and criteria as previously published [41]: root 233 

mean square error of approximation (RMSEA) (≤0.06), standardized root mean square 234 

residual (SRMR) (≤0.08), confirmatory fit index (CFI) (≥0.95), and Tucker-Lewis index 235 

(TLI) (≥0.95). 236 

 237 

Results 238 

Attrition data across time points 239 

Participants decreased from 494 with complete data at baseline to 186 with complete 240 

data at follow-up assessment [26]. The causes and numbers who were lost to the follow-241 

up assessment were death (n=42), withdrawing (n=225), and could not be located 242 

(n=27). Additional missing data were lost by insufficient accelerometer wear time data 243 

(n=9), missing frailty data (n=2) or losing ≥80% of the covariates (n=3). Compared with 244 

the retained sample, individuals who dropped the study at 4-year follow-up were 245 

significantly older, less educated and spent more time on ST (Supplementary File 1). 246 

Missing data were addressed using a full information maximum likelihood algorithm, as 247 

recommended elsewhere [42].  248 

Descriptive statistics 249 

Table 1 displays the descriptive statistics for frailty, accelerometry variables as well as 250 

confounders at each of the two measurement time-points divided into the whole sample, 251 

active individuals, and inactive individuals. At baseline, the whole sample had a mean 252 

age of 76.68 (SD=3.90), a mean FTS of 35.35 (SD=13.94), and a mean daily BST 253 

(n/day) of 71.66 (SD=18.54). FTS score and daily BST declined significantly from 254 

baseline to follow-up (P<0.05). Body mass index, MSSE, and MVPA also decreased 255 

significantly between both time points (all P<0.05). According to the current physical 256 
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activity guidelines [37], one third of the sample (n=60) was categorized as physically 257 

active and the remaining as physically inactive (n=126). There were significant 258 

differences between baseline and follow-up in body mass index, FTS, and MVPA for 259 

physically active individuals (all P<0.05). For those physically inactive, significant 260 

differences between baseline and follow-up were found in MSSE, FTS, and daily BST. 261 

Compared to physically active participants, those physically inactive were older, had a 262 

higher body mass index, greater FTS, lower accelerometer wear time, and spent more 263 

time in ST and lower time in LPA and MVPA. There were not significant differences in 264 

daily BST between the two groups. 265 

Cross-lagged panel model 1: Total sample 266 

Figure 1 shows the final cross-lagged model for the whole sample. The model fit the 267 

data well (RMSEA=0.000; SRMR=0.012; CFI=1.000; TLI=1.010). Significant 268 

associations were only detected in the autoregressive pathways. That is, initial daily 269 

BST predicted future daily BST (standardized regression coefficient [β]=0.366, 95% 270 

Confidence Interval [CI]=0.253, 0.480; P<0.01) and baseline frailty scores predicted 271 

future frailty scores, respectively (β=0.320, CI=0.204, 0.436; P<0.01). The cross-lagged 272 

effect from baseline daily BST to follow-up frailty status was not statistically significant 273 

(β=-0.081, 95% CI=-0.182, 0.020; P=0.12). Similarly, the cross-lagged effect from 274 

initial frailty status to later daily BST was also not statistically significant (β=-0.130, 275 

95% CI=-0.268, 0.008; P=0.07).  276 

Cross-lagged panel model 2: Physically active individuals 277 

Figure 2 shows the final cross-lagged model for the physically active individuals. The 278 

model fit the data well (RMSEA=0.025; SRMR=0.025; CFI=0.992; TLI=0.980). As in 279 

the previous model, the autoregressive pathways were the only significant ones. 280 
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Baseline daily BST predicted daily BST in the follow-up (β=0.376, 95% CI=0.176, 281 

0.577; P<0.01) as well as baseline frailty status predicted later frailty status (β=0.226, 282 

95% CI=0.010, 0.442; P<0.05). The cross-lagged effects from initial daily BST to 283 

subsequent frailty status and initial frailty status to later daily BST were not statistically 284 

significant (β=-0.056, 95% CI=-0.267, 0.156; P=0.61; and β=0.043, 95% CI=-0.171, 285 

0.256; P=0.70 respectively). 286 

Cross-lagged panel model 3: Physically inactive individuals 287 

Figure 3 shows the final cross-lagged model for the inactive individuals. The model fit 288 

the data well (RMSEA=0.021; SRMR=0.020; CFI=0.994; TLI=0.986). The 289 

autoregressive pathways were again significant for both BTS and FTS (β=0.371, 95% 290 

CI=0.235, 0.507; and β=0.339, 95% CI=0.203, 0.475 respectively; P<0.01). The cross-291 

lagged pathways were also significant. Specifically, initial daily BST predicted future 292 

frailty (β=-0.150, 95% CI=-0.281, -0.018; P<0.05), indicating that lower daily BST at 293 

baseline predicted higher frailty score 4 years later, adjusting for baseline frailty status. 294 

Likewise, initial FTS predicted future daily BST (β=-0.161, 95% CI=-0.310, -0.011; 295 

P<0.05), adjusting for baseline daily BST, pointing out that higher frailty at baseline 296 

predicted lower daily BST 4 years later. 297 

 298 

Discussion 299 

To our knowledge, the present study tested for the first time the temporal and 300 

bidirectional associations between the number of daily BST and frailty status in a 301 

sample of community-dwelling older adults. The main findings were that, in physically 302 

inactive individuals there was an inverse relationship between BST and frailty status 4 303 

years later. The reverse was also true (i.e., frailty status at baseline was inversely 304 
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associated with BST 4 years later). There was no evidence of longitudinal association 305 

between BST and frailty in older adults who were considered physically active. 306 

Consequently, increasing daily BST could be a promising strategy to reduce the burden 307 

of frailty syndrome in physically inactive older adults. 308 

Different cross-sectional studies have explored the associations of BST with physical 309 

function [19], disability [17], and frailty [22] in older adults. A previous study found a 310 

positive association between BST and physical function, after adjusting for total ST and 311 

MVPA [19]. In a study comprising 1634 Japanese older adults, greater BST was 312 

associated with lower likelihood of instrumental activities of daily living disability [17]. 313 

In another study conducted in older adults assessed with accelerometers, daily BST was 314 

associated with lower frailty in older adults [22]. Our study extends these previous 315 

findings and investigated the longitudinal and bidirectional associations between daily 316 

BST and frailty in a sample of community-dwelling participants 65 years and over. In 317 

physically inactive individuals, a higher daily number of BST predicted a lower frailty 318 

status after 4 years. Further, a lower baseline frailty status predicted greater daily 319 

number of BST 4 years later. Mechanisms underlying these findings are likely to be 320 

complex. Experimental studies have provided evidence related to the physiologic and 321 

cardiometabolic benefits of breaking-up and reducing sitting time [43]. The evidence 322 

suggests that beyond the increase in energy expenditure that requires a transition from 323 

sitting to standing position [44], the benefits of frequent BST can be explained by the 324 

muscular contractions derived from such transitions [45]. These muscular contractions, 325 

which will mostly be provided in light physical intensity activities, can lead to 326 

important functional adaptations through different physiological and molecular 327 

pathways [45-49] that ultimately affect human health [50]. Therefore, it seems evident 328 

that physically inactive individuals who break their ST more often may reduce their 329 
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frailty status. Likewise, less frail individuals, will find it easier to break ST more often 330 

compared to other more structured physical task, thus becoming a positive circle 331 

(negative if the question is raised backwards). This is in accordance with a previous 332 

study of our group that demonstrated that older adults with comorbidities may benefit 333 

more from replacing ST with light-intensity physical activity compared to healthier 334 

counterparts [5]. A recent meta-analysis also reported the benefits of replacing sitting 335 

time with light-intensity physical activity activities for cardiometabolic health and 336 

mortality [51]. Together, these findings suggest the potential of targeting reductions in 337 

ST to improve the health of older adults [43, 52]. 338 

In contrast, we did not detect a statistical association between baseline daily BST and 339 

follow-up frailty status among physically active older adults. In a previous study, it was 340 

suggested that lower BST were linked with better muscle quality in a sample of highly 341 

functioning and highly active older adults [21]. It is plausible that active participants are 342 

also fit [53] and that a stimulus stronger than muscle contractions resulting from 343 

breaking-up ST is necessary to evoke reductions in the frailty status among these 344 

individuals. This suggest that the effects of BST on frailty may be moderated by fitness. 345 

Similarly, we speculate a higher physiological reserve (i.e., less frailty, as described in 346 

