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Summary 

Background:  

A growing number of people worldwide live with frailty. Frailty describes an age-

related state of reduced physiological reserve, characterised by increased 

vulnerability to decompensation in response to physiological stress. People living 

with frailty are at increased risk of adverse health outcomes including mortality 

and hospital admission. There is often uncertainty over clinical management of 

long-term conditions in the presence of frailty. This includes uncertainty over 

how frailty should be identified, how frailty influences the balance of risks and 

benefits arising from specific diagnostic and therapeutic choices, and over the 

applicability of trial evidence when trials rarely measure or report frailty. Three 

conditions in which frailty is common, and in which these uncertainties 

manifest, are type 2 diabetes, rheumatoid arthritis, and chronic obstructive 

pulmonary disease (COPD).  

Aims: 

This thesis addresses the following aims in each of these exemplar conditions:  

• assess the prevalence of frailty 

• quantify the relationship between frailty and adverse clinical outcomes 

• identify and measure frailty within randomised controlled trials for each 

condition. 

Methods:  

Three approaches were used for each condition: systematic review of 

observational studies, analysis of observational data, and analysis of individual 

participant data from industry-sponsored randomised controlled trials. 

Systematic reviews included observational studies of adults with the condition of 

interest (each reviewed separately), using any frailty measure, in any setting, 

and assessing either frailty prevalence or the relationship between frailty and 
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clinical outcomes relevant to the exemplar condition. Observational analyses 

used UK Biobank (all conditions) and the Scottish Early Rheumatoid Arthritis 

(SERA) cohort (rheumatoid arthritis only) and assessed frailty using the frailty 

phenotype and the frailty index. Analyses quantified the relationships between 

frailty and mortality and hospital admission (all conditions); major adverse 

cardiovascular events (MACE), falls and hypoglycaemia (type 2 diabetes); 

rheumatoid arthritis disease activity; and COPD exacerbations. Finally, a frailty 

index was constructed using individual participant data from industry-sponsored 

drug trials for type 2 diabetes, rheumatoid arthritis and COPD, the prevalence of 

frailty examined, and the relationship between frailty and Serious Adverse 

Events assessed.  

Results:  

Research question 1: Frailty prevalence 

In each exemplar condition, a wide range of frailty measures were used in 

observational studies within the published literature (20 measures used in 118 

studies of frailty in diabetes, 11 measures in 17 studies of frailty in rheumatoid 

arthritis, and 11 measures in 56 studies of frailty in COPD). For all conditions, 

the frailty phenotype was the most commonly used (69/118 diabetes studies, 

5/17 rheumatoid arthritis studies, and 32/53 COPD studies). In all conditions, 

prevalence varied considerably by frailty measure (generally lower using the 

frailty phenotype compared to other measures), age (higher prevalence in 

studies with greater mean age) and setting (higher in residential care and 

inpatient settings, lower in community-based studies). However, even among 

community-based studies using similar frailty measures, prevalence estimates 

were highly heterogenous. For all three conditions, frailty was present in people 

under 65-years in all studies in which this was assessed. 

Research question 2: Frailty and clinical outcomes 

Among participants aged between 40 and 70, frailty was associated with a range 

of subsequent adverse health outcomes. 
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In type 2 diabetes frailty was associated with an increased risk of mortality, 

MACE, and hospital admission with fall or fracture or with hypoglycaemia after 

adjustment for sociodemographic factors. These findings were similar for the 

frailty phenotype and frailty index. At any given level of frailty, the absolute risk 

of each of these outcomes was greater for older participants. The association 

between higher HbA1c and mortality was stronger in people with frailty 

compared with pre-frail or robust participants according to the frailty 

phenotype. 

In rheumatoid arthritis frailty was associated with mortality and hospital 

admission using both the frailty phenotype and frailty index after adjustment for 

sociodemographic factors and disease activity. In SERA, a higher frailty index 

was also associated with higher disease activity. However, in the two years 

following initial diagnosis and with initiation of disease-modifying antirheumatic 

therapy, the mean frailty index of SERA participants reduced indicating an 

improvement in frailty at the group level.  

Both the frailty phenotype and frailty index were associated with increased risk 

of mortality, hospital admission, MACE, and COPD exacerbations in people with 

COPD. In each case, the magnitude of the association was similar before and 

after adjusting for the severity of airflow limitation (measured using forced 

expiratory volume in 1 second [FEV1]).  

Research question 3: Frailty in clinical trials 

Out of 39 trials for which individual participant data were obtained, 19 trials (7 

type 2 diabetes, 8 rheumatoid arthritis, 4 COPD) provided sufficient data to 

construct a 40-item frailty index. Based on a cut-off of 0.24, frailty was common 

in trials for each condition (range 7-21% in type 2 diabetes trials, range 33-73% in 

rheumatoid arthritis trials and range 15-22% in COPD trials). The mean frailty 

index was highest in rheumatoid arthritis trials, followed by COPD then type 2 

diabetes. The 99th centile of the frailty index in all trials was lower than is seen 

in most general populations-based estimates. For all three conditions, frailty was 

associated with increased risk of Serious Adverse Events during trial follow-up 

(incidence rate ratios per 0.1-point increase in frailty index were 1.46 (95% 
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confidence interval 1.21–1.75), 1.45 (1.13–1.87), and 1.99 (1.43–2.76) for type 2 

diabetes, rheumatoid arthritis, and COPD, respectively). 

Conclusion: 

Frailty is common in each of the exemplar conditions, including in people aged 

under 65-years in whom it is far less frequently studied. Frailty in younger 

people is also associated with a range of clinically significant adverse health 

outcomes in each condition. However, the absolute risks associated with frailty 

are considerably lower among younger people. This, along with the observation 

that frailty can improve within individuals, highlights the need to individualise 

clinical decisions around the implications of frailty, taking into account factors 

such as age and clinical context, as the implications of frailty may differ 

depending on age as well as the nature and severity of underlying long-term 

conditions. Frailty is also identifiable within clinical trials, a field where frailty is 

rarely reported. This shows that it is feasible to report frailty for most trials. 

Doing so could help inform shared clinical decision making for people living with 

frailty. 
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Chapter 1 Thesis Overview 

1.1 Chapter summary 

This chapter provides a general overview of the rationale, aims and content of 

the thesis. It will first introduce the concept of frailty, and its relevance to the 

management of chronic disease using three exemplar long-term conditions. It 

will then set out the overall objectives of the thesis and the specific aims that 

will be addressed. These will then be broken down into individual research 

questions and presented alongside a brief description of the data sources used to 

answer each question. Finally, a summary of chapters will be presented, 

including how each chapter relates to the aims and research questions. 
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1.2 Frailty 

1.2.1 Definition of frailty 

Frailty is a state characterised by a reduction in physiological reserve.1 This 

confers a greater risk of decompensation in response to physiological stress, with 

impaired or delayed resolution of homeostasis.2 In practical terms, people living 

with frailty often experience greater adverse consequences (such as hospital 

admission, loss of independence, or mortality) in response to potentially minor 

physiological stressors (for example intercurrent infection, or side effects from 

medication).3 

While the conceptual definition of frailty (reduced physiological reserve and 

impaired resolution of homeostasis) is well established,3 there is no single 

universally accepted operational definition of frailty.4 Two contrasting models of 

frailty have dominated the field of frailty research for the past 20 years: the 

frailty phenotype and the frailty index.5,6 The frailty phenotype defines frailty as 

a specific biological syndrome with characteristic features.5 The frailty index, in 

contrast, quantifies frailty as the sum of multiple age-related deficits, with the 

number of deficits (rather than any specific feature) characterising the degree 

of frailty.6 The frailty phenotype and frailty index were both first described in 

2001 and, while they still dominate the field of frailty research, many 

alternative measures to identify frailty have been developed in the intervening 

period.4 While these measures all define frailty differently, and identify 

different populations, there are core features that are common to all definitions 

of frailty.  

