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Abstract 

Frailty has been defined as a “state of increased vulnerability” which increases the risk of adverse 

outcomes. Although there is currently no consensus definition, frailty has consistently been 

associated with death, institutionalization, and disability. These associations have driven strong, 

but mostly unheeded, calls from the research and clinical community to include frailty in clinical 

care processes. Frailty is one of many nosological constructs that have been developed in response 

to the complexity of aging. Geriatric research and practice rely on age-related constructs which 

diverge from the traditional biomedical model of disease: frailty, multimorbidity, and other 

geriatric syndromes are used to describe and characterize the variability in the health status of older 

adults. Despite vigorous interest for such constructs, issues related to their definition, reliability, 

and applicability in the context of clinical practice have not been well explored. 

The overarching objective for this dissertation was to explore the conceptual underpinning 

and clinical applicability of age-related constructs, with an emphasis on frailty. The first objective 

was to examine whether older adults show increasing heterogeneity as they age, as a motivation 

for developing age-specific constructs. A novel application of methods was used to disentangle 

the within-age and between-age variability of 34 health characteristics within eight domains in 

30,097 participants from the Canadian Longitudinal Study on Aging. I demonstrated that 

heterogeneity increases with aging, but not for all health characteristics and domains, and not 

uniformly. Clinical implications and research opportunities of heterogeneity include the 

importance of the comprehensive geriatric assessment, of measurement and scaling of variables, 

and the need to develop new multidimensional constructs that distinguish older adults among 

themselves.  
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The second objective was to examine the measurement of age-related constructs. I 

investigated the reliability and clinical correlates of reliability of the deficit-accumulation frailty 

index. Monte Carlo methods were used to simulate 12,000 studies comparing various 

implementations of the frailty index in 12,080 participants 65 years and older from the Canadian 

Longitudinal Study on Aging. I showed that the number and composition of items of individual 

FIs strongly influence their reliability. Descriptive estimates using frailty indices and predictive 

estimates between frailty indices and mortality varied markedly between implementations. This 

lack of reliability and stability of estimates lowers the generalizability and clinical application of 

study findings based on frailty indices.  

 The third objective focused on determining the applicability of study results to clinical 

practice. A literature search was conducted to identify 26 existing frameworks appraising study 

“applicability.” I analyzed and synthesized frameworks and criteria according to the scope and 

level of aggregation of the evidence appraised, the target user, and the specific area of applicability. 

Since available frameworks did not distinguish study results by clinical applicability, a novel 

framework to appraise clinical applicability was proposed which categorizes studies into three 

evidence domains (research domain, practice informing, and practice changing) using six criteria 

(Validity, Indication-informativeness, Clinical relevance, Originality, Risk-benefit 

comprehensiveness, and Transposability, VICORT). 

This framework was used for the fourth objective to appraise the clinical applicability of 

recently published articles on frailty. A mapping review was conducted by systematically sampling 

476 articles published in 2017–2018 and investigating whether these articles informed practice, 

changed practice, or belonged in the research domain. Among all articles, 63 (13%) articles were 

categorized as practice informing, 11 (2%) as potentially practice changing, and 1 (0.2%) as clearly 



vii 
 

practice changing. The lack of indication-informativeness (96%) and originality (83%) were the 

most important reasons hampering clinical applicability. Recommendations are proposed for 

future research on frailty, which may also extend to other age-related constructs.  
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Résumé 

La fragilité est définie comme un « état de vulnérabilité accru » qui augmente le risque d’issues 

défavorables. Bien qu'il n’y ait, à l’heure actuelle, aucune définition de la fragilité qui fasse 

consensus, la fragilité a été associée de façon soutenue à la mortalité, à l’institutionnalisation et 

aux incapacités. Ces associations ont poussé des chercheurs et des cliniciens à proposer l’inclusion 

du concept de la fragilité aux trajectoires et aux processus cliniques. La fragilité est l’un des 

nombreux concepts nosologiques développés en réponse à la complexité du vieillissement. La 

recherche en gériatrie et la pratique de la gériatrie reposent sur des concepts nosologiques liés à 

l’âge qui divergent du modèle biomédical traditionnel des maladies : la fragilité, la multimorbidité 

et d’autres syndromes gériatriques sont utilisés pour décrire et caractériser la variabilité des états 

de santé des personnes âgées. Malgré le grand intérêt porté à ces concepts, des enjeux liés à leur 

définition, leur fiabilité et leur applicabilité, en contexte de pratique clinique, n’ont pas été dûment 

explorés. 

 L’objectif général de cette thèse est d’explorer les fondements et l’applicabilité clinique 

des concepts nosologiques liés à l’âge, en particulier la fragilité. Le premier objectif est d’examiner 

si les personnes âgées démontrent une hétérogénéité grandissante alors qu’elles vieillissent, ce qui 

sous-tendrait le développement de concepts nosologiques spécifiques à l’âge. Une application 

innovante de méthodes statistiques a été employée pour distinguer les variabilités intra-âge et inter-

âge de 34 caractéristiques de santé comprises dans huit domaines, au sein de 30 097 participants 

dans l’Étude longitudinale canadienne sur le vieillissement. Je démontre que l’hétérogénéité 

augmente avec l’âge chronologique, mais pas pour toutes les caractéristiques ni domaines, et de 

façon non uniforme. Les répercussions cliniques et en recherche de ces résultats incluent 

l’importance de l’évaluation gériatrique complète, des propriétés de la mesure des variables et la 
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nécessité de développer de nouveaux construits multidimensionnels qui différencient les personnes 

âgées entre elles. 

 Le deuxième objectif est d’examiner les propriétés de la mesure des concepts liés à l’âge. 

J’analyse la fiabilité et les corrélats de la fiabilité de l’index de fragilité basé sur l’accumulation 

des déficits. Des méthodes Monte Carlo ont été utilisées pour simuler 12 000 études comparant 

des configurations variées de l’index de fragilité au sein de 12 080 participants de 65 ans et plus 

dans l’Étude longitudinale canadienne sur le vieillissement. Je démontre que le nombre et la 

composition des items constituant les déficits de chaque index de fragilité influencent grandement 

leur fiabilité. Les estimés descriptifs utilisant les index de fragilité et les estimés prédictifs de la 

fragilité pour la mortalité varient selon les configurations. La faible fiabilité des estimés réduit la 

généralisabilité et l’applicabilité clinique des résultats d’études basées sur les index de fragilité. 

 Le troisième objectif vise à déterminer l’applicabilité à la pratique clinique des résultats 

d’études. Une recherche de la littérature a été réalisée pour identifier 26 cadres existants qui 

s’intéressent à l’applicabilité clinique. J’ai analysé et fait la synthèse des cadres et de leurs critères 

selon la portée et le niveau d’agrégation des données probantes, l’utilisateur ciblé et la thématique 

d’applicabilité. Comme les cadres existants ne différencient pas les résultats d’études selon leur 

applicabilité clinique, un nouveau cadre est proposé pour catégoriser les études en trois domaines 

de données probantes (domaine de la recherche, informant la pratique, changeant la pratique) en 

s’appuyant sur six critères (validité, informe une indication, pertinence clinique, originalité, 

analyse exhaustive des risques et des bénéfices et transposabilité, VICORT [acronyme en 

anglais]). 

 Ce cadre a été utilisé pour le quatrième objectif d’évaluer l’applicabilité clinique des études 

récentes portant sur la fragilité. Une revue exploratoire a été réalisée en échantillonnant de façon 
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systématique 476 articles publiés en 2017-2018 et en déterminant si ces articles informaient la 

pratique, changeaient la pratique ou appartenaient au domaine de la recherche. Parmi tous les 

articles, 63 (13%) ont été catégorisés comme informant la pratique, 11 (2%) comme changeant 

potentiellement la pratique et 1 (0.2%) comme changeant clairement la pratique. Les deux raisons 

principales entravant l’applicabilité clinique sont un manque d’information sur une indication 

clinique (96%) et d’originalité (83%). Des recommandations sont proposées afin d’améliorer la 

recherche future portant sur la fragilité et peuvent aussi s’appliquer à d’autres concepts 

nosologiques liés à l’âge.  
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Chapter 1. Introduction 

1.1 OVERVIEW AND SIGNIFICANCE 

In the last fifty years, epidemiological research on aging and geriatric medicine have set their sights 

on frailty. Frailty has been defined as a “state of increased vulnerability” which increases the risk 

of adverse outcomes.1 Research on frailty has blossomed in the last two decades, yet no consensus 

definition of frailty currently exists, and the multiple frailty definitions in use do not necessarily 

identify the same individuals as having frailty.2–5 Even if measured using various instruments, 

frailty has been shown to be associated with adverse outcomes, such as death, institutionalization, 

and disability.6–8 These consistent associations have driven strong, but mostly unheeded, calls from 

the research and clinical community to include the assessment of frailty in the clinical care 

process.9–11 Beyond the lack of consensus definition, reasons for the relative disconnect between 

the interest in frailty in research and its translation to practice have not been well described. 

Frailty is one of many age-related constructs concerned with the classification of diseases, 

i.e., nosological constructs, used in research on aging and geriatric medicine. Multimorbidity,12,13 

polypharmacy,14 delirium15,16 and other geriatric syndromes17,18 are among constructs identified in 

response to the variability and complexity in health states of older adults. By design, frailty and 

these constructs do not directly fit the biomedical model of disease that assumes a single causal 

factor and underlies most of clinical epidemiology and medicine.19 What has been gained or lost 

by diverging from the standard model to more flexibly account for the particularities of geriatric 

research and medicine remains unexplored. Epidemiology faces the dual challenge of accurately 

describing health states and determining their causal contribution of, and to, various health 

variables, ultimately to inform interventions that improve health outcomes in population and 
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individuals.20 A tension may exist between the most accurate description of complex phenomena 

in older adults under the lens of epidemiology and their usefulness and applicability in clinical 

practice. 

In this dissertation, I explored the continuum between the description and applicability of 

nosological constructs, at the intersection of epidemiology and clinical practice. Using frailty as 

an exemplar of an age-related construct,21 I used quantitative methods to examine (i) the basis 

underlying age-related constructs and (ii) the ability of a frailty measure to reliably characterize 

individuals as having frailty. I further used qualitative methods to (iii) identify criteria by which 

studies featuring constructs can successfully inform clinical practice and (iv) appraise whether the 

construct of frailty has recently been successful in informing practice. Each manuscript examined 

a specific facet of translating constructs from description to clinical application. This dissertation 

is a probe into frailty, constructs, and the frailty of constructs that are used in geriatric 

epidemiology and medicine. 

1.2 RESEARCH OBJECTIVES 

The overarching goal of this research was to explore the conceptual underpinning and clinical 

applicability of age-related nosological constructs, with an emphasis on frailty. There are four 

objectives, each of which is addressed in a manuscript which forms the basis of a chapter of this 

thesis: 

1. To explore whether, and how, heterogeneity increases in individuals from middle to 

advanced age, as a basis for developing constructs related to aging (Manuscript 1). 
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2. To investigate the reliability of frailty indices and the stability of frailty-index derived 

estimates when computed in a single community-dwelling older adult population 

(Manuscript 2) 

3. To identify criteria and to develop a tool to appraise, classify, and improve applicability of 

a research study to clinical practice (Manuscript 3). 

4. To characterize the overall clinical applicability of recent frailty research and potential 

limits to applicability (Manuscript 4). 

1.3 Organization of thesis 

The format of this thesis is manuscript-based. Chapter 2 provides a literature review and 

background on frailty: the multiple definitions of frailty, a brief history of its development, an 

overview of potential frailty pathophysiological mechanisms, and a presentation of three dominant 

frailty frameworks. A contextualization of frailty and its purpose within the broader scope of aging, 

geriatrics, epidemiology, and medicine follows. Chapter 3 presents a summary of the data source 

and methods that will be applied in the thesis. Chapter 4 presents the exploration of heterogeneity 

in older adults, i.e., the underlying basis for age-related constructs (Manuscript 1). After examining 

heterogeneity in older adults as the basis for frailty and other constructs, Chapter 5 investigates 

whether a well-established and influential frailty measure can reliably identify individuals as 

having frailty (Manuscript 2). Chapter 6 examines the clinical function of nosological constructs: 

a literature search is conducted to identify criteria on which clinical applicability of studies can be 

determined; a novel framework is proposed (Manuscript 3). Chapter 7 takes elements from this 

proposed framework to formally appraise the clinical applicability of recently published frailty 

articles (Manuscript 4). Chapters 4 to 7 each have their own references. Implications and 

recommendations are discussed within each chapter. Chapter 8 summarizes and synthesizes 
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findings, strengths and limitations, and overarching implications for frailty. The thesis concludes 

with a brief discussion on the ontology of constructs and future directions for research.  
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Chapter 2. Background and scope 

2.1 FRAILTY 

2.1.1 The (con)current definition(s) of frailty 

Frailty has been defined as “a state of increased vulnerability to poor resolution of homeostasis 

after a stressor event, which increases the risk of adverse outcomes, including falls, delirium, and 

disability.”1 Despite its longstanding prominence in research on aging, there is currently no 

standard or consensus definition of frailty.2,3 A recent review on frailty instruments identified 67 

different frailty instruments, of which nine were systematically characterized and included 

differing domains in their composition (i.e., physical function, disability, physical activity, 

cognition, comorbidity, weight loss, and others).7 The lack of uniformity in the elements used to 

identify frailty was also reported in another systematic review of 22 articles: physical function, 

mobility, and cognition were assessed in half of more of instruments, but self-rated health, age, 

urinary incontinence, or use of health services were measured in less than a third.22  

Underlying all existing definitions or operationalizations of frailty is the core idea of 

vulnerability, associated with multiple age-related processes from multiple domains and with 

adverse outcomes.23,24 Amid debates on the nature and definition of frailty,25 a relatively consistent 

conceptualization of frailty suggests that it is an extreme consequence of the normal aging process, 

that it is dynamic and time-varying, and that it is multidimensional.26 The nature of these 

dimensions and whether the multidimensional age-related processes are antecedent to, concurrent 

with, or a consequence of vulnerability remains unresolved.27 The temporal and causal 

relationship28–30 between the vulnerability of frailty and the adverse outcomes also varies across 

definitions.31 A historical examination of the evolution of the construct of frailty may reveal 

reasons for the coexistence of multiple definitions. 
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2.1.2 Brief history of frailty as a construct 

Frailty, unlike most nosological entities, has a colloquial meaning. Frailty originates from the Latin 

word frag-ili-tas: frangere to break, -ili- the adjectival form, -tas the state. Frailty is literally the 

state of being easily broken. The common meaning of frailty can describe both the physical 

characteristics and moral character of a person. The first mention of frailty in the medical literature 

is often attributed to a 1968 article published in the British Medical Journal titled “Old and Frail” 

describing a shift in the age of patients and highlighting the need for better care organization and 

provision to older adults.32 A more formal usage of frailty appears a decade later, in 1979, in 

demographic studies by Vaupel et al.33 This line of work aimed to improve mortality modeling by 

accounting for the heterogeneity in individual susceptibility to all causes of death, i.e., their 

individual frailty. Although frailty has been used in clinical parlance since the beginning of 

geriatric medicine, attempts to formalize a definition of frailty were initiated in the 1990s.25,34 

Contemporary formalizations of frailty definitions were made possible by the enrollment of older 

adults in cohort studies and the development of epidemiologic methods to conduct and analyze 

data from large cohort studies.35 The Cardiovascular Health Study36 and the Canadian Study of 

Health and Aging,37 which investigated the epidemiology of cardiovascular diseases and that of 

dementia, respectively, were the foundation for the development of two objective and parallel 

conceptual frameworks of frailty:38 the Fried physical frailty phenotype39 (PFP) and the Rockwood 

and Mitnitski deficit-accumulation frailty index40–42 (FI). Both first described in 2001, they remain 

the two most influential frameworks of frailty, but have since been joined by more simplified 

definitions as well as more extensive ones.7,43 The line between an instrument measuring frailty 

and a definition of frailty—and between reflective and formative measurement models31,44—is 

thin. The tension between what frailty is and how it is recognized has been a concern ever since 
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its introduction in research and clinical practice.25,27,45 In the last decade, unidimensional and low-

dimensional operationalizations of frailty, such as gait speed46 or the Short Physical Performance 

Battery,47 have coexisted with multidimensional,48,49 latent,50 and diagnostic-group-related51 

operationalizations of frailty. As a construct, frailty appears to still resist attempts to delineate its 

common sense meaning into a single and well-delimited definition for research and clinical uses.3  

2.1.3 Levels and potential pathophysiologies of frailty 

At its core, frailty seeks to characterize or quantify age-related vulnerability associated with 

adverse outcomes.34,52 The specific vulnerabilities and levels of realization53 considered vary by 

scale of biological organization from basic molecular mechanisms to cells and organ systems, to 

individuals, and up to communities and societies.24,35 There has been a significant interest for 

frailty across this whole spectrum: at the scales of basic molecular mechanisms to organ systems54 

(i.e., the classical focus of biomedical research) and at the scales of individuals55 to societies6,56 

(i.e., the focus of epidemiological research). Researchers characterizing frailty at the more 

fundamental biomedical level have proposed a pathophysiology underlying frailty.  

 Frailty is understood to be a “disorder of several interrelated physiological systems”1 which 

disrupts normal homeostasis.24,52,57 Under the pathophysiological view of frailty, this disruption of 

homeostasis is distinguished both from normal aging and from known clinical diseases.27,58 A 

decline in the reserve of body systems is expected with normal aging, but the extent of this decline 

across multiple systems is more pronounced with frailty and accelerates the “normal” incidence of 

disability. Unlike the typical and simplified pathophysiology of clinical diseases whereby the 

disease state is brought about by a single converging process (e.g., tumorigenesis for cancer), the 

pathophysiology of frailty is realized at the level of the underlying biological dysregulation of 

multiple body systems, which in turn cause clinical disease and disability.57 The antecedence of 
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frailty to clinical conditions is, however, only partial since most pathophysiological models of 

frailty involve a feedback loop where clinical disease also affects frailty thus perpetuating and 

exacerbating it.57,58 The biological basis for triggering increased susceptibility remains unclear but 

hypotheses related to DNA damage, mitochondrial dysfunction, telomere shortening, oxidative 

stress, cell senescence, among others, have been proposed.24 Specific biological pathways have 

also been hypothesized for each organ system and are best studied for the brain, the endocrine 

system, the immune system, and the skeletal muscle.1,26  

No single level of realization may be inherently correct to posit the pathophysiology of 

frailty. Although the basic molecular and cell-level mechanisms have proven revolutionary in 

medical research (e.g., monogenic diseases, infectious diseases), higher scales of analysis may also 

be explicative59,60 (e.g., social epidemiology). Of the three conceptual frameworks of frailty 

discussed below, the Fried frailty phenotype proposes a pathophysiology understanding of frailty, 

at the organ and individual-functioning levels.24 

2.1.4 Three major frameworks of frailty 

2.1.4.1 The Fried physical frailty phenotype 
The Fried physical frailty phenotype39 is the most widely cited operational framework of frailty.7 

According to Fried et al., frailty is characterized by a specific phenotypic syndrome involving a  

pathologic “vicious” cycle leading to a progressive decline in physical function and health.24,61 

There are five core components to the phenotype: slowness, weakness, low activity, exhaustion, 

and unintentional weight loss. The original definition of the first three components is based on 

distribution-based cut-offs, whereby slowness (measured by gait speed), weakness (measured by 

grip strength), or low activity are present when individuals are in the lowest quintile of their sex 

(for all 3 components) and height (for slowness) or body mass index (BMI, for weakness) 
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subgroup. Exhaustion is defined as feeling “that everything I did was an effort” or that “I could 

not get going” 3 or more times per week (from the Center for Epidemiologic Studies—Depression 

Scale62 [CES-D]). Unintentional weight loss is present when more than 10 pounds was lost in the 

last year. Together these components capture the vicious cycle of frailty: loss of muscle mass 

(sarcopenia) leading to a decreased resting metabolic rate and walking speed, leading to reduced 

activity and total energy expenditure, then leading to chronic undernutrition thus worsening 

sarcopenia and completing the cycle.24,61 The frailty phenotype is usually categorized into three 

frailty levels: individuals with 3 or more criteria have frailty, those with 1 or 2 criteria have 

prefrailty, and those without any criteria are considered robust or nonfrail. Multiple definitions 

have been derived from this operational framework. For example, the FRAIL scale uses four of 

the five criteria (Fatigue, Resistance, Ambulation, and Loss of Weight) but operationalizes them 

solely using self-report rather using physical performance tests for slowness and weakness; the 

presence of greater than 5 Illnesses is also substituted for low activity.63,64 Another example is the 

Study of Osteoporotic Fractures (SOF) index which uses three of the five Fried criteria: weight 

loss, inability to rise from a chair five times without using arms, reduced level of energy.65,66  

2.1.4.2 The Rockwood deficit-accumulation frailty index 
The second most cited frailty framework is the Rockwood and Mitnitski deficit-accumulation 

frailty index (FI).7,40,41 The deficit-accumulation frailty index conceptualizes frailty as the 

stochastic process of accumulating age-related deficits which together capture a person’s 

vulnerability to adverse outcomes.67 The precise nature (and composition) of deficits is not 

predefined; rather, the proportion of deficits present in an individual is considered to best quantify 

the level of frailty. Any variable or measurement can be considered as a deficit as long as it 

conforms to the following four criteria: (i) is related to health status, (ii) increases with age, (iii), 
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does not saturate at an early chronological age, and (iv) covers multiple systems. An added fifth 

requirement is to use the same deficits for longitudinal comparisons.42 Clinical diseases, 

symptoms, signs, laboratory abnormalities, disability scales, physical performance measurements 

(e.g., gait speed) have all been used as deficits within implementations of frailty indices. The first 

frailty index included 92 deficits,40 a subsequent one 70 deficits.41 A minimum of 30–35 deficits 

has been recommended to ensure stability of indices.42 The composition is not predetermined, and 

deficits are unweighted in the calculation of FIs; the information contained in the underlying latent 

variation in deficits takes precedence over the specific informativeness of each included deficit. 

The frailty index framework has led to multiple implementations using various sources of data 

such as comprehensive geriatric assessments (FI-CGA68), electronic medical records (eFI69), 

laboratory values (FI-LAB70), trials71,72 or registry (mFI-573 and mFI-1174) data. Across 

implementations, frailty indices typically range between 0 and 0.70, an empirical level at which 

frailty is incompatible with survival.75 Frailty indices can be used both as a continuous variable or 

categorized into frailty levels, although no consensus cut-off exists.76 

2.1.4.3 Multidimensional geriatric frailty 
The two most influential frameworks of frailty focus on different domains of aging to capture 

vulnerability. Whereas the Fried phenotype centers on the physical dimension of vulnerability 

disentangled from disability and multimorbidity,58 the Rockwood FI centers on the latent 

vulnerability underlying any age-related health deficits. There is, however, no a priori reason to 

restrict the conceptualization of frailty to the physical domain or to an underlying trait. As long as 

the notion of vulnerability on multiple dimensions is characterized, some form or idea of frailty 

can be entertained.22,26 This may be the basis for a very general conceptualization of frailty as 

“multidimensional geriatric frailty.” This third model of frailty can be considered to encompass all 
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others of definitions of frailty not derived from the Fried frailty phenotype or from the frailty index. 

Definitions of frailty falling under this umbrella category exhibit various levels of detail and 

exhaustiveness. At one end of the spectrum are the Clinical Frailty Scale (CFS)41,77 and PRISMA-

7 (Programme de recherche sur l’Intégration des Services pour le Maintien de l’Autonomie)78, two 

instances of synthetic and relatively concise frailty measurements. The CFS quantifies frailty by 

using a 7-point scale41 (later expanded to 9 points)77 based on pictograms and rubrics describing a 

combination of fitness or physical function level, medical conditions, disabilities, and life 

expectancy. PRISMA-7 includes seven binary items assessing chronological age, sex, health 

problems limiting activity, need of assistance on a regular basis, health problems requiring home 

stay, social support, and use of mobility aids. At the other end of the spectrum are the Edmonton 

Frail Scale (EFS)48 and the Tilburg Frailty Indicator (TFI)49, two instances of frailty measurements 

with exhaustive coverage of geriatric domains. The EFS assesses nine domains (cognition, general 

health status, functional independence, social support, medical use, nutrition, mood, continence, 

and functional performance) using 11 questions for a total score of 17 points. The TFI assesses 

three domains (physical, psychological, and social) using 15 binary questions. 

2.1.5 A brief summarizing comparison of frailty frameworks and definitions 

Due to the vast numbers of definitions currently in usage, detailing every frailty definition would 

be unwieldy.7,8,43 One way of summarizing frailty definitions is to relate them to one of the three 

frameworks described above. Another useful way is to summarize definitions, and their 

overarching frameworks, ontologically, i.e., by the concepts, categories, and relations each 

definition entails. By no means exhaustive, Table 2.1 suggests nine dimensions by which frailty 

definitions can be distinguished. 

Table 2.1. Dimensions and comparisons between frailty frameworks and definitions 
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DIMENSIONS DISTINCTIONS EXAMPLES 

Conceptualization 
of pathology  

Process pathophysiological syndrome with 
etiological contribution 

Fried frailty phenotype 
FRAIL scale 

State of vulnerability Rockwood frailty index 
Modified frailty indices 

Domain coverage 

Focus on physical frailty 
(e.g., exclusion of cognition or social 
support) 

Fried frailty phenotype 
FRAIL scale 

Variable Rockwood frailty index and 
derived implementations 

Explicitly wide 
Edmonton frail scale 
Tilburg Frailty Indicator 
PRISMA-7 

Implicitly wide Clinical frailty scale 

Distinction from 
other age-related 
concepts 

Cognitive impairment Yes: Fried frailty phenotype 
No: Tilburg Frailty Indicator 

From disability and chronic conditions 
Yes: Fried frailty phenotype 
No: Rockwood frailty index,  
  FRAIL scale 

From psychological impairment and social 
support 

Yes: FRAIL scale 
No: Tilburg Frailty Indicator 

Measurement 
model 

Formative Rockwood frailty index 
Modified frailty indices 

Reflective Fried frailty phenotype 
PRISMA-7 

Source of data 
and assessment 

Solely self-report FRAIL scale 
Tilburg Frailty Indicator 

Combination of self-report and objective 
measures 

Fried frailty phenotype 
Edmonton frail scale 

Variable Rockwood frailty index 

Level of detail of 
assessment 

Brief Clinical frailty scale 
PRISMA-7 

Detailed 
Rockwood frailty index (70-
item) 
Edmonton frail scale 

Frailty variable 
type 

Categorical Fried frailty phenotype 
FRAIL scale 

Discrete Clinical frailty scale 
Continuous (can also be categorized) Rockwood frailty index 

Method to 
establish frailty 
cut-offs 

Distribution-based cut-offs for components 
or resulting frailty measurement 

Rockwood frailty index 

Absolute cut-offs 
PRISMA-7 
Clinical frailty scale 
Edmonton frail scale 
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2.1.6 Importance and influence of frailty 

The many unresolved definitional questions about frailty have not impeded its uptake among 

researchers in aging. Frailty has been the focus of considerable research interest, and calls for its 

implementation in clinical practice have also been made in recent years.9–11,79 Premised on the 

strong and consistent associations between frailty and adverse outcomes (e.g., institutionalization, 

disability, functional decline, and death), calls for the incorporation of frailty into clinical practice 

have suggested routine screening for frailty, interventions to prevent or reverse frailty, using frailty 

to alter treatment indications, or modify specific interventions. Both within and outside geriatric 

medicine, frailty is a thriving area of research and has made its way into original research, reviews, 

and clinical practice guidelines80,81 across multiple disciplines such as cardiology,82 hepatology,83 

infectious diseases (e.g., HIV),84 nephrology,85 oncology,55 pulmonary medicine,86 and 

surgery.87,88 Calls for incorporation appeared to remain mostly unheeded; to what extent the 

incorporating of frailty to practice has led to improve patient outcomes has not been well 

explored.11 

2.2 AGING, GERIATRICS, AND SYNDROMIC APPROACH TO COMPLEXITY  

A full understanding of any topic hinges on considering the backdrop on which it stands, i.e., the 

scaffolding “under” the genesis of frailty. The construct of frailty and its development are 

intertwined with the demographic transition and the development of geriatric medicine and age-

specific nosological constructs. 

2.2.1 Aging and geriatric medicine 

The demographic transition that industrial societies have undergone in the twentieth century, with 

high fertility rates that were followed by lower rates along with improvement in life expectancy, 

has increased both the proportion and absolute numbers of Canadians 65 years and older. From 
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1971 to 2020, the proportion of older adults grew from 8% to 18% of the general population to 

reach more than 6.8 million currently over 65 years old.89 Meeting health care needs of its aging 

population is one of the major challenges facing the Canadian health system.79 Although this 

challenge is more acute than ever, it is not novel. The birth of geriatrics as a medical discipline is 

often attributed to Ignatz Leo Nascher and his coining of the word “geriatrics” in a 1909 article:90 

Geriatrics, from geras, old age, and iatrikos, relating to the physician, is a term I would 

suggest as an addition to our vocabulary, (…) to emphasize the necessity of considering 

senility and its disease apart from maturity and to assign it to a separate place in medicine. 

In 1914, Nascher published the seminal book Geriatrics: The Diseases of Old Age and Their 

Treatment in which he recognizes the inevitable difficulty in classifying disease in old age due to 

the interrelations “between senility apart maturity and its diseases, as sui generis senile diseases” 

(p. 64).91 Noting that “[t]here is probably no other branch of science in which nomenclature and 

classification are as imperfect as in medicine,” he categorizes diseases found in the aged into five 

categories: “(i) Primary senile diseases (i.e., diseases in which there is an increase, decrease or 

perversion of the ordinary […] senile changes); (ii) Secondary senile diseases, i.e., disease which 

results from the senile change; (iii) Modified disease of old age, i.e., diseases which, when 

occurring in old age are modified by the senile conditions […]; (iv) Preferential diseases of old 

age, i.e., diseases which occur most frequently in advanced life; (v) Diseases uninfluenced by age 

or are rare in old age” (p. 65). More than 100 years since this classification, Nascher’s initial 

forewarning that “a revolutionary revision of our nomenclature is necessary before we can place 

upon a scientific basis medical terms and the classification of disease, and until this is 

accomplished every classification must be imperfect” still holds true. In the last five decades of 

research and practice in aging, geriatrics has developed its own disease classification to face the 
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complexity in the health states of old age. The description of frailty and the pursuit of a formal 

definition of the frailty construct proceed from this thread. 