Table 1) present in active participants may have accounted for the lack of association 347 

between initial frailty status and daily BST at follow-up. Further experimental studies 348 

are required to investigate our observations. The lack of significant results for the total 349 

sample is likely to reflect the heterogeneity in the estimations for active and inactive 350 

individuals in this study (i.e., the positive findings for inactive individuals are canceled 351 

out by the null findings among active individuals). These findings are likely to be 352 

policy-relevant: current physical activity guidelines for older adults focused mainly on 353 

MVPA [37, 54]. Further to increase MVPA, our results also stress the relevance of 354 
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breaking-up ST, particularly in those physically inactive individuals. From a health 355 

promotion perspective, encouraging small bouts of activity into otherwise sedentary 356 

periods may be a more feasible and less challenging approach for older adults than 357 

taking part in more intense activities. Breaking-up ST can occur trivially in a variety of 358 

daily living activities (at home, during transport, or leisure time) because: i) it does not 359 

require a high degree of commitment or planning, ii) it can be achieved with a 360 

physically lower load, and iii) it does not require a high level of fitness or complex 361 

motor skills. Altogether, our observations indicate the possibility of targeting BST to 362 

reduce the frailty levels in physically inactive older adults [43]. 363 

Strengths and limitations 364 

A key strength of our work is that it comprises a relatively large sample of community-365 

dwelling older adults with data follow-up of 4 years. The use of accelerometer-derived 366 

sedentary and physical activity behavior in this study is also a strength. Another 367 

strength is the robustness of the FTS to assess the frailty level of participants. The FTS 368 

has demonstrated superior predictive validity and responsiveness than previously 369 

validated constructs such as the Frailty Phenotype [55] and the Frailty Index [56]. 370 

Furthermore, another key strength of this study is the use of a statistical method (i.e., 371 

cross-lagged panel model) that allowed us to investigate the temporal order and 372 

bidirectional, longitudinal associations of BST with frailty over time in the study 373 

participants.  374 

Despite the methodological rigor of this study, some limitations must to be 375 

acknowledged. First, we cannot rule out the possibility that our estimations could be 376 

biased by the characteristics of the participants who did not provided valid data at 377 

follow-up (i.e., they were older, less active, more sedentary, and less educated than 378 

those included in the final analysis). Consequently, our results should be taken with 379 
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caution. An additional limitation is the limited ability of accelerometers to discriminate 380 

between sitting and standing compared with posture-based devices [57-59]. Importantly, 381 

in our study, a break in ST reflects a modification in acceleration instead of a change in 382 

posture, corresponding to a transition from none or slight movement (<100 cpm) to 383 

some movement (≥100 cpm). Future studies should replicate our analysis with posture-384 

based devices. Lastly, experimental studies are required to confirm our observations 385 

[60]. Future studies should investigate optimal strategies to increase the number of BST 386 

throughout the day in older adults, particularly among those not achieving the 387 

recommended level of physical activity. 388 

 389 

Conclusion 390 

According to our hypothesis, the longitudinal relationship between the daily number of 391 

sedentary breaks and the frailty levels is bidirectional in physically inactive older 392 

individuals. We found no evidence of a longitudinal association between BST and 393 

frailty in older adults considered physically active. Our study provides robust 394 

longitudinal evidence that breaking-up ST more often may reduce frailty in older adults 395 

that do not meet physical activity recommendations. Pending on experimental 396 

confirmation, targeting frequent reductions in ST may provide with a feasible approach 397 

to reduce the burden of frailty among more at risk inactive older adults.  398 
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Table Legends 616 

 617 

Table 1. Sociodemographic and descriptive data. 618 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; LPA, light 619 

physical activity; MVPA, moderate-to-vigorous physical activity; BST, number of breaks in 620 

sedentary time. 621 
aContinuous variable; mean ± standard deviation. 622 
bCategorical variable; n (%). 623 
cMissing data; n (%). 624 

*Significant differences between baseline vs. follow-up (P<0.05). 625 

ᶿSignificant differences between active vs. inactive individuals at baseline (P<0.05). 626 
ŦTrend toward significance between baseline vs. follow-up (P<0.08>0.05). 627 
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Figure Legends 641 

 642 

Figure 1. Cross-lagged panel model 1: Total sample 643 

Abbreviations: BST, number of daily breaks in sedentary time. 644 

Model adjusted for age, sex, BMI, education, marital status, Mini-Mental State 645 

Examination, MVPA, and accelerometer wear time. 646 

Bold indicates statistical significance (P<0.05). 647 

 648 

Figure 2. Cross-lagged panel model 2: Physically active individuals 649 

Abbreviations: BST, daily number of breaks in sedentary time. 650 

Model adjusted for age, sex, BMI, education, marital status, Mini-Mental State 651 

Examination, MVPA, and accelerometer wear time. 652 

Bold indicates statistical significance (P<0.05). 653 

 654 

Figure 3. Cross-lagged panel model 3: Physically inactive individuals 655 

Abbreviations: BST, daily number of breaks in sedentary time. 656 

Model adjusted for age, sex, BMI, education, marital status, Mini-Mental State 657 

Examination, MVPA, and accelerometer wear time. 658 

Bold indicates statistical significance (P<0.05). 659 

 660 

 661 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



Supplementary Material 662 

 663 

Supplementary File 1. Comparison of characteristics at baseline of participants 664 

retained with those of individuals not retained from T1-T2. 665 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; LPA, 666 

light physical activity; MVPA, moderate-to-vigorous physical activity; BST, number of 667 

breaks in sedentary time. 668 

aContinuous variable; mean ± standard deviation. 669 

bCategorical variable; n (%). 670 

cMissing data; n (%). 671 

Bold indicates statistical significance (p<0.05) and Italics a trend toward significance 672 

(p<0.08>0.05). 673 
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Supplementary File 1. Comparison of characteristics at baseline of participants 
retained with those of individuals not retained from T1-T2. 
 

 
    

Variables Retained 
(n=186) 

Not retained 
(n=308) 

P value 

Age (years)a 76.68 ± 3.90 78.17 ± 4.69 0.003 
Sexb   0.495  
   Men 88 (47.3) 137 (44.2)  
   Women 98 (52.7) 173 (55.8)  
BMI (kg/m2)a 30.82 ± 4.62 30.48 ± 4.82 0.497 
Educationb   0.014 
  None 139 (74.7) 262 (84.5)  

  Primary school 30 (16.1) 25 (8.1)  
  Secundary or more 14 (7.5) 19 (6.1)  
  Missingc 3 (1.6) 4 (1.3)  
Incomeb   0.888 
  Low 87 (46.8) 136 (43.9)  
  Medium 87 (46.8) 166 (44.2)  
  High 9 (4.8) 21 (6.8)  
  Missingc 3 (1.6) 16 (5.2)  
Marital statusb   0.579 
  Single 7 (3.8) 18 (5.8)  
  Married 136 (73.1) 211 (68.1)  
  Widower 40 (21.5) 76 (24.5)  
  Separated/Divorced 1 (0.5) 1 (0.3)  
  Missingc 2 (1.1) 4 (1.3)  
MSSEa 24.02 ± 3.73 22.90 ± 4.82 0.207 
  Missingc 15 (8.1) 36 (11.7)  
Frailty Trait Scale, pointsa 35.35 ± 13.94 40.53 ± 14.32 0.093 
Accelerometer wear time, 
min/valid daya 781.36 ± 83.14 781.76 ± 86.86 0.693 

Sedentary time, min/valid daya 530.18 ± 84.86 542.79 ± 98.05 0.043 
LPA, min/valid daya 231.05 ± 86.50 222.26 ± 94.39 0.433 
MVPA, min/valid daya 20.12 ± 23.30 16.71 ± 21.19 0.055 
Daily BST, n/daya 71.66 ± 18.54 67.97 ± 19.49 0.631 

Abbreviations: BMI, body mass index; MSSE, mini-mental scale examination; LPA, light physical activity; 

MVPA, moderate-to-vigorous physical activity; BST, number of breaks in sedentary time. 
aContinuous variable; mean (standard deviation). 
bCategorical variable; n (%). 
cMissing data; n (%). 

Bold indicates statistical significance (p<0.05) and Italics a trend toward significance 

(p<0.08>0.05). 



RESULTS 

289 



 

290 



 

291 

CHAPTER 6 

 

DISCUSSION 

 

 



DISCUSSION  STUDY 1 

292 



STUDY 1  DISCUSSION 

293 

6.1. Study 1 

 

To the best of our knowledge, this is the first review that examines the 

association between objectively measured SB and its effects on physical 

performance, frailty and mortality in older people. Although the number 

of studies in which accelerometers were used in order to ascertain SB is 

very limited in this population, a relationship between SB and a worsened 

physical performance is observed. However, the association between SB 

and frailty incidence and mortality rates remains unclear due to the 

reduced number of studies available in the literature.  