First, frailty is associated with age.3,7 However, frailty is not universal even at 

extremes of age, nor does there appear to be a clear lower limit to the 

development of frailty. While most early studies of frailty focused exclusively on 

people aged over 65, it is increasingly recognised that frailty is identifiable, and 

is associated with adverse clinical outcomes, in ‘middle-aged’ people as well as 

those aged over 65.8,9  

Second, frailty is a dynamic state,10 and the degree of frailty within an individual 

may fluctuate over time. There is growing interest in factors and interventions 
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which might influence the course of frailty, prevent its development, or slow its 

progression over time.  

Lastly, frailty is multifactorial, with multiple causes and implications.1,2 Physical 

processes of aging and chronic illness contribute to the development of frailty, 

but so too do psychological and social factors. Frailty may therefore impact the 

clinical management of chronic illness in a variety of ways, including increasing 

the likelihood of specific adverse outcomes, altering the potential risks and 

benefits of treatments, and influencing the capacity of patients to meet the 

demands of living with a long-term condition.3,11 

1.2.2 Management of chronic disease 

Aging population demographics,7 widening health inequalities,12 and rising levels 

of multimorbidity (the presence of two or more long-term conditions)13 all 

contribute to the rising prevalence and clinical importance of frailty. The 

relationships between each of these factors and frailty is introduced in detail in 

chapter 2. The result is an increasing need for approaches to care which reflect 

this complexity.11 However, the clinical management of long-term conditions is 

often driven by disease-specific clinical guidelines. While some clinical 

guidelines have begun to acknowledge the importance of frailty in the 

management of long-term conditions, they generally lack clear 

recommendations around how the management of specific conditions should be 

tailored to people living with frailty.3,14 

1.2.3 Challenges of frailty in the management of chronic disease 

Frailty presents challenges for the effective management of long-term 

conditions on several levels: 

• How to identify frailty:  

There is currently no universally accepted ‘gold-standard’ method to 

define frailty. It is therefore not clear how clinicians should best identify 

people living with frailty. 

• Relationship between frailty and clinical outcomes:  
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For many long-term conditions, the relationship between frailty and 

disease-specific clinical outcomes has not been well described. This 

presents clinical challenges in identifying management priorities or 

judging prognosis. 

• What treatments are effective or appropriate:  

There are concerns that people living with frailty are often excluded from 

clinical trials, however frailty is not directly measured or quantified in 

most trials. Therefore, the representativeness of trial populations, and 

the applicability of trial evidence in the context of frailty, is not clear. 

This thesis will explore the implications of frailty for the clinical management of 

long-term conditions at each of these three levels. It will consider three 

exemplar conditions: type 2 diabetes mellitus, rheumatoid arthritis, and chronic 

obstructive pulmonary disease (COPD). These were selected as frailty is 

recognised to be common in each condition.15-17 Furthermore, frailty may be 

identifiable in some younger people (aged under 65 years) with these 

conditions.9 Finally, for each of these conditions, frailty has been suggested to 

have clinically significant implications for management.18-21 However, questions 

remain over how frailty should best be addressed within clinical guidelines.18,20 

For each condition, the implications of frailty will be considered across a range 

of ages, not just people over 65 years. This reflects the growing recognition of 

the importance of frailty across the life-course.  
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1.3 Objectives 

The overall aim of this thesis is to understand the clinical implications of frailty 

within the context of specific long-term conditions. Specifically, it aims to 

explore how an understanding of frailty might influence clinical management for 

the three exemplar long-term conditions described above: type 2 diabetes, 

rheumatoid arthritis, and COPD. The main objectives are: 

1. To explore the prevalence of frailty in each condition and the association 

between frailty and clinical outcomes relevant to each of the three 

conditions.  

2. To assess the prevalence of frailty within randomised controlled trials for 

each condition and explore the implications of frailty within a trial 

setting.  
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1.4 Research questions 

The research questions that will be addressed in the chapters that follow are: 

1. What is the prevalence of frailty in each of the three long-term 

conditions. 

2. In each of the three long-term conditions, what is the relationship 

between frailty and clinical outcomes. This includes generic outcomes 

(such as mortality and hospital admission) as well as disease-specific 

clinical outcomes (such as glycaemic control in type 2 diabetes, or disease 

activity in rheumatoid arthritis). 

3. Can frailty be identified in trials of pharmacological agents for each 

condition, and if so: 

a. How common is frailty within randomised controlled trials. 

b. What is the relationship between frailty and Serious Adverse Events 

within a trial setting. 
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1.5 Data sources and methodological approach 

The following data sources and methodological approaches have been used in 

this thesis to answer the research questions outlined above. 

1.5.1 Research questions 1 and 2 – prevalence and clinical 
outcomes 

For each exemplar condition, frailty prevalence and the association with clinical 

outcomes is assessed by a systematic review of published observational studies, 

and by analysis of the UK Biobank research cohort.  

The systematic reviews allow a broad approach considering the wide range of 

frailty definitions within the published literature.  

UK Biobank is a large (n=502,640), population-based cohort of people aged 

between 40 and 70 at the time of baseline recruitment. This therefore allows 

analysis of the implications of frailty at a relatively younger age than most of 

the existing literature. Both dominant frailty definitions, the frailty phenotype 

and the frailty index, have previously been adapted and applied to baseline UK 

Biobank data.9,22 Analyses of UK Biobank therefore allow analysis of these two 

definitions within the same population. 

For rheumatoid arthritis, in addition to UK Biobank, prevalence and implications 

of frailty are analysed using the Scottish Early Rheumatoid Arthritis (SERA) 

cohort. SERA is an inception cohort comprising people recruited at the point of 

initial diagnosis of rheumatoid arthritis (n=1073 in total, of which 899 have 

confirmed rheumatoid arthritis).23 It therefore allows analysis of frailty at an 

early point in the disease process, as well as assessment of rheumatoid arthritis-

specific measures (such as disease activity) and serial follow-up following initial 

diagnosis.  