2.2.2 Complexity and geriatric syndromes 

The complexity of geriatric medicine takes root in its full consideration of a life stage.92 Disciplines 

of medicine are prototypically concerned with either an organ system (e.g., internal medicine and 

subdisciplines) or an anatomical site (e.g., surgery and subdisciplines). Not unlike the case of 

pediatrics or psychiatry, the essence of geriatrics is not realized at an organ system or anatomical 

level. Old age health is influenced by the interrelations in the multiple domains of functional 

capacity (activities of daily living), cognition, mobility, mental health, social support, and living 

environment, in addition to usual medical conditions.93 The prevailing epistemology of medicine 

is one of reductionism in causal explanations. Single causes—allowing for potential interactions—

underlie pathological states94,95 as best exemplified by acute infectious diseases. Not all 

pathological states, however, are conducive to reduction to a primary cause,96 especially when they 

are taken to include impairments in one or many age-related domains; impairments in activities of 

daily living, in cognition, or in mobility are not subsumable under standard medical mechanistic 

causality. A novel overarching nosological entity progressively emerged in geriatric medicine 

starting with Bernard Isaacs’ four I’s and Geriatric Giants in 1965:97 immobility, intellectual 

impairment, and incontinence were the precursor to the now-canonical geriatric syndromes.17,18 

Although the precise categorization of conditions as geriatric syndromes varies, dementia (or 

cognitive impairment), depression, delirium, functional impairment, malnutrition, incontinence, 

vertigo and syncope, falls and impaired mobility, elder mistreatment, polypharmacy, and pressure 

ulcers are instances of geriatric syndromes.18,98,99 Frailty is also considered by many as a 

foundational geriatric syndrome.9,61,100 Unlike the classical medical syndrome whereby a single 
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pathophysiological process leads to protean manifestations (e.g., Cushing’s syndrome), geriatric 

syndromes flip the “etiological” chain: multifactorial causes and accumulated effects of multiple 

impairments lead to a single unified manifestation. The necessary criteria of geriatric syndromes 

are a single phenomenology (or phenotype), commonness with age, multifactorial etiology, 

impairment associated with a worse outcome.17,101–103 

 The geriatric-syndrome approach to diseased health states of old age may be a useful 

framework to capture the complexity of aging.17 At a minimum, it draws attention to the 

importance of certain phenomena of aging, such as delirium, guarding them from omission or from 

irrelevance to medical consideration. Geriatric syndromes can also accommodate multiple 

causes—and their potential interactions—in the etiology and explanation of health states. 

However, the adaptability of geriatric syndromes may also have a cost. Rather than requiring a 

causal explanation of disease (which also entertains the idea of reversibility or intervenability), 

geriatric syndromes may be constructed on the sole basis of risk factors and an association with 

worse outcomes. This low ontological bar may lead to abdication, if not rejection, of the 

expectation that a diagnosis must relate to identifying a cause, which leads to intervenability and 

reversibility of the many causes underlying geriatric syndromes (and, as a consequence, of the 

geriatric syndromes themselves). For many geriatricians, “diagnostic strategies to identify the 

underlying causes [of geriatric syndromes] can sometimes be ineffective, burdensome, dangerous, 

and costly.”17 Moreover, “therapeutic management of the clinical manifestations can be helpful 

even in the absence of a firm diagnosis or clarification of the underlying cause.”17 Whether 

Occam’s razor or Hickam’s dictum104 holds most wisdom in geriatric medicine is still undecided. 

One thing is clear: the construct of frailty emerged amid the backdrop of geriatric syndromes as a 

nosological development in response to the complexity of aging. Whether this response has proven 
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fruitful likely varies by the lens used to examine the construct of frailty. How should frailty be 

apprehended: under the scope of epidemiology, a study, or the scope of medicine, a practice? 

2.3 EPIDEMIOLOGY, MEDICINE, CLINICAL PRACTICE, AND FRAILTY 

2.3.1 Epidemiology 

Epidemiology is the study and analysis of the distribution, patterns, and determinants of health and 

disease conditions in defined populations. Under the lens of epidemiology, whether frailty is a 

health condition or disease condition does not alter its relevance as a topic of study. The 

distribution, patterns, and determinants of frailty, as the outcome, can be studied and analyzed. In 

addition to being an outcome under study, frailty can also be investigated as a determinant of 

health and disease conditions and as a defined population. Association and inferential 

epidemiological studies interrelate populations, interventions (or exposure, “determinant”), 

comparators, and outcomes (PICO),105 usually using quantitative methods to draw relations 

between interventions and outcomes.106 Observational studies may further include frailty as an 

additional variable to PICO (e.g., as a confounder: stratification variable, covariate in regression 

analyses, or propensity scoring.107–109 The current literature on frailty comprises studies where the 

frailty construct is used as one of these epidemiological functions. Though calls for 

consequentialist epidemiology110 have been made and the limits of risk factor epidemiology 

raised,111 the methods of epidemiology are permissive of constructs as objects of study. Geriatric 

syndromes, such as frailty, delirium, falls, incontinence, cognitive impairment, can be studied 

under the methods (and constraints) of epidemiology. Studies on these established geriatric entities 

have proliferated. Expanded data availability and analysis methods have further sparked the 

development, adoption, and study of further geriatric nosological constructs using large datasets 

and contemporary methods: motoric cognitive risk syndrome112 (combination of cognitive 
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impairment and slow gait), multimorbidity12,113 (clustering of chronic conditions), biological 

age,114 among others. Whether interest in these entities—old and new, with frailty chiefly among 

them—will prove durable may well depend on their ability to be translated into action. Whether 

objects of epidemiological study will stand the test of time will depend on their ability to prove 

applicable and useful for practitioners of public health for epidemiology, and of medicine, for 

clinical epidemiology specifically. 

2.3.2 Medicine and clinical practice  

The lens of medicine has been continuously polished since the days of Hippocrates. The scope of 

medicine, what is considered under its purview, has been subject to constant revision, most of it 

tacit and progressive.115–119 Western modern medicine remains under the predominance of the 

biomedical model tradition: causal and pathophysiological disruptions of biological processes lead 

to abnormal human functioning, i.e., disease.19,120 The locus of disruption may have varied in the 

last centuries and decades from infectious agents, monogenetic and polygenic defects, 

inflammation and degeneration, to microbiota, but a constant endures: ultimately, this disruption 

should eventually lead to intervention. Medical training and the prevailing conceptualization of 

clinical reasoning are strongly premised on uncovering, preventing, and intervening on the 

unifying cause and alleviating its consequence when and if possible.121 Yet, as previously noted, 

the biomedical model, although predominant, may be insufficient to subsume the workings of less 

prototypical medical disciplines, such as psychiatry, addiction medicine, palliative medicine, or 

geriatrics. Moreover, the classic biomedical model does not fully account for the much more 

complex organization of knowledge in clinical decision-making and processes.122–124 For example, 

study eligibility criteria, vital signs, risk prediction, or prognostication do not naturally fit the 

biomedical etiologic view of medicine. Relying only on the lens of biomedical medicine to infer 



19 
 

the clinical practice potency or applicability of frailty may be insufficient. There is a plethora of 

theoretical constructs both from research and practice; of those, some that are translated into 

clinical processes, usage, and practice. How does a construct move from theory to the practice? At 

a minimum, practice imposes clinical and individual actions : a successful nosological entity must 

alter a clinical action for individuals.  

2.4 MALLEABLE CATEGORIZATIONS, DEFINITION AND FUNCTIONS OF CONSTRUCTS 

Reconciling the many forms of frailty has been the focus of intense debates in geriatric research 

in the last two decades.25,38,125,126 No consensus has been reached yet,3 and it may be illusory to 

reach a unique understanding for frailty if many diverging purposes for its existence live side-by-

side. Naming or measuring frailty is done for a purpose; the variability in functions of frailty, some 

of which are germane to epidemiology and others to clinical practice, may hold the key to resolving 

part of the ongoing definitional (and ontological) debate. Within the limits that age-related frailty 

identifies humans or some characteristics of them, “frail” and “frailty,” as an adjective and a 

substantive, can predicate or be predicated by any given concept.127 The malleability of frailty may 

have led to unrecognized confusion about what it is (its definition), what it covers (its 

substance/ontology), and what it is for (its function/purpose). As “truth emerges more readily from 

error than from confusion,”128 it may be preferable to mistakenly, but deliberately, attempt to 

determine the many functions of frailty, than to further compound the confusion by proposing yet 

another definition for it. In clinical practice and reasoning, the definitions may not be fully 

distinguishable from their functions. No formal and integrative mapping of nosological functions 

has been conducted; this may be an impossible program, as it may mean seeking to formalize 

epidemiological and clinical language and content themselves.119,127 I would suggest, however, 

that all things (i.e., frailty and other constructs) defined at the intersection of epidemiology and 
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clinical medicine should fulfill the following three general minimum criteria to enable any eventual 

purposeful use: 

1. CATEGORIZATION AND IDENTIFICATION. Categorization of persons or of features that can 

characterize and identify persons and thus the implicit distinction or contrast between 

persons. This categorization can include interventions done to persons. 

2. HEALTH RELATION. Direct or eventual relation with health states and disease conditions. 

3. FUNCTIONAL CLASS MEMBERSHIP. Interrelations with other constructs in-use in 

discipline-accepted ways, as the following examples may clear. These functional classes 

may be particular to: 

a. Epidemiology, of which classes such as population, intervention, comparator, 

outcome, and confounders are examples. 

b. Medicine (and its specific disciplines), of which classes such as symptom, sign, 

risk factor, diagnosis, and prognosis are examples. 

This third criterion is very broad as the focus and methods of both epidemiology and medicine are 

wont to evolve. Beyond these three proposed criteria, in the context of clinical epidemiology, an 

additional criterion may be added related to the usefulness of a construct when in the context of 

clinical practice. As previously mentioned, practice implies some form of action: 

4. ACTION RELATION. Direct or eventual relation to altering (i.e., indicate or preclude) an 

action on persons, specifically due to this construct. 

Together, these four criteria may constitute a foundation to examine and analyze any 

nosological construct proposed or in usage. The research presented in this dissertation builds on 

this foundation to examine frailty: its basis and its potential for use in clinical medicine. 
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2.5 OVERARCHING GOAL: FRAILTY, CONSTRUCTS, AND THE CLINICAL IMPERATIVE OF 

MEDICINE 

Not all nosological constructs are equally useful. Not all categorizations have an equal importance 

in medical practice. Medicine is “the science and the practice of caring for a patient and managing 

the diagnosis, prognosis, prevention, treatment or palliation of their injury or disease.”129 Although 

the scope of medicine is large and encompasses both research (i.e., “science”) and practice, 

ultimately, for clinicians (and epidemiologists) the reward of the work is the improvement of 

individual and populational health. The “science” of medicine and the constructs it features must 

reach the “practice” of medicine to affect health. Ensuring that categorizations studied and 

described in research eventually make a clinical difference on health outcomes is a crucial goal. 

Despite the mounting interest in frailty, it remains unclear whether it has or will materially 

make a difference to the health outcomes of older adults.11 Taking the latter as the clinical 

imperative of medicine, the overarching goal of this dissertation is to explore the conceptual 

underpinning and clinical applicability of age-related nosological constructs, with an emphasis on 

frailty. More specifically, four facets of the coupling between construct and applicability will be 

examined. The first two questions pertain to categorization and identification. First, whether there 

exists a substrate to specifically categorize older adults as frail (i.e., heterogeneity in aging as a 

substrate for categorization). Second, whether a widely used measure of frailty can categorize 

older adults in a consistent manner (i.e., reliability of frailty as a stable and usable categorization). 

The third question examines the criteria on which studies and findings about constructs may be 

considered clinically applicable as based on their health relation, functional class, and action 

relation. The fourth and final question will examine whether recent frailty research has indeed 

proven clinically applicable.  



22 
 

At the crossroads of epidemiology and clinical medicine, this dissertation uses on 

interdisciplinary and pragmatic methods to bridge research concepts and eventual clinical actions. 

In asking whether frailty can be translated into practice—and in aiming to identify the underlying 

reasons—this dissertation engages with both the substantive content of frailty and the methods 

used to understand frailty. More generally, as will be discussed, the research conducted aims to be 

easily generalizable to better understand the requirements for any construct to be clinically 

“successful,” i.e., fulfilling the clinical imperative of medicine. At its essence, this dissertation is 

about nosological constructs in geriatric medicine, their usefulness, and how this usefulness might 

be determined.  
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Chapter 3. Data source and methods  

3.1 DATA SOURCE 

3.1.1 Canadian Longitudinal Study on Aging cohort 

Manuscripts 1 (Chapter 4) and 2 (Chapter 5) use data from the Canadian Longitudinal Study on 

Aging (CLSA). The CLSA is a population-based and nationally stratified study of 51,338 

Canadian residents aged between 45 and 85 years at the time of recruitment.130,131 Participants 

were enrolled between 2012 and 2015, at baseline, into one of two cohorts: the Tracking cohort (n 

= 21,241) and the Comprehensive cohort (n = 30,097). Measures were collected using 60- to 70-

minute computer-assisted telephone interviews for the Tracking cohort. For the Comprehensive 

cohort, participants were assessed by in-person interviews at home and by additional 

questionnaires, tests, performance measurements, and biological specimens at one of 11 data 

collection sites. The data were obtained through the CLSA Data Access process. 

3.1.1.1 Eligibility criteria 
Canadian residents aged 45 to 85 years old were eligible for recruitment. Exclusion criteria were 

being unable to read and speak in either French or English, living in long-term care institutions 

(i.e., those providing 24-hour nursing care), presence of cognitive impairment at the time of 

recruitment as determined by CLSA interviewers, residents in the three Canadian territories, 

persons living on federal First Nations reserves, and full-time members of the Canadian Armed 

Forces. 

3.1.1.2 Measures 
The CLSA collected data on an extensive set of age-related domains including social and 

demographic measures, health status, physical performance measurements, psychological 

measures, behavioral measures, and health care utilization. The Comprehensive cohort included 
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specific cognitive measures about memory and executive function, medications, physical measures 

(i.e., anthropometric, physical function, vision, and hearing), electrocardiogram, lung function 

testing, and blood and urine specimens. For participants who consented, data linkage was done 

with administrative health databases for death ascertainment in some provinces. The CLSA 

updated the mortality data in July 2019. The mortality data came from the next of kin contacting 

CLSA directly, identification of death at the time of follow-up, and from linkage to provincial vital 

statistics. Because date of death was not available, mortality status was determined for all 

participants in July 2019. 

3.1.2 Analytical samples for Manuscripts 1 and 2 

Manuscript 1 explores changes in variability in health characteristics by age groups. The analytical 

sample included the full CLSA Comprehensive cohort (n = 30,097 participants). Manuscript 2 

examines the reliability of frailty measures when used in the older adult population. As frailty is 

an age-related concept and is typically measured in older adult populations, the analytical sample 

was restricted to adults 65 years and older with mortality data as of July 2019 (n = 12,080 

participants). 

3.2 ETHICAL APPROVAL 

The studies in Manuscripts 1 and 2 were approved by the McGill Faculty of Medicine and Health 

Sciences’ Institutional Review Board. 

3.3 OVERVIEW OF METHODS 

3.3.1 Manuscript 1 – Health heterogeneity in older adults: exploration in the 
Canadian Longitudinal Study on Aging 

In its commonsense meaning, heterogeneity is the quality or state of being diverse in character or 

content. Diversity can be determined in many ways and about many different things; I used a 
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statistical measure of diversity based on distance from a central location of 34 health-related 

variables. Manuscript 1 explores the change in heterogeneity as function of chronological age. For 

each variable, the respective distance from the central location was measured as the deviation from 

the mean for each 1-year age and sex group; the means were predicted using a locally estimated 

scatterplot smoothing regression for each age and sex group. Each participant has an absolute 

deviation value for each variable from their age and sex group; this deviation was then regressed 

on chronological age to determine whether there is an association. When an association was 

present, I examined whether the magnitude was both statistically and clinically significant. For 

significant associations, two additional measurements issues were examined that could explain the 

age and deviation relationship: (i) a mean-variance relationship and (ii) the scaling of the variable. 

First, the variance (and deviation) of many variables may increase with their mean; to adjust for 

this relationship, I examined whether chronological age was associated with variables (with their 

mean). When there was an association, the mean value of the variable by age-sex group was used 

as an adjustment variable in the regressions of deviation on chronological age. Second, variables 

used in research in aging and clinical practice do not all represent natural phenomena measured on 

an objective scale (e.g., blood pressure). Many quantitative variables in geriatrics are designed 

(i.e., scaled) to be clinically differentiating (normative) and informative which may affect the 

deviation as a function of chronological age. The presence of normative-clinical scaling was 

determined by consensus (QDN, MFF, PD) for each variable. 

 In addition to examining each variable individually, I examined the heterogeneity of the 

eight health domains encompassing the 34 variables. A measure of multivariate variability was 

used as the dependent variable for regression on chronological age. I used effective variance which 
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is a dimensionless measure which quantifies the average (and standardized) multivariate scatter of 

variables.132,133  

In Manuscript 1, I also investigated the importance of variability due to heterogeneity 

within the oldest age group (or between participants 85 years old) relative to the difference between 

the oldest age group compared to younger age groups. For each variable I first estimated the 

average absolute deviation of participants 85 years compared to their age and sex group. I then 

regressed the variable of interest on chronological age: the age coefficient represents the average 

difference between age groups. To compare those two quantities, I identified the age at which the 

difference between age groups became greater than the difference within the age group of 85-year-

olds. 

3.3.2 Manuscript 2 – Clinical correlates and implications of the reliability of the frailty 
index in the Canadian Longitudinal Study on Aging 

Manuscript 2 investigates the reliability of an important frailty measurement framework: the frailty 

deficit-accumulation index. Reliability is measured using standard statistics such as intraclass 

correlations coefficients or standard errors of measurement that contrast the variance due to 

measurement versus that due to individuals.134,135 In investigating the reliability of frailty, I used 

these standard methods but also supplemented them with methods that provide more clinically 

oriented estimates of reliability. I used Monte Carlo methods to implement various frailty indices 

varying in composition of items and number of items and age-related domains. Each frailty index 

was derived and examined in the same CLSA analytical sample for clinically relevant estimates: 

frailty scores, the prevalence of frailty, cut-offs of frailty, odds ratios for mortality, and predicted 

risk of mortality. The combination of standard statistics and clinically anchored estimates provides 
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a comprehensive and interpretable understanding of the reliability—and thus clinical 

applicability—of frailty indices. 

3.3.3 Manuscript 3 – Appraising clinical applicability of studies: mapping and 
synthesis of current frameworks, and proposal of the FrACAS framework and 
VICORT Checklist 

Manuscript 3 used a systematic search strategy and qualitative analysis. I searched the published 

literature (inception of PubMed and EMBASE to November 2020) for articles presenting 

frameworks and criteria to appraise the clinical applicability of studies. Selected articles were 

identified in full to identify unique frameworks. I performed conceptual thematic analysis to 

iteratively map frameworks and to synthesize criteria of applicability. To complement existing 

frameworks and to emphasize clinical applicability, I developed and proposed a novel framework 

for appraisal by integrating four major inputs: contemporary debates in epidemiology and clinical 

research, brainstorming and discussion meetings with methodologists and clinicians, comparison 

with existing frameworks, and pilot application of iterative versions of the framework in a scoping 

review on clinical frailty (Manuscript 4). Meetings involved interdisciplinary substantive and 

methodological contributions. Preliminary versions of the framework were iteratively tested and 

refined to reach the final consensus framework. 

3.3.4 Manuscript 4 – The State of frailty in research: a mapping review of its clinical 
applicability to practice 

Manuscript 4 sought to examine whether frailty studies are applicable and translatable to clinical 

practice. Due to the prohibitive number of articles published on frailty, I used a systematic 

sampling procedure to select articles to appraise. All articles published in 2017 or 2018 on the 

topic of clinical (i.e., geriatric) frailty were identified. The articles were randomly ordered, and the 

order was followed to appraise articles until 150 articles were identified that used frailty in a 
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function that could inform clinical practice: predictor, mediator, effect modifier, or primary 

selection criterion. We enumerated all other functions of frailty (e.g., outcome measure or 

confounder) in the studies appraised to reach the 150 where frailty was used in a practice 

informative function (FUNCTIONAL CLASS). For these 150 fully appraised articles, I extracted data 

on the operationalization and specific cut-offs used for frailty (CATEGORIZATION). I then adapted 

and used the appraisal framework developed in Manuscript 3 to classify studies by their potential 

for clinical usefulness and applicability (ACTION RELATION): practice-changing (and informing), 

practice informing (but not practice changing), or nor practice informing.  
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Chapter 4. Manuscript 1: Health heterogeneity in older adults: 
exploration in the Canadian Longitudinal Study on Aging 

4.1 PREFACE 

Research specific to aging and geriatric medicine presumes that older adults are different from 

younger adults. Differences between older and younger adults form the essential foundation for 

age-related constructs of which frailty is an important exemplar. Age differences may be due to 

differences between the “average” older adult and the “average” younger adult, but this difference 

may be compounded or overshadowed by the differences between an individual older adult 

compared to the “average” older adult, that is, by the differences between older adults themselves. 

The latter difference has been referred to as heterogeneity in aging, a central dictum of research 

on aging. This heterogeneity is what age-related constructs attempt to better capture, characterize, 

and quantify. The overarching goal for this dissertation is to explore the conceptual underpinning 

and clinical applicability of age-related nosological constructs, with an emphasis on frailty. In 

keeping with this goal, the research presented in the first manuscript investigated whether there is 

indeed greater heterogeneity with chronological age, i.e., whether there is a suitable substrate for 

categorizing older adults differentially from their younger counterparts, whether the health 

characteristics and health domains showcasing greater variability can be identified, and reasons 

for the variation in heterogeneity. 

*** 

This manuscript has been published in the Journal of the American Geriatrics Society with an 

accompanying editorial by Luigi Ferrucci and George A. Kuchel (2021, Heterogeneity of Aging: Individual 

Risk Factors, Mechanisms, Patient Priorities, and Outcomes. J Am Geriatr Soc, 69: 610–612). 
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4.3 ABSTRACT 

Background 

A widely held dictum in aging research is that heterogeneity in health increases with age, but the 

basis for this claim has not been fully investigated. We examined heterogeneity at different ages 

across health characteristics to describe variation and trends; we investigated the comparative 

importance of between-age versus within-age heterogeneity. 

Design 

Cohort study 

Setting 

Community-dwelling older adults 

Participants 

30,097 adults aged 45 to 86 years from the Canadian Longitudinal Study on Aging 

Measures 

34 health characteristics in 8 domains (physical measures, vital signs, physiological measures, 

physical performance, function/disability, chronic conditions, frailty, laboratory values) were 

assessed cross-sectionally. We used regression models to examine heterogeneity in health 

characteristics (using absolute deviation) and domains (using effective variance) in relation to age. 

Comparison between between-age and within-age heterogeneity was quantified by estimating the 

age threshold at which the former exceeds the latter.  

Results 

Of 34 health characteristics, 17 showed increased heterogeneity, 8 decreased, and 9 no association 

with age. The associations between heterogeneity and age increased, generally, but were nonlinear 
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for most domains and non-monotonic for some. We observed peak heterogeneity at approximately 

70 years. Between-age heterogeneity, compared to within-age heterogeneity, was most important 

for forced expiratory volume in 1 second and grip strength, but varied across characteristics. 

Conclusion 

Overall health heterogeneity increases with age but does not uniformly increase across all variables 

and domains. Heterogeneity in aging reinforces the need for geriatric assessment and personalized 

care, depends on which health characteristics are assessed, their measurement properties, and their 

referent group. Our findings suggest further research to develop improved single-dimension and 

multidimensional instruments, as well as specific vital and laboratory reference ranges for older 

adults. 

Keywords 

CLSA, measurement, variability, heterogeneity  



33 
 

4.4 INTRODUCTION 

Aging is not uniform. Older adults have variable health states, embodied in different levels of 

functioning,1 chronic conditions, and mortality rates.2 A widely held dictum in aging research is 

that older adults show greater heterogeneity in health metrics (or “health heterogeneity”) than their 

younger peers.3,4 Heterogeneity can be defined as the quality or state of being diverse in character 

or content.5 Although older adults differ from younger adults, heterogeneity in aging suggests that 

older adults would be increasingly different among themselves as they age, quantified as 

progressively greater deviation (spread) from the average value of their age group.  

The ongoing search for a better understanding of heterogeneity6 has provided the impetus 

for the development of age-related constructs such as multimorbidity, disability, and frailty.1,7–11 

Variability is a fundamental tenet in clinical practice where it underpins reference ranges for vital 

signs and laboratory tests. However, the central premise that heterogeneity increases with 

chronological age appears to have been assumed rather than substantiated.3 Heterogeneity has been 

often alluded to and reported inconsistently in the literature in the last fifty years.6,12–17 But it has 

not been the focus of deliberate empirical research, in particular in contemporary populations.4,18,19 

In the absence of research, increasing heterogeneity as adults age may not pertain to all health 

characteristics, may not have a consistent trajectory, and may require consideration of the 

measurement scales used.3,15 

In this study using data from the Canadian Longitudinal Study on Aging (CLSA), our first 

objective was to explore whether, and how, heterogeneity increases in individuals from middle to 

advanced age. We examined heterogeneity in health characteristics and domains to describe 

variation and trajectories and explanations for changes in heterogeneity with aging. Our second 

objective was to compare the heterogeneity due to differences between age groups with the 
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heterogeneity due to differences within age groups. The overarching objective of this study was to 

explore how features of heterogeneity in older adults, as a central tenet of aging, might inform 

geriatric practice and research. 

4.5 METHODS 

4.5.1 Cohort 

We used cross-sectional data from the CLSA which enrolled a nationally representative sample of 

over 51,000 participants aged 45 to 85 years, at baseline, into an in-person assessed cohort 

(Comprehensive) or a telephone-only assessed cohort.20,21 Because data for physical assessments 

were required, we used the Comprehensive cohort comprising 30,097 adults recruited and assessed 

from 2012 to 2015. Exclusion criteria for the CLSA were people living in the Canadian territories, 

on a First Nations reserve, or in institutions, being full-time members of the Armed Forces, having 

cognitive impairment (as assessed by interviewers), and being unable to respond in French or 

English. 

4.5.2 Variables, health characteristics, and domains 

We examined the heterogeneity of 34 health characteristics in 8 domains (physical measures, vital 

signs, physiological measures, physical performance, function and disability measures, chronic 

conditions, frailty, and laboratory values), summarized in Supplemental Methods 4.1 (and reported 

in Table 4.1). These characteristics were chosen based on their usage as heterogeneity-describing 

variables used in research or clinical practice. Physical measures, vital signs, physical 

performance, physiological measures, and laboratory values were assessed in-person. Function, 

disability, and chronic conditions were self-reported; for details, see the CLSA Protocol.21 Based 

on a standard procedure previously described22 we derived a frailty index using 34 variables as 

reported in the Supplemental Methods 4.1. 
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4.5.3 Analysis  

Heterogeneity by health characteristics and domains 
We used boxplots by 10-year age bins and sex to examine the heterogeneity (spread) of each 

variable. The quantitative association between heterogeneity and age was evaluated in three 

sequential steps for each health characteristic. First, we derived a variable representing an 

individual’s absolute deviation from their predicted age-sex-group mean value; this absolute 

deviation was regressed on age (1-year bins) and sex (Model 1). We assessed statistical and clinical 

significance of the age coefficient to determine whether heterogeneity increases with age. Clinical 

significance was defined as a change in deviation over 40 years (age coefficient*40) that was 

greater than the last clinically relevant unit of a measurement (e.g., 1 kg for weight, 0.01 m for 

height). Second, as some health characteristics may have a mean-variance relationship (i.e., 

increasing variance as the mean increases), we examined the relationship between the mean of a 

variable and age in linear regression models adjusted for sex (Model 2). If the variation in mean 

was in the same direction as the variation in deviation, we further adjusted Model 1 for this mean-

variance relationship by adding the age-and-sex-specific mean as a covariate (Model 3). If the age 

coefficient changed direction or was no longer clinically or statistically significant, we considered 

that the change in heterogeneity was explainable by a mean-variance relationship. Third, as the 

scaling of a measure may influence heterogeneity, we determined whether the health characteristic 

had a normative or clinical scaling through consensus (QDN, MFF, PD). Normative-clinical 

scaling was present when a measure had a floor or ceiling effect, or when the range of measurement 

and scaling of a characteristic was determined by clinical purpose. See Supplementary Figure 4.1 

for a flowchart and descriptions of analytic steps and clinical significance. 
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To describe heterogeneity by health domains, we used effective variance, a summary 

measure of heterogeneity for multiple variables, which quantifies the average multivariate scatter 

of variables.23 After stratifying by sex, we normalized all variables to ensure equal weighting when 

computing effective variance for each 1-year bin. Linear regression was used with effective 

variance regressed on age and sex. This was done for each domain, all domains, and all domains 

excluding laboratory values. To detect nonlinear relationships with age, we tested for quadratic 

and cubic terms. We retained statistically significant terms to plot predicted effective variance by 

age and sex. 

Heterogeneity between age-group versus within-group 
Finally, to determine whether heterogeneity was attributable to variation in age, we compared 

heterogeneity between age groups to that within the older age group (i.e., between individuals of 

that age group), using age 85 years as the reference group; the older age group boundary being 

more relevant to gerontology and geriatric medicine. For each health characteristic, we predicted: 

(i) the individual differences, as the average absolute deviation of individuals aged 85 years from 

their predicted sex-group mean value, and (ii) computed the linear coefficient of age predicting 

that characteristic. We then used this model to determine the age at which heterogeneity due to 

variation in chronological age exceeds that due to individual differences. The closer the age 

threshold is to 85 years, the more influential the between-age-group variation is compared to 

within-group variation. To avoid extrapolating beyond available data, we only report results where 

this age was between 45 and 85 years. Confidence intervals were computed via bootstrapping. 

Supplementary Figure 4.2 provides an explanation of the calculation. 
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Analyses were performed using R 3.6.1 (R Foundation). As our objectives were 

exploratory, we used available case analyses for variables with missing data, reported in 

Supplementary Table 4.1, without sampling weights. 

4.6 RESULTS 

4.6.1 Cohort description and mean variation in health characteristics 

Our study sample comprised 30,097 participants of which 15,320 were women (50.1%). The mean 

age was 63.0 years (SD:10.2; range 45–86 years [all enrolled at age 85 years or younger]), and age 

groups were well represented. Table 4.1 describes all health characteristics examined. Impairment 

in activities of daily living (ADL, 2.8%) and instrumental ADL (iADL, 5.2%) was infrequent. 

Overall, the mean frailty index was 0.09. Hypertension (37.0%) and arthritis (26.4%) were the 

most prevalent reported chronic conditions. Most health characteristics across all domains showed 

mean changes with age, especially in participants aged 75–86 years. Older participants had lower 

mean values of physiological, physical performance, and functional measures. Chronic conditions 

accumulated with age (mean count of 0.9 in participants 45–54 years to 2.3 in those 75–86 years). 

The mean frailty index increased from 0.05 (0.06) in those aged 45–54 years to 0.14 (0.09) in those 

aged 75–86 years. 