 

Effects of SB on physical performance 

Earlier studies where sedentary lifestyle has been measured by auto-

reported questionnaires show that the longer time older adults spend on 

SB, the higher adverse health outcomes (i.e. diabetes, cardiovascular 

diseases) present, independently of MVPA [243]. Disability is a major 

adverse health outcome resulting in limitations in the activities of daily 

living. This is of special interest, since physical activity has been proposed 

for the prevention of impaired physical functioning in older ages [244]. 

However, these studies do not consider ST as an independent domain of 

behaviour. 

In the current review, we have found a negative association between SB 

and physical performance, regardless of MVPA in two of the cross-

sectional studies reviewed [245, 246]. Likewise, Fleig et al. [247] and Cooper 

et al. [248] found a negative association between time spent on sedentary 
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activities and various physical  performance tests in older adults. 

Accordingly, Dunlop et al. [249] found a strong relationship between 

greater time spent in SB and the presence of activities of daily living 

disability, and Ikezoe et al. [250] with a slower time in the Timed Up-&-Go 

test and lower muscle strength. The independent relationship of ST and 

physical performance extends recent findings demonstrating that 

objectively measured ST, controlled for MVPA, is related to metabolic 

syndrome [251], cancer [252], and mortality [253]. In contrast, 

investigations performed in adults failed to relate sitting time with 

impaired muscle strength or gait/mobility [254]. These discrepancies may 

be attributable, at least in part, to the heterogeneity in the participant study 

samples examined. 

Sedentary behaviour and physical performance have also been related 

longitudinally. Seguin et al. [255] studied 62,000 woman aged 50 to 79 years 

from the Women´s Health Initiative, and observed that those with the 

higher auto-reported sitting time and total ST at the beginning of the study, 

had the higher reduction in self-reported physical performance after 12.3 

years’ follow-up. Unfortunately, self-report is susceptible to socially 

desirable responding [256], and older adults have a less accurate recall 

[257].  

Thus, objectively assessed SB as well as home-based physical performance 

tests may provide more accurate and reliable results. According to our 

literature review, the randomized control trial (RCT) study performed by 

Barone Gibbs et al. [258] demonstrated that a 12 week intervention aimed 

to reduce SB has a higher effect on physical performance rather than on 

time spent on MVPA in older sedentary but highly physically functional 

adults. In agreement, Rosenberg et al. [259] showed that an 8-week 
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behavioural intervention to reduce SB is feasible and effective among older 

overweight and obese adults in order to increase physical performance.  

The present findings highlight the need to separate SB from insufficient 

MVPA patterns. This is important because it enables SB as a modifiable 

additional risk factor for impaired physical performance, disability and loss 

of independence. Beyond this, there seems to be a negative relationship 

between spending more time on sedentary activities and physical 

performance. 

Moreover, it is important to discuss that the way ST is spent also matters. 

For example, Sardinha et al. [218] as well as Davis et al. [260] found that 

breaking-up time in SB was positively associated with physical 

performance in older adults, even after controlling for overall time in 

MVPA and SB. Davis et al. [260] also reported that breaking-up time in SB 

predicted overall physical performance and was associated to higher scores 

in selected fitness parameters like upper and lower body muscle strength. 

This is not the case of high functioning older adults who spend over an 

hour a day walking, where higher SB and lower breaks were associated 

with an improved muscle quality [261]. Given the surprising results, 

authors explain it by a higher body fat that might provide a training 

stimulus to maintain muscle power.   

Gennuso et al. [262] reported that longer bouts and fewer breaks in SB is 

negatively associated with physical function in older adults, regardless of 

participation in MVPA. This adds to previous research were the odds for 

abdominal obesity decreased 7% for each additional hourly BST in older 

women [263], as well as triglycerides and plasma glucose [264].  
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These findings represent a new challenge for public health 

recommendations regarding how to break-up sedentary patterns 

complementary to those for physical activity in order to improve physical 

functionality.  

 

Effects of SB on frailty status 

Current scientific evidence consistently shows that changes in body 

composition, especially loss of muscle mass, together with low physical 

activity and high SB, could be an important contributor for developing 

frailty in older adults [37]. Interestingly, regular exercise is probably the 

only non-drug derived therapy effective to improve physical function, 

cognitive performance and mood [191], besides sarcopenia [265], which is 

the central problem in the frailty syndrome.  

Despite all the potential benefits of physical activity in relation to frailty, 

frail older adults spend 84.9% (about 10 hours), of their daily time in SB 

[266]. Previous evidence indicates that physically inactive individuals who 

have higher levels of functional disability [267], and those individuals who 

have high levels of SB are more likely to be frail [268]. 

da Silva Coqueiro et al. [214]  found a positive association between self-

reported ST and frailty in 316 community-dwelling older adults. The 

authors calculated that 7 hours per day of SB was the best cut-off point to 

discriminate frail individuals. However, this cut-off point is quite low in 

comparison with other studies reporting objectively measured SB [266].  

The only study that met the inclusion criteria in the present literature 

review for the frailty section was the one recently published by Bastone 
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Ade et al. [269]. This investigation found that the frail group spent more 

time in SB that their robust peers. Sedentary behaviour was significantly 

associated to frailty, even after adjusting by the number of chronic health 

conditions, but this association disappeared when the statistical model was 

adjusted by cognitive status. Bastone and coworkers did not report an 

association between SB and frailty status independently of the physical 

activity levels. This was the case in Blodgett et al. [207] study, where a 

positive association was observed between SB and various adverse health 

outcomes (frailty, self-reported health, activities of daily living disability, 

healthcare utilization), independent of MVPA in a community dwelling 

older adults (>50 years) sample. As a limitation, these cross-sectional 

studies do not take into consideration causality. Therefore, it is not possible 

to certainly know if SB causes the appearance of frailty or if frailty can cause 

that individuals choose to have a more sedentary lifestyle.  

Longitudinal studies like the one by Song et al. [216] support the existing 

idea of a relationship among daily ST and the development of a frailty 

status, regardless of MVPA. But the scarce available data prevent to 

robustly demonstrate this association, and more studies using similar 

methodologies both to measure SB and frailty are needed. 

 

Effects of SB on mortality 

As early as in the 1950s, we can found the first indication that SB could 

markedly increase adverse health outcomes. Morris et al. [270] 

demonstrated a double age-adjusted rate of fatal coronary heart disease in 

bus drivers (sedentary) when compared with conductors (active) workers.  
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Since then, much research efforts have been focused on the relationship of 

an active lifestyle and various health outcomes, even with all-cause 

mortality rates [271]. However, much less attention has been devoted on 

the effects of SB on mortality. Again, scientific literature relies on self-

reported questionnaires to demonstrate an association between SB and 

mortality (all-cause, cardiovascular, colorectal cancer, other causes) in 

adults and older adults, independently of physical activity levels [272]. This 

implies the limitation that questionnaires may not correctly differentiate ST 

from LPA [273], but the existing scientific literature using objective physical 

activity measurements is very scarce at the moment [273].  

While Ensrud et al. [274] observed that individuals in the higher SB quartile 

had a higher all-cause mortality than those in the lower SB quartile, Fox et 

al. [275] found that despite spending a mean time of 11 SB hours, the study 

participants did not show an association among mortality rates and ST 

volume. 

Klenk et al. [276] found a higher mortality risk in those subjects who spent 

more time in sedentary activities. However, when biomarkers were 

included as a confounding variable the association disappeared. 

Interestingly, a large recent review combining data from over one million 

participants found that 60-75 minutes of physical activity a day eliminated 

the harms of sitting when it came to measuring death from cardiovascular 

disease or death by all causes [277]. Despite the large number of people 

included in the review, the results should be taken with caution as they are 

based on self-report physical activity and SB data. When we take into 

consideration populations younger than those included in this review, 

studies mainly report a significant effect of SB on mortality [253, 278]. 

Among those, Koster et al. [253] concluded that SB is a risk factor for 
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mortality independent of MVPA. Unfortunately, drawing conclusions in 

this section is complicated because of the small number of studies and the 

confusing results of each of them. 

 

Methodological issues 

To date, the use of accelerometers is considered the most valid and reliable 

method to assess SB, despite not all devices are able to discriminate 

between sitting and standing changes in the posture [279]. In order to make 

stronger the conclusions of this review, only studies using accelerometers 

to assess SB were included. However, the variety of devices utilized and 

the diversity in techniques regarding data extraction and analysis across 

studies makes difficult drawing definitive conclusions. 