1.5.2 Research question 3: prevalence and implications of frailty 
in drug trials 

Research question 3 is addressed through analysis of individual-participant data 

from industry-sponsored randomised controlled trials of pharmacological 
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interventions for each of the three exemplar conditions. This analysis includes 

trials for each of the three conditions available via two repositories for sharing 

individual-level trial data: the Yale Open Data Access repository and Clinical 

Study Data Request. Data from these trials have been made available to enable 

secondary analysis by third party researchers. Using baseline data, frailty is 

estimated using the frailty index approach to examine the degree of frailty 

among trial participants. This allows assessment of the prevalence of frailty in 

trial populations as well as the relationship between frailty and Serious Adverse 

Events during trial follow-up. 
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1.6 Outline of chapters 

The chapters presented in this thesis are summarised below. This thesis is 

presented in journal format, whereby the results are presented in the form in 

which they are submitted or published in peer-reviewed journals. The literature 

review, methods, and discussion chapters provide context and interpretation of 

the thesis. 

Chapter 2: Literature review. Frailty and its importance in chronic disease 

This chapter provides an overview of the concept of frailty and how it has 

developed over the preceding 20 years. Particular attention is given to how 

frailty is identified and quantified, the relationship between frailty and clinical 

outcomes, and the challenges of translating this understanding into clinical 

practice. 

Chapter 3: Methods overview 

A summary of the methods and data sources is presented in this chapter. This 

includes the approaches used to assess frailty and how these have been applied 

to the available data sources. The strengths and limitations of the data sources 

used are discussed. 

Chapter 4: Frailty measurement, prevalence, incidence, and clinical 

implications in people with diabetes: a systematic review and study-level 

meta-analysis 

This chapter presents a systematic review addressing research questions 1 and 2 

(prevalence of frailty and association with clinical outcomes) focusing on 

diabetes. It will contrast the range of methods used to identify frailty within the 

current literature and explore the relationship between frailty and clinical 

outcomes in diabetes. 



 
 

 

Figure 1-1: Outline of thesis 



 
 
Chapter 5: An analysis of frailty and multimorbidity in 20,566 UK Biobank 

participants with type 2 diabetes 

An analysis of the prevalence of frailty, and its association with clinical 

outcomes, in middle- and older-aged people with type 2 diabetes in UK Biobank. 

This addresses research questions 1 and 2, with a focus on the relationship with 

glycaemic control and diabetes-specific clinical outcomes. 

Chapter 6: Frailty in people with rheumatoid arthritis: A systematic review of 

observational studies 

Chapter 6 presents a systematic review of observational studies of frailty in 

rheumatoid arthritis. It will summarise current literature on frailty measures 

used in rheumatoid arthritis, frailty prevalence, and relationship between frailty 

and disease activity and clinical outcomes.  

Chapter 7: Frailty in rheumatoid arthritis and its relationship with disease 

activity, hospitalisation and mortality: a longitudinal analysis of the Scottish 

Early Rheumatoid Arthritis cohort and UK Biobank 

This chapter explores the prevalence and clinical implications of frailty 

(research questions 1 and 2) in the context of rheumatoid arthritis. It focusses 

on the relationship between frailty and disease activity in rheumatoid arthritis 

as well as outcomes such as mortality and hospitalisation. 

Chapter 8: Frailty in COPD: A systematic review and study level meta-analysis 

of prevalence, trajectories, and relationship with clinical outcomes 

This systematic review explores research questions 1 and 2, prevalence and 

association with clinical outcomes, in the context of COPD. It outlines the 

relationship between frailty and severity of COPD as well as outcomes such as 

COPD exacerbations, hospitalisation and mortality.  

Chapter 9: Frailty in COPD: An analysis of prevalence and clinical impact 

using UK Biobank 
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This chapter presents analyses of UK Biobank quantifying the relationship 

between frailty and the severity of COPD, as well as the relationship between 

frailty and clinical outcomes including mortality, hospitalisation, major adverse 

cardiovascular events, and COPD exacerbations (research questions 1 and 2). 

Chapter 10: Identifying frailty in trials: An analysis of individual participant 

data from trials of novel pharmacological interventions 

This chapter presents analyses using individual participant data from randomised 

controlled trial of drugs for each of the three exemplar conditions. It explores 

the prevalence of frailty within drug trials, the association with serious adverse 

events, and implications for assessing treatment efficacy (research question 3). 

Chapter 11: Discussion 

This final chapter considers the findings of the thesis in the context of the 

current literature. Strengths and limitations of the work are presented, along 

with potential implications for clinical practice and future research. 

  



38 
 

Chapter 2 Frailty and its importance in chronic 
disease (literature review) 

2.1 Chapter summary 

The previous chapter outlined the objectives for the thesis, namely, to describe 

the prevalence and clinical implications of frailty in three exemplar long term 

conditions (type 2 diabetes, rheumatoid arthritis, and COPD). This chapter 

summarises the current literature on frailty and its importance in the clinical 

management of chronic disease more generally, providing context for these 

objectives.  

The chapter will initially introduce the definition of frailty and how this has 

developed in recent decades. It will then detail how frailty has been measured 

and quantified and will introduce the two main measures of frailty which will be 

used throughout this thesis: the frailty phenotype and the frailty index. It will go 

on to describe the public health context (in terms of aging population 

demographics) as well as clinical challenges presented by frailty at the individual 

level. Having established how frailty is defined and measured, it will explore the 

relationship between frailty and two distinct but related concepts: 

multimorbidity (the presence of two or more long-term conditions) and social 

vulnerability (a broad concept comprising socioeconomic status, social support 

and social engagement).24,25 Finally, this chapter will highlight some specific 

gaps in the literature and how these relate to the aims of the thesis.  

Frailty in each of the exemplar conditions will be introduced briefly, however 

detailed review of the literature on frailty in type 2 diabetes, rheumatoid 

arthritis and COPD will be presented in subsequent chapters (see thesis outline 

in Figure 1-1: Outline of thesis, with a general overview presented in the present 

chapter, and condition-specific systematic reviews in chapters 4, 6 and 8, 

respectively). 

2.2 Frailty definition 

Frailty describes a state of increased vulnerability to decompensation and 

adverse health outcomes in response to physiological stress.3,26 The concept of 
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frailty has evolved within the scientific literature over the past 20 years, with 

ongoing debate about its precise definition and scope. Despite this, several core 

features have emerged as central to the concept of frailty:3,27 

• Vulnerability: Frailty, by definition, describes a greater risk of adverse 

health outcomes when people living with frailty encounter physiological 

stress (e.g., an infection or a drug side-effect).26,27 In practical terms, 

frailty is associated with greater risk of mortality,28,29 unplanned hospital 

admission,30 falls,31 and loss of independence. This relationship with 

adverse health outcomes has been observed across a range of operational 

definitions of frailty. While these differ in their underlying theory and 

biological models, they share a common conceptual basis of identifying a 

state of increased physiological vulnerability.26,27,32  

• Multidimensional: Frailty has a wide range of causes or determinants, and 

is expressed as vulnerability or dysfunction across multiple domains.1,2 

Frailty is associated with age but, importantly, is not simply an expression 

of normal aging.26 The concept of frailty implies dysfunction or 

vulnerability across multiple organ systems.1,2 Theories around the 

pathways leading to this dysfunction, and the nature of the physiological 

processes and deficits involved, vary depending on the model of frailty 

studied. Additionally, some models of frailty explicitly include additional 

dimensions, such as cognitive impairment or social vulnerability,33,34 

which are seen as distinct in other models of frailty. However, common to 

all definitions is that frailty is a multifaceted state that is multiply 

determined.  