4.6.2 Heterogeneity by health characteristics and domains 

Boxplots for all variables by 10-year age group are reported in Supplementary Figures 3, and 

standard deviations of health characteristics by age group are reported in Table 4.1. When assessed 

qualitatively by quantile differences and SDs, the spread of many variables varied with age. Table 

4.2 reports the linear relationship between heterogeneity and chronological age for each health 

characteristic. Of the 34 variables examined, 17 showed clinically significant increased 

heterogeneity, 8 showed decreased heterogeneity, and 9 no evidence of an association (Table 4.2, 
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first column). By domains, physical measures (weight, BMI, and waist circumference) showed 

decreasing heterogeneity with age. Conversely, number of chronic conditions and frailty index 

showed increasing heterogeneity. Within physiological, physical performance, and functional 

measures, heterogeneity showed diverging associations with age. For example, heterogeneity in 

grip strength, Physical activity scale for the elderly (PASE), and forced expiratory volume in 1 

second (FEV1) decreased but increased in bone mineral density, Timed up and go (TUG), and Life 

Space Assessment (LSA). Of the 25 variables with clinically significant associations, 11 (8 with 

increasing heterogeneity, 3 decreasing) had potential mean-variation relationships that could 

explain the association between heterogeneity and age (Table 4.2, third column). Notably, 

heterogeneity in physical performance measures, chronic condition count, and frailty index were 

not associated with age after adjustment for the mean change. Measures of 7 health characteristics 

had a normative or clinical scaling: chair rise and TUG times, functional measures (OARS, LSA, 

PASE), chronic conditions, and frailty index. Supplementary Tables 4.2-4.4 detail the intermediate 

results used to reach these results. 

Figure 4.1 shows the association between age and effective variance for each domain, all 

domains, and all domains excluding laboratory values. Overall, heterogeneity increases with age. 

When comparing between domains, vital signs had the largest increase in heterogeneity, followed 

by physical performance measures and laboratory values; heterogeneity in physical measures 

decreases, whereas heterogeneity in functional and in physiological measures appears stable. 

Figures 4.1A-F show domains with significant associations between heterogeneity and age; these 

domains had at least second-order polynomial associations: quadratic for all domains, physical 

measures, laboratory values, and vital signs; cubic for all, excluding laboratory values and physical 

performance. The relationship was non-monotonic (i.e., varied in direction) for all domains, 
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laboratory values (inverted-U shape), and physical measures. Overall peak heterogeneity is 

reached around 70 years of age but increases continuously when excluding laboratory values 

(Figures 4.1A-B). 

4.6.3 Comparing between-age group and within-older-age-group heterogeneity 

Figure 4.2 shows the age thresholds where between-age-group deviation exceeds within-group 

deviation of individuals 85 years. Fifteen variables crossed this threshold between 45 and 85 years, 

with the thresholds for FEV1 (75.8 years), grip strength (72.5), vision (70.8), and PASE (70.5) 

closest to 85 years. Once this age threshold is crossed, individuals below that age can be considered 

more different from those 85 years old than 85-year-olds between themselves (within age group). 

Physical performance measures (grip strength, gait speed, chair rise, and TUG), chronic condition 

count, frailty index, and LSA crossed the threshold before 45 years, but not ADL-iADLs 

(measured by OARS). 

4.7 DISCUSSION 

4.7.1 Features of heterogeneity in aging 

Overall, our results confirm the widely held dictum that health heterogeneity increases with 

chronological age.3,4,19 Older adults are, in general, more heterogeneous among themselves than 

younger adults. However, our analyses reveal that this statement requires many caveats. In line 

with, and extending previous work,13,15,16 half of the 34 variables examined showed increased 

variability, but 8 showed decreased variability, and for 9 variability did not appear to change with 

age. Except for physical measures, heterogeneity tended to increase for all domains, but 

associations were mostly nonlinear, and non-monotonic for overall domains, laboratory values, 

and physical measures. Our findings suggest multiple heterogeneity trajectories,3 including an 

inverted-U trajectory for laboratory values. Of the 17 variables with increasing heterogeneity, 8 
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could be attributable to mean-variation relationships, and 5 to normative or clinical scaling of 

measures. What is measured and how it is measured influences heterogeneity. Supplementary 

Table 4.5 presents 6 key features that clarify the description and understanding of heterogeneity: 

group, spread, measure, specificity, monotonicity, and mean-variation. Heterogeneity in aging is 

itself heterogeneous and multifaceted: in what follows, we wish to highlight how features of 

heterogeneity in older adults are relevant to clinical practice and research, as summarized in Table 

4.3.  

4.7.2 Clinical implications 

Greater heterogeneity with age for most health characteristics and domains justifies greater 

attention when managing older adults.24 The greater probability of finding clinically relevant 

differences in older adults compared to their younger peers strongly supports the careful and 

potentially time-consuming comprehensive geriatric assessment, particularly in oncological or 

perioperative settings where these differences are highly predictive of outcomes.25,26 

However, this increased heterogeneity was not found for all variables and was especially 

important for physical performance measures, chronic condition count, frailty index, and, to a 

lesser extent, functional measures. These variables have in common an age-related focus and an 

underlying normative-clinical scaling. Assessment using age-related and clinically relevant 

measures will uncover greater heterogeneity in older adults. In practice, this reinforces the chief 

importance of physical performance, multimorbidity, frailty, and functional measures as core 

dimensions of the comprehensive geriatric assessment, beyond other health characteristics 

generally considered in the medical setting.   
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Our findings indicate that the scaling of measures influences the amount of heterogeneity 

captured within a dimension: PASE and OARS both measure function and disability, yet we show 

decreasing heterogeneity of PASE and increasing heterogeneity of OARS with age. PASE assesses 

function from extremely active to no activity whereas OARS measures ADLs which are only 

impaired with clinically significant functional decrease. As reduction in PASE at the higher range 

of functional capacity has less impact on quality of life than a reduction in OARS, the latter should 

be favored when evaluating older adults. Clinicians caring for older adults should select and 

incorporate measures that are optimally scaled for this population to better characterize 

heterogeneity and improve decision-making. Most age-related health characteristics are clinically 

scaled which may explain increasing heterogeneity with age and drive heterogeneity in health care 

costs.19  

We show that increased heterogeneity in older adults can be decomposed into that between 

older and younger adults and between one older adult and others of the same age. Geriatric 

expertise and teaching are premised on this dual difference between ages and between aged 

individuals. These two differences contribute distinct knowledge to geriatric care: the first informs 

how care should be different by age groups (between the younger adults and older adults as a 

group), the second highlights the critical importance of personalizing care beyond chronological 

age (as an individual older adult in their age group). The relative importance of these two 

differences depends on the specific variable considered. FEV1, visual acuity, or grip strength are 

variables where between-age variation dominates and thus where chronological age (being “old”) 

captures most of the variation. But for most variables the variation between older adults themselves 

is greater. Even in geriatric practice, chronological age can only be used as a gross surrogate 

marker for the mean:16 clinicians should tailor management of older adults beyond age by 
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considering an individual’s specific levels of prognostic factors as they will often be discordant 

with average age category levels. This may be contrasted with pediatric medicine where the greater 

part of differences is between children and adults, rather than between children themselves. 

Determination of heterogeneity in aging is contingent on the referent group used. 

Typically, norms for vital signs and laboratory values are similar in adults regardless of age: the 

same referent group and center location are used from which the spread of each individual is 

calculated. We demonstrated that both mean value and spread about the mean changes with age 

for systolic blood pressure and the majority of laboratory values. This provides compelling 

arguments for implementation of age-specific ranges.27–29 Moreover, individual-specific ranges to 

determine “normal” values could also be more widely considered, as has been recommended for 

temperature.30 Using all-age or age-specific referent group may be specific to the context and 

depend on the expected benefit of interventions. For example, using the T-score (all-age referent 

group) or the Z-score (age-specific referent group) for BMD will identify individuals who may 

benefit differentially from treatment. For the many distribution-determined conditions, such as 

osteoporosis or anemia, clinicians should carefully question the appropriateness of the referent 

group and the clinical relevance of the absolute threshold of what is considered abnormal. 

4.7.3 Research implications 

Our results showing variability in increases of heterogeneity in aging preclude uniform statements 

about heterogeneity in older adults. They show that its quantification is intertwined with the 

measurement properties of instruments used (scaling and mean-variation relationship) which 

future research should seek to disentangle from true variation in aging. Selective survival, whereby 

mortality occurs in a non-random segment of a population,33 may influence variation in 

heterogeneity. As extreme values of health characteristics are more strongly associated with 
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mortality, the attrition of individuals may result in the underestimation of heterogeneity. 

Homeostenosis of aging, with decreased resistance and redundancy to stressors, may translate into 

greater variability34,35 but only to a threshold above which death ensues. Future research could 

leverage the longitudinal design of the ongoing CLSA or other cohorts to examine variability at 

the cohort and individual levels, and its association with mortality. 

In addition to research on heterogeneity itself, our findings suggest lines of inquiry that use 

heterogeneity to enhance clinical management. Heterogeneity can refine the selection of variables 

used to develop constructs to stratify subgroups of older adults specifically. Age-related constructs, 

most importantly frailty, seek to capture heterogeneity among older adults as a broad group,4 rather 

than distinguishing individuals among smaller subgroups of older age. We show that the 

heterogeneity by age decreases for many variables (e.g., FEV1, visual acuity, grip strength). To 

distinguish the more robust 85-year-olds from others of the same age using or developing novel 

scales for variables that show increasing heterogeneity by age should be considered. Conversely, 

measures of biological age that seek to capture the latent aging process might benefit from 

including variables that have decreasing heterogeneity by age.  

 Heterogeneity may inform the selection of participant subgroups for research. An 

epistemological and clinical assumption is that large deviation from the mean may hold potential 

for discovery and intervention. Modifiable health states or trajectories are more likely to be 

identified in individuals with outlying characteristics from their age group rather than outlying 

from all adults, especially since adults of considerable age may all be outliers from the general 

population. 

 Overall heterogeneity appears to have an inverted U-shape with maximum variability at 

approximately 70 years. This inverted shape is strongly driven by laboratory values, raising the 
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possibility that standard laboratory measures optimally distinguish younger older adults and that 

other better suited biomarkers should be developed for older age groups. 

4.7.4 Limitations 

First, due to the large number of variables, our exploratory results may be prone to multiple testing 

issues. Nonetheless, most reported associations had strong statistical significance and were also 

clinically significant. Second, participants were community-dwelling older adults without 

cognitive impairment. Our analyses may underestimate heterogeneity if institutionalized and/or 

cognitively impaired older adults have more extreme variable values. However, the age range of 

participants from 45 to 85 years allowed exploration of heterogeneity in younger age groups where 

the proportion of excluded participants was low. Third, although we attempted to choose variables 

representative of clinical practice, our selection of health characteristics may have influenced our 

findings. We focused on health states, but heterogeneity has also been described on psychological 

and social levels.15,16 Fourth, because our analyses were cross-sectional, we cannot disentangle 

period or cohort effects from the true aging process per se.3 Our findings should not be considered 

from the perspective of mechanistic or biological aging, but from a perspective of descriptive 

aging, which holds a predictive and clinically relevant meaning as discussed above. Along the 

same lines, we did not account for clinical management which may decrease “natural” variability 

for some variables (e.g., HbA1C, TSH, LDL). From a descriptive standpoint, treatment can be 

understood as a valid modifier of observed variation in heterogeneity with chronological age: 

medical conditions are increasingly prevalent with age but are also treated. 

4.8 CONCLUSION 

Overall health heterogeneity increases with age but does not uniformly increase across all variables 

and domains. Heterogeneity in aging reinforces the need for geriatric assessment and care, depends 
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on which health characteristics are assessed, their measurement properties, and their referent 

group. Like the older adults it seeks to describe, heterogeneity in aging is itself heterogeneous, 

suggesting further research to develop improved single-dimension and multidimensional 

instruments, as well as specific vital and laboratory reference ranges for older adults.  
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4.11 TABLES 

Table 4.1. Characteristics of community-dwelling older adults in the Canadian Longitudinal 
Study on Aging Comprehensive cohort, by age group 

  Overall 45–54Years 55–64 
Years 

65–74 
Years 

75–86 
Years 

Sample size, n 30,097 7595 9856 7362 5284 
Age, years, 63.0 (10.2) 50.3 (2.7) 59.7 (2.8) 68.9 (2.8) 78.9 (2.9) 
Sex, male, n 14777 (49.1) 3670 (48.3) 4767 (48.4) 3674 (49.9) 2666 (50.5) 
Race, White, n 28771 (95.6) 7098 (93.5) 9463 (96.0) 7097 (96.4) 5113 (96.8) 
Physical measures,  
  Weight, kg 79.7 (17.6) 80.9 (18.8) 81.3 (18.3) 79.6 (16.7) 75.4 (14.8) 
  Height, m 1.68 (0.10) 1.70 (0.09) 1.69 (0.10) 1.67 (0.10) 1.66 (0.10) 
  BMI, kg/m² 28.1 (5.4) 27.8 (5.7) 28.4 (5.7) 28.3 (5.3) 27.3 (4.6) 
  Waist circumference, cm 94 (15) 92 (15) 95 (15) 96 (14) 95 (13) 
Vital signs 
  Pulse, beats per min 72 (12) 73 (11) 72 (12) 71 (12) 70 (12) 
  Systolic blood pressure, 
mmHg 

122 (17) 116 (15) 121 (16) 126 (17) 128.6 (18) 

  Diastolic blood pressure, 
mmHg 

74 (10) 76 (10) 76 (10) 73.6 (10) 71 (10) 

Physiological measures 
  FEV1, L 2.7 (0.8) 3.1 (0.7) 2.8 (0.7) 2.5 (0.7) 2.1 (0.6) 
  BMD, g/cm² 1.01 (0.14) 1.03 (0.12) 1.00 (0.13) 1.00 (0.15) 0.99 (0.16) 
  Visual acuity* 0.9 (0.3) 1.0 (0.3) 0.9 (0.3) 0.8 (0.3) 0.7 (0.2) 
Physical performance measures 
  Gait speed, m/s 0.98 (0.20) 1.04 (0.18) 1.01 (0.20) 0.95 (0.19) 0.86 (0.19) 
  Grip strength, kg 35.2 (11.8) 39.4 (12.3) 36.2 (11.6) 33.4 (10.8) 29.0 (9.8) 
  Chair rise, s for one† 2.7 (0.8) 2.5 (0.7) 2.6 (0.7) 2.8 (0.8) 3.0 (0.9) 
  TUG, s 9.6 (2.6) 8.8 (1.7) 9.2 (2.4) 9.8 (2.3) 11.2 (3.4) 
Function and disability 

     

  ADL impairment, n‡ 837 (2.8) 95 (1.3) 210 (2.1) 198 (2.7) 334 (6.3) 
  IADL impairment, n‡ 1566 (5.2) 170 (2.2) 345 (3.5) 371 (5.1) 680 (12.9) 
  OARS score§ 27.8 (0.7) 27.9 (0.6) 27.9 (0.6) 27.8 (0.7) 27.6 (0.9) 
  Life Space Assessment score 85 (18) 91 (17) 87 (18) 83 (18) 77 (19) 
  PASE score 141 (74) 174 (83) 149 (73) 125 (60) 100 (53) 
Chronic conditions, n 
  Hypertension 11101 (37.0) 1495 (19.7) 3364 (34.2) 3369 (45.9) 2873 (54.6) 
  Diabetes 2957 (9.9) 370 (4.9) 963 (9.9) 923 (12.7) 701 (13.6) 
  Heart disease 4232 (14.1) 317 (4.2) 1003 (10.2) 1383 (18.8) 1529 (29.1) 
  Stroke or TIA 1347 (4.5) 101 (1.3) 282 (2.9) 395 (5.4) 569 (10.8) 
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  Arthritis 7922 (26.4) 926 (12.2) 2472 (25.1) 2514 (34.2) 2010 (38.2) 
  Osteoporosis 2689 (9.0) 154 (2.0) 738 (7.5) 931 (12.7) 866 (16.5) 
  Lung disease 5094 (17.0) 1265 (16.7) 1687 (17.1) 1268 (17.3) 874 (16.6) 
  Kidney disease 867 (2.9) 99 (1.3) 244 (2.5) 252 (3.4) 272 (5.2) 
  Cancer 4637 (15.4) 427 (5.6) 1270 (12.9) 1454 (19.8) 1486 (28.2) 
  Anxiety or depression 6243 (20.8) 1736 (22.9) 2356 (23.9) 1464 (19.9) 687 (13.1) 
  Chronic condition count, 
mean 

1.6 (1.4) 0.9 (1.0) 1.5 (1.3) 1.9 (1.4) 2.3 (1.5) 

Frailty index 0.09 (0.08) 0.05 (0.06) 0.08 (0.07) 0.10 (0.08) 0.14 (0.09) 
Laboratory values 
  Hemoglobin, g/L 141 (13) 141 (13) 142 (13) 141 (13) 138 (14) 
  WBC count, 109/L 6.7 (2.2) 6.6 (1.9) 6.6 (1.8) 6.8 (2.3) 7.0 (3.1) 
  Platelet count, 109/L 222 (58) 227 (56) 225 (58) 220 (59) 211 (58) 
  Creatinine, μmol/L 82 (24) 79 (20) 80 (25) 83 (23) 88 (27) 
  GFR, mL/s/m² 79 (15) 88 (13) 82 (13) 75 (14) 66 (14) 
  ALT, U/L 24 (14) 25 (14) 25 (15) 23 (13) 20 (12) 
  Albumin, g/L 40 (3) 40 (3) 40 (3) 40 (3) 39 (3) 
  Total cholesterol, mmol/L 5.1 (1.1) 5.2 (1.0) 5.3 (1.1) 5.0 (1.2) 4.8 (1.2) 
  HDL, mmol/L 1.5 (0.5) 1.5 (0.5) 1.5 (0.5) 1.5 (0.5) 1.5 (0.5) 
  LDL, mmol/L 2.8 (1.0) 3.0 (0.9) 3.0 (1.0) 2.8 (1.0) 2.6 (1.0) 
  TSH, mU/L 2.3 (2.2) 2.2 (1.8) 2.2 (2.6) 2.3 (1.7) 2.5 (2.4) 
  HbA1C, % 5.7 (0.8) 5.5 (0.7) 5.7 (0.8) 5.7 (0.7) 5.8 (0.7) 
  Ferritin, μg/L 158 (143) 142 (141) 162 (143) 168 (150) 161 (136) 
  Vitamin D, nmol/L 90 (38) 79 (34) 88 (37) 96 (39) 99 (38) 
  C-reactive protein, mg/L 2.6 (5.1) 2.2 (4.1) 2.5 (4.9) 2.7 (5.8) 2.9 (5.5) 

 
Notes: (%) or (SD) as appropriate; * Fraction (e.g., 20/20 = 1); † Average time required for one 
chaise rise; ‡ Impairment on one or more ADL or iADL; § Older Americans Resources and 
Services score of 14 ADL and iADL (0–2) ;ALT = alanine aminotransferase; BMI = body mass 
index; FEV1 = forced expiratory volume in 1 second; BMD = bone mineral density; ADL = 
activity of daily living; GFR = glomerular filtration rate; HDL = high-density lipoprotein; IADL 
= instrumental activity of daily living; LDL = low-density lipoprotein; OARS = Older Americans 
Resources and Services subscales for 7 activities of daily living (ADL) and 7 instrumental ADLs; 
PASE = Physical activity scale for the elderly; TUG = Timed up and go; TSH = thyroid-stimulating 
hormone; WBC = white blood cell  
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Table 4.2. Variation in heterogeneity and mean by health characteristic, in relation to 
chronological age 

Health characteristic 

Variation in 
Heterogeneity 

by Age† 
(Deviation Slope, 

from Model 1) 

Variation in 
Mean  

by Age† 
(Mean Slope, 

from Model 2) 

Variation 
Explainable by 
Mean-Variation 

Relationship‡ 

(from Model 3)  

Measured 
Characteristic Has 

Normative or Clinical 
Scaling 

Physical measures 
  Weight ˗ ˗ No No 
  Height ↔ ˗  No 
  BMI ˗ ˗ No No 
  Waist circumference ˗ + No No 
Vital signs 
  Pulse ↔ ˗  No 
  Systolic blood pressure + + No No 
  Diastolic blood pressure ↔ ˗  No 
Physiological measures 
  FEV1 ˗ ˗ No No 
  BMD + ˗ No No 
  Visual acuity ˗ ˗ Yes No 
Physical performance measures 
  Gait speed ↔ ˗  No 
  Grip strength ˗ ˗ Yes No 
  Chair rise + + Yes Yes 
  TUG + + Yes Yes 
Function and disability 
  OARS + ˗ No Yes 
  Life Space Assessment + ˗ No Yes 
  PASE ˗ ˗ Yes Yes 
Chronic condition count + + Yes Yes 
Frailty index + + Yes Yes 
Laboratory values 
  Hemoglobin + ˗ No No 
  WBC count ↔ ↔  No 
  Platelet count ↔ ˗  No 
  Creatinine + + No No 
  GFR + ˗ No No 
  ALT ˗ ˗ No No 
  Albumin ↔ ˗  No 
  Total cholesterol + ˗ No No 
  HDL ↔ ↔  No 
  LDL + ˗ No No 
  TSH + + Yes No 
  HbA1C + + Yes No 
  Ferritin + + Yes No 
  Vitamin D + + Yes No 
  C-reactive protein ↔ +  No 
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Notes. “+” indicates an increase, “-” decrease, “↔” not clinically significant. † Variation 
determined by linear regression of deviation (model 1) or mean (model 2) on age, adjusted for sex 
(sex-specific intercepts). ‡ Determined by examining the mean-deviation relationship and 
adjusting linear regressions for age and sex group mean; see Methods and Supplementary Figure 
4.1 for details. 
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Table 4.3. Summary of major findings on heterogeneity in aging, clinical and research implications 

Findings Clinical implications Research implications and themes 

Overall heterogeneity in health 
increases with chronological age. 

- Heterogeneity underlies the need and relevance of age-
appropriate care and management. - 

Heterogeneity does not increase 
uniformly and may be attributable 
measurement properties (e.g., 
scaling of measures, mean-variation 
relationship). 

- 

- Variability in heterogeneity in aging precludes 
uniform statement about heterogeneity in older adults. 
- Investigate the impact of measurement properties and 
selective survival on variation in heterogeneity in 
aging. 

Clinically age-relevant variables are 
more heterogeneous with age. 

- Heterogeneity reinforces the importance of clinically age-
relevant variables in the CGA (chronic conditions, function 
and disability, physical performance measures, frailty, etc.). 

- Develop heterogeneity capturing measures that use 
optimal scaling for older adults. 

The scaling of a measure 
determines to a great extent the 
amount of heterogeneity detected. 

- Clinicians should select measures which use clinically 
relevant scaling for its intended purpose, e.g., PASE vs. 
OARS. 
- Heterogeneity of health care costs with age is driven by 
clinically relevant measures. 

Heterogeneity in aging can be 
decomposed into differences 
between age groups and differences 
between older individuals (within 
age group).  

- Geriatric care is based on managing older adults 
differently from younger adults as well as differently 
between older adults themselves. 
- Care for older adults must account for age while also 
going beyond age as a surrogate mean marker for relevant 
prognostic factors. 

- Refine and develop multidimensional constructs to 
stratify subgroups older adults by using variables that 
are most heterogeneous among them. 
- Measures of biological age may benefit from using 
variables that are less heterogeneous with aging. 

Deviation from the mean (and 
heterogeneity) will vary by the 
specific group of reference selected. 
This is especially true when there 
are important differences between 
the mean values by age group. 

- The reference group selected is essential to interpret 
disease states and conditions that are based on a statistical 
distribution, e.g., osteoporosis (T-score vs. Z-score), vital 
signs, or anemia. 
- Underdiagnosis or overdiagnosis may occur if a younger 
referent group is used without relevant clinical justification. 

- Identify participants for research as those outlying 
within their chronological age group. 
- Investigate alternative and clinically useful ranges for 
vital signs and laboratory results for older adults. 

Laboratory values attain peak 
heterogeneity in the late sixties. - - Develop and integrate laboratory biomarkers that are 

better suited to assess and differentiate older adults. 
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4.12 FIGURES 

Figure 4.1. Nonlinear variation in effective variance by chronological age, overall and by 
health domains 

 
Figure 4.1 Legend 

Predicted effective variance curves overall and by domains, with sex-specific intercepts, are 
illustrated for significant (nonlinear) associations. The associations between chronological age and 
effective variance by Function and disability measures and by Physiological measures were non-
significant. 

Figures 4.1A-F. Figures 4.1A and 4.1E. Predicted effective variance curves reveal clearly non-
monotonic relationships where heterogeneity increases until approximately 70 years and then 
decreases for All domains and Laboratory values. Although age is linearly associated with 
heterogeneity for both, assuming a linear relationship is misleading due to non-monotonicity. 
Figures 4.1B, 4.1C, and 4.1D. Heterogeneity increases with age for All, excluding laboratory 
values, Vital signs, and Physical performance measures. Only the effective variance of Vital signs 
increases approximately linearly. Effective variance for Physical performance measures appears 
to stabilize between 55 and 70 years old. 

Figure 4.1F. Effective variance for Physical measures appears to peak around 57 years and then 
decrease. 



57 
 

Figure 4.2. Age thresholds at which mean deviation between an age group and the 85-year-
old age group exceeds mean deviation within the group of 85-year-old individuals 

 

 

Figure 4.2 Legend 

FEV1 = forced expiratory volume in 1 second; PASE = Physical activity scale for the elderly. 
Vertical lines indicate bootstrapped 95% confidence intervals. 

The age thresholds give an indication of the relationship between variation within the 85-year-old 
age group compared to variation between age groups for each health characteristic. Once this age 
threshold is crossed, individuals below that age can be considered more different from those 85 
years old than 85-year-olds between themselves.  

For example for FEV1, starting at 76 years, the deviation between the average 85-year-old 
individual and the average 76-year-old individual (“between-group” deviation) exceeds the mean 
deviation between 85-year-old individuals themselves (“within-group” deviation). The analogous 
threshold is crossed at 46 years for Vitamin D. Fifteen health characteristics cross the threshold 
between 45 and 85 years. The remaining health characteristics do not: albumin, BMI, bone mineral 
density, cholesterol, CRP, creatinine, diastolic blood pressure, ferritin, HbA1C, HDL, 
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hemoglobin, LDL, OARS28, platelet, pulse, TSH, waist circumference, weight, WBC. For these 
health characteristics, individuals at 85 years continue to show more deviation within their age 
group than between their age group and the age group of individuals aged 45 years. 

For most variables, the variation between older adults is greater than between age groups: this 
requires clinicians to tailor management based on specific individual values of prognostic health 
characteristics rather than relying on chronological age. 