Reactivity is an important point to take into account when measuring 

physical activity and SB with accelerometry because it may introduce a 

relevant bias. Although the Hawthorne effect has been recognized as a 

potential limitation of the accelerometry method, evidence remains limited 

[280]. It seems clear that in children and adolescents there may be some 

reactivity [281]. However, tampering with devices seems to be less likely 

among older adults [282]. None of the studies included in this review use 

strategies to avoid reactivity, therefore the results and conclusions must be 

interpreted with caution since the evidence in this area is still scarce. 

The number of valid days and the minimum hours per day included in the 

analysis from the accelerometer data is another important methodological 

issue when working with these type of devices. The average number of 

valid days to include accelerometer data in the analysis is 3.6 ± 1.4 days 

among the studies reporting this value included in the review. However, 
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according to the study of Hart et al. [283] conducted in older people, at least 

five days are necessary to adequately capture the SB. Thus, studies which 

take less than 5 valid days for the accelerometry analysis might be 

unrepresentative. Moreover, cut-offs points for sedentary strip 

establishment is also important, knowing that they are dependent on the 

analyses unit (i.e. epoch length and axes) [284].  

The third important methodological variable to consider is the criteria for 

non-wear time of the accelerometers. In that regard, published studies are 

divided between the algorithm proposed by Troiano [285] or the algorithm 

recommended by Choi et al. [286]. The latter incorporates improvements 

for the misclassification of time intervals spent in SB that do not pass the 

wear/non-wear classification criteria for the low activity counts. Thus, 

studies in populations with a low physical activity and high SB patterns, 

such as older adults, could likely benefit from these improvements [286]. 

Although according to the definition of SB [287] only SB should be 

accounted during waking hours, one study in this review included the time 

that individuals spend sleeping as SB [276]. This can lead to an 

overestimation of ST and should be taken into account when comparing 

results from studies using different approaches.  

Finally, another important aspect that should be considered when studying 

SB in relation to health outcomes is MVPA. This factor should be taken into 

account within the covariates included in the statistical models so that the 

independent effect of SB can be ascertain. The same applies with health 

status, especially in older adults studies in order to avoid confounding 

interactions [288].  
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Although Pedisic et al. [282] concluded that accelerometer-based studies 

had limitations regarding generalisability, validity, comprehensiveness, 

simplicity, affordability, adaptability, between-study comparability and 

sustainability, many of these methodological aspects have not yet been 

homogenized. Overall, the discrepancy in the methodological aspects 

across the analysed studies in this review may preclude us from drawing 

definitive conclusions, although a recent review that could help researchers 

to make better decisions before and after data collection using 

accelerometers, in order to obtain more valid and comparable data has been 

published [289]. Consistency in the methodological aspects when assessing 

SB and stronger research designs are crucial points to confirm the observed 

findings in this review. 
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6.2. Study 2 

 

To our knowledge, this is the first study that comprehensively analyses the 

impact of objectively assessed sedentary patterns beyond total time spent 

in SB on frailty in older adults. The main findings were that adjusted 

models (i.e. in models adjusted by relevant demographic and medical 

confounders) frailty was associated with ST per day, the proportion of the 

day spent in sedentary bouts of 10 minutes or more, and time spent in BST. 

These results may pose some light on the ongoing discussion regarding the 

health consequences of sedentary lifestyles and could generate novel 

hypotheses that could help in informing future public health interventions 

in order to prevent frailty among older adults. 

 

Sedentary behaviour patterns and frailty 

Available evidence suggests that, regardless of MVPA, spending time in 

sedentary activities increases the odds of being frail among older adults 

[207, 214]. Our results confirm and extend those of da Silva Coqueiro et al. 

[214] and Blodgett et al. [207] (i.e. frailty was associated with ST in our 

sample), but also verified that the proportion of the day spent in sedentary 

bouts of 10 minutes or more is a more powerful predictor of frailty than 

raw ST or ST spent in 10-min blocks. The former opens the hypothesis that 

health consequences of SB may be hooked on the display of other 

behaviours. Compositional analysis of time spent in different behaviours is 

therefore required to fully understand the impact SB may have on health, 

including frailty among older adults.  
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In an attempt to understand more precisely how the pattern of 

accumulation of ST may have an impact on frailty scores in older adults, 

we combined the number and duration of bouts of 10 minutes or more time 

spent in ST into a novel ST compositional score. Previous work has showed 

an association between SB and frailty status among adults and older adults 

[207, 214]. Similarly, in order to reflect the potential combined implication 

of both duration and number of BST on frailty, a compositional score from 

the number of and minutes spent in breaks of ST was created (BST-COMP). 

Previous work has demonstrated that BST is associated with physical 

function and disability in older adults [218, 290].  Our empirical work 

extends and confirms the hypothesis that interrupting ST has the potential 

of enhancing the wider health of individuals by demonstrating that not 

only the number of BST but also duration of those BST may have an impact 

on frailty status among older individuals. Collectively, the results from our 

study support and extend to frailty the inactivity physiology hypothesis. 

Future experimental research is warranted to clarify the potential 

mechanisms underpinning the showed associations.  

 

Relevance 

From a public health perspective, reducing SB and engaging in LPA, for 

instance, by inserting short bouts of activity into otherwise sedentary 

periods, may be a more feasible and less challenging approach for older 

adults than taking part in more strenuous activities in order to promote 

health [291]. Our findings reveal that having fewer breaks of sedentary 

periods was associated with higher frailty level among the study sample. 

The reverse is also true. This is of interest, as only a minor proportion of 

older adults meet the WHO physical activity recommendations (30% in our 
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sample). Therefore, while efforts on MVPA promotion should be sustained, 

guidelines for older adults should also reinforce the idea of breaking-up ST 

more often in order to prevent frailty among this population group. 

 

Strengths and limitations 

Key strengths of the study include the relatively large sample, the objective 

measures of SB patterns, and the inclusion of a novel analytical approach 

by deriving new variables that reflects more accurately SB patterns and 

therefore provide unique knowledge in the field with potential clinical 

relevance. The cross-sectional nature of the research design used does not 

allow definitive conclusions to be drawn around the causal relationship 

between the variables of the study. There are some inherent issues with SB 

patterns being derived from accelerometers, such as the use of <100 

counts/minute as a threshold to determine sedentary activities [292] or the 

use of 1-min epoch length that may impact the generalization of the results 

[284]. Despite these limitations, our findings contribute to the current 

literature and ongoing discussion on the impact of SB on frailty among 

older adults. More research is warranted around the potential effects of 

activity insertion of different intensities to prevent frailty in this population 

group. Moreover, longitudinal experimental designs are necessary to 

overcome some of the research-design inherent limitations of this study 

and confirm the results showed here. 
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6.3. Study 3 

 

This study aimed to investigate the relationship between physical activity, 

SB and frailty. We first assessed the association between these factors using 

a classical approach, then using a theoretical model, to examine how the 

displacement of activity of different intensities is associated with changes 

in the frailty score using isotemporal substitution modelling. Our results 

estimate that replacing 30 minutes of ST with an equivalent amount of 

MVPA is associated with a more theoretically favourable frailty status in 

older adults, regardless of comorbidity or physical function status. Equal 

time-exchange of ST with LPA is predicted to reduce frailty but only in 

older adults with comorbidity (52.6% in our subsample). In addition, the 

modelled relationships also suggest potential benefits of LPA in those with 

comorbid conditions, which may be a more feasible and less challenging 

approach than more strenuous activity.  

 

Replacing ST with MVPA 

In our study, we found that replacing sitting time with MVPA resulted in 

reductions in the FTS. This is consistent with previous findings where 

MVPA was associated with frailty even after controlling for ST [207]. 

Moderate-to-vigorous physical activity is well known to affect cognitive 

and physical outcomes, all known to impact frailty. Supporting our results 

are the findings of Song et al. [216] and Peterson et al. [268] which show 

evidence that ST negatively impacts on frailty in older adults. Likewise, 

Fanning et al. [293] only found an improvement in self-regulatory 
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behaviour and executive functioning when 30 min of ST was replaced by 

30 min of MVPA time. 

 

Replacing ST with LPA 

We have found in single and partition models that LPA has a role on frailty. 

Some authors have found a positive relationship between LPA and 

different outcomes regarding frailty, while others have not. Elkins [294] 

showed that daily time spent in LPA is associated with lower risk of onset 

and progression of disability whilst Lee et al. [295] found a positive effect 

of LPA in cognitive status. Jantunen et al. [296] also showed that LPA was 

positively associated with better physical performance. However, Pau et al. 