• Dynamic: Frailty is not a fixed state.10 Regardless of how it is specified, 

frailty is recognised to be an acquired state which develops over time. 

Frailty also fluctuates, and an individual’s degree of frailty may improve 

as well as deteriorate.10 The extent to which this dynamism has been 

observed and studied varies between different models of frailty. 

However, the dynamic nature of frailty is consistently observed across 

definitions.  
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These characteristics were highlighted in a systematic review published in 2017 

entitled The essence of frailty: a systematic review and qualitative synthesis on 

frailty concepts and definitions which synthesised commonalities from 78 

publications.27 This understanding of frailty as a dynamic and multiply-

determined state, characterised by vulnerability to adverse health outcomes, is 

also echoed by several recent reviews of the frailty literature.1-3  

There are many frailty measures used in the scientific literature and in clinical 

practice. Some of the most common are highlighted in Table 2-1 and described 

in greater detail below. Despite the lack of a universally agreed definition, two 

operational measures of frailty have dominated the scientific literature on the 

topic: the frailty phenotype and the frailty index.1,3,5,6,26,35 The frailty phenotype 

defines frailty as a biological syndrome identifiable through five specific 

characteristics (described below).5 The frailty index, in contrast, is based on a 

‘cumulative deficit’ model of frailty whereby frailty reflects the number of age-

related health deficits identifiable within an individual.6,35 In the frailty index, 

frailty is defined by the total number of deficits present, rather than any 

specific deficit.36 Both definitions were first described in 2001 and have been 

the basis for the development of the frailty literature which has emerged in the 

intervening two decades.  

Table 2-1: Summary of frailty measures: This table highlights some of the most frequently cited 
measures of frailty and their criteria for identifying frailty. This is not an exhaustive list. Text 
adapted from Hanlon et al 202037. 

Frailty measure Description 

Earliest measures 

Frailty 
phenotype 

5 components (unintentional weight loss, exhaustion, low 
grip strength, slow walking pace, low physical activity). 1-2 
criteria: Pre-frail. ≥3 criteria: Frail. 

Frailty index Count of health-related deficits (≥30, type and number of 
chosen deficits may vary between studies). Total present 
divided by number of possible deficits. Range 0-1. 
Sometimes categorised (threshold for frailty varies (e.g. 
0.2, 0.24)). 

Multi-component scales 

Groningen Frailty 
Indicator 

15 items across 4 domains (physical, cognitive, social and 
psychological). Range 0-15. ≥4 indicates frailty. 

Tilburg Frailty 
Indicator 

15 questions across 3 domains (physical, psychological and 
social) Responses combined into unweighted sum. Range 0-
15. ≥5 indicates frailty. 
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Edmonton Frail 
Scale 

9 components: cognition, general health, functional 
independence, social support, medication, nutrition, mood, 
continence and functional performance. Score 0-17. Mild 
(7-8), moderate (9-10) and severe frailty (≥11). 

Clinical tools 

Clinical Frailty 
Scale 

Clinical tool based on functional status. Ranges 1 (very fit) 
to 9 (terminally ill) with some variation depending on 
iteration of the scale. 

FRAIL scale 5 components (weight loss, fatigue, weakness, ambulation, 
illness/comorbidity). 1-2 criteria: Pre-frail. ≥3 criteria: 
Frail. 

Scales based on electronic health records 

Electronic Frailty 
Index 

Count of deficits identified from electronic medical records 
(primary care Read codes), based on the Frailty index 
approach. In practice categorised as robust (<0.12), mild 
(0.12-0.24), moderate (0.24-0.36) and severe frailty 
(≥0.36). 

Hospital Frailty 
Risk Score 

Risk stratification tool developed for hospital in-patients 
based on ICD-10 codes.  

 

2.2.1 Frailty phenotype 

The frailty phenotype was described in a seminal work by Fried and colleagues: 

“Frailty in older adults: Evidence of a phenotype”, published in 2001.5 Frailty is 

based on five criteria: low hand-grip strength, slow walking pace, unintentional 

weight loss, self-reported exhaustion, and low physical activity. The presence of 

three of more of these criteria identifies an individual as frail. One or two 

criteria indicate pre-frailty. Frailty is therefore conceptualised as a specific 

clinical syndrome, identified by a combination of specific features, based on an 

underlying biological model of physiological dysregulation. The original 

description was based on secondary analysis of the Cardiovascular Health Study 

in the USA and has been replicated widely (often with some modification). The 

theoretical models underlying the frailty phenotype, along with modifications to 

its original criteria, are described in detail in chapter 3.2 Measurement of 

frailty.  

2.2.2 Frailty index 

Also in 2001, Rockwood and Mitnitski published “Accumulation of deficits as a 

proxy measure for ageing”, from which the frailty index model has been 

developed.6,35 The frailty index is based on the clinical observation that people 
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who have a greater number of age-related health deficits tend to experience 

greater vulnerability to adverse health outcomes and hence frailty. Frailty, 

according to the frailty index, is identified based on the accumulation of age-

related deficits. Unlike the frailty phenotype, there is no pre-specified list of 

deficits that must make up a frailty index. Rather, deficits are selected based on 

available data providing they fulfil the following criteria:36 

• Increase in prevalence with age 

• Are associated with poor health 

• Span a range of organ systems 

• Are neither too rare (e.g. <1% prevalence) nor ubiquitous (e.g. >80% 

prevalence) in the target population 

At least 30 deficits are recommended to estimate a frailty index, and typically 

include long-term health conditions (e.g. diabetes or coronary artery disease), 

symptoms (e.g. pain, breathlessness, fatigue), functional limitations (e.g. 

difficulty washing or dressing), and laboratory values (e.g. anaemia or reduced 

renal function).36 The frailty index is calculated as the proportion of deficits 

present, divided by the total number of possible deficits. This gives a value 

between 0 and 1, greater values indicating a greater degree of frailty. 

The frailty index has been replicated widely and is associated with a range of 

adverse health outcomes.1 There is also a standard approach developed to apply 

the frailty index, which is discussed in greater depth in chapter 3.2.2.36 Applied 

in this way, despite variation in the specific deficits included, the frailty index 

has been found to have consistent properties across datasets in terms of the 

overall distribution, accumulation of deficits with age, and association with 

adverse health outcomes. 

2.2.3 Comparing the frailty phenotype and frailty index 

While the frailty phenotype and the frailty index share the nomenclature of 

frailty, they differ in both conceptual and practical terms.  
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At a practical level, individuals identified as ‘frail’ by the frailty phenotype and 

the frailty index only partially overlap.38,39 Furthermore, the frailty phenotype is 

explicitly categorical (i.e. frailty is identified once a specific threshold of three 

criteria is crossed) whereas the frailty index expresses a continuum (although 

cut points are often used to denote ‘mild’, ‘moderate’ or ‘severe’ frailty).  