See Methods and Supplementary Figure 4.2 for more details. 
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S4.13 Supplemental Material 

Supplementary Methods 4.1 

Health characteristics examined for heterogeneity in aging 

Domains Variables 
Physical measures (4 
variables) 

Weight 
Height 
BMI 
Waist circumference 

Vital signs (3) Pulse 
Systolic blood pressure 
Diastolic blood pressure 

Physiological measures 
(3) 

Forced expiratory volume in 1 second (FEV1),  
Bone mineral density (BMD) 
Vision impairment 

Physical performance 
measures (4) 

Gait speed 
Grip strength 
Chair rise 
Timed up and go (TUG) 

Function and disability 
(3) 

Older Americans Resources and Services (OARS) subscales for 
7 activities of daily living (ADL) and 7 instrumental ADLs 
(iADL) (range = 0–28) 
Life space assessment (LSA) 
Physical activity scale for the elderly (PASE) 

Chronic condition count 
(1) 

Count of 10 self-reported chronic conditions: hypertension, 
diabetes, heart disease (heart disease, angina, coronary bypass, 
or angioplasty), stroke or transient ischemic attack, arthritis, 
osteoporosis, lung disease, kidney disease, cancer, 
anxiety/depression (range = 0-10) 

Frailty index (1) Count of: [OARS subscales (14 counts), 10 comorbidities 
(above), low activity, exhaustion, grip strength, gait speed, 
weight loss, health perception, fall, FEV1, self-reported hearing 
impairment, self-reported vision impairment] ÷ 34 

Laboratory values (15) Hemoglobin level, white blood cell count (WBC), platelet 
count, alanine aminotransferase (ALT), albumin, creatinine, 
glomerular filtration rate (GFR), total cholesterol, HDL, LDL, 
thyroid stimulating hormone (TSH), hemoglobin A1C 
(HbA1C), ferritin, hydroxyvitamin D, high sensitivity C-
reactive protein (CRP) 

Variables used to define the frailty index 

OARS subscales (14 counts), 10 comorbidities (above), low activity, exhaustion, grip strength, 
gait speed, weight loss, health perception, fall, FEV1, self-reported hearing impairment, self-
reported vision impairment  
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Supplementary Table 4.1. Missing data and proportion for health characteristics 

Health characteristics 
Count 

missing (n) 
Proportion missing 

(n = 30,097) 
FEV1 7276 0.242 
Hemoglobin 4670 0.155 
WBC 4670 0.155 
Platelet 4670 0.155 
LDL 3671 0.122 
HbA1C 3187 0.106 
Vitamin D 3092 0.103 
ALT 3091 0.103 
Ferritin 3086 0.103 
Creatinine 3085 0.103 
Glomerular filtration rate 3085 0.103 
Albumin 3085 0.103 
Cholesterol 3085 0.103 
HDL 3085 0.103 
TSH 3085 0.103 
CRP 3085 0.103 
Grip strength 2290 0.076 
PASE 1633 0.054 
Chair rise 1334 0.044 
Bone mineral density 1317 0.044 
Timed up and go 430 0.014 
Gait speed 392 0.013 
Chronic condition count 349 0.012 
Vision 304 0.010 
Pulse 289 0.010 
Systolic blood pressure 286 0.010 
Diastolic blood pressure 286 0.010 
Waist circumference 235 0.008 
OARS28 160 0.005 
BMI 136 0.005 
Weight 130 0.004 
Height 100 0.003 
Frailty index 64 0.002 
Life Space Assessment 53 0.002 

 
Notes. ALT = alanine aminotransferase; BMI = body mass index; FEV1 = forced expiratory 
volume in 1 second; BMD = bone mineral density; ADL = activity of daily living; GFR = 
glomerular filtration rate; HDL = high-density lipoprotein; IADL = instrumental activity of daily 
living; LDL = low-density lipoprotein; OARS = Older Americans Resources and Services; PASE 
= Physical activity scale for the elderly; TUG = Timed up and go; TSH = thyroid-stimulating 
hormone; WBC = white blood cell
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Supplementary Table 4.2. Coefficients for change in deviation by age, statistical and clinical significance 

  
Model 1 

Statistical Significance Clinical Significance  

Health Characteristic 
Coefficient for 
Deviation per 

10y 
p Coefficient 

for Male p 
Last Clinically 
Relevant Unit 

(LCRU) Criteria 

Clinical Significance: 
Change in Deviation 
Over 40y > LCRU 

Combined 
Significance 

Physical measures               
  Weight -0.932 4.52E-58 -0.293 0.0136 1 Yes - 
  Height -0.000505 0.0266 0.00513 3.85E-28 0.01 No ↔ 
  BMI -0.248 5.23E-36 -1.03 1.37E-140 0.1 Yes - 
  Waist circumference -0.434 1.89E-20 -1.22 4.34E-37 1 Yes - 
Vital signs           
  Pulse 0.0188 0.638 0.95 4.12E-31 1 No ↔ 
  Systolic blood pressure 1.16 7.06E-90 -0.408 0.000573 1 Yes + 
  Diastolic blood pressure 0.0294 0.371 0.131 0.0525 1 No ↔ 
Physical measures           
  Gait speed 0.00264 0.000148 -0.00413 0.00379 0.1 No ↔ 
  Grip strength -0.338 5.75E-39 2.68 0 1 Yes - 
  Chair rise 0.0444 5.14E-46 -0.0246 0.0000981 0.1 Yes + 
  TUG 0.302 2.98E-171 -0.0349 0.114 1 Yes + 
Physiological measures           
  FEV1 -0.0153 3E-13 0.145 4.8E-255 0.01 Yes - 
  BMD 0.00909 1.81E-109 0.0117 4.25E-45 0.01 Yes + 
  Visual acuity -0.0129 1.75E-40 0.0221 1.33E-28 0.01 Yes - 
Function and disability           
  OARS 0.125 5.91E-271 -0.194 1.8E-158 0.1 Yes + 
  Life Space Assessment 0.498 1.67E-16 -0.639 2.47E-07 1 Yes + 
  PASE -9.81 0 6.61 9.25E-42 1 Yes - 
Chronic condition count 0.124 1.49E-171 -0.0624 5.15E-12 0.1 Yes + 
Frailty index 0.00768 9.89E-186 -0.00909 6.73E-64 0.01 Yes + 
Laboratory values           
  Hemoglobin 0.633 1.11E-44 1.04 2.14E-29 1 Yes + 
  WBC count 0.0273 0.0117 0.0164 0.458 1 No ↔ 
  Platelet count 0.221 0.316 -4.57 3.35E-24 1 Yes ↔ 
  Creatinine 2.11 8.56E-84 2.9 4.37E-39 1 Yes + 
  GFR 0.402 1.58E-18 -0.247 0.0081 1 Yes + 
  ALT -0.842 8.78E-39 1.83 1.36E-43 1 Yes - 
  Albumin 0.0131 0.18 -0.0808 0.0000544 1 No ↔ 
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Model 1 

Statistical Significance Clinical Significance  

Health Characteristic 
Coefficient for 
Deviation per 

10y 
p Coefficient 

for Male p 
Last Clinically 
Relevant Unit 

(LCRU) Criteria 

Clinical Significance: 
Change in Deviation 
Over 40y > LCRU 

Combined 
Significance 

  Total cholesterol 0.0369 2.14E-22 0.0201 0.00924 0.1 Yes + 
  HDL 0.00559 0.000671 -0.0726 4.52E-103 0.1 No ↔ 
  LDL 0.0285 2.21E-17 0.000685 0.92 0.1 Yes + 
  TSH 0.062 7.87E-08 -0.0609 0.00982 0.1 Yes + 
  HbA1C 0.034 1.91E-20 0.115 7.56E-53 0.1 Yes + 
  Ferritin 3.84 3.65E-10 47.7 0 1 Yes + 
  Vitamin D 1.49 2.13E-26 -2.24 4.43E-15 1 Yes + 
  C-reactive protein 0.186 6.83E-12 -0.368 3.18E-11 1 No ↔ 
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Supplementary Table 4.3. Coefficients for change in mean by age, statistical and clinical 
significance 

  
Model 2 

Statistical Significance    

Health Characteristic 
Coefficient 
for Mean 
per 10y 

p 
Clinical Significance: 

Change in Mean 
Over 40y > LCRU 

Combined 
Significance  

Physical measures         
  Weight -1.92 7.55E-100 Yes - 
  Height -0.0164 0 Yes - 
  BMI -0.128 0.0000313 Yes - 
  Waist circumference 1.12 5.66E-50 Yes + 
Vital signs         
  Pulse -1.08 1.87E-61 Yes - 
  Systolic blood pressure 4.42 0 Yes + 
  Diastolic blood pressure -1.86 4.03E-253 Yes - 
Physical performance measures        
  Gait speed -0.0627 0 Yes - 
  Grip strength -3.71 0 Yes - 
  Chair rise 0.186 0 Yes + 
  TUG 0.815 0 Yes + 
Physiological measures         
  FEV1 -0.357 0 Yes - 
  BMD -0.0156 4.95E-131 Yes - 
  Visual acuity -0.116 0 Yes - 
Function and disability         
  OARS -0.0902 7.77E-113 Yes - 
  Life Space Assessment -4.73 0 Yes - 
  PASE -25.9 0 Yes - 
Chronic condition count 0.472 0 Yes + 
Frailty index 0.0285 0 Yes + 
Laboratory values         
  Hemoglobin -1.22 5.08E-66 Yes - 
  WBC count 0.152 2.37E-28 No ↔ 
  Platelet count -5.11 3.99E-50 Yes - 
  Creatinine 2.91 1.2E-110 Yes + 
  GFR -7.64 0 Yes - 
  ALT -1.53 6.82E-80 Yes - 
  Albumin -0.412 1.08E-146 Yes - 
  Total cholesterol -0.143 7.85E-111 Yes - 
  HDL 0.0168 1.45E-10 No ↔ 
  LDL -0.145 2.63E-143 Yes - 
  TSH 0.106 2.77E-16 Yes + 
  HbA1C 0.115 2.18E-143 Yes + 
  Ferritin 6.46 2.23E-15 Yes + 
  Vitamin D 7.21 4.04E-235 Yes + 
  C-reactive protein 0.242 1.17E-15 Yes + 
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Supplementary Table 4.4. Explainability of change in deviation by mean-variability relation 

      Model 3    

Health Characteristic Combined 
Significance? 

Same Sign 
Coefficient 
Models 1 
and 2? 

Coefficient 
Dev. Per 

10y 
p 

Coefficient 
Dev. By 

Mean (by 
age, sex) 

p 
Coefficient 

Dev. By 
Sex 

p 

Different sign 
or loss of 

significance 
after 

adjustment 

Variation 
Explainable 

by Mean-
Variability 

Relation 
Physical measures                     
  Weight Yes Yes -0.377 0 0.27 0 -4.186 0 No No 
  Height No                   
  BMI Yes Yes -0.197 0 0.313 0 -1.164 0 No No 
  Waist circumference Yes No               No 
Vital signs                     
  Pulse No                   
  Systolic blood pressure Yes Yes 1.044 0 0.02 0.492 -0.454 0.001 No No 
  Diastolic blood pressure No                   
Physical performance measures                    
  Gait speed No                   
  Grip strength Yes Yes 0.08 0.426 0.113 0 0.715 0.119 Yes Yes 
  Chair rise Yes Yes -0.025 0.006 0.349 0 -0.002 0.786 Yes Yes 
  TUG Yes Yes 0.026 0.194 0.296 0 -0.037 0.012 Yes Yes 
Physiological measures                     
  FEV1 Yes Yes -0.035 0.023 -0.055 0.199 0.195 0 No No 
  BMD Yes No               No 
  Visual acuity Yes Yes 0.019 0.015 0.272 0 0.01 0.003 Yes Yes 
Function and disability                     
  OARS Yes No               No 
  Life Space Assessment Yes No               No 
  PASE Yes Yes -1.838 0.243 0.304 0 0.603 0.65 Yes Yes 
Chronic condition count Yes Yes -0.041 0.058 0.349 0 0.026 0.067 Yes Yes 
Frailty index Yes Yes 0.001 0.179 0.214 0 -0.004 0 Yes Yes 
Laboratory values                     
  Hemoglobin Yes No               No 
  WBC count No                   
  Platelet count No                   
  Creatinine Yes Yes 0.604 0 0.478 0 -6.507 0 No No 
  GFR Yes No               No 
  ALT Yes Yes -0.26 0 0.35 0 0.019 0.912 No No 
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      Model 3    

Health Characteristic Combined 
Significance? 

Same Sign 
Coefficient 
Models 1 
and 2? 

Coefficient 
Dev. Per 

10y 
p 

Coefficient 
Dev. By 

Mean (by 
age, sex) 

p 
Coefficient 

Dev. By 
Sex 

p 

Different sign 
or loss of 

significance 
after 

adjustment 

Variation 
Explainable 

by Mean-
Variability 

Relation 
  Albumin No                   
  Total cholesterol Yes No               No 
  HDL No                   
  LDL Yes No               No 
  TSH Yes Yes -0.007 0.414 0.644 0 -0.132 0 Yes Yes 
  HbA1C Yes Yes -0.043 0 0.698 0 0.021 0.025 Yes Yes 
  Ferritin Yes Yes 0.858 0.09 0.374 0 14.619 0 Yes Yes 
  Vitamin D Yes Yes -0.376 0.356 0.245 0 0.026 0.965 Yes Yes 
  C-reactive protein No                   
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Supplementary Table 4.5. Features and ontology of heterogeneity in health characteristics 

Feature Interpretation 

A. Ontology of heterogeneity Heterogeneity is determined by: 
  - Who is measured (“group/set”) 
  - What is measured (“spread”) 
  - How it is measured (“measure” and “scaling”) 

1. Group: who Group definition determines the boundaries of the group/set that is 
to be examined 

Group definition determines the set’s center point, from which the 
spread is calculated 

2. Spread: what Heterogeneity is the average distance from the center (as 
determined by group) for an attribute: 
(i) Baseline health characteristics 
 
  (ii) Treatment-outcome associations 

3. Measure: how 
 

The spread for an attribute in a group is a quantified measure that:  
  (i) Is scaled: “natural” vs normative or clinical; floor and ceiling 
effects, skew 
 
  (ii) Can have a mean-variation relationship which can influence 
heterogeneity 

B. Ontology for description and 
comparison of heterogeneity 

Any description or comparative statement about heterogeneity 
follows from a simultaneous consideration of group/set + spread + 
measure  

4. Specificity Statements about heterogeneity require all 3 features of 
heterogeneity and cannot be divorced from any 

5. Monotonicity Change in heterogeneity may not be consistent nor be in a 
consistent direction by the (independent) variable predicting 
heterogeneity  

6. Mean-variation When comparing heterogeneity between groups, changes in group 
mean should be considered for potential mean-variation 
relationships 
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Supplementary Figure 4.1. Flowchart for determining the association between heterogeneity and age, explainability by mean-
variation relation and by measurement scaling 
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Supplementary Figures 4.2. Illustrative scatterplots comparing within-group deviation at 85 
years versus between-age-group deviation, for grip strength and HbA1C 

 

Notes. Note the reversed X-axis. 
Above. The green dashed lines are ± the mean absolute deviation from the mean value of grip 
strength within those 85 years old. The slope of the blue line is the age coefficient from a regression 
of deviation of grip strength on age. For grip strength, at approximately 72 years, between-age-group 
deviation exceeds the deviation within individuals aged 85 years.  
Below. In contrast, for HbA1C, between-age-group deviation does not exceed the deviation within 
individuals aged 85 years. Figure 4.2 in the main text presents the results for the 15 health 
characteristics where the threshold is crossed between 45 and 85 years. 
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Supplementary Figures 4.3. Boxplots of health characteristics by age and sex 

Notes. Middle line in box indicates the median; box indicates the 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles.
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Notes. Middle line in box indicates the median; box indicates the 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles. 
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Notes. Middle line in box indicates the median; box indicates the 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles. 
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Notes. Middle line in box indicates the median; box indicates the 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles. 
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Notes. Middle line in box indicates the median; box indicates the 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles. 
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Notes. Middle line in box indicates the median; box indicates the 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles. 
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Chapter 5. Manuscript 2: Clinical correlates and implications of 
the reliability of the frailty index in the Canadian Longitudinal 
Study on Aging 

5.1 PREFACE 

Heterogeneity in aging, particularly for age-related health characteristics may provide a suitable 

substrate for differentiating and thus categorizing older adults. The deficit-accumulation frailty 

index framework is one influential method to capture age-related heterogeneity due to “frailty” by 

summing age- and health-related deficits in individuals and dividing by the total number of deficits 

considered. Frailty indices, as a whole, are remarkably consistent in predicting adverse outcomes 

in older adults in multiple clinical contexts. However, due to the variability in the deficits 

composing frailty indices, it is unclear whether existing frailty index implementations are reliable 

and interchangeable when identifying individual older adults as having frailty. Inference about 

frailty at the individual level may be more stringent than inference about frailty as a construct. For 

frailty indices to be incorporated into clinical practice, they should systematically identify the same 

individuals as having frailty, the magnitude of associations between frailty and adverse outcomes 

should remain stable, and outcome prediction based on a set level of frailty should yield similar 

risks. In Manuscript 2, I used Monte Carlo methods to simulate 12,000 single studies where frailty 

indices are computed, described, and examined for associations with mortality. To investigate the 

reliability—writ large—of frailty indices, the single studies are simulated among the same 12,080 

CLSA participants aged 65 years and older and using the same set of 70 health deficits. 

*** 

This manuscript has been published electronically ahead of print in the Journals of Gerontology, Series A: 

Medical Sciences (https://doi.org/10.1093/gerona/glab161). 

  

https://doi.org/10.1093/gerona/glab161
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5.3 ABSTRACT 

Background 

Deficit-accumulation frailty indices (FIs) are widely used to characterize frailty. FIs vary in 

number and composition of items; the impact of this variation on reliability and clinical 

applicability is unknown. 

Methods 

We simulated 12,000 studies using a set of 70 candidate deficits in 12,080 community-dwelling 

participants 65 years and older. For each study, we varied the number (5, 10, 15, 25, 35, 45) and 

composition (random selection) of items defining the FI and calculated descriptive and predictive 

estimates: frailty score, prevalence, frailty cut-off, mortality odds ratio, predicted probability of 

mortality for FI=0.28 (prevalence threshold), and FI cut-off predicting 10% mortality over the 

follow-up. We summarized the estimates’ medians and spreads (0.025-0.975 quantiles) by the 

number of items and calculated intraclass correlation coefficients (ICC). 

Results 

Medians of frailty scores were 0.11-0.12 with decreasing spreads from 0.04-0.24 to 0.10-0.14 for 

5-item and 45-item FIs. The median cut-offs identifying 15% as frail was 0.19-0.20 and stable; the 

spreads decreased with more items. However, medians and spreads for the prevalence of frailty 

(medians: 11% to 3%), mortality odds ratio (medians:1.24 to 2.19), predicted probability of 

mortality (medians: 8% to 17%), and FI cut-off predicting 10% mortality (medians: 0.38 to 0.20) 

varied markedly. ICC increased from 0.19 (5-item FIs) to 0.84 (45-item FIs). 

Conclusions 
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Variability in the number and composition of items of individual FIs strongly influences their 

reliability. Estimates using FIs may not be sufficiently stable for generalizing results or direct 

application. We propose avenues to improve the development, reporting, and interpretation of FIs. 

Keywords 

CLSA, measurement error, psychometrics, reliability, regression dilution  
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5.4 INTRODUCTION 

Frailty, conceptualized as a state of increased vulnerability to stressors, is often used to characterize 

heterogeneity in aging1 in research and clinical practice.2,3 While there is currently no consensus 

definition for frailty, the deficit accumulation frailty index (FI)4,5 is one of two major frameworks 

underpinning the current understanding of frailty, along with the Fried frailty phenotype.6–8 The 

deficit accumulation frailty index conceptualizes frailty as the accumulation of age-related deficits, 

which is quantified using a standard procedure that calculates the proportion of deficits across a 

selection of 35 or more items measuring health states in multiple age-related domains (e.g., 

physical function, medical conditions).9 Since first described in 2001,4 numerous other deficit 

accumulation frailty indices have been developed using different sources of data (e.g., 

comprehensive geriatric assessments,10 electronic medical records,11 laboratory values,12 trial,13 or 

registry14 data), number of items (from 5 to 92),15,16 from different domains,17 and using various 

cut-offs.18,19 

 To incorporate frailty measures into clinical practice, frailty scores or frailty status 

measures should identify the same individuals as frail from one context or study to another. In a 

recent review of the reliability of 35 frailty instruments, frailty indices have shown the highest 

agreement among frailty frameworks.19 However, only six well-constructed FIs were included in 

the analysis, whereas the myriad implementations of FIs currently in use may not demonstrate the 

same reliability. Although coding items as dichotomous or ordinal does not affect the performance 

of FIs,20 the influence of variation in the number and the composition of items on reliability is 

unknown. Moreover, classical measurement statistics of reliability, such as intraclass correlation 

coefficients, kappa, or standard error of measurement,21,22 may not translate easily to clinical 

correlates and implications when incorporating frailty in practice. For instance, how reliability 
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influences estimates such as prevalence,19,23 association with outcomes, cut-offs categorizing 

frailty status (frail vs. non-frail) has not been well described. Clinical decision-making at the 

individual level may require more stringent conditions than population-level inferences.24,25 

In this study, we investigated the reliability of frailty indices and the stability of estimates 

when computed in a single community-dwelling older adult population as represented by 

participants from the Canadian Longitudinal Study on Aging (CLSA). We simulated 12,000 

studies in which we varied the number of items and the specific composition of individual frailty 

indices to describe the “in vivo” implications of frailty indices for developing, reporting, and 

interpreting studies using the frailty index. 

5.5 METHODS 

5.5.1 Cohort 

We used baseline cross-sectional data from the CLSA which enrolled a nationally representative 

sample of over 51,000 participants aged 45 to 85 years, at baseline, into a telephone-only cohort 

or an in-person cohort (Comprehensive) assessed from 2012 to 2015.26,27 As frailty is an age-

related concept and is typically measured in older adult populations, we restricted our cohort to 

adults 65 years and older with mortality data as of July 2019, and to the Comprehensive cohort 

since data from physical assessments were required. Exclusion criteria for the CLSA were people 

living in the Canadian territories, on a First Nations reserve, or in institutions, being full-time 

members of the Armed Forces, having cognitive impairment (as assessed by interviewers), and 

being unable to respond in French or English. There were 30,097 CLSA participants in the 

Comprehensive cohort of whom 12,080 met the inclusion criteria for our analyses. 
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5.5.2 Methodological framework 

The methodological framework for our study is depicted in Figure 5.1. To investigate the inter-

index reliability of the frailty index across multiple configurations, we generated and compared a 

total of 12,000 iterations, each representing a potential individual study. Each iteration (or 

individual study) applied a unique definition of the frailty index by varying (i) the number of health 

deficits composing the frailty index (we chose six configurations: 5, 10, 15, 25, 35, and 45 items, 

with 2000 iterations per configuration for a total of 12,000 single studies); and (ii) by randomly 

selecting the specific deficits composing each. Configurations with few items (i.e., 5, 10, and 15) 

were included since two highly cited and influential deficit-accumulation derived frailty indices in 

usage include 5 and 11 items.14,15,28 

5.5.3 Measure, outcome, and analyses at the single-study level 

At the individual-study level, we created frailty indices using the standard procedure outlined by 

Searle et al.9 Briefly, the frailty index is calculated as the proportion of health deficits in an 

individual, with health deficits satisfying the following conditions for a single time-point study: 

(i) deficits must be associated with health status, (ii) their prevalence must generally increase with 

age, (iii) deficits should not saturate too early, and (iv) they should cover a range of systems as a 

group. We considered a collection of 70 health deficits, across 10 domains, as the basis for our 

frailty index definitions. Deficits were chosen to map closely to those in the most cited frailty index 

proposed by Rockwood et al. in 2005 using items from the Canadian Study of Health and Aging 

(CSHA).5 Supplementary Table 5.1 reports the health deficits and domains, cut-offs for 

categorizing continuous deficits, missing data for deficits, and their mapping to CSHA items. 

Individual deficits were assessed in-person and by self-report; for details, see the CLSA Protocol.27 

The CLSA updated the mortality data in July 2019 (median follow-up: 5.6 years, IQR: 1.4 years). 
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The mortality data came from the next of kin contacting CLSA directly, identification of death at 

the time of follow-up, and from linkage to provincial vital statistics. Because date of death was not 

available, mortality status was determined for all participants in July 2019. 

Analyses  
Within each single study, we first computed descriptive estimates: (1) mean population frailty 

score (in the 12,080 participants), (2) prevalence of frailty (as defined as a FI above 0.28, the mean 

of cut-offs for the frailty indices in our scoping review of 150 articles on frailty, 35 of which used 

frailty indices [range of cut-offs = 0.18-0.41; forthcoming]), (3) the FI threshold that categorizes 

15% of the population as frail (i.e., defined as the 85th percentile of FI).29 We then computed 

predictive estimates between the frailty index and mortality using logistic regression: (4) the odds 

ratio (OR) for a 0.1 increase in the FI, (5) the average predicted risk of mortality over the follow-

up period for a FI of 0.28, and (6) the FI cut-off predicting a 10% risk of mortality. Together, these 

6 estimates account for common descriptive and clinical usages of frailty: describing a population, 

identifying those with frailty, estimating the association between frailty and an outcome, predicting 

risk for an outcome, and identifying a risk threshold for decision-making. 

5.5.4 Analyses and outcome of interest at the comparative level  

We compared the 6 different configurations of the frailty index using 2000 iterations (i.e., 

“individual studies”). At the comparative level, our primary outcome of interest was the stability 

of each descriptive and predictive estimate, as measured by the median and the 2.5 and 97.5 

percentiles. We also computed classical reliability statistics for each configuration: the intraclass 

correlation coefficient for agreement (ICCA = σ2
individuals / [σ2

individuals + σ2
frailty indices + σ2

residual]) 

and the standard error of measurement for agreement, SEmA = √(σ2
frailty indices + σ2

residual), which 

scales the ICCA on the scale of the frailty index.30 Using ICC in this situation is analogous to 
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assessing inter-rater reliability where “raters” are the randomly defined FIs. Following guidelines 

presented by Nunnally, a threshold of 0.9 was considered acceptable for ICCA in this clinical 

context.22,25 As an exploratory analysis on the impact of domain coverage of frailty indices, we 

repeated the stability of estimates analyses above, stratifying by the number of domains included 

in 10, 25, and 45-item frailty index configurations (as determined by the inclusion of at least one 

item from that domain). We calculated the ICCA for all configurations and number of domains. 

Analyses were performed using R 4.0.3 (R Foundation). 

5.6 RESULTS 

Among the 12,080 community-dwelling participants, the mean (SD) age was 73.0 (5.7) years, and 

6097 (50.5%) were male. Impairment in activities of daily living (ADL, n = 495 [4.1%]) and 

instrumental ADL (iADL, n = 982 [8.2%]) was relatively infrequent. Self-reported hypertension 

(n = 5937 [49.3%]) and osteoarthritis (n = 4167 [34.5%]) were the most prevalent conditions. 

Overall, participants had good physical performance measures: mean time for single chair rise was 

2.9 (0.9) seconds and mean gait speed was 0.9 (0.2) m/s. Table 5.1 reports the baseline 

characteristics of our study sample. Between the baseline and mortality assessment (median 

follow-up of 5.6 years, IQR = 1.4]), 762 (6.3%) participants were known to have died. 

5.6.1 Reliability and stability of frailty indices measurements and estimates 

Complete results for the reliability of frailty indices and stability of estimates are reported in Table 

5.2. Figure 5.2 provides a graphical summary of results for the stability and distribution of 

estimates.  

Descriptive uses of the frailty index 
The medians of the mean frailty index for all 6 configurations (5, 10, 15, 25, 35, and 45 items) was 

0.11-0.12 with decreasing spreads between the 2.5 and 97.5 percentiles from 0.04-0.24 to 0.10-
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0.14 for 5-item FIs and 45-item FIs, respectively. Figure 5.2A shows the distribution of FIs by 

configurations and the increasing narrowness and smoothness of distributions as the number of 

items increases. The prevalence of frailty varied widely between configurations: the median 

prevalence was 0.11 for 5-item FIs but decreased to 0.03 for 45-item FIs; within each 

configuration, the 0.025 to 0.975 quantiles spreads of prevalence ranged from 0.02-0.33 to 0.02-

0.06. The medians of the frailty index cut-off identifying 15% of participants as frail was stable at 

0.19-0.20; the spreads of this cut-off progressively decreased from 0.20-0.40 to 0.16-0.22. 

Predictive uses of the frailty index and measurement statistics 
The medians of the odds ratio from regressions of mortality on the frailty index varied, increasing 

from 1.24 (95% CI: 1.02, 1.43) for 5-item FIs to 2.19 (1.97, 2.47) for 45-item FIs. Likewise, the 

predicted probabilities of mortality over the follow-up period in individuals with a frailty index of 

0.28 increased from 0.08 (0.06, 0.12) up to 0.17 (0.14, 0.21). Both the medians of the frailty index 

and spreads identifying a 10% risk of mortality decreased from 0.38 (0.18, 1.23) for 5-item FIs to 

0.20 (0.18, 0.23) for 35-item FIs. The intraclass correlation coefficients were higher as the number 

of items included increased, starting at 0.19 (0.18, 0.19) and reaching 0.84 (0.84, 0.85) for 45-item 

FIs. The standard error of measurement for agreement was substantial at 0.13 (0.13, 0.13) for 5-

item FIs and decreased progressively to 0.03 (0.03, 0.03) for 45-item FIs. 

Reliability and stability by number of domains 
Exploratory analysis results for frailty indices stratified by the number of domains are presented 

in Supplementary Figure 5.1 for the stability of estimates and in Supplementary Figure 5.2 for 

ICCA. Although there were differences in the stability of estimates for 10-item FIs by the number 

of domains included, the variability between the number of items included outweighed the 
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variability of the number of domains covered. The ICCA followed a similar trend, where most of 

the differences in reliability was due to the total number of items. 

5.7 DISCUSSION 

In this study of a single older adult population, we generated frailty index definitions based on the 

same set of 70 health deficits but varied both the number of deficits and the specific deficits 

considered. We show notable variation in the descriptive and predictive estimates computed from 

frailty indices, e.g., mean score, prevalence, categorical frailty status, odds ratio, frailty cut-off and 

risk prediction. The instability of estimates was twofold: within configurations and between 

configurations. Within each configuration using the same number of deficits, the instability of 

estimates is observed as the spread around each median value. When comparing between 

configurations, we demonstrate additional variability in the median values themselves for the 

prevalence (from 5-item FIs to 45-item FIs: 0.11 to 0.03), the odds ratio (1.24 to 2.19), the frailty 

indices predicting 10% mortality (0.08 to 0.17), and the estimated risk of mortality for a FI of 0.28 

(0.38 to 0.20). 

 Previous work has investigated the psychometric properties and comparability of major 

existing frailty frameworks,19,31–34 as well as of frailty indices specifically.16,20 Although variation 

in prevalence and low interchangeability between frameworks is attributable to different 

underlying concepts of frailty 19, frailty indices report the highest agreement among frailty 

frameworks. As a group, frailty indices have good criterion and construct validity,16 but 

misclassification and decreased predictive accuracy may occur with the reduction of domains 

composing frailty indices.35 Our findings add to this body of research by focusing on (i) the 

reliability of the frailty indices and stability of estimates, (ii) the clinical implications of the 
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reliability of frailty indices, specifically for patient care, and (iii) the differences between their 

population and individual interpretations of studies. 

5.7.1 Reliability of frailty indices, stability of estimates, and regression dilution 

Psychometrically, an ideal frailty measurement, used repeatedly in a short timeframe where health 

status is stable, should yield similar scores and identify, as frail, the same individuals. Intraclass 

correlation for agreement, the ratio of the variation between individuals and the overall variation 

(including variation due to measurement), is a classical measure of reliability. We found that when 

using a 10-item frailty index (ICCA = 0.34), only 34% of the variation in frailty scores was due to 

differences between individuals. As expected, we show that reliability improves as the number of 

items included in computing frailty indices increased. Yet, even with 35 and 45 items, the ICCA 

is 0.75 and 0.84, respectively, which is less than the 0.90 threshold for clinical decision-making 

recommended by Nunally.22,25 

The reliability of frailty indices directly informs prevalence estimates: the lower the 

reliability, the wider the spread of prevalence estimates. Interestingly, the median prevalence also 

varied by the number of items included (from 0.11 to 0.03) due to the non-smooth distribution of 

frailty scores in relation to the location of the frailty cut-off, as shown in Figure 5.2A. Varying 

frailty prevalence has been attributed to differing frailty operationalizations, cut-offs, and 

populations under study; we show that variation in prevalence may also be due to measurement 

issues, even within the frailty index framework using a single cut-off. 

Using a small number of items increases measurement error which has important 

consequences on predictive estimates. This is illustrated in Table 5.2 showing that the magnitude 

of the association between frailty and mortality lessens as the number of items decreases. When 
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exposures are mismeasured, as is the case in FIs using a lower number of items, the well-known 

phenomenon of regression dilution can occur, whereby mismeasurement biases the true 

association toward the null.36,37 In a seminal paper outlining the standard procedure to create a 

frailty index, Searle et al. specify that at least 30-40 items should be included and that estimates 

are unstable when the number of items (~10) is small.9 This cautionary recommendation has not 

been completely heeded; according to our scoping review (forthcoming), the median number of 

items included was 32 in a random subset of 35 studies using frailty indices published in 2017 and 

2018, of which 13 used the 5 or 11-item modified frailty index.14,15,28 Whereas previous work has 

highlighted the role of domain coverage in optimizing the predictive accuracy of frailty indices,35 

our findings suggest that the total number of items included, rather than domain coverage, is more 

influential for the reliability of frailty indices. 

5.7.2 Clinical implications of the reliability of frailty indices  

The reliability of frailty indices has direct implications on their application to clinical practice. Our 

findings indicate first that frailty indices, especially those with a small number of items, can vary 

in scores attributed to each individual from one constructed index to another. Identifying frailty 

status as a consistent basis for decision-making is challenging due to the large standard error of 

measurement, from 0.13 for 5 items to 0.03 for 45 items, a substantial variation when considering 

the distribution of frailty scores. Second, in addition to reliability issues, the accuracy of the frailty 

index, continuous or categorical, to predict outcomes such as mortality, may be decreased due to 

regression dilution. Third, establishing cut-offs of the frailty index may yield unexpected results 

because of the non-smooth distribution of frailty when measured using fewer than 25 items. 

Fourth, generalizing or transporting results between frailty indices or to clinical settings can only 

be done with caution since the average “difficulty” of items comprising each frailty index may 
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vary markedly. In a single population, the mean frailty score may be 0.10 for one frailty index and 

0.20 in another, without the possibility of identifying where each frailty index is anchored relative 

to the other in the underlying (latent) frailty continuum. Comparatively, other frailty instruments, 

such as the Clinical Frailty Scale5 and the components of the Fried physical frailty phenotype,7 

have absolute anchors by way of descriptive rubrics or explicit cut-offs, respectively. It may be 

useful to note that the clinical implications we describe are not unique to the frailty index: other 

constructs in geriatric practice and aging research (e.g., multimorbidity) do not have a well-defined 

set of components, cut-offs, or anchoring. 