[297] found that LPA is not the most adequate intensity to improve daily 

static and dynamic motor tasks. 

As a novelty, our grouping analysis shows that only in people reporting 

comorbidities did LPA bring benefits in terms of frailty. Other studies have 

shown the beneficial effects of LPA in the isotemporal substitution 

analyses. Ekblom-Bak et al. [298] showed significant lower metabolic 

syndrome prevalence by replacing 10 minutes of ST with the same amount 

of LPA. Similarly, Fishman et al. [299] and Schmid et al. [300] found that 

replacing 30 min of ST with LPA was associated with significant reduction 

in mortality risk. Our findings show that in frail individuals, with low 

fitness even minimal movement can positively impact health [301]. But 

when a certain fitness level is reached, more strenuous activity is needed to 

elicit more beneficial results. 

Despite requiring between 4-5 times more LPA to elicit the same changes 

in frailty compared with MVPA, according to our estimates, the benefits of 
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LPA for improving frailty status in those with comorbidities is of relevance 

from a public health perspective as might be a population, of those with 

comorbidities, that cannot or do not find opportunities to (frail older adults 

spend 84.9% of their daily time in SB [266]) become engaged in MVPA 

successfully. Thus, replacing ST (e.g., television viewing, sitting) with LPA 

(e.g., leisure walking, active transport) may be a more feasible strategy to 

reduce the risk of frailty in older adults with additional disease. Future 

longitudinal experimental studies should confirm these results. 

 

Strengths and limitations 

This study has several strengths and limitations. The sample includes a 

relatively large number of community-dwelling older adults with 

objectively assessed frailty and physical activity. However, when 

comparing the full cohort with the included sample there were differences 

in most outcomes used in this study so caution should be exercised when 

interpreting the results. Although there is no established gold standard to 

identify frailty, the FTS, derived from the classical model proposed by Fried 

et al. [37] in combination with the positive aspects of the Frailty Index of 

Rockwood et al. [302], has been suggested as a more sensitive scale for 

detecting changes in the individual's biological status [59]. The validity of 

this scale was evaluated by assessing its association with comorbidities, 

biomarkers associated with frailty status, and by comparing its predictive 

value for adverse events with the two most frequently used frailty scales: 

Frailty Phenotype [37] and the Frailty Index [302]. Although accelerometry 

has some advantages over questionnaires and other self-report methods 

[303], it is not exempt from error. Waist-worn accelerometers are not able 

to detect differences between sitting and standing positions, and therefore 
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the measurement of ST can be overestimated. In addition, the cut-off points 

used in this study and the algorithm chosen to discard zero value periods 

can affect the amount of different physical activity intensity ranges and SB. 

Causal inferences are limited due to the cross-sectional nature of the study. 

Moreover, isotemporal substitution models represent a mathematical way 

of replacing one behaviour with another, so the results should be 

interpreted with caution. There is therefore a need for more experimental 

research in this area, especially in the clinical setting, in order to better 

understand the impact of replacing ST with activity of different intensities 

on frailty status among older adults. Another limitation of the study may 

be the non-measurement of sleep, an important behaviour that may affect 

the associations found in this study. 
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6.4. Study 4 

 

The way in which time packed in a given day remains relevant for a wide 

range of health outcomes [304]. Previous research has identified the 

cardiometabolic [230] and mortality outcomes [305] of different movement 

patterns in adults and older adults, respectively. This is the first study 

assessing the associations of mutually exclusive categories of 

accelerometer-derived physical activity and ST with physical function and 

frailty in older adults. The main findings were that participants who 

engaged in ≥150 min/week of MVPA had more favourable physical 

function and frailty profiles than those classified in the other movement 

pattern groups, regardless of sedentary status. Our results also suggest that 

engaging in more light intensity relative to ST may have a positive impact 

on physical function and frailty status on the studied population, even in 

those individuals already meeting the physical activity guidelines. This 

might provide alternative intervention strategies to improve physical 

function and prevent frailty, as light activities are more feasible than more 

strenuous activity, particularly among previously inactive individuals. 

 

Physical activity status, physical function, and frailty 

Previous research have demonstrated that MVPA is effective to prevent, 

delay or even reverse functional limitations and frailty among older adults 

[192]. The present study provides novel data indicating that older adults 

who meet recommended physical activity levels, regardless of time spent 

in light-intensity activities relative to sedentary activities, have better 
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physical function levels and frailty status compared to older adults who do 

not meet the required physical activity levels. These results emphasize the 

importance of engaging in sufficient MVPA, which could buffer some of 

the negative consequences of SB in preserving the physical functionality 

and reduce frailty in this population group [246, 306]. A recent meta-

analysis involving more than 1 million adults has shown that engaging in 

higher amounts of strenuous activity can eliminate the mortality risk 

associated with too much sitting reported elsewhere [277]. The association 

of more intense activity with fitness levels partially explains why meeting 

the physical activity recommendations may overcome the harmful effects 

of SB. Thus, cardiovascular fitness has been proposed as a plausible 

mechanism mediating the relationship between SB and cardiometabolic 

health in older adults [307]. More studies are required to elucidate the role 

of fitness in the relationship between MVPA, SB, physical functioning and 

frailty in older adults. 

 

Sedentary status, physical function, and frailty 

Contemporary experimental [308, 309] and observational [291, 310] 

evidence emphasizes the health-enhancing role of light-intensity activities. 

In a recent meta-analysis by Chastin et al. [311], LPA emerged as potentially 

relevant for cardiometabolic health and mortality in adults and older 

adults, in particular among impaired individuals. Our estimates suggest 

that increasing the time in LPA relative to ST has a positive impact on frailty 

levels in those considered physically inactive. Other studies have suggested 

the potential benefits of replacing SB with LPA to reduce frailty in older 

adults with multiple diseases [312]. It might be the case that in the more 

frail and functionally compromised individuals even small stimulus from 
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light intensities can benefit their wider health [312]. Collectively, these 

findings are policy-relevant. Light-intensity physical activity is normally 

naturally embedded into the daily living of individuals (e.g. walking a dog, 

doing home chores or standing up while talking on the phone), therefore 

requiring no mental or physical effort or starting level to perform such 

activities, and thereby making light-intensity activities a pragmatic target 

for future public interventions to reduce frailty and improve physical 

function of older adults, particularly among those inactive (i.e. 83.5% in our 

sample) and that also depict very high levels of ST (i.e. 63.6% in our sample) 

which might also be the most impaired individuals. 

Interestingly, we identified the group meeting the physical activity 

guidelines (i.e. active) and showing higher levels of light intensity relative 

to ST as the group with better frailty and physical function profile in our 

sample. Others have found similar results for cardiometabolic health [230] 

and mortality [305]. Recent epidemiologic evidence suggests that sitting 

time has deleterious cardiovascular and metabolic effects that are 

independent of whether or not adults meet the physical activity guidelines 

[235]. Our results suggest that engaging in more light-intensity activity 

relative to ST beyond meeting the physical activity recommendations can 

provide with extra benefits in improving physical function and reducing 

frailty in older adults. Those individuals in our sample meeting the 

physical activity guidelines and engaging in more light-intensity activities 

extend their total volume of physical activity as supposed to those that meet 

the recommended amount of physical activity yet are sedentary, which 

could partially explain the extra benefit associated to that movement 

pattern [313]. Thus, promoting light-intensity activities could be a good 

approach to increase the total volume of physical activity and reduce ST in 
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those already meeting the physical activity guidelines, thereby enhancing 

their health, including increasing physical function and improving their 

frailty profile.  

 

Strengths and limitations 

The present study has several strengths. First, the study includes a 

relatively-large sample of community-dwelling older adults with advanced 

age. Although there is no current established gold standard to determine 

physical function and frailty in older adults, the short physical function 

battery has positioned as one of the most used tools to objectively evaluate 

functional performance among older adults [314]. Similarly, the FTS has 

been suggested as a more sensitive scale for detecting changes in the 

individual’s biological status than previously validated frailty instruments 

[59]. We also used accelerometer-measured procedures to assess physical 

activity and ST. 

Our study has also limitations. Firstly, the cut-off points used in the study 

to categorize the activity intensity of participants in the study can lead to a 

misclassification of both physical activity and ST. However, the cut-off 

points used in this study are the most commonly reported in the literature 

for this age group [229], which make the results found here comparable 

with other investigations. Furthermore, ActiGraph devices are not able to 

discriminate between sitting and standing changes in the posture [315]. In 

order to obtain the activity status, bouts of at least 10 minutes were used, 

which may underestimate the time spent in MVPA. Nevertheless, further 

research is needed to consider the impact of the bout duration on frailty 

syndrome. Similar to what Bakrania et al. [230] reported, data could be 
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overestimating the ST [316], we therefore decided to use a more 

conservative approach for the extraction of sedentary status based on the 

behaviour of our population, an approach used in previous studies [230]. 