The frailty phenotype and frailty index share some important characteristics, 

causing some to argue that the differences between the two definitions have 

been overstated.1 Both reflect dysfunction across multiple domains and 

biological systems.2,40 Furthermore, neither definition has a single antecedent at 

the individual level: frailty, regardless of definition, is ‘multiply determined’.1,2 

Both the frailty phenotype and frailty index have been successfully applied to 

population cohorts,41,42 where they have been observed to be dynamic (i.e. 

frailty status may fluctuate over time)43 and consistently demonstrate 

associations with adverse health outcomes.28,29 Both constructs consistently 

identify people at a greater risk of death at the population level.44 Furthermore, 

both show predictive validity for mortality beyond that of age alone, suggesting 

that both the frailty phenotype and the frailty index can model the observable 

phenomenon that not all people age at the same rate, and that degree of risk 

and vulnerability is variable at any given age.1-3,9 Both the frailty phenotype and 

the frailty index, therefore, describe dynamic and multidimensional states of 

increased vulnerability to adverse health outcomes. To this extent, at least, it 

can be argued that both definitions successfully capture ‘frailty’.  

Throughout this thesis, where possible, both the frailty phenotype and frailty 

index will be used to enable comparison of findings using these different 

definitions. A more in-depth discussion of the theoretical models underpinning 

each, and the technical aspects of their specification, is presented in the 

methods section (Chapter 3.2: Measurement of frailty). 

2.2.4 Other frailty measures 

While the frailty phenotype and frailty index have been the most widely used 

and most frequently cited frailty measures, a multitude of others have also been 

developed over the past 20 years.4 These have included alternative models of 

frailty some of which explicitly draw on cognitive or social deficits in addition to 



44 
 
physical or function measures; tools developed primarily for use in clinical 

practice; and models of frailty based on electronic health records. An exhaustive 

discussion of each of these measures is beyond the scope of this literature 

review chapter, and specific details of frailty measures used for each of the 

exemplar long-term conditions are given in systematic review chapters 4, 6 and 

8, respectively. The text that follows lays out the rationale for some of the 

influential models and contextualises their use.  

Among the many alternative frailty measures which have been used in research, 

three of the most commonly studied include the Groningen Frailty Indicator,45 

Tilburg Frailty Indicator,46 and the Edmonton Frail Scale.47 While the content of 

these scales varies, each is based on an individual clinical assessment with ‘tick-

box’ identification of deficits across several domains. Unlike the frailty index, 

the domains to be scored in each of these measures are fixed and pre-specified. 

The scored component of the Tilburg Frailty Indicator comprises 15 questions 

across physical, psychological and social domains.46 The Groningen Frailty 

Indicator also comprises 15 items across similar domains, but also includes 

assessment of cognition.45 The Edmonton Frail Scale is broader still, spanning 

cognition, general health, functional independence, social support, medication 

use, nutrition, mood, continence, and self-reported performance.47 Some have 

argued that the explicit inclusion of these additional domains (e.g. social 

context or cognitive function) within frailty assessment is an important step 

forward from a ‘physical’ model of frailty.48 Others argue that the conflation of 

cognitive or social vulnerability with physical frailty obscures the differences 

between the two.1,2 For example, the clinical implications and appropriate 

response for someone who is relatively physically robust but cognitively impaired 

may differ from someone for whom the inverse is true. In general, proponents of 

a physical model of frailty do not deny the central importance of assessing 

cognition and social vulnerability in people living with frailty, but rather see 

these as related but distinct concepts. However, there is currently no universal 

consensus over the scope of the term frailty in this regard. 

Measures designed more specifically for clinical practice include the Clinical 

Frailty Scale49 (developed by Rockwood who also pioneered the frailty index) and 

the FRAIL (Fatigue, Resistance, Ambulation, Illness, and weight Loss) scale.50,51 
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The Clinical Frailty Scale is a tool based on clinical judgement and was 

developed based on principles of comprehensive geriatric assessment including 

domains of function, comorbidity and cognition.49 Individuals are graded from 1 

(very fit) to 9 (terminally ill). The Clinical Frailty Scale has been used in a wide 

variety of settings, including hospital inpatients and community healthcare, as a 

method of screening for frailty and of identifying people at risk of adverse 

outcomes.52 The FRAIL scale is conceptually closely linked to the frailty 

phenotype model and employs the same cut-offs (3 or more criteria indicating 

frailty, 1-2 pre-frailty). It has also been demonstrated to predict mortality,53 but 

has been less widely adopted.  

Several studies have assessed the agreement between a range of frailty 

measures within the same cohort.39,54,55 Findings have generally shown 

agreement to be low at the individual level, with different scores demonstrating 

varying levels of frailty within the same individual.39,55 Estimates of frailty 

prevalence are highly measure-dependent.55 Feasibility of assessment (assessed 

by proportion of missing data within the same dataset) and accuracy of mortality 

prediction are also highly variable. Agreement appears to be highest between 

measures drawing on a cumulative deficit model of frailty,55 although 

multidimensional models of frailty appear to give frailty estimates that are 

closest to the ‘mean frailty level’ across multiple measures. The current 

literature therefore demonstrates that different frailty measures identify 

variable levels of frailty within the individual, differ in their complexity, 

feasibility of measurement, and their theoretical basis. However, all appear to 

be predictive of higher mortality risk.4,28,29,52,53 No study has demonstrated a 

single, ‘optimal’ frailty measure. 

More recently, several groups have developed measures of frailty based purely 

on electronic medical records. These include the electronic frailty index (eFI) 

based on the cumulative deficit frailty index model and applied to primary care 

data in the UK (using the Read code system).56 The eFI is currently used 

routinely across primary care in England to stratify the population aged over 65 

years by frailty risk (discussed below under ‘Frailty and health policy’). Others 

have sought to apply the eFI approach to other healthcare systems including in 

the USA, where this has been demonstrated to be a feasible approach to 
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identifying older adults at greater risk of adverse outcomes.57 Another measure, 

the Hospital Frailty Risk Score, has also been developed in the UK aiming to use 

International Classification of Diseases (ICD)-10 codes from inpatient hospital 

episodes to identify people at high risk of frailty and to predict adverse 

outcomes.58  

Both the eFI and the Hospital Frailty Risk Score have been externally validated 

to predict mortality.59 However, they are either largely (eFI) or exclusively 

(Hospital Frailty Risk Score) based on the presence of specific long-term 

conditions rather than broader physiological measures. It is therefore not clear 

to what extent ‘frailty’ as identified by these measures equates to frailty as 

understood at the level of individual patients within clinical practice. This is 

reflected in guidance from NHS England that the eFI should not be used to 

determine the frailty status of individuals, but rather to stratify practice 

populations and identify people for individualised assessment of frailty status.60 

This caution has been borne out in subsequent work comparing the eFI to 

‘research standard’ frailty index, in which the eFI mapped to frailty index at the 

group level but not the individual level.61 The hospital frailty risk score was 

compared to the frailty phenotype and the frailty index in its original validation 

paper, and showed only partial overlap with the frailty phenotype, clinical 

frailty scale, and frailty index.58 A recent comparison of the eFI with the 

Hospital Frailty Risk score showed that the two scales had weak correlation, 

indicating that the respective scores identify different levels of frailty within the 

same individual.62 At the group level, higher scores on either scale were 

associated with greater risk of mortality. As such, while scales using electronic 

medical records may have utility in identifying people at higher clinical risk with 

greater efficiency, there is currently no gold-standard measure for this purpose.  