5.7.3 Differences between population and individual interpretation of frailty indices 

Although we focused on the clinical application of frailty indices, their usage in research to draw 

inferences at the population level may not face the same limitations,24 Psychometric issues are 

critical when translating research findings to individuals in clinical practice.22 However, the lack 

of reliable anchoring of frailty indices does not invalidate their consistent associations with adverse 

outcomes. At the population level, frailty is indeed associated with falls, progression of disability, 

and mortality;3 but what specific level of frailty can reliability predict falls and the initiation of fall 

prevention program at the individual level remains undetermined and varies between different 

constructed indices. A continuum in applicability exists whereby the requirements for clinical 

applicability is higher than that for research and population-level interpretation. In light of our 

findings, Table 5.3 presents recommendations for clinical usage and research of frailty indices, 

when devising, reporting, and interpreting frailty indices. 

5.7.4 Limitations 

Our study has a few important limitations that should be recognized. First, measures of reliability 

are dependent on the sample in which they are assessed. We included older adults 65 years and 
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older from the CLSA which excluded institutionalized and cognitively impaired adults at baseline; 

the findings from these analyses may not be transportable to a younger or a less healthy population. 

Second, our results may be sensitive to the 70 candidate items and cut-offs we selected as a basis 

for our frailty indices; however, we chose items to map to the original CSHA items,5 using standard 

or first-quintile cut-offs as recommended.9 Third, we examined frailty indices with a number of 

items below the recommended 30-35 which lowers reliability; nonetheless, a large proportion of 

frailty indices are defined using a small number of items.12,14,15 Fourth, because we used the same 

70 candidate items and cut-offs for our frailty indices, our analysis may actually overestimate the 

reliability of frailty indices currently in usage which may use more diverse items and cut-offs. As 

electronic medical records may allow the calculation of more reliable frailty indices due to greater 

availability of items, their cut-off and “level of difficulty” will be increasingly important to 

consider. Finally, because the date of death was not available, associations and predictions between 

frailty and mortality using logistic regressions should be interpreted with caution, although 

comparisons remain valid between the predictive estimates of each configuration.  



90 
 

5.8 CONCLUSION 

By simulating 12,000 individual studies, we show that variability in the number and the 

composition of items of individual frailty indices strongly influences their overall reliability. 

Descriptive and predictive estimates using frailty indices may not be sufficiently stable for 

generalizing results or for direct application to clinical practice. Although reliability improves as 

the number of items is increased, we propose further avenues to improve the development, 

reporting, and interpretation of frailty indices. 
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5.11 TABLES 

Table 5.1. Baseline characteristics of participants 65 years and older of the Canadian 
Longitudinal Study on Aging (n = 12,080) 

Age, mean (SD) 73.0 (5.7) 
Male sex (%) 6097 (50.5) 
White race/ethnicity (%) 11673 (96.6) 
Married or living with partner (%) 7051 (61.7) 
Living location (%) 
   House 8760 (72.6) 
   Apartment or condominium 3126 (25.9) 
   Seniors' housing 132 (1.1) 
   Other 53 (0.4) 
ADL impairment (%) 495 (4.1) 
IADL impairment (%) 982 (8.2) 
Chronic conditions (%) 
  Hypertension 5937 (49.3) 
  Diabetes 2624 (21.8) 
  Heart disease 2772 (23.0) 
  Stroke or transient ischemic attack 918 (7.6) 
  Lung disease 2017 (16.7) 
  Kidney disease 499 (4.1) 
  Thyroid disease 2156 (18.2) 
  Osteoarthritis 4167 (34.5) 
  Osteoporosis 1701 (14.3) 
  Cancer 2803 (23.3) 
  Anxiety or depression 2053 (17.0) 
Physical performance measures, mean 
(SD)  

  Grip strength (kg) 31.7 (10.6) 
  Chair rise time (s) 2.9 (0.9) 
  Gait speed (m/s) 0.9 (0.2) 
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Table 5.2. Reliability and stability of frailty indices measurements and estimates for descriptive and predictive uses, by the 
number of items in 6 configurations  

 Number of items in frailty index in configuration (2000 iterations for each 
configuration) 

5 10 15 25 35 45 
Descriptive uses of the frailty index, median (0.025 and 0.975 quantiles) 
Frailty index, mean* 0.11  

(0.04, 0.24) 
0.12 

(0.06, 0.19) 
0.12 

(0.07, 0.18) 
0.12  

(0.08, 0.16) 
0.12 

(0.09, 0.15) 
0.12 

(0.10, 0.14) 
Prevalence of frailty (FI > 0.28), 
median 

0.11 
(0.02, 0.33) 

0.10 
(0.02, 0.27) 

0.06 
(0.02, 0.16) 

0.04 
(0.02, 0.10) 

0.04 
(0.02, 0.07) 

0.03 
(0.02, 0.06) 

Frailty index cut-off identifying 
15% as having frailty 

0.20 
(0.13, 0.40) 

0.20 
(0.11, 0.30) 

0.20 
(0.13, 0.29) 

0.20 
(0.16, 0.25) 

0.20 
(0.16, 0.23) 

0.19 
(0.16, 0.22) 

Predictive uses of the frailty index (0.025 and 0.975 quantiles) 
Odds ratio for mortality over the 
follow-up, per 0.1 FI increase 

1.24 
(1.02, 1.44) 

1.44 
(1.18, 1.69) 

1.60 
(1.31, 1.88) 

1.87 
(1.58, 2.18) 

2.04 
(1.79, 2.34) 

2.19 
(1.97, 2.47) 

Predicted probability of 
mortality over the follow-up 
for FI = 0.28 

0.08 
(0.06, 0.12) 

0.10 
(0.07, 0.15) 

0.11 
(0.08, 0.17) 

0.14 
(0.10, 0.19) 

0.15 
(0.12, 0.21) 

0.17 
(0.14, 0.21) 

Frailty index cut-off predicting 
10% mortality over the follow-
up  

0.38 
(0.18, 1.23) 

0.28 
(0.18, 0.46) 

0.25 
(0.17, 0.35) 

0.22 
(0.17, 0.28) 

0.21 
(0.18, 0.25) 

0.20 
(0.18, 0.23) 

Measurement statistics (95% confidence interval) 
Intraclass correlation coefficient 
for agreement 

0.19 
(0.18, 0.19) 

0.34 
(0.33, 0.34) 

0.45 
(0.44, 0.46) 

0.63 
(0.62, 0.63) 

0.75 
(0.75, 0.76) 

0.84 
(0.84, 0.85) 

Standard error of measurement 
for agreement 

0.13 
(0.13, 0.13) 

0.09 
(0.09, 0.09) 

0.07 
(0.07, 0.07) 

0.05 
(0.05, 0.05) 

0.04 
(0.04, 0.04) 

0.03 
(0.03, 0.03) 

Notes. 2000 iterations (simulated studies) were performed for each configuration. FI = frailty index; *The median, 0.025 and 0.975 
quantiles are reported for the distribution of mean frailty index scores in each of 2000 simulations.
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Table 5.3. Recommendations for clinical interpretation and usage, and research using frailty 
indices 

CLINICAL INTERPRETATION AND USAGE 

Frailty indices and categorical thresholds should be applied with considerable caution due to 
potentially low reliability. 

Frailty indices are not interchangeable. Clinical interpretation and application should carefully 
consider the specific composition of items and the thresholds used in each definition.  

For studies using frailty indices constructed using a low number of items, the interpretation of 
results should be restricted to the specific frailty index and deficits considered. 

Frailty indices should include at least 30 items as has been previously recommended by Searle 
et al.42, and ideally 45 items and more. Measures using fewer items may be used but should 
not be considered comparable to other frailty indices. 

When interpreting results from frailty indices as a whole, regression dilution should be 
considered whereby frailty indices comprising a fewer number of items will bias the true 
magnitude of association toward the null. 

REPORTING AND RESEARCH 

Frailty indices and their constitutive items should be characterized in greater detail: specific 
items, item cut-offs, cut-offs for frailty status should be systematically reported. 

Consider anchoring current and future frailty indices by describing their distribution in a freely 
available standard population of older adults, thus allowing comparisons. 

Consider using Item Response Theory methods38 to further characterize the most frequently 
used deficits and cut-offs, to compare of frailty indices, and potentially to devise a standard 
blueprint for frailty items to be included. 
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5.12 FIGURES 

Figure 5.1. Methodological framework for appraising the clinical measurement properties of various configurations of the frailty 
index 

  

Notes. ICC = intraclass correlation coefficient, SEm = standard error of measurement 
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Figure 5.2. Summary of simulation results for six configurations of the frailty index: frailty score, prevalence, frailty cut-offs, 
odds ratio, and mortality prediction (six configurations x 2000 iterations x 12,080 participants) 

 

Notes. 2A Non-smooth frailty index (FI) densities: the overall area under each curve represents the full distribution of FI values, the 
height is the relative proportion of FI values; the vertical lines indicate the median and the shaded areas represent those with frailty 
(prevalence) defined as FI > 0.28. 2B-F Boxplots: middle line in box indicates the median, box indicates the 25th and 75th percentiles, 
and whiskers indicate the 2.5th and 97.5th percentiles. 2E Probability of death over follow-up for FI = 0.28 (prevalence cut-off). 
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5.13 SUPPLEMENTAL MATERIAL 

Supplementary Table 5.1. Deficits, cut-offs, and missing data of deficits used to derive frailty indices and mapping to the original 70 
times from the Canadian Study on Health and Aging 

Domains CLSA items Cut-off if continuous or 
multiple-category variable 

Missingness (proportion) CSHA items 

Physical function 
measures and 
mobility  
(d = 14) 

Able to walk - 0.00 Impaired mobility 
Osteoarthritis of hand, hip, or knee - 0.00 Musculoskeletal problems 
Trouble rising from chair - 0.01 Bradykinesia of the limbs 
Max grip strength attained on all 
trials Lowest quintile by sex = 1 0.09 Poor muscle tone in limbs 

Pain or paralysis in hands or wrists - 0.00 Poor limb coordination 
Average time for 1 chair rise (in 
seconds) Lowest quintile by sex = 1 0.07 Poor coordination, trunk 

Balance poor - 0.01 Poor standing posture 
Total time required to complete 4m 
walk (in seconds) Lowest quintile by sex = 1 0.02 Irregular gait pattern 

Best attained time - Standing Balance Lowest quintile by sex = 1 0.09 Impaired vibration 
Arms or legs shake - 0.00 Tremor at rest 
 Shuffle feet - 0.01 Postural tremor 
Trouble buttoning buttons - 0.00 Intention tremor 
Parkinsonism or Parkinson’s Disease - 0.00 History of Parkinson’s disease 
Falls last 12 months - 0.03 Falls 

Physiological 
function (d = 1) 

Forced expiratory volume after 1 
second – Trial1 Lowest quintile by sex = 1 0.30 Respiratory problems 

Function and 
disability 
(d = 6) 

Able to dress - 0.00 Problems getting dressed 
Able to take bath - 0.00 Problems with bathing 
Able to take care of appearance - 0.00 Problems with carrying out 

personal grooming 
Trouble to get in time to bathroom - 0.00 Toileting problems 
Able to prepare meals - 0.00 Problems cooking 
Able to go shopping - 0.00 Problems going out alone 

Activity-
exhaustion-energy 
(d = 1) 

CES-D 10 scale: Frequency feel 
could not 'get going' > 2 days/week = 1 0.01 

Tiredness all the time 

Cognition 
(d = 11) 

Memory problem - 0.00 Memory changes 
REYII - Number of words (or 
variants) correctly recalled in 90 
seconds - Delayed Recall 

 
Lowest quintile = 1 

 
0.04 

Short-term memory impairment 
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Three target actions Correct 3 = 0 
Correct 2 = 0.5 
Correct ≤ 1 = 1 

0.00 
Long-term memory impairment 

Number of different animals recited 
in 60 seconds Lowest quintile = 1 0.03 Onset of cognitive symptoms 

Able to count from 1 to 20 - 0.02 Clouding or delirium 
CES-D 10 scale: Frequency easily 
bothered 

5-7 days/week = 1 
3-4 days/week = 0.5 
≤ 2 days/week = 0 

0.01 
Paranoid features 

Traumatic brain injury - 0.00 History relevant to cognitive 
impairment or loss 

Stroop1.2 - Number of errors – 
Interference Lowest quintile = 1 0.02 Family history relevant to 

cognitive impairment or loss 
Number of words (or variants) 
correctly recalled in 90 seconds - 
Immediate Recall 

Lowest quintile = 1 0.04 
Family history of degenerative 
disease 

Able to feed - 0.00 Presence of snout reflex 
Able to get out of bed - 0.00 Presence of palmomental reflex 

Medical 
conditions and 
symptoms 
(excluding 
mobility and 
psychiatric) 
(d = 26) 

Usually free of pain and discomfort - 0.03 Head and neck problems 
Back pain past one month - 0.01 Poor muscle tone in neck 
Face less expressive - 0.05 Bradykinesia, facial 
Frequency of incontinence - 0.00 Urinary incontinence 
Bowel incontinence - 0.00 Rectal problems 
Sleep quality Very dissatisfied = 1 

Dissatisfied = 0.5 
Very satisfied, satisfied, 

neutral = 0 

0.00 

Sleep changes 

Frequency restless or fidgety All of the time, most of the 
time = 1 

Some of the time, a little of the 
time, none of the time = 0 

0.03 

Restlessness 

Epilepsy - 0.00 Seizures, partial complex 
Ever had cataracts - 0.02 Seizures, generalized 
Sudden loss of vision in one eye - 0.01 Syncope or blackouts 
Migraine headaches - 0.00 Headaches 
Experienced a ministroke or TIA - 0.01 Cerebrovascular problems 
Stroke or CVA - 0.01 History of stroke 
Diabetes, borderline diabetes, or high 
blood sugar - 0.00 History of diabetes mellitus 

High blood pressure or hypertension - 0.01 Arterial hypertension 
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Peripheral vascular disease or poor 
circulation in limbs - 0.01 Peripheral pulses 

Unstable heart condition within last 3 
months - 0.00 Cardiac problems 

Heart attack or myocardial infarction - 0.01 Myocardial infarction 
Coronary artery bypass surgery - 0.00 Arrhythmia 
Heart disease (including congestive 
heart failure, or CHF) - 0.01 Congestive heart failure 

Emphysema, chronic bronchitis, 
COPD, or chronic changes in lungs 
due to smoking 

- 0.01 
Lung problems 

Under-active thyroid gland - 0.02 History of thyroid disease 
Over-active thyroid gland - 0.02 Thyroid problems 
Osteoporosis - 0.01 Skin problems 
Cancer - 0.00 Malignant disease 
Breast cancer - 0.00 Breast problem 

Mood and 
psychiatric 
conditions and 
symptoms 
(d = 4) 

Mood disorder - 0.00 Mood problems 
CES-D 10 scale: Frequency feel 
depressed 

5-7 days/week = 1 
3-4 days/week = 0.5 
≤ 2 days/week = 0 

0.01 
Feeling sad, blue, depressed 

Anxiety disorder - 0.00 History of depressed mood 
Center for Epidemiological Studies 
Short Depression Scale (CES-D 10) 
score 

> 15 = 1 
 10-14 = 0.5 

0-9 = 0 
0.01 

Depression (clinical impression) 

Nutrition, weight 
(d = 4) 

Bowel disorder - 0.01 Gastrointestinal problems 
Intestinal or stomach ulcers - 0.01 Abdominal problems 
Cough, choke pain when swallowing 
food 

Always, often, sometimes = 1 
Rarely, never = 0 0.03 Sucking problems 

Low appetite Poor = 1 
Fair = 0.5 

Good, very good = 0 
0.03 

Bulk problems 

Subjective health 
(d = 2) 

Self-rated general health Good, fair, poor = 1 
Very good = 0.5 

Excellent = 0 
0.00 

Changes in everyday activities 

Perceived mental health Poor = 1 
Fair = 0.5 

Good, very good, excellent = 0 
0.00 

Changes in general mental 
functioning 

Health usage 
(d = 1) 

Seen in an emergency department in 
past 12 months - 0.03 Other medical history 

Notes. CLSA: Canadian Longitudinal Study on Aging, CSHA: Canadian Study of Health and Aging
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Supplementary Figure 5.1. Summary of simulation results for 3 configurations of the frailty index 
(10, 25, and 45 items), by number of domains included: frailty score, prevalence, frailty cut-offs, 
odds ratio, and mortality prediction  

10-item frailty indices 

 
25-item frailty indices 

 
45-item frailty indices 

  
Notes. A Non-smooth frailty index (FI) densities: the overall area under each curve represents the full 
distribution of FI values, the height is the relative proportion of FI values. B-F Boxplots: middle line in 
box indicates the median, box indicates the 25th and 75th percentiles, and whiskers indicate the 2.5th 
and 97.5th percentiles. E Probability of death over follow-up for FI = 0.28 (prevalence cut-off). 
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Supplementary Figure 5.2. Intraclass correlation coefficients of frailty indices by number of items 
and number of domains 

 

Notes. Intraclass correlation coefficients for agreement (ICCA) increase with the greater number of items 
in frailty indices. The number of items accounts for more variation in ICCA than the specific number of 
domains included in each configuration. The high ICCA reported for the 5-item frailty indices including 
only one domain can be explained by the greater item correlation in frailty indices measuring a single 
domain (e.g., physical function measures and mobility, cognition, or medical conditions and symptoms). 
Of note, although these 5-item frailty indices measure deficit accumulation, they do not capture multiple 
dimensions, an inherent characteristic of frailty. 

Additional references for supplemental information 

1.  Troyer AK, Leach L, Strauss E. Aging and Response Inhibition: Normative Data for the Victoria 
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2.  Bayard S, Erkes J, Moroni C, Roussillon)  the C des PC spécialisés en N du LR (CPCN L. Victoria 
Stroop Test: Normative Data in a Sample Group of Older People and the Study of Their Clinical 
Applications in the Assessment of Inhibition in Alzheimer’s Disease. Arch Clin Neuropsychol. 
2011;26(7):653-661. doi:10.1093/arclin/acr053 



 

106 
 

Chapter 6. Manuscript 3: Appraising clinical applicability of 
studies: mapping and synthesis of current frameworks, and 
proposal of the FrACAS framework and VICORT Checklist 

6.1 PREFACE 

Older adults are heterogeneous compared to younger adults on select health characteristics which 

can be quantified using age-related constructs such as frailty. Even when there is a basis for 

categorizing individuals, this categorization should be reliable. Even if this categorization is 

substantiated and reliable, the work of that nosological construct is not yet complete from a clinical 

imperative perspective. Not all constructs are required to fulfill the clinical imperative of 

materially making a difference on health outcomes; however, one that aims for clinical 

implementation should. In Manuscript 3, I first used a systematic literature search to identify, map, 

and synthesize frameworks and criteria that appraise applicability of studies and study findings. 

Applicability holds multiple understandings in the literature, and its broad meaning may not 

determine whether a construct under study can alter or improve health outcomes. Using the 

findings from the literature review and mapping, supplemented with themes from contemporary 

debates in epidemiology and clinical medicine, I proposed a novel framework to specifically 

appraise the clinical applicability of studies. Manuscript 3 sought to identify the specific criteria 

that determine whether studies can be relevant (and applicable) to clinical practice. It proposes an 

appraisal framework with six underlying criteria.  

*** 

This manuscript has been submitted to BMC Medical Research Methodology. 
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6.3. ABSTRACT 

Background 

Not all research findings are translated to clinical practice. Reasons for lack of applicability are 

varied, and multiple frameworks and criteria exist to appraise the general applicability of 

epidemiological and clinical research. In this two-part study, we first identify, map, and synthesize 

frameworks and criteria; we develop a framework to assist clinicians appraise applicability 

specifically from a clinical perspective. 

Methods 

We conducted a literature search in PubMed and Embase to identify frameworks appraising 

applicability of study results. Conceptual thematic analysis was used to synthesize frameworks 

and criteria. We proposed an applicability appraisal framework and six-criteria checklist by 

integrating four inputs: contemporary debates in epidemiology, brainstorming and discussions, 

findings from the literature search and synthesis, and iterative pilot-testing. 

Results 

Of the 4622 references retrieved, we identified 26 unique frameworks featuring 21 criteria. 

Frameworks and criteria varied by scope and level of aggregation of the evidence appraised, target 

user, and specific area of applicability (internal validity, clinical applicability, external validity, 

and system applicability). Our proposed framework classifies studies in three domains (research, 

practice informing, and practice changing) by examining six criteria sequentially: Validity, 

Indication-informativeness, Clinical relevance, Originality, Risk-benefit comprehensiveness, and 

Transposability (VICORT checklist). 

Conclusions 
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Existing frameworks to applicability vary by scope, target user, and area of applicability. We 

introduce our concise Framework Appraising the Clinical Applicability of Studies (FrACAS) 

which specifically assessed applicability from a clinical perspective. Our framework can be used 

as a tool for the design, appraisal, and interpretation of epidemiological and clinical studies. 

Keywords 

Quality assessment, external validity, generalizability, impact, evidence-based practice  
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6.4. INTRODUCTION 

Not all health research findings are translated into clinical or public health interventions.1 Many 

reasons for lack of implementation can relate to research quality and validity.2–5 Excellent 

frameworks have been developed to assess the quality of epidemiological and clinical research by 

predominantly assessing the internal validity of research findings (e.g., confounding, selection and 

measurement biases).6–9 What determines high quality and validity research may not, however, 

directly determine what is most impactful.10 The appraisal of applicability, whether study results 

can impact practice, demands an expanded set of considerations. The cumulative nature of 

evidence and of the strength of evidence is the focus of many important frameworks, most notably 

GRADE (Grading of Recommendations, Assessment, Development and Evaluations)11 used to 

synthesize evidence and formulate clinical recommendations. External validity is another critical 

focus when applying study results to specific practice and population contexts (generalizability 

and transportability).12–15 Implementation science and economic considerations also factor in the 

practical application of research.16–19 

Although current frameworks cumulatively cover many important facets of applicability, 

the specific criteria to assess applicability may vary by the type of research and evidence, and by 

the stakeholders involved: researchers, clinicians, decision-makers and policy-makers. Clinical 

applicability can be defined as the potential of study findings to inform or directly alter current 

clinical practice at the individual level. Due to their wide scope, it is unclear whether existing 

frameworks can concisely assist clinicians in differentiating between studies that change practice, 

inform practice, or are not clinically applicable. As clinicians must evaluate an ever-expanding 

research output, there is a need to better identify criteria that may be used to gauge applicability, 

in particular clinical applicability. 
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In this two-part study, we conducted a broad literature review to identify, map, and 

synthesize existing frameworks and criteria pertaining to the applicability of studies. Drawing from 

this review, current concepts and debates in epidemiology20–23 and clinical research,24,25 and 

iterative discussions and testing, we developed a concise tool to classify and improve the 

applicability of studies, with an emphasis on the clinical perspective. FrACAS, our proposed 

Framework to Appraise the Clinical Applicability of Studies and its checklist (VICORT) are 

introduced and discussed. 

6.5. METHODS 

6.5.1. Search, thematic mapping, and synthesis of available frameworks 

We searched PubMed and EMBASE (Ovid) databases since their inception for articles reporting 

on frameworks appraising the general “applicability” of research findings on November 12, 2020. 

The eligibility criteria were articles (i) featuring a unique tool, instrument, checklist, or framework 

(ii) focused on the applicability to practice or (iii) health research evidence, and (iv) published in 

English. We excluded articles that solely featured a review of frameworks, the application of an 

existing framework, or were restricted to a specific condition or discipline. Due to the potential 

multiple understandings of “applicability,” we used combinations of keywords in titles and 

abstracts to maximize the comprehensiveness of article selection as previously done by others on 

the topic of applicability;12,13 the full search strategy is detailed in the Supplementary Methods. 

Duplicates were removed, titles and abstracts were screened independently by two authors (PD 

and QDN). We supplemented remaining articles with references in reviews and retrieved articles. 

Articles were assessed in full to identify unique frameworks. PD and QDN performed conceptual 

thematic analysis26 using preliminary themes that were refined iteratively to map the frameworks 
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and to synthesize criteria of applicability by stakeholders. Disagreements were resolved by 

consensus. 

6.5.2. Development of framework for clinical applicability 

As illustrated in Supplementary Figure 6.1, we developed our framework by integrating four major 

inputs: contemporary debates in epidemiology and clinical research, brainstorming and discussion 

meetings, comparison with existing frameworks for appraisal of clinical applicability, and pilot 

application of iterative versions of our frameworks in a scoping review on clinical frailty 

(forthcoming). Brainstorming and discussion meetings involved contributions from clinicians, 

researchers, and methodologists with expertise in multiple substantive domains of clinical practice 

and research (intensive care, pediatrics, neurology, internal, emergency, and geriatric medicine), 

as well as epidemiology, biostatistics, qualitative, and translational research. Formal Delphi 

methodology was not employed; preliminary versions of the framework were iteratively tested and 

refined to reach the final consensus framework.  

6.6. RESULTS 

6.6.1. Analysis, mapping, and synthesis of frameworks for applicability 

We identified 4622 references, of which 1324 were duplicates and 3265 were excluded following 

the screening of titles and abstracts, leaving 33 for assessment. Thirty additional references were 

identified in reviews and references from retrieved articles; we assessed 63 full-text articles and 

included 26 unique frameworks. Supplementary Figure 6.2 presents the flowchart for article 

selection. 

6.6.1.1. Description and analysis of frameworks 
Table 6.1 presents the 26 frameworks and their predominant focus.6,7,11,14,15,19,27–53 Frameworks 

were published between 1999 and 2021 in epidemiological, clinical, public health, policy, and 
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decision-making journals. Although we only included frameworks related to applicability, the 

focus varied widely from the quality of clinical practice guidelines (CPG, AGREE I-II50,51), quality 

and strength of recommendations (GRADE),11 use of evidence to inform health decisions 

(GRADE EtD),15 applicability of prediction model studies (PROBAST),37 applicability of 

randomized trials (PRECIS)35 and health technology assessments (HTA).41,49 Due to distinct 

purpose and focus in appraising applicability, the complexity of frameworks and the number, 

nature, and level of criteria detail within frameworks also varied. Some frameworks featured a 

simple list of key criteria44,47 whereas others elaborated on a full system of domains, criteria, and 

appraisal processes (e.g., RE-AIM,19,38 GRADE,11 PRECIS,35 RoB2,7 RoBINS-I,54 Atkins et al.42); 

some adapted to specific concepts and disciplines (GRADE EtD).15,28–32 After comparative 

analysis of frameworks, we identified three dimensions explaining the variability which we used 

to map the frameworks and criteria: 

• The primary intended target user or stakeholders (researchers, clinicians, and decision-

makers); 

• The evidence type appraised and its level of aggregation, from fundamental research to 

CPG; 

• The areas of applicability: internal validity, clinical applicability for individual patients, 

external validity, and applicability at the system level.  

Although the categories within these dimensions are not mutually exclusive, they allow the 

mapping and synthesis of the multiple purposes and understandings of applicability, as illustrated 

in Figures 6.1 and 6.2.  
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6.6.1.2. Mapping of frameworks and synthesis of criteria 
Figure 6.1 maps the 26 frameworks according to the evidence type appraised and the primary 

intended target user. For most frameworks, the scope of the evidence appraised was directed at a 

single level of aggregation (e.g., prediction studies,33,37 trials,7,14,35,42,44,45 CPG 48,50,52,55); a few 

frameworks bridged evidence types such as the GRADE11 framework which examines findings 

from case-control and cohort studies to systematic reviews. Most frameworks were intended for 

multiple stakeholders (researchers, clinicians, decision-makers), but none encompassed all three. 

There was a qualitative association between the level of aggregation of evidence and the primary 

intended users: as the frameworks appraised increasingly aggregated evidence (e.g., HTA or CPG) 

the target users tended toward decision-makers, whereas frameworks pertaining to prediction and 

observational studies were more focused on researchers, with in the middle, frameworks on trials 

focused mostly on clinicians. 

 Figure 6.2 summarizes the criteria extracted from the frameworks. Across all frameworks, 

21 criteria were synthesized and qualitatively mapped to evidence type appraised and the 

applicability areas. Although there was overlap of areas of applicability, 7 criteria fell under 

internal validity (i.e., risk of bias, confounding, reporting bias, dose-response gradient, precision, 

directness, consistency of results, and comparison intervention); 6 criteria under applicability at 

the system level (i.e., acceptability and feasibility, sustainability, cost and cost-effectiveness, scope 

of practice and actions, equity and ethics, monitoring/audit and support tools). In between, clinical 

applicability at the individual level directly encompassed 5 criteria (i.e., comparison intervention, 

intervention characteristics, magnitude and trade-offs of harms and benefits, relevance of 

outcomes, strength/level of evidence); and external validity considered 3 critical criteria (values, 

beliefs, preferences priority; context and resources for application; representativeness of patients 
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and populations). The latter two criteria along with relevant outcomes were the most frequently 

featured criteria across frameworks. There was a qualitative association between criteria in 

frameworks about higher level of aggregation of evidence and applicability at the system level. 

Existing frameworks on clinical applicability span multiple target users, evidence types, and areas 

of applicability. Applicability holds different meanings whether one is a researcher, clinician, or 

decision-maker, and is ascertained using different set of criteria depending on the type of evidence 

and whether internal validity, clinical applicability, external validity, or system applicability is 

emphasized. Our proposed framework focuses on the clinical perspective and aims to assist 

clinicians when evaluating all types of primary study results (from fundamental research to RCT 

and trials) to determine whether and how these apply to clinical practice. 

6.6.2. Proposed framework: the Framework to Appraise the Clinical Applicability of 
Studies (FrACAS) and VICORT checklist 

6.6.2.1. Operational definition and classification of “clinical applicability:” the FrACAS 
framework 
FrACAS uses an operational definition of clinical applicability that classifies a study according to 

the following questions: “are these research results valid?”, “can these results inform [my] 

practice?”, or “do these results change [my] current practice?”. As shown in Figure 6.3, studies 

are classified in one of three evidence domains: research, practice-informing, or practice-changing 

domains, based on six criteria that examine study design elements and related data sources.  

6.6.2.2. Criteria for appraisal and classification in FrACAS: the VICORT checklist 
The six criteria that determine study classification in FrACAS are: Validity, Indication-

informativeness, Clinical relevance, Originality, Risk-benefit comprehensiveness, and 

Transposability (VICORT checklist). Study findings are considered progressively more 
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informative and practice changing as they sequentially meet these criteria. Table 6.2 presents each 

criterion’s definition and comparisons with criteria synthesized in the review. 

6.6.2.2.1. Validity 

Validity is the criterion most discussed, established, and assessed by researchers and clinicians .2,3 

Internal validity is a necessary criterion for study findings to be considered research evidence. As 

our review shows, most quality assessment tools, including the Cochrane Risk-of-Bias tool (RoB 

2)7 and the Risk Of Bias In Non-randomised Studies of Intervention (ROBINS-I),6 focus on the 

validity of methods (randomization, blinding, and missing data; confounding, information, and 

endogenous selection bias). The importance of validity in general applicability of study results is 

highlighted by the 7 validity-related criteria shown in Table 6.2. Although validity is a prerequisite, 

it is not sufficient for clinical applicability.  