Loprinzi et al. defined low sedentary status as a positive LPA-to-ST ratio 

[232]. If we had used the Loprinzi et al. [232] method, only 2.1% of our 

population would have been categorized as low sedentary status. This 

procedure used may have limitations and strengths. On the one hand, it is 

not influenced by the measurement of the accelerometer, but on the other 

hand, because is data-driven, may not be applicable to other populations. 

The use of this novel approach allows combining in mutually exclusive 

categories that best represent the different plausible combinations of 

physical activity and ST within waking hours. Nonetheless, the cross-

sectional nature of the research design used does not allow definitive 

conclusions to be drawn around the causal relationship between the 

outcomes of the study. 
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6.5. Study 5 

 

The main finding of the current study was that 27 minutes/d of MVPA 

eliminated the increased risk of frailty associated with ST.  

The detrimental health consequences of SB have been demonstrated for a 

range of health outcomes such as metabolic syndrome, waist 

circumference, and overweightness/obesity [188]. For example, Gao et al. 

[317] found that greater time in television viewing was associated with high 

waist-to-hip ratio and Gennuso et al. [318] found that more time spent in 

objectively measured SB was associated with a high waist circumference 

and BMI. This damaging effect of time spent in sedentary activities seems 

to be confirmed for frailty in older adults [207, 216, 319, 320] and remains 

true also in our sample. Several factors such as the loss of maximal aerobic 

capacity and muscle strength, a decreased cognitive function, a dysfunction 

of the immune system and a damaged metabolic function or weight gains 

may partially explain these associations [321]. 

 

Moderating role of MVPA 

The main contribution of our study is the confirmation of the moderating 

role of physical activity on the SB-frailty association. Our results suggest 

that engagement in 27 minutes per day of MVPA could eliminate the 

negative consequences of spending too much time in otherwise sedentary 

activities. Recent evidence in Chilean older adults also suggests that more 

intense physical activity attenuates the negative effects of sitting time on 

cognition [322]. This estimated protective role of physical activity has also 



DISCUSSION  STUDY 5 

318 

been confirmed in a large meta-analysis with more than 1 million adults 

and older adults [277]. The former study suggests that in highly physically 

active people (i.e. participants accumulating 60-75 min/day of MVPA), 

sitting time was no longer a predictive factor of all-cause mortality. Also, 

Theou et al. [323] reported that in active individuals over 50 years old, ST 

does not affect the risk of mortality, regardless the level of frailty. 

Altogether, these findings seem to reinforce the idea of increasing MVPA 

to offset the harmfulness that ST may have on frailty in older adults. Future 

studies need to confirm our results in longitudinal, experimental studies.   

 

Sedentary behaviour and frailty 

Despite the well-established health benefits [324, 325], engaging in more 

MVPA may not be feasible among all older adults. In fact, only 28% in our 

sample met the suggested threshold of 27 min/day of MVPA (which is 6 

min/day above the current physical activity guidelines) necessary to 

theoretically offset the impact of SB on frailty. A recent systematic review 

and meta-analysis [326] concluded that replacing accelerometer-assessed 

ST with light intensity activities is a feasible health enhancing strategy, 

particularly among previously sedentary individuals. A previous study 

also demonstrated that replacing SB with light intensity activities can 

reduce the frailty levels among vulnerable older adults [312]. Our 

estimations confirm the benefits of reducing SB to reduce frailty levels 

among inactive older adults (i.e. 68% of the sample in the current study). 

Some studies have also demonstrated that reductions in SB (i.e. short 

breaks of light activity into otherwise inactive periods) are possible [327] 

and that have the potential of improving the physical function of older 
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individuals [218, 328-330]. Collectively, these findings indicate that both 

increasing MVPA and reducing ST should be encouraged to reduce frailty 

among older adults. The inclusion of strategies to reduce time spent sitting 

and increase time spent in light intensity activities to reduce frailty may be 

of particular interest among the most inactive older adults and could be 

taken as a first, feasible step towards accumulation of more MVPA 

throughout the day. 

 

Strengths and limitations 

An important strength of our study is that includes a relatively large 

sample of community-dwelling older adults with accelerometer-derived 

SB and physical activity estimations. Also, although there is no established 

gold standard to identify frailty, the FTS has been suggested as a more 

sensitive scale for detecting comorbidities, biomarkers and adverse events 

associated with frailty than previously validated frailty scales such as 

Frailty Phenotype [37] and the Frailty Index [302]. Some limitations have to 

be acknowledged. Despite validity and widely used of accelerometers to 

assess physical activity in free living conditions, these devices are not able 

to discriminate between sitting and standing [315] or activity type, 

therefore potentially biasing the estimations in our study. The cross-

sectional nature of the observations does not allow definitive conclusions 

to be drawn around the causal relationship between the variables of 

interest. Additional evidence is required to extend these findings using 

longitudinal and experimental data. 
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6.6. Study 6 

 

The present study investigated the longitudinal relationships between 

MVPA and SB with frailty status in a community-based sample of older 

adults. As a novelty, we applied a cross-lagged panel model to test for 

potential reciprocal relationships between MVPA/SB and frailty over a 4-

years period. The main finding in our study was that accelerometer-

assessed initial MVPA predicted frailty score at follow-up. However, 

baseline ST was not significantly related to frailty after the follow-up. We 

further found that initial frailty status predicted subsequent ST (i.e., more 

frailty status was related to posterior higher levels of SB), but not of MVPA. 

These results have the potential to inform future interventions that aim at 

reducing the burden associated with frailty among older adults. 

 

Longitudinal relationship between MVPA and frailty 

Different cross-sectional [207, 312, 331] and longitudinal [208] studies have 

linked MVPA with frailty. Blodgett et al. [207] found that MVPA was 

associated with frailty in a group of community dwelling adults aged over 

50 from the National Health and Nutrition Examination Survey. Other 

longitudinal studies such as Rogers et al. [208] have also confirmed these 

results in 8649 adults aged 50 and over an average of 10 years of follow-up. 

We also found that MVPA prospectively predicted frailty levels in our 

sample. There are numerous arguments supporting these findings [193, 

196, 332, 333]. It has been demonstrated that physical activity, particularly 

of moderate intensity plays an important role on multiple components of 
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the frailty syndrome including the frailty phenotype, physiologic 

dysregulation, and cellular function [192]. Increases in MVPA seem to also 

preserve or even improve muscle function and structure, protein synthesis, 

glucose metabolism or inflammation [196]. Furthermore, regular physical 

activity can maintain a set of bioenergetically functional mitochondria that, 

by improving systemic mitochondrial function, contribute to reducing the 

risk of morbidity and mortality throughout life [332]. Not surprisingly, 

MVPA is considered a cornerstone for the prevention, delay or treatment 

of frailty among older adults.  

On the other hand, our results did not support the hypothesis that initial 

frailty levels predict future MVPA levels. Several studies support the 

predictive ability of physical functioning on subsequent MVPA levels [334-

336]. However, it may also be plausible that other, non-biological 

mechanisms (e.g., behavioural) accounted for the observations of the 

current study. Different intervention studies have shown the possibility of 

increasing physical activity also in frail participants [337]. For example, 

Yamada et al. [338] found that is possible to promote exercise of MVPA 

among very frail older adults. Future studies are warranted to clarify the 

role of frailty in subsequent MVPA levels in older adults.  

 

Longitudinal relationship between SB and frailty 

Sedentary behaviour has recently been considered as an important factor 

for numerous health outcomes [188, 339]. A recent systematic review has 

shown that SB may be associated with increased levels of frailty, 

particularly among the most vulnerable population [340]. Interestingly, our 

results indicate that SB was not a determinant of frailty, but rather a 
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consequence of an altered state of increased frailty. A smaller study by 

Edholm et al. [341] with 60 older woman found that only activities of at 

least moderate intensity were associated with physical function in a 

subsequent follow-up time but not activities of lighter intensity or 

sedentary activities. In addition, Marques et al. [342], in a study conducted 

with 131 males and 240 females aged 65-103 years, suggested that ST was 

not a significant predictor of loss of physical independence in later life. In 

a previous cross-sectional study, we showed that engaging in high levels 

of MVPA (i.e., 27 minutes/day) could cancel out the detrimental effects of 

SB on frailty, which may partly explain our current observations [233]. 