2.3 Frailty and adverse clinical outcomes 

Frailty has been widely and consistently shown to be associated with a range of 

adverse clinical outcomes. The original validation of both the frailty phenotype 

and the frailty index were based on their relationship with all-cause mortality. 

The frailty phenotype has subsequently been shown to be associated with 

mortality across multiple studies, often with some modification of the original 

criteria. One meta-analysis estimated a pooled hazard ratio of 2.00 (95% 
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confidence interval 1.73-2.32) across 11 studies.29 The relationship between the 

frailty index and mortality has been replicated including in cohorts from USA, 

Canada, Europe and China.28,36,44,63-78 Each of these studies demonstrated a 

greater risk of mortality with higher frailty index values, with a meta-analysis 

published in 2018 estimating a pooled hazard ratio per 0.01-point increase in the 

frailty index of 1.04 (95% confidence interval 1.03-1.04).28 For both definitions, 

there is some evidence to suggest that effect sizes for mortality are higher for 

men than for women.28,29 Frailty is also associated with mortality across a wide 

spectrum of age using both the frailty phenotype and the frailty index.9,79 Other 

frailty definitions have also shown associations with mortality.4,52,53 Frailty, 

defined through various definitions, has been associated with increased risk of 

all-cause hospitalisation,5,30,80-89 incident coronary heart disease,90 incident 

stroke,91 and cardiovascular mortality.91,92 Frailty is also a predictor of falls in 

both hospitalised and community-dwelling individuals.31,93 In summary, frailty 

has been associated with increased risk of a wide range of adverse health 

outcomes in general population cohorts. The literature on the relationship 

between frailty and adverse outcomes in each of the exemplar long-term 

conditions for this thesis will be explored in detail in subsequent chapters.  

2.4 Societal and public health context of frailty 

2.4.1 Population demographics 

Most countries across the world are experiencing a growth in the proportion of 

older people within their populations. This demographic shift is being driven, in 

part, by increased life expectancy and greater longevity, coupled by decreasing 

birth rates in many countries. As a result, the most rapid increases in population 

globally are in the over-65 age group.94 The United Nations estimate that 

between the years 2019 and 2050 the proportion of the world’s population aged 

over 65 will rise from 9% to 16%.94 As age is a key determinant of frailty, the 

prevalence of frailty is also likely to increase in the coming decades.  

Alongside population ageing, there has been an increase in prevalence of many 

non-communicable diseases.95 Behavioural risk factors such as smoking, obesity, 

alcohol excess and physical inactivity, as well as wider social determinants such 

as poverty and adverse childhood experiences, are closely linked to the 
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development of non-communicable disease.24,96-98 Each of these factors are also 

associated with the development of frailty.99-104  

While aging populations, rising prevalence of non-communicable diseases, and 

the presence of individual and population-level risk factors may contextualise 

the rising prevalence of frailty, frailty is not solely determined by any one of 

these factors. For example, while frailty prevalence increases with age, frailty is 

not a ubiquitous state even among the ‘oldest-old’.75,105 Similarly, while frailty is 

more common among people with multimorbidity, living in high socioeconomic 

deprivation, or with multiple behavioural risk factors, many people in these 

states are not characterised as frail.9,12 Frailty is multiply determined, with a 

range of contributing causes. Variation in these population-level factors, as well 

as differences in the way frailty is measured, leads to wide differences between 

estimates of frailty prevalence.106,107 Despite this variation, frailty is consistently 

observed to be more common in older people, those living with multiple long-

term conditions,13 and in areas of high socioeconomic deprivation.108-110 

2.4.2 Global and regional prevalence of frailty 

Frailty is common and rising in prevalence, however the global prevalence of 

frailty is not clear. Prevalence estimates are dependent on the frailty definition 

used.7,107,111 Furthermore, most studies of frailty have been conducted in high 

income countries. A recent systematic review, with database searches up to 

April 2020, synthesised population-based studies of frailty prevalence using any 

validated frailty measure.7 The authors restricted their inclusion criteria to 

studies judged to include representative population-based samples and 

identified 253 frailty prevalence estimates from 62 different countries. They 

reported a pooled frailty prevalence of 12% among adults over 50 years old using 

the frailty phenotype, and a higher prevalence of 24% using the frailty index. 

Pooled prevalence was higher in women than men (15% and 11%, respectively, 

using the frailty phenotype). Estimates of frailty prevalence using the frailty 

phenotype were also higher in Africa (22% based on 5 data sets) and the 

Americas (17% based on 60 data sets) compared to Europe (8% based on 60 data 

sets) and Asia (11% based on 47 data sets). These findings highlight the variation 

in frailty estimates by region, as well as the relative lack of prevalence 

estimates from lower income countries.  
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Within the UK, perhaps the most reliable estimates of frailty prevalence come 

from the English Longitudinal Study of Ageing (ELSA). ELSA is a cohort study 

comprising 2-yearly waves of data collection from adults aged 50 years and older 

in England.112 Comparison with national census data has shown ELSA to be 

broadly representative of the English population in terms of sociodemographic 

characteristics.112 Furthermore, the ELSA survey provides cross-sectional and 

longitudinal weights which can be used to adjust for differential non-response 

and to calibrate the sample to the age-sex structure of the UK population based 

on the 2001 census. In ELSA, the overall weighted prevalence of frailty in those 

over 50 years old using the frailty phenotype was 14% (12% in men and 16% in 

women). Prevalence rose steeply with age, from 6.5% in people aged 60-69, to 

65% in people aged 90 years and older.105 Other representative cohorts, albeit 

with narrower age spectrums, have shown similar prevalence estimates using the 

frailty phenotype and have replicated the higher prevalence seen in women.87,113  

Frailty in the UK has been repeatedly demonstrated to have a marked social 

gradient.9,12 Studies from ELSA have shown that both neighbourhood-level and 

individual level socioeconomic deprivation is associated with a higher frailty 

prevalence.108,114 These findings have been replicated in further cohorts 

including the Hertfordshire Cohort study,113 the Whitehall II study,12 and UK 

Biobank.9 Lower socioeconomic status, as well as individual-level factors such as 

obesity, smoking and sedentary behaviour, are also associated with more rapid 

progression of frailty.114 As such, while frailty prevalence in the UK and 

elsewhere may be estimated on a national level, this prevalence is likely to vary 

considerably between areas and communities based on socioeconomic status.  