6.6.2.2.2. Indication-informativeness 

Validity ensures that estimates are unbiased.  Indication-informativeness ensures that these 

estimates are applicable in clinical practice. Study findings produce estimates, but not all estimates 

can lead to action in clinical practice. To do so, the study should produce results that inform a 

clinical indication, i.e., an intervention in a specific population. An indication entails the 

identification of what clinicians should do and which population would benefit from this being 

done. To inform a clinical indication, a study must include a well-defined intervention whose effect 

is identifiable in the results (i.e., identifiability). The ability to identify and to promise the future 

effects of an intervention under consideration is the key criterion to achieve indication-

informativeness and move from the research domain to the clinical practice domain.  

Only some study designs fulfill this criterion. Firstly, randomized control trials (RCT) 

where an intervention is evaluated in an eligible/target population. Secondly, observational studies 
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of an exposure for which there exists an intervention (or where one is envisioned) to remove or 

modify the exposure of interest.56 If validity is ensured, the effect of the intervention can be 

identified and generally assumed to approximate the effect of the exposure (e.g., smoking cessation 

and smoking). The existence (or lack thereof) of an exposure-removing intervention is the core of 

the indication-informativeness criterion. HIV, smoking, atherosclerosis, frailty, and age are 

exposures with decreasing levels indication-informativeness since eliminating each is increasingly 

challenging. Third, observational studies can also inform a clinical indication by descriptively 

reporting absolute outcomes of an already/otherwise-indicated intervention in a specific 

population of interest. For example, reporting the absolute mortality following heart surgery 

indicated for coronary artery disease, in patients with frailty, informs this indication by allowing 

the counterfactual contrast between undergoing an intervention and the natural history when 

forgoing the intervention, in those with frailty. Of note in this scenario, the well-defined 

intervention is not indicated on the basis of frailty. Following these three study designs, exposures 

can form the basis of an indication (i.e., inform an intervention or specific population) only when 

they are used in a study as a selection criterion, predictor, mediator, or effect modifier, not when 

used as a confounder or outcome.  

Indication-informativeness does not currently feature explicitly in any identified 

frameworks. However, it is strongly related to the widely debated requirement of well-defined 

interventions in epidemiology.20,57–59 Our framework contextualizes the presence of the well-

defined intervention/consistency assumption23,60 as a requirement for evidence that is clinically 

informative and applicable, not for epidemiological evidence itself.61 
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6.6.2.2.3. Clinical relevance 

Epidemiological research spans a broad range of outcome types including basic science 

mechanisms, intermediate outcomes, and patient-centered outcomes.25 Clinical relevance requires 

that study outcomes be directly relevant and informative to practice. The precise delimitation of 

what outcomes are informative to practice varies.25 It may be easy to restrict measures of heart 

stem cell transplantation survival to being clinically non-informative, but cholesterol levels, 

coronary calcium scores, atherosclerotic cardiovascular disease hospitalization, mortality, and 

health-related quality of life (HRQoL) all have some clinically relevant information. Achieving 

full clinical relevance benefits from incorporating patient-centered outcomes, of which mortality 

and HRQoL are examples. Ignoring outcomes that are patient-centered has led to increased 

numbers of studies using surrogate outcomes with unclear patient benefit and potential 

overdiagnoses.24,62 Clinical relevance in FrACAS is related to the directness11,63 and relevance of 

outcomes criteria identified in our review. 

6.6.2.2.4. Originality: clinical significance and novelty 

The originality criterion comprises significance and novelty. Under our framework, significance 

centers on demonstrating a clinically meaningful magnitude of effect (effect size), not only 

statistical significance.64 Even if results are clinically meaningful, they can only alter current 

practice if they are novel compared to the current evidence base and standard practice, as shown 

in Figure 6.3. Appraising novelty requires contrasting study results with a careful examination of 

the cumulative substantive evidence (e.g., reviews, practice guidelines) and current practices. 

Appraisal is thus practice-setting dependent. The novelty of a study involves changing an 

intervention-population coupling: this requires altering (i.e., adding or removing) an intervention 

in a specific population or, conversely, modifying a specific population as eligible for an 
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intervention. For example, finding that exercise benefits older adults with frailty may not be novel 

since exercise is already recommended to older adults in general. The difference between 

statistical and clinical significance (magnitude of benefits) has been highlighted in 

frameworks,11,14,15,34,40,41,52 but the importance of the novelty of findings to alter practice has not. 

The lack of novelty may explain why some prediction studies do not alter practice: if all modifiable 

predictive exposures are already addressed in standard care, then no new indication can be 

identified.  

6.6.2.2.5. Risk-benefit comprehensiveness 

Will altering an indication in current practice prove comprehensively beneficial to patients? Two 

sides must be examined: first, the intervention and displaced alternatives and, second, their 

summary net effect on overall outcomes.65 Comparing a drug to placebo will not displace the same 

alternatives as comparing a drug with another active agent; if the study outcome is condition-

specific at the expense of remaining patient-centered, important complications or outcomes may 

be overlooked that would outweigh the observed benefit. The withdrawal of the nonsteroidal anti-

inflammatory drug rofecoxib due to unanticipated cardiovascular events is one example of the 

importance of comprehensively considering risks and benefits.66 The risk-benefit 

comprehensiveness criteria emphasizes the necessity of examining explicitly and comprehensively 

the magnitude and trade-offs of harms and benefits criterion identified in available 

frameworks.11,14,15,34,40,41,52 The correct calculation of comprehensive health outcomes to estimate 

net-benefit requires that outcomes be integrated on the absolute scale rather than on the relative 

scale.67 
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6.6.2.2.6. Transposability 

Appraising transposability involves taking all elements of study design, including the broader 

context of the study, and applying them to a specific practice setting. Epidemiologists and 

clinicians readily consider the external validity rubrics of generalizability and 

transportability.22,68,69 Our transposability criterion has a wider scope. In addition to considering 

the population and effect modifiers (effectiveness),22 transposability includes all other facets of 

implementing the intervention in a given practice setting, e.g., acceptability and feasibility, cost-

effectiveness, ethics, and sustainability.15,19,40,42,47 These will vary by practice context: resource 

settings, income levels, health care systems and payers, preferences priority, etc.15,18,40,46,70 As 

these additional questions enter into the realm of implementation science and economic evaluation, 

they may be beyond the direct purview of epidemiological research and are not exhaustively 

detailed in FrACAS. Under our framework, full transposability is optional to reaching the practice-

changing evidence domain. But because all of its facets are required when applying study results 

to a practice setting, transposability should be acknowledged when appraising clinical 

applicability. 

6.7. DISCUSSION 

We identified 26 unique frameworks that appraise applicability of studies varying according to the 

evidence type assessed and the intended target user. Within these frameworks we synthesized 21  

criteria focused on four facets of applicability (internal validity, clinical applicability at the 

individual level, external validity, and applicability at the population or system level). Our 

mapping of frameworks can help researchers, clinicians, and decision-makers select the most 

suitable framework depending on the appraisal question and context; selected framework may be 

further customized by including other synthesized criteria.  
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We propose a framework aiming to assist clinicians in the appraisal of clinical 

applicability. FrACAS shares many criteria with existing more structured and widely adopted 

frameworks. We believe that FrACAS is complementary to the established frameworks for four 

reasons. First, our framework creates three practical and operational domains of clinical 

applicability that are meaningful from a clinical practice standpoint: research evidence (i.e., does 

not inform clinical practice directly), practice informing, and practice changing. Rather than 

having the full body of existing evidence on a topic as the primary area of focus, FrACAS takes 

each individual study and characterizes its clinical applicability and impact, which is typically how 

new findings are examined and consumed in daily practice. 

Second, to distinguish between levels of evidence domains, FrACAS proposes two 

additional criteria not explicitly featured in other frameworks: indication-informativeness and 

originality. Many frameworks emphasize study design to determine clinical applicability and give 

more weight to RCT and meta-analyses than to cohort and case-control designs.6 The indication-

informativeness criterion makes clear that it is not the study design per se that allows a study to 

inform and alter practice but its ability to validly inform an indication. Many health-improving 

interventions did not originate from experimental evidence (e.g., smoking cessation). RCT 

evidence has an easier claim to validity, indication-informativeness, and thus clinical applicability. 

However, one cannot invalidate causal inference from observational studies, only require more 

caution.56 The new criterion of originality is important to differentiate studies between being 

practice-informing or practice-changing. Determining originality (novelty and significance) is 

clinically consequential: practice-informing studies can go unnoticed by clinicians without major 

detriment since they do not alter any indication, but practice-changing studies cannot. The novelty 



 

122 
 

of study results is often the prime answer to the “so what?” question of clinical applicability, 

following the “is it credible?” question of internal validity. 

Third, our framework and criteria span multiple evidence types and target users, from 

fundamental research up to trials and, though focused on clinicians, can be relevant to researchers 

and decision-makers. FrACAS proposes six relatively orthogonal criteria and does not reduce them 

to one or two dimensions to summarize the strength or certainty of evidence.71 FrACAS can be 

used as a checklist to diagnose which study design elements should be addressed for a study to 

change practice. Clinical translation can and does occur in the absence of one or many criteria, but 

we believe that careful analysis would reveal that missing criteria are assumed. We believe that 

the conciseness of our framework and checklist will help clinicians and trainees appraise and 

discuss study findings in daily practice. 

Fourth, our framework emphasizes the highly contextual and potentially subjective nature 

of appraising clinical applicability. By explicitly describing study design elements and data sources 

to be examined for each criterion, we show that determining practice-changing status requires the 

consideration of an increasing number of features. Whereas classifying articles as practice 

informing can be based on the appraisal of the individual study in question, a practice changing 

classification requires consideration of the cumulative evidence base, current standard and specific 

practice setting. Changing practice is an interdisciplinary and concerted effort requiring both 

methodological and substantive expertise. 

6.7.1. Limitations 

Although we carried out a robust literature search, extraction, and synthesis process, we did not 

conduct a formal systematic review. Our review serves primarily as a map to compare frameworks 

and criteria rather than to examine their relative strengths and weaknesses 12,13,72–74. The process 
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of developing a conceptual framework entails some subjectivity and variability; although a formal 

Delphi method was not employed, we included a wide range of inputs to iterate versions of our 

framework (current frameworks, debates in epidemiology, multiple stakeholders, and pilot 

testing). This representativity and the relative overlap with existing frameworks provide face and 

content validity. Ultimately, the most proper test of validity and usefulness of our framework will 

be determined in its usage and application in the real world; further refinements may benefit from 

wider inclusion of patient and institutional stakeholders. 

6.8. CONCLUSION 

Frameworks appraising applicability can be classified according to the types of evidence assessed, 

target users, and areas of applicability (internal validity, clinical applicability, external validity, 

applicability at population/system level). We proposed a concise framework focusing on clinical 

applicability which uses six criteria to classify studies into three evidence domains: research, 

practice informing, or practice changing. Our framework can be used as a tool for the design, 

appraisal, and interpretation of epidemiological and clinical studies to improve their clinical 

applicability.  
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6.11. TABLES 

Table 6.1. Frameworks for appraising applicability of studies 

Framework and/or First Author Journal Framework Focus Year of 
Publication 

AGREE I 
AGREE II 

Cluzeau et al.50 

Brouwers et al.51 

Quality and Safety in Health Care 

Canadian Medical Association J 
Quality of CPG 

2003 

2010 

AGREE-REX Brouwers et al.52 JAMA Network Open Quality of CPG 
recommendations 

2020 

ASTAIRE Cambon et al.53 BMC Public Health Transferability of health 
promotion interventions 

2013 

EVAT Khorsan et al.27 Evidence-Based Complementary and 
Alternative Medicine 

Evidence for clinical decision-
making 

2014 

GRADE Guyatt et al.11 British Medical Journal Quality of evidence and strength 
of recommendations 

2008 

GRADE EtD 

  Clinical recommendations 

  Coverage decisions 

  Diagnostic/screening tests 

  Health system and public health 

  Multi-intervention comparisons 

Alonso-Coello et 
al.15,28 

Parmelli et al.29 

Schünemann et al.30 

Moberg et al.31 

Piggott et al.32 

 

British Medical Journal 

Int J of Tech Assessm in Health Care 

Journal of Clinical Epidemiology 

Health Research Policy and Systems 

Journal of Clinical Epidemiology 

Evidence usage in a structured 
and transparent way to inform 
and adapt clinical and public 
health decisions 

2016 

2016 

2017 

2017 

2018 

2021 

GRASP Khalifa et al.33 BMC Medical Informatics and 
Decision Making 

Predictive tools for clinical 
decision support 

2019 

ISAT Milat et al.34 Health Research Policy and Systems Decision support tool for health 
policy makers and implementers 

2020 

PRECIS Thorpe et al.35 Canadian Medical Association 
Journal 

Pragmatic vs. exploratory trials 
for trial designers 

2009 

PR-Tool Koppenaal et al.36 Journal of Clinical Epidemiology Applicability of individual and 
SR of trials 

2011 
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PROBAST Moons et al.37 Annals of Internal Medicine Risk of bias and applicability of 
prediction model studies 

2019 

RE-AIM Glasgow et al.19,38 
American Journal of Public Health 
Health Education Research 

Evaluate and report on internal 
and external validity, and impact 
of health promotion programs 

1999 

2006 

RoB 2 Sterne et al.7 British Medical Journal Risk of bias in randomized trials 2019 

RoBINS-I Sterne et al.6 British Medical Journal Risk of bias in non-randomised 
studies of interventions 

2016 

STP Lavis et al.39  Health Research Policy and Systems Applicability of the findings of a 
systematic review 

2009 

WHO-INTEGRATE EtD Stratil et al.40 Cost Effectiveness and Resource 
Allocation 

Decision criteria for health 
decision-making 

2020 

Almeida et al.41 Int J of Tech Assessm in Health Care Translation of HTA evidence 
into policy 

2019 

Atkins et al.42 Journal of Clinical Epidemiology Applicability when comparing 
medical interventions for SR 

2011 

Berger et al.43 
Value in Health Relevance and credibility of 

observational studies for health 
care decision-making 

2014 

Bonell et al.44 British Medical Journal Generalizability in trials of 
health interventions 

2006 

Bornhoft et al.45 BMC Medical Research Methodology Evaluation of clinical studies on 
external and model validity 

2006 

Burford et al.46 
Journal of Clinical Epidemiology Applicability of findings in 

systematic reviews of complex 
interventions for SR 

2013 

Green et al.14 Evaluation and the Health 
Professions 

Relevance, generalizability, and 
applicability of research 

2006 

Gruen et al.47 Bulletin of the World Health Org Generalizability of studies in 
LMIC for SR 

2005 

Linan et al.48 Journal of Evidence-Based Medicine Clinical applicability of CPG 2020 
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Polus et al.49 Int J of Tech Assessm in Health Care Applicability of a technology in 
the context of HTA 

2017 

 

Notes. CPG = clinical practice guidelines HTA = health technology assessment; LMIC = low- and middle-income countries; SR = 
systematic review; 
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Table 6.2. VICORT criteria definition and relation to other epidemiological concepts  

VICORT Criteria Definition Related criteria from 
literature synthesis 

Relation to other 
epidemiological 

frameworks or concepts 

Validity 

Methods are appropriate for internal validity of results: 
• Experimental evidence generated is not subject to 

randomization, blinding, protocol deviation, missing data, 
or measurement issues.  

• Observational evidence generated is not subject to 
confounding, information, and endogenous selection biases. 

Confounding 
Consistency of results 
Dose-response gradient 
Precision 
Reporting bias  
Risk of bias 
Strength and level of evidence 

Quality assessment tools, e.g., 
- Cochrane risk-of-bias tool7 
- Risk of bias in non-randomised 
Studies of Interventions)6 
- Newcastle-Ottawa Scale75 

Indication-
informativeness 

Study methods provide clinicians with evidence to determine a 
clinical indication in specific individuals. Informativeness for a 
clinical indication requires a well-defined intervention whose effect 
can be identified from the study results, i.e.: 

1. A trial of an intervention (experimental study) in 
specific/eligible individuals; OR 

2. An observational study of an exposure where: 
A) A well-defined intervention for specific individuals 
(those with the exposure) exists, AND 
B) That the effect of this well-defined intervention be 
correctly identified (independent effect of the intervention); 
OR 

3. An observational study where there is an intervention on 
specific individuals and where absolute results for 
outcomes are explicitly reported. (informativeness for the 
outcome of an intervention criterion – allows contrast 
between intervention in specific individuals and envisioned 
natural history under no intervention in those individuals.) 

None 

Counterfactuals76,77 
Well-defined intervention, 
consistency assumption of causal 
inference23,60 

Clinical relevance Primary outcome of the study is clinically relevant, i.e., the outcome 
is at a minimum clinically informative, and ideally, patient centered. 

Directness 
Relevance of outcomes 

Surrogate outcomes62 
Overdiagnosis78 
Patient-centered outcomes 
research25 

Originality 
Significance. Study results achieve clinical (not only statistical) 
significance (e.g., a relevant magnitude of effect); AND  
Novelty. Study results are novel when compared to current evidence 
base and practice. 

Comparison intervention 
Intervention characteristics 
Magnitude (effect size) and 
trade-offs of harms and 
benefits 

Clinical vs. sole statistical 
significance  
Dichotomization vs. magnitude 
of effect and confidence 
intervals64,79 
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Risk-benefit 
comprehensiveness 

Overall benefits of changing an indication (either the intervention or 
the population of individuals in which the intervention is indicated) 
comprehensively outweigh the risks. 

Magnitude and trade-offs of 
harms and benefits 

Net benefit - Generic health state 
measures 
Relative vs. absolute 
measures67,80 

Transposability The clinical indication/intervention is implementable and (cost-) 
effective in the specific practice setting.  

Acceptability and feasibility 
Context and resources for 
application  
Cost and cost-effectiveness 
Equity and ethics 
Monitoring/audit and support 
tools 
Representativeness of patients 
and populations  
Scope of practice and actions 
Sustainability 
Values, beliefs, preferences 
priority 

Generalizability and 
transportability22,68,69 
Cost-effectiveness analysis18 
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6.12. FIGURES 

Figure 6.1. Existing frameworks for the appraisal of applicability according to evidence type and 
target user 
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Figure 6.2. Criteria used to appraise applicability by framework, frequency, and according to evidence type and applicability 
domain (part 1) 

  

Note. The number under each vertical line indicates the count of frameworks (n=26) featuring this criterion.
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Figure 6.2. Criteria used to appraise applicability by framework and according to evidence type and applicability domain (part 

2) 
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Figure 6.3. Framework for appraising clinical applicability of studies (FrACAS) 
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6.13. SUPPLEMENTAL MATERIAL 

Supplementary Methods. 

Search query for Embase using OVID 
(("clinical practice" or decision or applica* or "clinical impact" or transferability or translat* 
or "external validity" or generalisability) and 
(apprais* or asses* or grad* or analy* or "systematic reviews" or evaluat* or factor*) or 
(framework or recommendation or consensus or guide or checklist or tool* or instrument or 
program or questions)).ti. and  
english.lg. 

 

Search query for PubMed 
("clinical practice" or "evidence" or "decision" or "applica*" or "clinical impact" or 
“transferability” or “translation” or “implementation” or “external validity”) and 
("apprais*" or "assess*" or "grad*" or “analyse” or “analyze” or “systematic reviews”) 
("framework" or "recommendation" or "consensus" or "guide" or "checklist" or "tool*" or 
"instrument*" or “program”) and 
english[Language] 
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Supplementary Figure 6.1. Process and inputs for the development of the Framework for 
Appraising the Clinical Applicability of Studies (FrACAS) 
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Supplementary Figure 6.2. Flowchart for selection of articles 
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Chapter 7. Manuscript 4: The State of frailty in research: a 
mapping review of its clinical applicability to practice 

7.1 PREFACE 

Manuscript 1 examined whether there was a basis for categorizing older adults. Manuscript 2 

examined whether a specific categorization using frailty indices was sufficiently reliable. 

Manuscript 3 proposed an appraisal framework to determine the clinical applicability of studies. 

In this final manuscript, I built upon the previous chapters to investigate the clinical applicability 

of frailty in the recent literature. I conducted a scoping review that touches upon the three facets 

previously examined or discussed which are central to clinical applicability: 

1. CATEGORIZATION AND IDENTIFICATION. What does frailty, as used in the current literature, 

measure or concern itself with, and how similar are the various definitions and measures 

of frailty? 

2. FUNCTIONAL CLASS. How is frailty used, under what epidemiological or clinical function? 

3. ACTION RELATION. Can the measurement of frailty lead to a clinical action? 

Examining these facets together may assist in uncovering whether and why frailty—and 

other constructs—can fulfill the clinical imperative of materially improving health outcomes. It 

may also allow researchers and clinicians to improve upon existing definitions and uses of frailty 

to improve translation into practice. 

*** 

This manuscript has been submitted to Ageing Research Reviews. 

 

  



 

147 
 

7.2 TITLE PAGE 

The State of frailty in research: a mapping review of its clinical applicability to practice 

Short title 

State of frailty in research and practice – Nguyen et al. 

Authors and affiliations 

Quoc Dinh Nguyen, MD, MA, MPH,a,b,c Erica M. Moodie, PhD,c Philippe Desmarais, MD, MHSc,a,b 
Marie-France Forget, MD, MSc,a Han Ting Wang MD, MSc, d Mark R. Keezer, MDCM, PhD,b,e Christina 
Wolfson, PhDc,f,g 

a. Division of Geriatrics, Department of Medicine, Centre hospitalier de l’Université de Montréal, 
Canada;  
b. Centre de recherche du Centre hospitalier de l’Université de Montréal, Canada 
c. Department of Epidemiology, Biostatistics, and Occupational Health, McGill University, Montreal, 
Canada;  
d. Department of Internal Medicine and Critical Care Medicine, Hôpital Maisonneuve-Rosemont, 
Montreal, Canada 
e. Departments of Neurosciences & Social and Preventative Medicine, Université de Montréal, Canada 
f. Department of Medicine, McGill University, Canada; 
g. Neuroepidemiology Research Unit, Research Institute of the McGill University Health Centre, Canada. 

Corresponding author 

Quoc Dinh Nguyen 
1000, rue Saint-Denis, Montreal, Quebec, Canada H2X 0C1 
quoc.nguyen@mail.mcgill.ca 

Manuscript word count 

Abstract word count: 272 
Word count: 3733 words 
Tables: 3 
Figures: 2 
References: 56



 

148 
 

7.3. ABSTRACT 

Research on frailty has expanded in the last decade, but direct evidence supporting its 

implementation in clinical practice may be limited. This mapping review synthesizes the contexts-

of-use and overall clinical applicability of recent frailty research. We sampled 476 articles from 

those published on frailty in PubMed and EMBASE in 2017-2018, of which 150 articles were fully 

appraised fully for the contexts-of-use, definitions, and interventions. A clinical applicability 

framework was used to classify articles as practice-changing, practice-informing, or not practice-

informing. Of 476 articles, 150 (31%) used frailty in functions that could inform a clinical 

indication: predictor or mediator (n = 125, 26%), selection criterion (15, 3%), and effect modifier 

(10, 2%). Articles spanned all health disciplines, and cohort studies comprised 137 (91%) studies 

and trials 13 (9%). Thirty-eight frailty definitions using varied cut-offs and a wide range of 

interventions were identified. Among all articles, 63 (13%) articles were practice-informing, 11 

(2%) potentially practice-changing, and 1 (0.2%) clearly practice-changing. Lack of well-defined 

intervention and identifiable effect (96%) or originality (83%) were predominant reasons reducing 

applicability. Only a minority of recent frailty research provides direct evidence of applicability to 

practice. Future research on frailty should focus on translating frailty, as a risk factor, into a clinical 

indication and address definition ambiguity. 

Keywords 

Frailty, clinical practice, risk factor, interventions, epidemiology  
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7.4. INTRODUCTION 

The number of older adults with frailty will increase in the next decades.1 Frailty, a state of 

increased vulnerability and decreased resilience to stressors, has been associated with morbidity, 

functional decline, and mortality.2 In keeping with population aging, research on frailty has 

robustly expanded over the past 15 years with more than 600 publications in 2017 alone3. Two 

major frameworks underpin the current understanding of frailty:4 the Fried physical frailty 

phenotype (PFP), and the Rockwood deficit-accumulation frailty index (FI).5–7 Even if defined 

using various instruments, frailty has been consistently associated with adverse outcomes,8–10 

leading to calls from the clinical community to include frailty assessment in the management of 

older adults.11–14 

However, concerns regarding the paucity of evidence for the direct clinical utility and 

applicability of frailty have been raised by many.15–17 Despite the growing body of literature, the 

evidence base supporting the use frailty to inform current clinical care decisions may be limited. 

Only a minority of studies have examined frailty as a means to improve or alter clinical decision 

making.9,10 Moreover, most studies used frailty for risk stratification for adverse outcomes, and 

association studies vastly outnumbered intervention studies.3,10 Previous mapping and systematic 

reviews have described the prevalence of frailty,18 categorized instruments used to measured frailty 

as exposure9,19 or outcome20 and characterized the domains assessed21,22 and agreement23–25 

between frailty operationalizations. None have specifically investigated the applicability of frailty 

to clinical practice. To clinicians overwhelmed by the rapidly growing literature, a crucial question 

may be to understand how and/or whether frailty may directly alter current clinical practice.  

In this study, we conduct a mapping review to better characterize the overall clinical 

applicability of recent frailty research. We first describe and then map the contexts-of-use of frailty 
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in work published in 2017-2018, with an emphasis on its definitions and operationalizations. 

Second, we use a framework, which we developed drawing from the ideas of well-defined 

intervention26,27 and patient-centered outcomes research,28 to classify and quantify how much of 

the recent frailty research output informs or changes clinical practice. Finally, we analyze 

researchers’ perception and statement of clinical usefulness of frailty and synthesize reported 

frailty-related interventions.  
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7.5. METHODS 

7.5.1. Data sources and searches 

The literature on frailty has vastly expanded in the last decade making appraisal of all articles 

infeasible. We focused our mapping review29 on the literature published in 2017 or 2018 and used 

systematic sampling to select articles as described below. Figure 7.1A shows the flowchart for the 

article selection process. 

First, we identified all articles about clinical frailty. We searched MEDLINE (PubMed) 

and EMBASE (Ovid) databases for articles published on frailty in English or French, from January 

1, 2017 to December 31, 2018 (the full search strategy is detailed in Supplementary Methods 1).  

7.5.2. Study selection 

After removing duplicates, one reviewer (QDN) examined titles and abstracts to remove articles 

indexed in 2017 or 2018 but published outside that timeframe, replies to the editor, and papers that 

were not scientific journal articles. Articles were then reviewed to exclude articles that did not 

significantly feature clinical frailty (as reported at the second step of Figure 7.1A) or did not use a 

previously published measure of frailty. This latter step was done by one reviewer (QDN), and a 

random sample of 5% of articles were validated by a second reviewer (MFF).  

From all remaining articles about clinical frailty, our goal was to assess the primary 

evidence for clinical applicability of frailty, i.e., to inform a clinical indication for individuals with 

frailty. To achieve this, articles were randomly ordered, and pairs of independent reviewers (PD, 

MFF, QDN, HTW) followed this order to classify articles by the primary function of frailty 

(predictor or mediator, selection criterion, effect modifier, outcome, study population descriptor, 

confounder—described in Supplementary Methods 1) or by article type (measurement of frailty, 
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review/guideline/consensus, editorial/commentary, other). This order was followed until 150 

articles were identified that were reports from observational studies or clinical trials using frailty 

in one of the following four functions: predictor or mediator, effect modifier, or primary selection 

criterion. Since they could not directly inform a clinical indication for frailty, we enumerated, but 

did not fully appraise, other frailty functions (outcome measure, confounder) and article types in 

order to quantify the total number of articles classified.  

7.5.3. Data extraction 

We extracted the following study characteristics for the 150 fully appraised articles: journal and 

year of publication, study design, sample size, age, percentage of women, setting, study 

population, intervention studied (when the study was a trial), and primary outcome. We also 

extracted data on the operationalization of frailty: distribution and prevalence of frailty, definition 

and cut-offs used, domains (activity-exhaustion-energy, cognition, function and disability, health 

care use, laboratory values, medical conditions-symptoms, mood-psychiatric, nutrition-weight, 

physical function, physiological function, subjective health, and vital signs), and number of items 

considered in definitions of frailty.  

7.5.4. Data synthesis and analysis of clinical applicability 

We developed an appraisal framework, summarized in Supplementary Methods 2, which draws 

from ideas of well-defined intervention26,27 and patient-centered outcomes research.28 Using this 

framework, we appraised the potential for clinical usefulness and applicability of articles on frailty 

by classifying articles as being practice changing (and informing), practice informing (but not 

practice changing), or not practice informing. Figure 7.1B summarizes the appraisal process. 

Classification was determined by four intermediate criteria: (A) indication-informativeness, (B) 

clinical relevance, (C) originality, and (D) risk-benefit comprehensiveness. To be classified as 
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practice changing, articles had to satisfy all four criteria; to be classified as practice informing, 

articles had to fulfill criteria A (indication-informativeness) and B (clinical relevance); remaining 

articles were classified as not practice informing. Our appraisal of each intermediate criterion was 

“yes”, “no”, “uncertain”; when an intermediate criterion was deemed uncertain, we classified the 

article as “potentially” practice informing or practice changing. Supplementary Methods 2 

provides detailed definitions, descriptions, and rationale for the intermediate criteria and 

classification. Finally, we determined whether articles stated a clinical usage of frailty by reading 

the article in full, and we extracted interventions described in relation to frailty. Data extraction 

and appraisal were carried out by pairs of independent reviewers with methodological and aging-

related expertise (PD, MFF, QDN, HTW). Discrepancies were resolved by consensus. 

7.5.5. Statistical analysis 

Descriptive statistics are presented using means and medians for continuous variables and counts 

and percentages for categorical variables. Individual articles were considered as the unit of 

analysis: unweighted summary measures are reported. We calculated unweighted kappa statistics 

for reliability in study selection and appraisal, with values between 0.21-0.4, 0.41-0.6, 0.61-0.8, 

0.81-1 considered respectively fair, moderate, substantial, and almost perfect.30 For reliability in 

appraisal of clinical applicability and clinical usage, we additionally calculated the prevalence-

adjusted bias-adjusted kappa (PABAK) because of low prevalence in some categories.31  
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7.6. RESULTS 

7.6.1. Study selection and appraisal reliability 

Our search returned 8841 articles. We identified 5240 unique original journal articles, of which 

2807 pertained specifically to clinical frailty (kappa 0.93 [0.88, 0.97]). A total of 476 articles were 

appraised to include 150 articles that had the potential to inform clinical indications for individuals 

with frailty (as frailty was used as a predictor or mediator, selection criterion, or effect modifier; 

kappa 0.78 [0.74, 0.82]). The overall kappa for appraisal of clinical applicability and statement of 

usage was 0.74 (0.68, 0.81). Agreement, kappa, and PABAK for each appraisal step are reported 

in Supplementary Table 7.1. Full extraction and appraisal results are available online [Full 

Extraction and Appraisal Results.xlsx]. 