Given that the relationship between SB and frailty may go beyond total 

accumulated time [319], future studies should enquire whether or not the 

results of this, and other studies are confirmed for different patterns of 

accumulation of SB. 

 

Relevance 

According to our findings, the promotion of MVPA at earlier stages will 

translate into more MVPA and less frailty markers in the future. Also, the 

observations of the current study point out to the possibility that the 

detrimental effects on frailty are primarily defined by insufficient amounts 

of MVPA rather than an excessive amount of ST. Public health 

organizations should target MVPA to reduce the burden associated with 

frailty in older adults.  
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Strengths and limitations 

An important strength of our study is that includes a relatively large 

sample of community-dwelling older adults with longitudinal data 

separated by 4-years. It also includes accelerometer-derived sedentary and 

physical activity behaviour estimations. Also, although there is no 

established gold standard to identify frailty, the FTS has been suggested as 

a measurement of frailty with superior predictive validity than previously 

validated scales such as the Frailty Phenotype [37] and the Frailty Index 

[302]. Additionally, a key strength of this study was that the statistical 

analysis deployed has allowed to explore the auto-regressive and cross-

lagged pathways in exploring how frailty relates over time with both 

MVPA and SB. Despite the methodological rigor of this study, some 

limitations have to be acknowledged. First, we cannot rule out the 

possibility that our estimations could be influenced by the characteristics 

of the participants who did not provide valid data at follow-up (i.e., older, 

less active, more sedentary, less educated) and therefore our results should 

be interpreted with caution. A further limitation of our work was that 

despite validity and widely used of accelerometers to assess physical 

activity in free living conditions, these devices are not able to discriminate 

between sitting and standing [315] or activity type (e.g., running vs. muscle 

strength), which could potentially bias the estimations in our study. Finally, 

physical activity and SB have been examined separately from other lifestyle 

behaviours (e.g., diet, smoking, alcohol consumption). However, lifestyle 

behaviours tend to cluster together. Therefore, it could be that our results 

rather reflect the synergistic consequences of different observed (i.e., 

physical activity and SB) and unobserved (e.g., diet quality) lifestyle 

behaviours [343, 344]. Future studies may want to test this hypothesis.  
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6.7. Study 7 

 

To our knowledge, the present study tested for the first time the temporal 

and bidirectional associations between the number of daily BST and frailty 

status in a sample of community-dwelling older adults. The main findings 

were that, in physically inactive individuals there was an inverse 

relationship between BST and frailty status 4 years later. The reverse was 

also true (i.e., frailty status at baseline was inversely associated with BST 4 

years later). There was no evidence of longitudinal association between BST 

and frailty in older adults who were considered physically active. 

Consequently, increasing daily BST could be a promising strategy to reduce 

the burden of frailty syndrome in physically inactive older adults. 

 

Longitudinal relationship between BST and frailty 

Different cross-sectional studies have explored the associations of BST with 

physical function [218], disability [220], and frailty [319] in older adults. A 

previous study found a positive association between BST and physical 

function, after adjusting for total ST and MVPA [218]. In a study comprising 

1634 Japanese older adults, greater BST was associated with lower 

likelihood of instrumental activities of daily living disability  [220]. In 

another study conducted in older adults assessed with accelerometers, 

daily BST was associated with lower frailty in older adults [319]. Our study 

extends these previous findings and investigated the longitudinal and 

bidirectional associations between daily BST and frailty in a sample of 

community-dwelling participants 65 years and over. In physically inactive 



DISCUSSION  STUDY 7 

326 

individuals, a higher daily number of BST predicted a lower frailty status 

after 4 years. Further, a lower baseline frailty status predicted greater daily 

number of BST 4 years later. Mechanisms underlying these findings are 

likely to be complex. Experimental studies have provided evidence related 

to the physiologic and cardiometabolic benefits of breaking-up and 

reducing sitting time [345]. The evidence suggests that beyond the increase 

in energy expenditure that requires a transition from sitting to standing 

position [346], the benefits of frequent BST can be explained by the 

muscular contractions derived from such transitions [347]. These muscular 

contractions, which will mostly be provided in light physical intensity 

activities, can lead to important functional adaptations through different 

physiological and molecular pathways [235, 347-350] that ultimately affect 

human health [351]. Therefore, it seems evident that physically inactive 

individuals who break their ST more often may reduce their frailty status. 

Likewise, less frail individuals, will find it easier to break ST more often 

compared to other more structured physical task, thus becoming a positive 

circle (negative if the question is raised backwards). This is in accordance 

with a previous study of our group that demonstrated that older adults 

with comorbidities may benefit more from replacing ST with LPA activity 

compared to healthier counterparts [312]. A recent meta-analysis also 

reported the benefits of replacing sitting time with LPA activities for 

cardiometabolic health and mortality [326]. Together, these findings 

suggest the potential of targeting reductions in ST to improve the health of 

older adults [345, 352]. 

In contrast, we did not detect a statistical association between baseline daily 

BST and follow-up frailty status among physically active older adults. In a 

previous study, it was suggested that lower BST were linked with better 
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muscle quality in a sample of highly functioning and highly active older 

adults [261]. It is plausible that active participants are also fit [353] and that 

a stimulus stronger than muscle contractions resulting from breaking-up 

ST is necessary to evoke reductions in the frailty status among these 

individuals. This suggest that the effects of BST on frailty may be 

moderated by fitness. Similarly, we speculate a higher physiological 

reserve (i.e., less frailty) present in active participants may have accounted 

for the lack of association between initial frailty status and daily BST at 

follow-up. Further experimental studies are required to investigate our 

observations. The lack of significant results for the total sample is likely to 

reflect the heterogeneity in the estimations for active and inactive 

individuals in this study (i.e., the positive findings for inactive individuals 

are cancelled out by the null findings among active individuals). 

 

Relevance 

These findings are likely to be policy-relevant: current physical activity 

guidelines for older adults focused mainly on MVPA [139, 140]. Further to 

increase MVPA, our results also stress the relevance of breaking-up ST, 

particularly in those physically inactive individuals. From a health 

promotion perspective, encouraging small bouts of activity into otherwise 

sedentary periods may be a more feasible and less challenging approach 

for older adults than taking part in more intense activities. Breaking-up ST 

can occur trivially in a variety of daily living activities (at home, during 

transport, or leisure time) because: i) it does not require a high degree of 

commitment or planning, ii) it can be achieved with a physically lower 

load, and iii) it does not require a high level of fitness or complex motor 
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skills. Altogether, our observations indicate the possibility of targeting BST 

to reduce the frailty levels in physically inactive older adults [345]. 

 

Strengths and limitations 

A key strength of our work is that it comprises a relatively large sample of 

community-dwelling older adults with data follow-up of 4 years. The use 

of accelerometer-derived sedentary and physical activity behaviour in this 

study is also a strength. Another strength is the robustness of the FTS to 

assess the frailty level of participants. The FTS has demonstrated superior 

predictive validity and responsiveness than previously validated 

constructs such as the Frailty Phenotype [37] and the Frailty Index [302]. 

Furthermore, another key strength of this study is the use of a statistical 

method (i.e., cross-lagged panel model) that allowed us to investigate the 

temporal order and bidirectional, longitudinal associations of BST with 

frailty over time in the study participants.  

Despite the methodological rigor of this study, some limitations must to be 

acknowledged. First, we cannot rule out the possibility that our estimations 

could be biased by the characteristics of the participants who did not 

provided valid data at follow-up (i.e., they were older, less active, more 

sedentary, and less educated than those included in the final analysis). 

Consequently, our results should be taken with caution. An additional 

limitation is the limited ability of accelerometers to discriminate between 

sitting and standing compared with posture-based devices [315, 316, 354]. 

Importantly, in our study, a break in ST reflects a modification in 

acceleration instead of a change in posture, corresponding to a transition 

from none or slight movement (<100 cpm) to some movement (≥100 cpm). 
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Future studies should replicate our analysis with posture-based devices. 

Lastly, experimental studies are required to confirm our observations [355]. 

Future studies should investigate optimal strategies to increase the number 

of BST throughout the day in older adults, particularly among those not 

achieving the recommended level of physical activity. 
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Study 1 

- There is consistent evidence on the relationship between objectively 

measured SB and physical performance in the elderly. The 

association among sedentary lifestyle, frailty incidence and mortality 

rates warrant further investigation. 

 

- The lack of studies assessing these outcomes and the wide variety of 

methodological issues reported among the reviewed studies make 

difficult to draw definitive conclusions.  