2.4.3 Frailty and healthcare costs 

Frailty, as discussed above, is associated with a range of adverse clinical 

outcomes including falls, hospital admission, need for long-term care, and 

mortality.28,30,31,53,115 This has the potential to result in considerable healthcare 

and social care costs associated with frailty. Until recently, however, there have 

been few studies exploring the economic impact of frailty. Some small, single-

centre studies explored the hospitalisation-related cost associated with frailty 

(such as the FRADEA study from Spain, in which people with frailty had on 

average double the healthcare costs of people without frailty).116 Others studies 
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in more specific healthcare contexts (such as post-acute rehabilitation care) 

demonstrated a higher baseline frailty index was associated with greater 

healthcare costs.117 More recently, attempts have been made to estimate the 

costs of frailty at a national level. Using the eFI, Han and colleagues estimated 

the annual primary care consultation rates, hospital admission rates, and annual 

inpatient days stratified by frailty status.118 Annual estimated healthcare costs 

were higher for greater degrees of frailty (estimated at £561 per year for mild 

frailty, £1,209 per year for moderate frailty, and £2,108 per year for severe 

frailty based on cost data from 2013/2014). The authors estimated, based on 

national prevalence estimates, that this translated to £6 billion per year in 

healthcare costs associated with frailty. Further UK-based studies, drawing upon 

two nationally representative cohort studies (the ELSA and the CARE75+ study), 

estimated social care costs associated with frailty identified using the frailty 

index. This study estimated an average of £2,962 per person per year of social 

care expenditure for people aged over 75 years living with frailty, compared to 

£330 per year for people without frailty.119 This study also estimated the cost 

saving that could be achieved for every 1% of people without frailty who were 

prevented from transitioning to a frail state. This saving was estimated at £4.4 

million per year. Studies from Germany and the USA have also similarly shown 

greater degree of frailty to be associated with greater estimated healthcare 

costs.120,121 In summary, the well-established associations between frailty and 

adverse health outcomes translate into a significant economic burden for 

healthcare systems. Costs associated with frailty also span both health and social 

care, with considerable expenditure at the national level. Delaying or reversing 

frailty, in addition to responding adequately and appropriately to its adverse 

health consequences, may therefore have the potential to reduce the costs 

associated with frailty.   

2.4.4 Frailty and health policy 

Responding to the challenge of frailty has become an important aspect of health 

policy. This is in response to the range of issues described above including the 

clinical impact of frailty on adverse health outcomes, demographic shifts leading 

to higher frailty prevalence, and mounting financial and logistical pressures on 

health and social care systems to respond to the needs of people living with 

frailty.122 In some health systems, such as the NHS in England, this has led to 
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policy changes setting explicit targets around frailty.60 In other contexts, health 

policy has developed around the need to respond to the rising complexity of care 

delivery in an ageing society, implicitly drawing on the concept of frailty.123  

NHS England was the first healthcare system globally to introduce the systematic 

identification of frailty in people aged 65 years and over. This was introduced in 

2017 with changes to the General Medical Services contract which governs the 

delivery of primary care in England.124 General practices were required to 

identify and manage all people aged over 65 years living with moderate or 

severe frailty. The electronic Frailty Index (eFI) was recommended as the 

appropriate tool to stratify practice populations and facilitate the identification 

of frailty. eFI scores are categorised as either robust or mild, moderate or severe 

frailty, however these scores alone are not intended to identify frailty at the 

individual level, rather to identify groups of people within a practice population 

with likely moderate or severe frailty, for whom an individualised assessment 

can take place. General practices in England, as part of their core contract, are 

instructed to carry out annual reviews of medications and falls in people with 

severe frailty and to consider additional interventions and anticipatory care 

planning. This requirement for general practices to identify and manage frailty 

forms a key component of the NHS England Long-term Plan; a document that 

lays out the strategic response of the NHS to emerging challenges over the next 

10 years.125 This document also recommends the proactive management of 

people living with moderate frailty to identify additional health problems and 

offer targeted support. 

Many other countries are shaping health policy around the challenges of ageing 

populations and increasing clinical complexity. Frailty is a key, if sometimes 

implicit, aspect of these policies. The “Choosing Wisely” campaign, which began 

in the USA in 2012 and has now spread to over 20 countries, has been influential 

in attempting to change policy.126 The campaign has sought to promote 

discussion between clinicians and patients around unnecessary or harmful 

interventions or procedures. Since its inception, changes have begun to emerge 

within clinical guidelines and recommendations, clinician appraisal, 

incentivisation. A key campaign shaping Scotland’s health policy in recent years 

has been “Realistic Medicine”.127 Realistic medicine includes an emphasis on 
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shared decision making between patients and healthcare professions, 

understanding of risk, and addressing over- and under-intervention in 

healthcare. A common aspect to each of these is the need to understand clinical 

risk, promote dialogue over appropriate clinical decisions, and individualise 

treatments. Frailty is a key concept in translating these principles into clinical 

practice.  

Given that frailty expresses variation in risk at an individual level, an 

understanding of frailty may help inform the sort of discussions and shared 

decisions that initiatives such as Choosing Wisely and Realistic Medicine seek to 

promote. Frailty may help guide judgements around prognosis as well as the 

tolerability or likelihood of harm caused by interventions. To fulfil this aim, 

however, it is necessary to understand the implications of frailty in specific 

clinical contexts (e.g. in specific long-term conditions or for people undergoing 

specific interventions). This underpins the rationale for examining frailty in the 

context of specific exemplar long-term conditions, as in this thesis.  

2.5 Factors associated with frailty 

2.5.1 Age 

Frailty, however defined, is a state closely related to age. Frailty is uncommon 

(but not absent) in people aged under 65 years of age, in whom it is closely 

related to socioeconomic deprivation and the presence of multiple long-term 

conditions.9 Prevalence increases with increasing age and has been shown to rise 

more steeply above the age of 70.128 Importantly, however, frailty is not a 

necessary or intrinsic part of the aging process: many people reach advanced 

chronological age without developing frailty.26,105 

Frailty in younger people (under 60 years) was the topic of a recent rapid 

review.8 This identified 85 studies with evidence of frailty measure validity in 

people under 60 years. No frailty measure was identified that had been 

exclusively developed or validated for younger people. However, in studies with 

populations both older and younger than 60, several frailty measures including 

the frailty phenotype and frailty index predicted adverse outcomes such as 

mortality and hospital admission in younger as well as older people. The authors 
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highlighted that no studies provided evidence of the clinical impact of measuring 

frailty in younger populations, nor had previous studies explored the validity of 

frailty across the possible spectrum of younger ages. This review highlights, 

therefore, that frailty can be identified in younger populations using a range of 

measures, and that people identified as frail appear to experience greater risk 

of hospitalisation and death. However, the clinical implications of identifying 

frailty in this age group are less clear.  

A recent study based on data from the United States between 1999 and 2018 

assessed the degree of frailty, based on the frailty index, among people aged 20 

and older.79 In men of all ages, and in women above the age of 35, the mean 

frailty index was higher in more recent cohorts, indicating that frailty is rising at 

a population level including among younger age-groups. The authors conclude 

that the proportion of people in middle- as well as older-age living with frailty is 

continuing to rise in the United States. Similar trends of increasing population 

frailty over time have been demonstrated in the United Kingdom129 and in other 

cohort from the United states,130,131 although these studies were limited to 

adults aged over 65 years. 

These previous studies show that frailty is less common, but present, in younger 

people. However, the clinical implications of frailty in younger people are 

currently less clear. This thesis will therefore place some emphasis on the 

impact of frailty at younger ages.  