7.6.2. Frailty functions and contexts-of-use 

Figure 7.2A shows the distribution of articles by function and article type. Of the 476 articles, 150 

(31%, of total) investigated frailty in functions that had the potential to inform clinical indication: 

most of these articles used frailty as a predictor or mediator (n = 125, 26%), 15 (3%) used frailty 

as a selection criterion, and 10 (2%) as an effect modifier. Out of the remaining 326 (69%) articles 

that could not provide primary evidence to inform clinical indication, 68 (14%) used frailty as an 

outcome measure, 170 (36%) were not reports of primary data of which 123 (26%) were reviews, 

guidelines, or consensus articles and 47 (10%) were editorials, comments, or conceptual articles. 

 Table 7.1 reports study characteristics for the 150 articles with the potential to inform 

clinical indication. Articles were published in diverse journal disciplines, with aging and geriatrics, 

medical subspecialties, surgery and anesthesia comprising 68% of articles. Most articles were 

cohort studies (n = 137, 91%), and 13 (9%) were trials. Median sample size was 476 (IQR: 151-

1891; range: 5–962,913), mean age was 72.6 years (SD, 9.8), and women comprised on average 



 

155 
 

53% (19) of study populations. The setting of participant enrollment was community-dwelling in 

53 (35%) studies, institutions in 2 (1%), and mixed/hospital-based in 95 (63%). When study 

enrollment was hospital-based, surgery (n = 34, 41%) and cardiology (n = 15, 18%) constituted 

the majority of study disciplines. Primary outcomes were clinical in 106 (71%) studies, health care 

services-related in 26 (17%), and specifically patient-centered in 18 (12%). 

7.6.3. Definitions and operationalizations of frailty 

Excluding studies where frailty was the selection criterion, the median prevalence of frailty was 

19% (IQR, 12%–39%; range, 1%–84%). Table 7.2 summarizes the definitions and 

operationalizations used in the 150 articles. A total of 38 different definitions were used: the Fried 

physical frailty phenotype and modifications were the most commonly used (n = 45, 28%), 

followed by FI-derived definitions of frailty (n = 35, 22%) and the Clinical frailty scale (CFS, n = 

16, 10%).32 Among studies using FI-derived definitions of frailty, the mean FI was 0.24 (SD, 0.11), 

the median number of items used was 32 (IQR, 11–41; range, 3–65). Cut-offs for FI-derived 

definitions varied substantially by implementation: mean cut-off was 0.29 (SD, 0.08; range 0.21-

0.41). Similarly, there was variation in cut-offs used for the CFS, grip strength, gait speed, and 

Edmonton frail scale.33 Out of 12 frailty domains assessed, the mean number assessed across all 

definitions of frailty was 3.6 (SD, 2.1) and 4.8 (SD, 2.7) for FI-derived definitions. Supplementary 

Figure 7.1 shows the proportion of inclusion in frailty definitions for each health domain. 

7.6.4. Clinical applicability 

Figure 7.2B shows clinical applicability of frailty articles based on the random sample of 476 

articles, by function of frailty and study design. Of the sample, 413 (87%) articles were classified 

as not practice informing: 326 (69%) did not use frailty as a predictor, mediator, effect modifier, 

or selection criterion, and 87 (18%) were articles where frailty was used a predictor or effect 



 

156 
 

modifier but did not inform a clinical indication. Sixty-three articles (13%) were classified as 

practice informing, of which 52 (11%) were classified as not practice changing. Overall, eleven 

(2%) articles could alter practice: 10 (2%) articles were classified as potentially practice changing, 

and 1 (0.2%) was classified as changing practice.  

Within the 150 fully appraised articles, the two most important reasons for lack of clinical 

applicability were absence of well-defined intervention and identifiable effect (96% of appraised 

studies; part of criterion A) and originality (83%). Conversely, 36% of articles were clinically 

informative by explicitly reporting absolute outcome results for an intervention on individuals with 

frailty. Detailed results for the appraisal of intermediate criteria are reported in Supplementary 

Table 7.2. Of the 13 trials, 9 did not report results deemed original, whereas 4 reported results that 

were considered potentially original. When determined solely by statistical significance, 119 

(79%) of 150 articles reported positive results. 

7.6.5. Statement of clinical usage and clinical interventions for frailty 

Among articles fully appraised, 100 (67%) articles reported statements suggesting or 

recommending the usage of frailty to inform or alter clinical practice. Supplementary Table 7.3 

summarizes interventions for frailty reported in 62 articles. Exercise and multidomain preventive 

intervention (n = 17) and general tailoring and targeting of interventions (n = 11) were the most 

frequently described, but there was a very wide spectrum of interventions ranging from the broad 

comprehensive geriatric assessment (CGA) and management to the narrow proper dosing of 

anticoagulant therapies.  
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7.7. DISCUSSION 

Our findings provide a means to map and contextualize the rapidly expanding research output on 

frailty. Frailty is currently investigated across all health research disciplines, with the most 

prototypical research article published in 2017-2018 reporting results from a hospital-based cohort 

undergoing surgery where frailty is studied as a predictor of mortality. No dominant definition nor 

intervention for frailty were identified in 150 randomly sampled articles: 38 different definitions 

of frailty, most with various cut-offs, were used, along with a wide range of potential interventions. 

The many coexisting definitions and interventions for frailty may underlie and enable its broad 

appeal to both the research and clinical communities, as indicated by the abundant number of 

reviews, editorials, or consensus articles we found across all disciplines. However, when examined 

through the lens of clinical applicability, only a third of all publications about clinical frailty 

investigated it in a function informative for clinical applicability; more than a third of publications 

did not report on primary data. Only 13% of articles were classified as practice informing, 2% as 

potentially practice changing, and 0.2% as clearly practice changing. Most studies did not feature 

a well-defined intervention and identifiable effect for frailty or original findings. The low 

proportion of studies with clinical applicability may explain why calls for the incorporation of 

frailty in practice have not always been heeded.13,17,34 

Drawing from our framework and from previous reviews 9,10,16,18–20,23,35, we believe two 

major themes currently impede the ability of frailty research to alter the practice of clinicians when 

caring for individuals with frailty: translating frailty as a risk factor to clinical intervenability, and 

using frailty for prevalence, for assessment of generalizability, and as a selection criterion when 

the definition of frailty is itself ambiguous. 
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7.7.1. Frailty as a predictor: translating a risk factor into a clinical indication 

The majority of recent studies on frailty are association studies showing relationships with adverse 

outcomes. However, knowing that individuals with frailty have worse outcomes than those without 

frailty does not, by itself, entail an intervention (or the possibility of one) to improve outcomes in 

those with frailty.36 Prediction of adverse outcomes by frailty can only alter clinical practice, first, 

if the risk of adverse outcomes for those with frailty exceeds potential benefits in the context of an 

otherwise indicated intervention (e.g., surgery); or second, in the absence of decision-making for 

such an intervention, if specific or well-defined interventions exist that can reverse or mitigate 

frailty and the adverse outcomes due to it (i.e., there is a well-defined intervention and identifiable 

effect for frailty). 

Pertaining to the first issue, our mapping review suggests that most predictive studies 

where frailty is studied in the context of an intervention compare individuals with and without 

frailty, rather than comparing individuals, all with frailty, under the scenarios of intervention or 

no intervention. We did not identify any study reporting the appropriate comparison, that is, either 

by explicitly reporting the contrast of intervened versus not intervened or by showing that frailty 

was a qualitative effect measure modifier of an intervention (rather than a simple predictor of 

adverse outcomes). Nonetheless, some studies were clinically informative as they reported 

absolute outcome results in individuals with frailty who received an intervention thus allowing the 

clinical extrapolation and contrast between outcomes under intervention versus no intervention. 

Though there is generally greater morbidity and mortality in those with frailty following an 

intervention, there is currently little direct or conclusive evidence that individuals with frailty (or 

at what level of frailty) would not benefit from an intervention 17,35. 
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Second, frailty could lead to changes in practice if well-defined frailty-specific 

interventions exist that can reverse it and mitigate its adverse outcomes. We did not identify such 

evidence in our mapping review, in part due to the very low proportion of trials (n=13). Two recent 

reviews specifically synthesizing evidence to prevent or manage frailty suggest that physical 

activity and prehabilitation interventions may reduce frailty levels, with evidence quality assessed 

as very low or low in one study,37 and moderate to good in another.38 It remains unclear, however, 

how much of this reduction of frailty would translate into reduction of the actual adverse outcomes 

associated with frailty in the bulk of prediction studies. 

7.7.2. Definition ambiguity: prevalence, generalizability, and selection criterion 

The lack of a consensus definition for frailty has been previously reported and discussed,39,40 but 

its full clinical implications may not have been fully acknowledged. Clinical entities, such as 

frailty, can be used, descriptively, to report prevalence and, clinically, to assess generalizability of 

study results and as a selection criterion for an intervention. The ongoing low agreement of frailty 

definitions4,23–25,41 precludes generating applicable evidence about it as a coherent whole in any of 

these three functions.  

First, in line with previous work, we found a wide range of frailty prevalence in studies, 

which may be attributable to different populations under study,42 but also to different definitions 

or operationalizations of frailty used. Additionally, our findings suggest that different cut-offs for 

similar definitions of frailty may compound the variability. Due to variation in definitions and cut-

offs, it may be arduous, if not impossible, in practice to keep track of the nature and the level of 

the “frailty” that is measured when its prevalence is reported.  
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Second, assessing generalizability of study findings is important for clinical applicability 

to ensure that evidence applies to older populations, especially in randomized controlled trials due 

to the relative exclusion of older, multimorbid, and frail participants.43,44 Observational studies,45 

secondary analyses from trials,46,47 and practice guidelines have used frailty as a means to appraise 

generalizability, with some suggesting differential management by frailty status.48 However, since 

various definitions and cut-offs coexist, appraising generalizability and applicability of evidence 

to individual patients using frailty can only be clinically implemented with difficulty.  

Third, beyond generalizability, the ultimate objective of a clinical entity is to provide a 

clinical indication, i.e., to be coupled with an intervention that is beneficial. As such, the 

identification of the clinical entity of frailty should entail an intervention that will be beneficial to 

those so identified (the specific population with frailty). Yet, myriad definitions of frailty confuse 

attempts to reliably identify which clinical intervention could best follow from having “frailty.” 

Conversely, myriad purported interventions for frailty confuse attempts to identify who (under 

which definition of frailty) would most benefit from any given well-defined clinical intervention.49 

Since frailty may encompass both single domain and multiple domains,21 and pertain to 

community-dwelling adults18,38,50 and to acute care settings,10,16 interventions can be both targeted 

(e.g., exercise training) and broad (e.g., CGA), with long and short timescales. From a clinical 

standpoint, ambiguity in frailty definitions confounds age-related domains (e.g., chronic 

conditions, disability, cognition, social support) and opportunities for intervention.  

The ambiguity of frailty definitions appears to be overcome by purposely entertaining a 

wide basket of potential interventions for frailty, namely by using frailty as a screening tool51 for 

more extensive clinical management, including CGA and ensuing multidimensional 

interventions.12 Ambiguity in definition (identifying who will benefit from specific frailty 
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interventions) can also be circumvented by considering, as frailty-specific, interventions that are 

beneficial to a wide population. This may underlie some recommended interventions for frailty 

such as exercise training, addressing polypharmacy, and holistic review of chronic conditions, that 

are already recommended notwithstanding frailty.12,52,53 A third resolution is to focus on the more 

severe levels of frailty where definitions converge.41,54 These solutions may not ensure the clinical 

applicability of frailty: using frailty as a screening tool (in addition to routine clinical 

information),15 using frailty to identify otherwise-recommended interventions, and focusing on 

severe frailty may not provide added clinical indications beyond current standard age-appropriate 

care. As per our mapping review, only 2% of appraised articles clearly satisfied the originality 

criterion. 

7.7.3. Recommendations: a robust way forward for frailty research 

Ultimately, a frailty diagnosis should alter clinical management by indicating a specific clinical 

intervention that would not already be indicated. To address barriers and further improve 

applicability of frailty research that seeks to inform clinical practice, we propose recommendations 

in Table 3. As a complement to previous reviews and recommendations, we focus specifically on 

enhancing clinical applicability in the design of studies, interventions, and care pathways, in the 

reporting and interpretation of results, and when conducting evidence synthesis. A single or 

consensus definition of frailty may not be achievable nor required considering the multiple 

functions and disciplines. However, our recommendations highlight that the clinical applicability 

of any definition of frailty must be tied to a well-defined intervention that improves upon otherwise 

standard age-related management. 
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7.7.4. Strengths and limitations 

The main strengths of this study include systematic sampling to map and capture a representative 

sample of the recent frailty research output. We appraised all articles to remove studies where 

frailty was vaguely defined (e.g., frailty as “old”, institutionalized) to select only articles primarily 

about clinical frailty and maximize potential clinical applicability. Complementing previous 

reviews, we used a formal framework to classify functions of frailty and appraise how frailty 

informs or alters current clinical practice. Nonetheless, our study has limitations that deserve 

mention. First, our appraisal framework and results may be subject to reviewer variability. 

Although pair of independent reviewers achieved substantial reliability for extraction and 

appraisal, the classification of articles may differ by discipline and practices, particularly for 

originality and thus practice-changing status. We have made available our raw results allowing for 

transparent examination of our appraisal. Second, having mapped published articles only, our 

appraisal of clinical applicability could be optimistic due to publication bias. Third, we only 

mapped articles published in 2017 and 2018; research on frailty may have varying trends, and 

studies published before 2017 could have differing clinical applicability. However, our objective 

was to examine clinical applicability as a means to advance frailty research, rather than to draw 

conclusions about specific interventions for frailty. Fourth, because our goal centered on evidence 

for individuals already considered frail, we did not fully appraise articles where frailty was used 

primarily as an outcome or a confounder; we also only focused on the clinical use of frailty, not 

on its merit in the research setting which may be substantial. Finally, we did not examine issues 

related to applying population-level prediction to individuals in clinical practice55–57. 
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7.8. CONCLUSION 

Although there is rapid growth in the number of publications on frailty, only a minority of this 

research output provides direct evidence of applicability to practice. The function of frailty, lack 

of well-defined interventions and identifiable effects, lack of originality, and definition ambiguity 

hamper its clinical implementation. For frailty to realize its full potential to improve the clinical 

care and health of older adults, future research on frailty should more deliberately focus on clinical 

applicability. 
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7.11. TABLES 

Table 7.1. Study and Population Characteristics, Interventions, and Primary Outcomes in a 
Random Sample of 150 articles Published on Frailty in 2017-2018 

Journal discipline (n=150) n (%) Year of publication (n=150) n (%) 

  Aging and geriatrics 47 (31)   2017 69 (46) 

  Medical subspecialties 30 (20)   2018 81 (54) 

  Surgery and anesthesia 25 (17) Study design (n=150)  

  Epidemiology, HSR, public health 11 (7)   Cohort 137 (91) 

  General and internal medicine 9 (6)   Trial 13 (9) 

  Psychiatry 9 (6)     Randomized controlled trial 10 (7) 

  Allied health professions 6 (4)   

  Other 13 (9)   

Sample size, median (IQR) 476 (151-1891) Interventions in trials (n=13) n 

Age, average (SD) 72.6 (9.8) Geriatric prevention and multidomain  

intervention 

6 

Percentage of women (SD) 53 (19)  

Study enrollment setting, n (%) 
 

Exercise training 3 

  Community-dwelling 53 (35) Perioperative multifactorial intervention 2 

  Institution 2 (1) Shared decision-making training 1 

  Mixed, hospital-based, unspecified 95 (63) Bladder and exercise training 1 

Population when hospital-based 
enrollment, n=82 n (%) 

Primary outcomes (n=150) n (%) 

  Clinical 106 (71) 

  Surgery 34 (41)     Mortality 49 (33) 

    General or GI 12 (15)     Clinical condition or marker 17 (11) 

    Orthopedic 7 (9)     Morbidity 13 (9) 

    Cardiovascular 5 (6)     Psychiatric symptoms 7 (4) 

    Urologic 4 (5)     Medication appropriateness 6 (4) 

    Mixed or other 6 (7)     Cognition 5 (3) 

  Cardiology 15 (18)     Frailty 5 (3) 

    Heart failure 5 (6)     Fall, fracture, fear of falling 4 (3) 

    TAVI 4 (5)   Health care service  26 (17) 

    ASCVD 3 (4)     Health care usage 10 (7) 

    Hypertension 2 (2)     Discharge disposition 6 (4) 

    Other 2 (2)     Clinical process improvement 2 (1) 
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  Internal or geriatric medicine 7 (9)   Patient-centered  18 (12) 

  Oncology 6 (7)     Function 10 (7) 

  Intensive care 5 (6)     Quality of life 8 (5) 

  Nephrology 4 (5)   Other 8 (5) 

  Acute care hospital 3 (4)   

  Emergency medicine 2 (2)   

  Respirology 2 (2)   

  Other 4 (5)   

 
Notes. ASCVD = atherosclerotic cardiovascular disease, GI = Gastrointestinal, HSR = health services research, 
TAVI = transcatheter aortic valve implantation  
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Table 7.2. Definitions and Cut-Offs for Frailty 

Frailty definition (n=161), 
38 definitions* Count, n (%) Cut-off for frailty, 

mean (SD) 
Cut-off for prefrailty, 

mean (SD) 

Fried frailty phenotype 45 (28)   

  Fried 39 (24) 3 2 

  Fried modifications 6 (4) Ad hoc Ad hoc 

Frailty index-derived 35 (22) 0.28 (0.08) 
Range 0.18-0.41 

0.15 (0.07) 
Range 0.10-0.26 

  Frailty index 21 (13) 
0.29 (0.06) 

Range 0.21-0.41 
0.15 (0.07) 

Range 0.10-0.26 

  Modified frailty index 11 11 (7) 0.23 (0.08) 
Range 0.18-0.36 0.09 (-) 

  Modified frailty index 5 2 (1) 0.40 0.25 

  Electronic frailty index 1 (1) 0.24 0.12 

Clinical frailty scale 16 (10) 4.9 (0.9) 
Range 3-6 

 

  Cut-off for frailty  

Grip strength and/or gait speed 11 (7) 

Median by age and/or sex 
Fried criteria by sex, BMI 
26 kg men, 18 kg women 

Subjective 
< 0.22 bar 
< 1.0 m/s 
< 0.8 m/s 
< 0.6 m/s 

 

Edmonton frail scale 5 (3) 8, 8, 10, 12  

Groningen frailty indicator 4 (2) 4, 4, 4, 5  

CGA-based 3 (2) Ad hoc  

FRAIL scale 3 (2) 3  

Kihon checklist 3 (2) 8  

Tillburg frailty indicator 3 (2) 5  

5MWT, ADL, Braden, CFS+MoCA, impaired 
cognition + dynapenia, Elderly mobility scale, 
Frailty score - Guilley, Frailty score - Porock, 
Frailty score - Robinson, Frailty score, 
Functional independence measure, G8, 
Gérontopôle frailty screening tool, HFRS, 
ISAR, ISAR-HP, John Hopkins Adjusted 
Clinical Groups, Kaigo-Yobo Check-List, Katz, 
Morse, Risk analysis index, Schoenenberger 

1 or 2 
(0.6 or 1.2) 

 
Total: 33 (20) 

-  
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frailty index, SHARE-FI, social frailty, SOF, 
temporal muscle thickness, VES-13, VMS 

 
Notes. * Supplementary Table 7.4 lists main references for frailty definitions. 5MWT = 5-minute walk test, 
CFS = Clinical frailty scale, MoCA = Montreal Cognitive Assessment, HFRS = Hospital frailty risk score, ISAR 
= Identification of seniors at risk, ISAR-HP = Identification of seniors at risk – hospitalized patients, SOF = 
Study of Osteoporotic Fractures, VES-13 = Vulnerable elders survey-13, VMS = 
VeiligheidsManagementSysteem. 
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Table 7.3. Recommendations to address barriers and improve applicability of frailty research seeking to inform clinical practice 

Recommendations 

Design of 
studies, 

interventions, 
care pathways 

Reporting 
and 

interpretation 

Evidence 
synthesis 

1. The definition of frailty used should be precisely described: 
a. In addition to the conceptual framework used, criteria and cut-offs for each 

component or item should be explicitly reported to allow replication and 
appraisal of generalizability 

b. If distributional cut-offs (e.g., lowest quintile) are used, absolute values should be 
reported 

X X X 

2. In establishing a precise definition of frailty, additionally consider context-of-use and 
purpose-of-use, namely: 

a. The function of frailty: whether it is a predictor for which a frailty-specific 
intervention is required (etiologic), whether it is an effect modifier to assess 
whether an otherwise-indicated intervention would provide net benefit, or 
whether it is a selection criterion for an intervention. 

b. If frailty is a selection criterion, consider the potential intervention that would 
follow the identification of frailty. Choose frailty definition and include domains 
likely to select subjects most likely to benefit from ensuing frailty interventions. 
Aim to use frailty as a means to indicate interventions that are not already 
components of standard age-appropriate care. 

c. Consider the setting (community-dwelling or acute care), discipline, duration 
(short-term or long-term), and thus feasibility. 

X   



 

176 
 

3. In the context of observational studies reporting on a non-frailty specific intervention 
(e.g., surgery), provide outcomes for individuals considered frail on the absolute scale to 
allow for comparison to projected outcome of forgoing the intervention. 

 X  

4. Shift the focus from association or predictive frailty studies to conduct intervention 
trials where frailty is a selection criterion or an effect measure modifier (for sufficiently 
powered trials). 

X   

5. Avoid considering specific operationalizations of frailty as a priori interchangeable.  X X 

6. Statement of clinical applicability should be reserved for primary and substantiated 
evidence. 

 X X 
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7.12. FIGURES 

Figure 7.1. Flowchart for selection, classification, and full appraisal of articles 
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Figure 7.2. Distribution of articles on frailty by function and article type, and clinical 
applicability 
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Figure 7.2 Legend. 
* 326 articles were not practice informing because of the function of frailty or study type. † 87 
articles were classified as not practice informing because they (i) did not inform clinical indication 
(no well-defined intervention for frailty, the effect of that intervention was not identifiable, or there 
was no report of absolute outcome results for an intervention on individuals with frailty), or (ii) did 
not use a clinical relevant outcome. ‡ Of the 52 articles classified as practice informing but not 
practice changing, all 36 articles where frailty was a predictor or mediator [P] were informative by 
reporting absolute outcome results of an intervention on individuals with frailty, and 9 trials did not 
report results considered original. § By (potentially) fulfilling all 4 intermediate criteria (indication-
informativeness, clinical relevance, originality, and risk-benefit comprehensiveness), 10 articles were 
classified as potentially practice changing and 1 as practice changing. 

See Methods and Supplementary Methods 2 for definitions and descriptions of clinical applicability. 
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7.13. SUPPLEMENTAL MATERIAL 

Supplementary Methods 1. Search Strategy and Frailty Functions Description 

SEARCH STRATEGY FOR PUBMED MEDLINE 

((frailty[mesh]) OR (frail elderly[mesh]) OR (frail*[tiab])) AND (“french”[Language] OR 
“english”[Language]) 

Filters: Publication date from 2017/01/01 to 2018/12/31 

SEARCH STRATEGY FOR OVID-EMBASE 

# Searches 

1 frail elderly/ or frail*.mp. or frailty/ 

2 limit 1 to yr="2017 - 2018" 

3 limit 2 to embase 

4 limit 3 to (english or french) 
Search conducted on April 8, 2019 

FRAILTY FUNCTION DESCRIPTIONS 

Function Description Example 

Predictor 
Frailty is a predictor/independent 
variable of interest in relation to an 
outcome. 

Study investigating the association of frailty 
with mortality 

Mediator 
Frailty is investigated as an intermediate 
in the association between another 
variable and outcome. 

Study investigating whether frailty in the 
intermediate/mechanism between the 
association of low socioeconomic status and 
subjective well-being 

Selection 
criterion 

Frailty is a primary selection/eligibility 
criterion for a trial/experimental study. 

Experimental study of a multidimensional 
intervention conducted in individuals with 
frailty 

Effect 
modifier 

The association between another 
variable and outcome is examined by 
levels of frailty (by subgroups of 
individuals with frailty vs. without 
frailty) 

In a trial: a study or analysis investigating 
whether intensive blood pressure management 
reduces mortality, differentially in those with 
frailty compared to those without frailty.  
In a cohort study: a study or analysis 
investigating whether influenza vaccination has 
a different effect on immunity in individuals 
with frailty compared to those without frailty. 

Study 
population 
descriptor 

The distribution of frailty is reported 
(typically in Table 1) to better 
characterize the study population. 

Frailty is reported along with sociodemographic 
and chronic condition variables in cohort study 
or trial. 
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Confounder 

Frailty is used as a stratifying variable or 
as a covariate to control/adjust for 
confounding. 

Vaccine effectiveness is analyzed by levels of 
frailty (stratification); frailty is included in a 
regression model with vaccination as 
independent variable and mortality as outcome. 

Supplementary Methods 2. Definitions, Matrix for Determination, and Descriptions of 
Clinical Applicability 

DEFINITIONS OF INTERMEDIATE CRITERIA 

Intermediate Criteria of 
Clinical Applicability 

Definition 

  (A) Indication-informativeness 

Study methods provide clinicians with evidence to determine a 
clinical indication, (intervention or potential intervention) in 
individuals with frailty. Informativeness for a clinical indication 
for individuals with frailty requires a well-defined intervention, 
whose effect can be identified from the study results, i.e.: 

1. A trial of an intervention in individuals with frailty; OR 
2. An observational study where: 

A) A well-defined intervention for individuals with frailty 
exists, AND 
B) That the effect of this well-defined intervention be 
correctly estimated (no confounding – independent effects 
of the intervention); OR 

3. An observational study where there is an intervention on 
individuals with frailty and where absolute results for 
outcomes are explicitly reported. 
(informativeness for the outcome of an intervention 
criterion – allows contrast between intervention in 
individuals with frailty and envisioned natural history 
under no intervention in individuals with frailty). 

 (B) Clinical relevance 
Primary outcome of the study is clinically relevant, i.e., the 
outcome is patient centered. 

 (C) Originality 

Study results achieve statistical and clinical significance (e.g., a 
relevant magnitude of effect); AND  
Study results are novel when compared to current evidence base 
and practice (novelty). 

  (D) Risk-benefit comprehensiveness 
Overall benefits of changing an indication (either the intervention 
or the population of individuals in which the intervention is 
indicated) outweigh the risks.  
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MATRIX FOR DETERMINATION OF CLINICAL APPLICABILITY BASED ON INTERMEDIATE CRITERIA 

  INTERMEDIATE CRITERIA FOR CLINICAL APPLICABILITY 
  (A) Indication-

informativeness 
(B) Clinical 
relevance 

(C) Originality (D) Risk-benefit 
comprehensiveness 

C
LI

N
IC

A
L 

A
PP

LI
C

A
B

IL
IT

Y
 Practice 

changing Yes Yes Yes Yes 

Practice 
informing 

Yes Yes No No 

Not practice 
informing 

No No No No 

 

DESCRIPTIONS OF CLINICAL APPLICABILITY  

Clinical Applicability Description 

Practice changing 

Requires intermediate criteria A + B + C + D 
 
Articles that are practice changing provide evidence that alters 
current clinical practice. As such, they inform a clinical indication 
(A), report a clinically relevant outcome (B), have original results 
(C) and a positive comprehensive risk-benefit assessment (D). 

Practice informing 

Requires intermediate criteria A + B 
 
Articles that are practice informing provide evidence that applies to 
clinical practice. Methods and results from these studies inform a 
clinical indication (A) and have clinically relevant outcome (B) for 
individuals with frailty.  
 
They inform practice by supplementing the current evidence but do 
not change current accepted clinical practice (not original (C) or no 
positive risk-benefit assessment (D) of altering practice). 