 

- Another important aspect that deserves further investigation is the 

manner that SB is accumulated. Breaks in sedentary time seem to 

minimize the decline of physical performance with aging. Future 

research should test this hypothesis also regarding frailty and 

mortality outcomes. 
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Study 2 

- Sedentary time, breaks in sedentary time, and daily proportion of 

time spent in SB bouts of 10 minutes or more are associated with 

frailty in older people in the TSHA study. Altogether, these results 

may point to the pathways through which engaging in frequent, 

short bouts of activity insertions into otherwise continuous 

sedentary periods can attenuate frailty among older adults. 

 

- Our results suggest that interventions should therefore not only be 

focused on reducing the total time spent in sedentary activities but 

also on how that time is accrued in order to prevent frailty in older 

people. However, longitudinal, experimental research, preferably in 

form of RCT, is required to confirm the causality of the relationships 

observed in the current study. 
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Study 3 

- This study demonstrates that replacing 30 minutes/d of SB with the 

same amount of MVPA could bring benefits in terms of frailty status 

among older adults. Participants with comorbidities may also benefit 

from the substitution of ST by LPA. 

 

- From a public health perspective, this is an important message in 

order to improve frailty status through increasing LPA, which a 

priori seems to be a more feasible approach as opposed to increasing 

MVPA in this specific population group. Future research should 

move beyond this hypothetical, observational evidence and identify 

more-robust indication of the frailty outcomes of experimentally 

reallocating time spent in SB with physical activities of different 

intensities. 
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Study 4 

- We observed that physically active older adults had better physical 

function and frailty profiles than those considered physically 

inactive, even in the presence of high ST. Higher levels of LPA 

relative to ST seems to provide additional benefits in both physical 

function and frailty outcomes among those meeting the physical 

activity guidelines. Lower sedentary levels were associated with 

decreased frailty in physically inactive participants. 

 

- Altogether, our findings reinforce the idea of the health-enhancing 

benefits of meeting the current physical activity guidelines. Also, our 

results highlight the relevance of LPA for inactive older adults. If our 

results remain experimentally true, light intensity physical activity 

can be promoted as a middle step intervention among inactive 

individuals to achieve the recommended levels of physical activity 

and improve their health. We should move beyond observational 

studies and confirm our results in well-design longitudinal, 

experimental studies. 
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Study 5 

- The present study shows that MVPA is a moderator in the 

relationship between ST and frailty in older adults, offsetting the 

harmful effects of SB with 27 minutes per day of MVPA. 

 

- Whenever possible, efforts should be directed towards the 

promotion of MVPA in older adults. Also, reducing SB may be 

beneficial, particularly in those engaging in less intense activity 

throughout the day.   
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Study 6 

- Our findings suggest that based on our longitudinal data MVPA, but 

not SB, predicts frailty in older adults. In contrast, frailty seems to be 

a predictor of SB but not of MVPA. 

 

- Efforts should be directed at increasing MVPA from earlier stages. 

Future experimental studies should examine the best strategies to 

include MVPA in the daily lives of older people. 
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Study 7 

- According to our hypothesis, the longitudinal relationship between 

the daily number of sedentary breaks and the frailty levels is 

bidirectional in physically inactive older individuals. We found no 

evidence of a longitudinal association between BST and frailty in 

older adults considered physically active. 

 

- Our study provides robust longitudinal evidence that breaking-up 

ST more often may reduce frailty in older adults that do not meet 

physical activity recommendations. Pending on experimental 

confirmation, targeting frequent reductions in ST may provide with 

a feasible approach to reduce the burden of frailty among more at 

risk inactive older adults. 
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The worldwide progressive aging of population involves a significant 

challenge to the long-term sustainability of public health and social care. 

Today, technological, economic and social changes have completely 

modified our lifestyle, with important implications for our health and well-

being. Physical activity, and recently SB, are two of the cornerstones which 

are more likely to ensure a healthier aging process. From a physical and 

public health perspective, the message about the use of time is clear: reduce 

total ST, break-up prolonged periods of ST, and move more. In this dissertation, 

we have addressed diverse questions in relation to the role played by these 

three concepts (reduce, break-up, and move) in a particular health outcome 

such as frailty syndrome. Specifically, the association of ST and its different 

patterns with frailty has been observed. How physical activity interacts in 

the SB and frailty relationship (either replacing time, combining 

behaviours, or moderating the association) has also been examined. Finally, 

we have tried to establish the temporal order of the associations between 

ST, MVPA, and BST with frailty. Previously, the potential strengths and 

limitations that the presented investigations may contain have been 

discussed. Now, we will identify some of the most promising research 

strategies and future directions that could extend our findings and 

contribute to the development of research in the field of physical activity, 

SB, and health. 

A body of evidence on the relationship between SB and different health 

variables has grown rapidly. Observational evidence, both transversal and 

prospective, has generated and continues creating new hypotheses about 

the influence of SB on health. However, experimental evidence must 

provide rigorous research that addresses the hypotheses produced by 

observational studies. To the best of our knowledge, no specific 
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interventions aiming reductions in SB have been performed to address 

frailty. Breaking-up sedentary time more frequently may be a possible first 

step for those individuals with a more diminished homeostatic reserve, and 

then move on to individualized physical activity programs prescribed by 

professionals. Developing this type of staggered interventions will be 

paramount from a public health perspective to promote successful aging. 

Knowing that both the total ST and the way in which this time is 

accumulated is linked to frailty, other reasonable step would be to identify 

the dose-response of these relationships. Future research should address 

key issues such as how much ST is too much or the adequate frequency, 

duration, and intensity with which ST should be broken-up to reduce 

adverse health effects. 

Studies focusing on how older adults allocate their ST throughout the day, 

as well as an understanding of what activities cover the spectrum of ST in 

this type of population can be useful in order to design future successful 

interventions aimed at reducing ST and increase the time of physical 

activity. In this sense, examining the effects of the type of sedentary 

activities with cognitive function may be of great interest because probably 

not all sitting activities have the same impact on brain activity (e.g., reading 

vs. driving), and therefore, some of them could be preventive and others 

harmful to cognition. 

High quality designs and measurements are necessary for the progress of 

the research and its subsequent implementation in the real world. One of 

the challenges in this field is to use devices that are capable of not only 

capturing the intensity of the movement but also the posture. An example 

of this may be inclinometers, devices that have demonstrated a high 

capacity to capture postural changes compared to direct observation [356]. 



FUTURE PERSPECTIVES 

345 

In addition, other new technologies can be used to provide context for ST 

such as wearable cameras and global positioning system. 

Future research should study the differences in age and sex in the SB, 

physical activity and frailty relationship. Thus, more tailored 

recommendations can be provided, making them more attainable and 

sustainable in the future. 

Finally, identifying personal, social and environmental barriers to reduce 

ST and increase physical activity will help create strategies and programs 

with high adherence in the medium to long term. Future research should 

also address fundamental questions about cost-effective and feasible 

interventions. The results found by these investigations should be applied 

in institutions, especially public organizations, that combine environment 

and policy changes associated with individual and social interventions. 

Only in this way, science can reach the real life of individuals, improving 

their quality of life through healthy aging. 
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11.1. Appendix 1 

 

Impact factor and ranking of each journal in the year the articles were 

published “ISI Web of Knowledge – Journal Citation Reports” 

Paper Journal Impact 

factor 

Ranking-

Quartile 
 

Paper 1 

(P) 

 

European Journal of Sport Science 

(Sport Sciences) 

 

2.576 

 

22/81 – Q2 

 

Paper 2 

(P) 

 

PLoS One 

(Multidisciplinary Sciences) 

 

2.766 

 

15/64 – Q1 

 

Paper 3 

(P) 

 

Journal of the American Medical 

Directors Association 

(Geriatrics & Gerontology) 

 

4.899 

 

6/53 – Q1 

 

Paper 4 

(P) 

 

BMC Geriatrics 

(Gerontology) 

 

2.818 

 

8/36 – Q1 

 

Paper 5 

(P) 

 

Journal of the American Medical 

Directors Association 

(Geriatrics & Gerontology) 

 

4.899 

 

6/53 – Q1 

 

Paper 6 

(A) 

 

Journal of Cachexia, Sarcopenia and 

Muscle 

(Geriatrics & Gerontology) 

 

10.754 

 

1/53 – Q1 

 

Paper 7 

(S) 

 

Journal of Cachexia, Sarcopenia and 

Muscle 

(Geriatrics & Gerontology) 

 

10.754 

 

1/53 – Q1 

 

(P): Published. (A): Accepted. (S): Submitted. 
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