Not practice informing 

Does not minimally meet intermediate criteria A + B 
 
Articles that are not practice informing do not provide evidence that 
does is directly applicable to clinical practice for older adults with 
frailty. They belong to the research domain (in contrast to the 
clinical practice domain). 
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Supplementary Table 7.1. Agreement, Kappa and Prevalence-Adjusted Bias-Adjusted Kappa 
by Appraisal Step, and Overall 

Appraisal step 
Agreement,  

% 
Kappa, 

unweighted 
(95% CI) 

Prevalence-adjusted 
bias-adjusted kappa 

(95% CI) 
Well-defined intervention and effect 
identifiable 95 -0.03 (-0.16, 0.11) 0.85 (0.73, 0.93) 

Informativeness for the outcome of an 
intervention 88 0.72 (0.55, 0.89) 0.76 (0.62, 0.86) 

Appropriate indication-informing 
methods 88 0.74 (0.59, 0.90) 0.76 (0.63, 0.85) 

Originality 82 0.39 (0.12, 0.65) 0.64 (0.38, 0.82) 

Clinical relevance of outcome 98 0.88 (0.62, 1.00) 0.96 (0.81, 1.00) 

Patient-centered outcome 93 0.71 (0.45, 0.97) 0.86 (0.66, 0.96) 

Overall risk-benefit comprehensiveness 83 -* 0.40 (-0.30, 0.87) 

Global assessment to inform practice 89 0.76 (0.60, 0.92) 0.77 (0.65, 0.87) 

Global assessment to change practice 91 0.37 (0.21, 0.53) 0.81 (0.70, 0.90) 

Statement of clinical applicability 79 0.52 (0.37, 0.68) 0.57 (0.42, 0.70) 

Overall 87 0.74 (0.68, 0.81) 0.76 (0.72, 0.80) 

 

Notes. * Calculated kappa was 0 (0, 0) because proportion of observed = 0.7, proportion expected 
“yes” = 0.7, and proportion expected “no” = 0.  
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Supplementary Table 7.2. Intermediate Criteria and Global Appraisal Results for 150 Articles 
Fully Appraised  

Criteria 
Number of 

articles 
appraised, n*  

Yes, 
n (%) 

No, 
n (%) 

Uncertain, 
n (%) 

(A) Indication-informativeness 150 60 (40) 87 (58) 3 (2) 

  Well-defined intervention and 
identifiable effect 

137 5 (4) 131 (96) 1 (1) 

  Informativeness for outcome in 
individuals with frailty 

140 51 (36) 87 (62) 2 (1) 

(B) Patient-centered outcome 63 52 (83) 6 (10) 5 (8) 

(C) Originality 63 1 (2) 52 (83) 10 (16) 

(D) Risk-benefit comprehensiveness 10 6 (60) 0 (0) 4 (40) 

Global assessment to inform practice 150 60 (40) 90 (60) 0 (0) 

Global assessment to change practice 150 1 (1) 137 (91) 12 (8) 

 

Notes. * Intermediate criteria were appraised hierarchically. Indication-informativeness was 
determined by frailty function (some articles satisfied Indication-informativeness due to their 
function as effect modifier or selection criterion), well-defined intervention/identifiable effect, and 
informativeness for outcome. Originality and patient-centered outcome were only appraised in the 63 
articles satisfying criterion A. Risk-benefit comprehensiveness was only appraised in the 10 articles 
satisfying criterion A, B, and C. 
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Supplementary Table 7.3. Classification of Interventions for Frailty Reported in 62 of the 150 Appraised Articles 

Exercise and 
multidomain 
preventive and 
lifestyle 
intervention, 
n=17 

General, n=10 
Exercise programs 
Physical exercise and nutritional programs 
Standardized strength training program in combination with nutritional support 
Exercise, nutrition, and pharmacological agents 
Multifactorial intervention: activities focusing on physical exercise, the Mediterranean diet, assessment of inadequate prescription in polypharmacy patients and social 

assessment 
High and low-level care including education, problem solving therapy, exercise sessions 
Multimodal lifestyle interventions targeted at common psychosocial and biological factors 
Preventive interventions 
Preventive action 
Interventions to reduce the impact of stress 

Frailty-targeted, n=7 
Health care interventions focused on reducing frailty 
Early frailty prevention programs targeted to maintain muscle strength and gait speed with physical exercise, adequate nutrition, and fall prevention 
Interventions to modify frailty and ameliorate its effects, optimising care, and planning interventions, risk stratification, clinical guidelines, health-care delivery, and 

design and planning of interventions 
Strategies targeting the primary and secondary prevention of age-related frailty 
Guide treatment choices, integrated care, targeting both frailty and depression, assistance in daily living, vitamin D supplementation, protein enriched diet, and 

improving exercise frequency 
Adequate nutrition and optimization of physical activity, multi-faceted approach to therapy in high-risk patients, targeting the potentially modifiable factors of 

depressive symptoms, cognitive impairment, and physical frailty. 
Risk stratification, strategies specifically targeted to prevent the process of deconditioning or to slow down the transition to dependence, rational health care resources 

management 
General tailoring 
and targeting 
interventions, 
n=11 

Targeted intervention 
Tailor risk assessment and interventions 
Better tailored interventions 
Optimise therapeutic approach 
Individualised approach 
Aggressive interventions, diagnostic efforts, or specific therapeutic interventions 
Deciding on therapeutic approach, planning health resources 
Personalization of therapy, adjust treatment protocols 
Intervention strategies, tailored frailty care plans based on the whole individual, positively influence care plan decisions appropriate for frail patients  
Personalize treatment decisions for older adults, targeted frailty interventions 
Comprehensive intervention strategies 

Context or 
condition-specific 
tailoring and 
targeting 
interventions, 
n=6 

Cardiovascular, n=3 
  Radial access, properly dose-adjusted anticoagulant therapies 
  Guideline-recommended medications for ACS 
  Strategy for surgical AVR or TAVR, strategic decision-making 
ICU, n=1 
Manage the factors associated with ICU mortality, decrease aggressive interventions, more effective planning and decisions about the life-sustaining treatments or 

palliative care 



 

186 
 

Surgery and specific, n=2 
  Tailor the invasiveness of the surgery  
  Intervention for prevention or treatment of post-operative delirium 

Comprehensive 
surgery 
management 
including 
Shared decision-
making, 
n=8 

Preoperative risk stratification, more careful monitoring, available guidelines, such as those provided by the American Geriatrics Society/American College of 
Surgeons, enhancement their physiologic status in a reasonable timeframe before surgery 

Informed consent for surgical procedures, choice of anaesthesia, pain management, rehabilitation post-surgery, early mobilisation, early detection and management of 
geriatric syndromes, adopt more conservative management 

Risk stratification that may guide surgical and medical decision-making, shared decision-making between patient and provider, enhanced preoperative optimization of 
medical comorbidities, more targeted pre- and post-discharge interventions, such as earlier and more frequent follow-ups via nursing telephone calls or outpatient 
clinic visits 

Guide perioperative care in an interdisciplinary team setting, specialty teams, proactive patient counselling, interventions to decrease the associated high-cost burden 
to the health care system   

Guide decision-making, aid in the informed consent process, efficient allocation of hospital resources, opportunities for early intervention 
Crucial conversations, informed decision-making, allocating greater hospital resources, preoperative counseling, and postoperative planning 
Early focused intervention, tailoring the proper management, clinical decision-making, proper resource mobilization for preventive interventions, risk stratification 

and to standardize the long-term management, guide the involvement of multidisciplinary geriatric team, early administration of therapeutic and preventive 
interventions 

Modification of risk factors to decrease mortality; interventions, such as flagging frail patients for administrative review, identifying patients at risk for F2R, 
management of complications to increase rescue in vulnerable populations, and prehabilitation; select, optimize, and modify care patterns; modification of the 
treatment plan and postoperative management; discussion with the care team, potential modification of the surgical plan, and formal preoperative palliative care 
consultation; early escalation of care, improved situational awareness, and centralization of care at high-volume centers for high-risk patients 

Geriatric, 
multidisciplinary, 
and adapted care 
n=11 

Geriatric and multidisciplinary, n=5 
  Interventions such as multidisciplinary consultation 
  Intensive specialist follow-up targeted to frail older adults, mainly by Geriatricians 
  Comprehensive geriatric assessment 
  Building frailty clinics for an in-depth assessment and incorporating physical and cognitive exercise, social support, and nutrition 
  Maximise accessibility to geriatric ward 
Adapted care pathways, n=2 
  Care pathways 
  Fastrack admission, faster activation of multidisciplinary team 
Rehabilitation, n=4 
  Design different rehabilitation regimens 
  Additional resources before, rehabilitation facility placement postoperatively 
  Rehabilitation 
  Health care resources, physical exercise 

Palliative care and 
alternatives to 
intervention, 
n=5 

Palliative treatment 
Palliative care intervention 
Shared decision-making, preferential palliative care 
More aggressive or palliative approach 
Potential alternatives to the surgery 

Appropriateness 
of medications, 
n=4 

Strategies to minimize inappropriate medication 
Monitoring of polypharmacy, appropriate prescription and adherence tools and a tight medicines control 
Check whether all medications are necessary, evidence-based and appropriate, and whether there are relevant interactions, medication reviews 
Improving the therapeutic management, adapted and person-tailored interventions, conservative approach avoiding drastic pharmacological interventions 
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Supplementary Table 7.4. Main reference for frailty definitions identified 

 Frailty definition Main reference 

5-minute walk test - 

Activities of daily living Katz, S, Ford, AB, Moskowitz, RW Jackson, BA, Jaffe, MW. Studies of illness in the aged: The Index of ADL: 
A standardized measure of biological and psychosocial function. JAMA. 1963;185(12), 914-919. 

Braden scale Bergstrom N, Braden BJ, Laguzza A, Holman V. The Braden Scale for Predicting Pressure Sore Risk. Nurs Res. 
1987;36(4):205–210. 

Clinical frailty scale Rockwood K, Song X, MacKnight C. A global clinical measure of fitness and frailty. Can Med Assoc J. 
2005;173(5):489-495. 

Clinical frailty scale +MoCA 

Rockwood K, Song X, MacKnight C. A global clinical measure of fitness and frailty. Can Med Assoc J. 
2005;173(5):489-495. 
Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive Assessment, MoCA: a brief screening 
tool for mild cognitive impairment. J Am Geriatr Soc. 2005;53(4):695–699. 

Comprehensive Geriatric 
Assessment-based 

Balducci L, ExtermannM. Management of cancer in the older person: a practical approach. Oncologist. 
2000;5(3):224–237. 

Edmonton frail scale Rolfson DB, Majumdar SR, Tsuyuki RT, Tahir A, Rockwood K. Validity and reliability of the Edmonton Frail 
Scale. Age Ageing. 2006;35(5):526-529. 

Elderly mobility scale Smith R. Validation and reliability of the Elderly Mobility Scale. Physiotherapy 1994;80:744-7. 

FRAIL scale Abellan van Kan G, Rolland YM, Morley JE, et al. Frailty: toward a clinical definition. J Am Med Dir Assoc. 
2008;9(2): 71–72. 

Frailty index Mitnitski AB, Mogilner AJ, Rockwood K. Accumulation of deficits as a proxy measure of aging. Sci World. 
2001;1:323-336. 

  Modified frailty index 11 Velanovich V, Antoine H, Swartz A, Peters D, Rubinfeld I. Accumulating deficits model of frailty and 
postoperative mortality and morbidity: its application to a national database. J Surg Res. 2013;183(1):104-110.  

  Modified frailty index 5 Subramaniam S, Aalberg JJ, Soriano RP, Divino CM. New 5-Factor Modified Frailty Index Using American 
College of Surgeons NSQIP Data. J Am Coll Surg. 2018;226(2):173-181.e8. 

Frailty score - Guilley Guilley E, Ghisletta P, Armi F, Berchtold A, Lalive d’Epinay C, Michel JP, de Ribaupierre A. Dynamics of 
frailty and ADL dependence in a five-year longitudinal study of octogenarians. Res Aging. 2008;30:299–317 
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 Frailty definition Main reference 

Frailty score - Porock Porock D, Parker-Oliver D, Petroski GF, Rantz M. The MDS Mortality Risk Index: The evolution of a method 
for predicting 6-month mortality in nursing home residents. BMCRes Notes. 2010;3:200-207. 

Frailty score - Robinson Robinson TN, Wu DS, Pointer L, et al. Simple frailty score predicts postoperative complications across surgical 
specialties. Am J Surg 2013;206:544–50. 

Frailty score - Dodson 
Dodson JA, Hochman JS, Roe MT, et al. The Association of Frailty With In-Hospital Bleeding Among Older 
Adults With Acute Myocardial Infarction: Insights From the ACTION Registry. JACC Cardiovasc Interv. 
2018;11(22):2287–2296. 

Fried frailty phenotype Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci 
Med Sci. 2001;56(3):808-813.  

Functional independence measure 
Heinemann AW, Linacre JM, Wright BD, Hamilton BB, Granger C. Relationships between impairment and 
physical disability as measured by the functional independence measure. Arch Phys Med Rehabil. 1993;74:566-
573. 

G8 Bellera CA, Rainfray M, Mathoulin-Pélissier S, et al. Screening older cancer patients: first evaluation of the G-8 
geriatric screening tool. Ann Oncol. 2012;23(8):2166–2172. 

Gérontopôle frailty screening tool Vellas B, Balardy L, Gillette-Guyonnet S, et al. Looking for frailty in community-dwelling older persons: the 
Gérontopôle Frailty Screening Tool (GFST). J Nutr Health Aging. 2013;17(7):629–631. 

Grip strength and/or gait speed - 

Groningen frailty indicator Stevernik N, Slaets JPL, Schuurmans H, et al. Measuring frailty: development and testing the GFI (Groningen 
Frailty Indicator). Gerontologist. 2001;41(special issue 1):236–237. 

Hospital frailty risk score 
Gilbert T, Neuburger J, Kraindler J, et al. Development and validation of a Hospital Frailty Risk Score focusing 
on older people in acute care settings using electronic hospital records: an observational study. Lancet. 
2018;391(10132):1775-1782. 

Impaired cognition + dynapedia - 

Identification of seniors at risk McCusker J, Bellavance F, Cardin S, et al. Detection of older people at increased risk of adverse health outcomes 
after an emergency visit: the ISAR screening tool. J Am Geriatr Soc 1999;47:1229-37. 

Identification of seniors at risk – 
hospitalized patients 

Hoogerduijn JG, Buurman BM, Korevaar JC, Grobbee DE, de Rooij SE, Schuurmans MJ. The prediction of 
functional decline in older hospitalised patients. Age Ageing. 2012;41(3):381-387. 
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 Frailty definition Main reference 

John Hopkins Adjusted Clinical 
Groups 

Lieberman R, Abrams C, Weiner J. Development and Evaluation of the Johns Hopkins University Risk 
Adjustment Models for Medicare+Choice Plan Payment. Baltimore, MD: Centers for Medicare and Medicaid 
Services, U.S. Department of Health and Human Services; 2003. 

Katz Katz, S, Ford, AB, Moskowitz, RW Jackson, BA, Jaffe, MW. Studies of illness in the aged: The Index of ADL: 
A standardized measure of biological and psychosocial function. JAMA. 1963;185(12), 914-919. 

Kaigo-Yobo Check-List Shinkai S, Watanabe N, Yoshida H et al. Research on screening for frailty: development of “the Kaigo-Yobo 
Checklist”. Nihon Koshu Eisei Zasshi 2010; 57:345–354. 

Kihon checklist Sewo Sampaio PY, Sampaio RA, Yamada M, Arai H. Systematic review of the Kihon Checklist: Is it a reliable 
assessment of frailty? Geriatr Gerontol Int 2016;16:893–902. 

Morse McCollam ME. Evaluation and implementation of a research-based falls assessment innovation. Nurs Clin North 
Am. 1995;30(3):507–514. 

Risk analysis index Johnson MS, Bailey TL, Schmid KK, Lydiatt WM, Johanning JM (2014) A frailty index identifies patients at 
high risk of mortality after tracheostomy. Otolaryngol Head Neck Surg 150(4):568–573. 

Schoenenberger frailty index Schoenenberger AW, Stortecky S, Neumann S, et al. Predictors of functional decline in elderly patients 
undergoing transcatheter aortic valve implantation (TAVI). Eur Heart J 2013;34:684–92. 

SHARE-FI Romero-Ortuno R, Walsh CD, Lawlor BA, Kenny RA. A frailty instrument for primary care: findings from the 
Survey of Health, Ageing and Retirement in Europe (SHARE). BMC Geriatr. 2010;10:57. 

Social frailty Makizako H, Shimada H, Tsutsumimoto K, et al. Social Frailty in Community-Dwelling Older Adults as a Risk 
Factor for Disability. J Am Med Dir Assoc. 2015;16(11):1003. 

Study of Osteoporotic Fractures Ensrud KE, Ewing SK, Taylor BC, et al. Frailty and risk of falls, fracture, and mortality in older women: the 
Study of Osteoporotic Fractures. J Gerontol A Biol Sci Med Sci. 2007; 62(7):744–751. 

Temporal muscle thickness Ranganathan K, Terjimanian M, Lisiecki J, Rinkinen J, Mukkamala A, Brownley C et al. Temporalis muscle 
morphomics: the psoas of the craniofacial skeleton. J Surg Res. 2014;186:246–252 

Tillburg frailty indicator Gobbens RJJ, van Assen MALM, Luijkx KG, Wijnen-Sponselee MT, Schols JMGA. The Tilburg frailty 
indicator: Psychometric properties. J Am Med Dir Assoc. 2010;11(5):344-355. 

Vulnerable elders survey-13 Saliba D, Elliott M, Rubenstein LZ, et al. The Vulnerable Elders Survey: a tool for identifying vulnerable older 
people in the community. J Am Geriatr Soc. 2001;49(12):1691–1699. 
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 Frailty definition Main reference 

VeiligheidsManagementSysteem VMS. Praktijkgids kwetsbare oudere. Available from: http://www. 
vmszorg.nl/_library/5540/web_2009.0104_praktijkgids_kwetsbare_ ouderen.pdf 
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Supplementary Figure 7.1. Proportion of Health Domains Included in Frailty Definitions, 
Overall and for Frailty Indices 
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Chapter 8. Discussion and conclusion 

8.1 SUMMARY OF FINDINGS 

In a very general sense, frailty aims to categorize individuals. Frailty lives in the space of clinical 

epidemiology where a critical purpose of categorization is to allow eventual implementation in 

clinical practice to improve health outcomes. Findings presented in this dissertation provide 

insights into whether frailty, as an instance of an aged-related nosological construct, may achieve 

or has achieved this goal. 

 In Manuscript 1, I explored the distribution and patterns of variability in health 

characteristics as a function of chronological age and demonstrated that heterogeneity generally 

increased with age, albeit not uniformly. Of 34 health characteristics, 17 showed increased 

heterogeneity, eight decreased heterogeneity, and nine showed no association with age. 

Associations were nonlinear for most domains and non-monotonic for some. A close examination 

of heterogeneity showed its intertwining with measurements properties: associations between 

heterogeneity and chronological age may be due to relationships between the mean and variance 

of distributions of variables and to the clinical scaling of measurement instruments. Results from 

Manuscript 1 strongly suggest that there is a basis for the past and continued development of age-

relate constructs such as frailty. 

 In Manuscript 2, I examined the ability of deficit-accumulation frailty indices, as an 

influential exemplar of age-related constructs, to achieve successful clinical categorization. 

Definitions of concepts in epidemiological or clinical research correspond clinically to the 

categorization of individuals as having or being characterized by that concept. Successful 

definitions should give rise to reliable categorization of individuals, that is, identification of the 
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similar set of individuals, to enable stable (or consistent) descriptive and predictive estimates. Only 

then will inference, generalization, and clinical decision-making be possible. Using Monte Carlo 

methods to investigate psychometric properties of frailty indices, I showed that the number and 

composition of items in individual frailty indices strongly influence their reliability, even when 

using a single set of deficits. The point estimates and spreads for mean frailty scores, prevalence 

of frailty, cut-offs, mortality odds ratios, and predicted probability of mortality varied markedly 

between FIs with a low number of items and those with a high number of items. Frailty indices 

with 35 and 45 items were more reliable with intraclass coefficients of 0.75 and 0.84, respectively. 

However, as a group, FIs may not be sufficiently reliable to generalize results from one study or 

to compare one study to another. Frailty indices can characterize a portion of the increasing 

heterogeneity in aging, but the resulting clinical categorization may not be sufficiently reliable 

from a psychometric standpoint to allow direct clinical application. 

 In Manuscript 3, I explored a related but distinct theme: assuming that nosological 

constructs are sufficiently reliable for clinical implementation, how can the clinical applicability 

of a study be determined? Based on the existing literature, contemporary issues and debates, and 

brainstorming discussions, a framework was proposed to appraise the clinical applicability of 

studies. The framework relies on six criteria (Validity, Indication-informativeness, Clinical 

relevance, Originality, Risk-benefit comprehensiveness, and Transposability) to classify studies 

and their findings into being non-practice informing (i.e., research findings), practice informing, 

or practice changing. In addition to being valid, a study should produce results that can inform an 

indication in order to inform practice. The four other criteria are further required to change 

practice. This proposed framework can be used formally assess whether studies featuring specific 
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constructs, namely frailty, are clinically applicable and to identify reasons for which they might 

not be. 

 In Manuscript 4, I investigated the clinical applicability of recent publications on frailty. 

This work touches upon issues related to the domains of heterogeneity captured in the multiple 

definitions of frailty, to the measurement of frailty as cut-offs used in defining frailty, and to direct 

clinical applicability as determined by mapping the function of frailty in 476 articles featuring 

frailty and appraising 150 articles in detail. Of 476 randomly selected articles published in 2017 

and 2018, 150 (31%) used frailty in functions that could inform clinical indication. Among those, 

38 definitions were used to measure frailty using various cut-offs. Among all articles, 63 (13%) 

articles were practice informing, 11 (2%) potentially practice changing, and 1 (0.2%) clearly 

practice changing. Lack of well-defined intervention and identifiable effect (96%) or originality 

(83%) were predominant barriers to clinical applicability. I found that only a minority of recent 

frailty research provides direct evidence of applicability to practice. 

8.2 STRENGTHS AND LIMITATIONS 

The greatest overall strength of this work is its interdisciplinary focus. Collectively, the 

manuscripts explore fundamental questions on the basis of nosological constructs, their 

measurement, and their relevance to clinical practice. 

Manuscript 1 is strengthened by the high quality and contemporary data from the CLSA. 

Methods were innovatively applied to quantify deviation (using absolute deviation from predicted 

mean models), assess the variation of deviation by age group, adjust for potential mean-variance 

relationships (when the mean was associated with chronological age), examine measurement 

properties (normative-clinical scaling), and investigate heterogeneity by domains (effective 

variance). I also formally examined the within-group variation of 85-year-olds to the between age-
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group variation. Limitations include the exploratory nature of the analyses and potential issues of 

generalizability due to the exclusion of institutionalized and/or cognitively impaired older adults. 

Additionally, analyses were cross-sectional and could not disentangle period or cohort effects from 

the true aging process per se.136 

The major strength of Manuscript 2 is the application of Monte Carlo methods to examine 

the reliability of measurements thus providing clinically oriented estimates of reliability (i.e., 

stability of descriptive and predictive estimates). I employed simulation methods in a single cohort 

of older adults with a unique set of 70 health deficit items to isolate the effect of varying the number 

and composition of items and maximize its potential reliability. As Manuscript 2 also used the 

CLSA participants (but restricting to those 65 years and older), the same limitation of 

generalizability applies due to the exclusion of institutionalized and/or cognitively impaired adults. 

Although having selected a unique set of 70 items and cut-offs to create frailty indices is a strength 

to ensure the highest potential reliability, it may also be a limitation as it may overestimate the 

actual reliability of frailty indices in usage which do not rely on similar items and cut-offs. Also, 

because the exact date of death was not available at the time of these analyses, predictive analyses 

between frailty and mortality using logistic regression models must be interpreted with caution, 

although the comparisons remain valid between estimates of each configuration. 

The methods used to develop and refine the appraisal framework proposed in Manuscript 

3 are the major strength of this manuscript. I examined the current literature and integrated 

contemporary debates and brainstorming discussions to develop a first version of the framework 

that was iteratively refined by testing. Although formal Delphi methodology was not employed, 

the process involved interdisciplinary contributions from clinicians, researchers, and 

methodologists with expertise in multiple substantive domains of clinical practice and research, as 
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well as epidemiology, biostatistics, qualitative, and translational research. Important limitations 

included, first, the lack of a formal systematic review process for appraising and synthesizing 

articles. Second, although we reached consensus on the proposed framework, there remains 

potential for subjectivity and variability in the qualitative process of reaching a consensus. Third, 

even if the importance of patient-centered outcomes is highlighted in the framework, our approach 

did not include direct patient involvement. 

Two main strengths of Manuscript 4 are the use of systematic sampling to capture a 

representative sample of recent articles on frailty, and the use of our novel framework developed 

to specifically appraise the clinical applicability of frailty studies. Three limitations should be 

discussed. First, as for Manuscript 3, our mapping review may be subject to reviewer variability, 

even if we used pairs of independent reviewers for each article. Second, we sampled published 

articles from 2017 or 2018: inclusion of a wider chronological range of articles might have altered 

the results. Third, the mapping review focused only on individuals with frailty (i.e., those already 

considered frail), I did not fully appraise articles where frailty was used as an outcome or as a 

confounder. Fourth, I focused on the clinical use of frailty, not on its use in the research setting. 

8.3 IMPLICATION OF FINDINGS FOR FRAILTY 

Implications of findings and recommendations were presented in Table 4.3, Supplementary Table 

4.5, Table 5.3, and Table 7.3. Below, I briefly summarize the implications for frailty and explore 

how they might extend to nosological constructs more broadly.  

The findings presented have direct implications on frailty research and clinical usage, 

which may be distinguished by definitional and measurement implications, reporting and 

interpretation implications, and applicability implications. First, many frailty definitions currently 

coexist, and all definitions have a valid claim to capture relevant parts of the heterogeneity that 
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arises with chronological aging. However, the concurrent existence of definitions that encompass 

distinct domains of heterogeneity is problematic since it does not allow frailty to identify similar 

individuals as having frailty. What is frailty for one may not be frailty for another.2–5 As I have 

argued, nosological constructs exist to inform and especially alter practice (either in the present or 

as a means for research and discovery for eventual application). This altering of clinical practice 

based on frailty is potentially specific to each definition. If frailty is about physical capacity versus 

multimorbidity (or distinct from it),58 the relevant clinical action to respond to it will probably 

differ. Using frailty in practice, as any construct, requires the development of the best measure to 

identify it according to what should follow its identification. It cannot be the case that a single 

definition of frailty will encompass indications for all the potential interventions entertained for it. 

Specific interventions, and more largely specific frailty functions, will require specific “frailties.” 

In the meantime, researchers and clinicians should carefully consider the specific definition and 

measurement of frailty used in each study. 

 Second, the current variability in definitions of frailty and their impact on reliability and 

stability of estimates has implications on the reporting and interpretation of frailty studies. The 

components and items of frailty measurements should be reported in detail to allow full replication 

of the measurement in other populations. Although many cut-offs for frailty measurements and for 

items composing them are often determined by a distributional cut-off (e.g., lowest quintile), the 

actual cut-off levels should be reported for application or replication in another population, to 

ensure reliable identification of those with that “instance” of frailty. Reporting and using actual 

values rather than distributional cut-offs anchors frailty measurements on a context-robust scale. 

Different definitions using different cut-offs also alter the consistency of associations between 

frailty “writ large” and outcomes. Although most studies on frailty reported positive associations 
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with outcomes (79% of studies in my scoping review of 150 articles), the combination of wide 

variability in definitions (including cut-offs), potential interventions per definitions, and outcomes 

challenges attempts to synthesize the body of evidence on frailty. Moreover, when frailty is 

mismeasured, bias may occur and alter the magnitude of associations with outcomes. Due to these 

many caveats, interpreting frailty as a unified construct may be impossible. 

Third, although there are calls for implementing frailty into clinical practice, my findings 

highlight that, notwithstanding definitional and measurement issues, only a few studies on frailty 

have the potential to alter practice, i.e., to achieve the clinical imperative of improving health 

outcomes for older adults beyond current standard practice. Only a minority of appraised studies 

directly indicated an intervention to be coupled with the identification of “frailty.” Of those that 

did, most were not original by lacking clinical or statistical significance or novelty. Ultimately, 

decisive success with regard to the clinical imperative for “frailty” would be to implement a 

reliable definition of frailty for which there is an intervention, and for which the definition-

intervention coupling improves patient-centered health outcomes, beyond what would be achieved 

by current standard practice. To achieve this critical goal, matters of definitions, reporting, 

interpretation of frailty should be resolved before hastening its application to practice. 

8.4 IMPLICATIONS AND FUTURE DIRECTIONS 

Implications discussed for frailty generalize beyond frailty and apply to other constructs. 

Fundamentally, nosological constructs characterize individuals in order to take a clinical action 

with the expectation of ameliorating health outcomes. The road between some constructs and 

health outcomes may be more tortuous than others. How the identification of HIV (both 

epistemically and clinically), for example, has led to improved health outcomes is clear; the case 

of frailty is less clear-cut. The work conducted in this dissertation sheds light on how to improve 
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the transition from coining a concept to fulfilling its clinical goal. First, what heterogeneity that 

exists should be characterized and how this heterogeneity arises in relation to the reference group 

selected, measurement (variable and domains measured) and scaling of measurement should be 

carefully explored. For example, abnormalities in vital signs,137 laboratory values,138,139 and bone 

mineral density are determined by distributional cut-offs, without having deliberately examined 

whether this provides the most optimal road to improving health outcomes in specific populations.  

Second, many nosological constructs (in geriatrics, but also in other medical disciplines 

such as psychiatry140) are multidimensional and capture differing domains of heterogeneity. The 

questions raised by the numerous domains included in frailty also apply to the multifaceted nature 

of other age-related constructs such as polypharmacy, falls, or delirium. Classical medical 

syndromes have a single underlying cause but protean manifestations; geriatric syndromes do not 

require a single cause and rather focus on a single unifying manifestation. There is nothing 

inherently correct or incorrect about the dimensionality of a construct; what is important—from a 

clinical practice standpoint—is that the construct is defined in the most optimal way so to entail 

the intervention (understood very generally) that should follow. If polypharmacy calls for 

medication appraisal, is it best defined as taking five or more drugs?14 If the presence of frailty 

suggests physical activity intervention, does frailty need to include affective, cognitive, and social 

support dimensions? Falls or delirium may entail specific interventions that arise directly in 

response: walking aids for falls and delirium-bundle interventions. But both also importantly 

require addressing the underlying causes which are interventions aimed at other elements causing 

or precipitating falls or delirium (e.g., cognitive impairment, acute medical conditions). From a 

clinical and functional perspective, many apparently unitary nosological constructs are actually 

decomposed into addressable components to be intervened on. This deconstruction or 
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decomposition between domain assessed and potential intervention may be a promising area of 

research arising from close attention to domains of heterogeneity and the concern with clinical 

applicability. Multidomain constructs may be most relevant when they are at the correct level of 

realization for potential interventions for it; interactions between or “mechanistic” co-occurrence 

of components may point to multidimensionality.  

Nosological constructs are usually considered to be immutable in their definition. For 

example, depression is expected to be defined in the same manner whether it is used as a selection 

criterion, exposure, a mediator, a confounder, or an outcome. However, there may be more relevant 

constructs (and measures) of depression if it is selection criterion for a drug trial, as an exposure 

for mortality, or an outcome for a trial of physical activity.118,140,141 There is some leeway in 

modeling exposure, confounders (e.g., propensity scores which use multiple variables), 107–109 and 

outcome variables in epidemiological studies. A third ontological implication is that the 

development and analysis of constructs may benefit from being more informed by the expected 

nosological function. In clinical epidemiology, constructs and concepts are foremost tools to 

influence clinical practice. Though reliability in use is essential, reification is not: definitions in 

the absolute may be less powerful than functional definitions tailored to specific contexts. Much 

of the current methodological research conducted in clinical epidemiology concerns issues of 

measurements, psychometrics, diagnostics, advanced modeling, evidence review and synthesis 

(meta-research); perhaps ontological issues, such as what is measured, why it is measured, and 

how to best develop useful nosological constructs may be a promising area of research. Is the ideal 

of clinical epidemiology to precisely quantify relationships between health variables or rather to 

precisely determine what is worth finding relationships about?  For frailty and other constructs, 
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one may wonder, having picked most low-hanging fruits from current methods, whether it would 

be time to tend to the tree we are picking from—or better yet, find another tree in the forest. 

8.5 CONCLUSION 

In the last fifty years, epidemiological research on aging and geriatric medicine have gradually set 

their sights on frailty and other age-related nosological constructs. Keeping in mind the clinical 

imperative to improve health of populations and individuals, this dissertation explored the basis 

(i.e., heterogeneity) of age-related constructs, the stability (i.e., reliability) of frailty categorization 

based on the frailty deficit-accumulation index, the criteria by which categorizations can inform 

or alter clinical practice (i.e., clinical applicability), and the recent applicability of frailty to clinical 

practice. Heterogeneity increases with aging for some health characteristics allowing for potential 

differential categorization of older adults. However, categorizations may be hampered by low 

reliability and thus generalizability. Not all categorizations and studies can equally inform or alter 

clinical practice. Frailty, as an example of one such categorization, may not be directly clinically 

applicable due to definition, indication-informativeness, and originality challenges. Research on 

aging and geriatric medicine are young disciplines. By providing an overarching framework to 

analyze age-related constructs, my hope is to have contributed to set ideas at the intersection of 

research and applicability to clinical practice. I hope that the work here presented will not lead to 

a frailty cul-de-sac, but rather to renewed avenues of research and practice implementation less 

marred by imprecision or confusion. Whether I have erred or not, I remain firmly convinced that 

“truth emerges more readily from error than from confusion.”128   
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