2.5.2 Sex 

Frailty is more common in women than men, as demonstrated in multiple studies 

using a range of frailty measures.107,132,133 Women are consistently demonstrated 

to experience higher levels of frailty than men of a similar age. Paradoxically, 

however, women also tend to live longer than men despite having greater levels 

of frailty: a phenomenon sometimes termed the “sex-frailty paradox”.134 Some 

have speculated that this may indicate that women tend to have a greater 

physiological reserve than men, meaning they can accumulate a greater number 

of deficits (under a frailty index model) without acquiring the same propensity 

to physiological decompensation and thus reducing their mortality risk. This is 

supported by observations that the upper limit of the frailty index distribution 
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(above which survival is rare) is higher for women than for men.135 It has been 

speculated this phenomenon may reflect differences in how biological sex 

impacts various physiological systems (including chronic inflammation or 

hormonal regulation). Conversely gender differences in behavioural risk factors 

such as smoking and alcohol (which tend to be higher in men) may also influence 

the lethality of frailty when it is expressed. 

2.5.3 Ethnicity 

Frailty prevalence varies by geographical location and has been observed to 

differ between ethnic groups in some countries. However, little work has been 

carried out to examine if and how the clinical or biological features of frailty 

differ between ethnic groups.106 Higher frailty prevalence at a given age in low- 

or middle-income compared to high-income countries could be due to a variety 

of factors including social and economic inequalities or access to healthcare, and 

the role for ethnicity here is far from clear.136 Within high-income countries both 

indigenous minority ethnic groups and migrants from minority ethnic groups 

exhibit higher degrees of frailty, at a younger age, than the white majority 

populations of the countries in which this has been assessed.137-142 However, this 

relationship is likely, at least in part, to be driven by socioeconomic factors and 

structural inequalities.140,142 Therefore, while frailty does appear to vary by 

ethnicity the nature and determinants of these differences have not yet been 

clearly elucidated.  

2.5.4 Socioeconomic status 

Much of the early research on frailty focused on the biological basis of the 

development of physiological vulnerability, with less emphasis on how the social 

determinants of health may influence frailty status. Both individual and area-

level measures of socioeconomic deprivation are associated with greater frailty 

prevalence, however the overall contribution of these inequalities to the 

development of frailty is not clear.108 Socioeconomic deprivation is also 

associated with more rapid progression of frailty and with the development of 

frailty earlier in life.9,12,143-145  
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Behavioural factors have been linked to the development of frailty. Smoking, for 

example, has been associated with both the development and progression of 

frailty.145 Low physical activity and obesity are also linked to frailty 

development.146-148 Some dietary factors such as inadequate protein intake or 

low vitamin D have also been linked to frailty, however the causal mechanisms 

behind these relationships are not clear.149 Factors such as smoking, low physical 

activity, and poor diet and strongly linked to socioeconomic status, and tend to 

co-occur with greater frequency in people living in the most socioeconomically 

deprived areas.150 These behaviours are also driven by complex mechanisms 

across multiple levels from ‘upstream’ structural factors, through social 

normalisation of unhealthy behaviour, through to individual-level exposures.151  

Early life-factors appear to drive some of the inequalities in frailty status. Fewer 

years spent in education,152 adverse childhood experiences,97,153 and lower paid 

occupations in early life12,154 all appear to be associated with greater frailty in 

later life. Socioeconomic inequalities in older age may also give rise to 

circumstances under which frailty may be more lethal. For example, frailty 

increases susceptibility to hypothermia, dysregulated blood pressure, and 

immunosuppression in response to cold conditions.155,156 It is likely, therefore, 

that a combination of frailty and social inequalities may explain some existing 

trends in excess winter mortality.  

2.6 Frailty and related constructs 

Frailty is a complex and multi-faceted state. There is inevitably, therefore, 

overlap between frailty and other related constructs that characterise health 

status of individuals. Two such constructs which are particularly relevant to the 

work presented in this thesis are multimorbidity and social vulnerability.24,25 

The diversity of measures used to define frailty also means that the extent to 

which frailty overlaps with these constructs may vary. This section introduces 

the concepts of multimorbidity and social vulnerability, in turn, and explores 

their commonality and points of departure from the concept of frailty.  
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2.6.1 Frailty and multimorbidity 

Multimorbidity describes the co-existence of two or more long-term conditions 

within an individual. Multimorbidity shares many important features with 

frailty.70 For example, multimorbidity becomes more common as people age,24 

as many long-term conditions become more prevalent with age and individuals 

tends to accumulate long-term conditions throughout the lifespan. However, 

ageing itself is less intrinsic to the definition of multimorbidity: younger people 

may have multiple long-term conditions which are themselves not related to 

age.  

Multimorbidity, like frailty, is also strongly associated with adverse health 

outcomes such as mortality and hospital admission.157-159 However, while this 

association with adverse health outcomes may be a consequence of 

multimorbidity, it is not a defining feature.  

Assessing the overlap between frailty and multimorbidity is challenging. Like 

frailty, multimorbidity is quantified in a range of different ways.160 This lack of 

consistency makes comparison between multimorbidity studies challenging. A 

systematic review and meta-analysis published in 2019 sought to assess the 

overlap between frailty and multimorbidity.13 This review included 48 

observational studies, 45 of which were cross-sectional, assessing the 

relationship between frailty and multimorbidity. Most (33 out of 48) studies used 

the frailty phenotype to define frailty. Multimorbidity was quantified in a range 

of different ways including counts of long-term conditions (14 studies, with the 

number of conditions included in the count ranging from 4 to 28) and weighted 

scores such as the Charlson Comorbidity Index (12 studies). The authors 

performed meta-analyses and provided pooled estimates of the prevalence of 

frailty among people with multimorbidity (16%, 95% confidence interval 12%-21%) 

and of the prevalence of multimorbidity among people living with frailty (72%, 

95% confidence interval 63%-81%). Heterogeneity in each of these estimates was 

high which likely reflects differences in the study populations and the way that 

frailty and multimorbidity were each quantified. For example, frailty prevalence 

ranged from 0% to 76% in the included studies, which may reflect significant 

differences in the underlying populations and the way frailty was characterised. 

Similarly, multimorbidity prevalence ranged from 2% to 70% in the included 
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studies. This degree of heterogeneity calls into question the utility of a single 

pooled estimate of the overlap between frailty and multimorbidity, as studies 

that measure these constructs in different ways are likely to produce very 

different estimates. However, the findings indicate three important points. 

First, frailty and multimorbidity are distinct constructs and many people with 

multimorbidity do not meet the criteria for frailty. Second, frailty and 

multimorbidity are closely associated, with frailty being more common among 

people with multiple long-term conditions. Third, variation in the way 

multimorbidity is measured can be a barrier to making generalisable inferences 

about multimorbidity. This is a similar challenge to frailty which, as discussed 

above, is measured in a variety of ways.  

This close relationship between frailty and multimorbidity has begun to translate 

into clinical guidelines. For example, the National Institute for Health and Care 

Excellent (NICE) guideline for the management of multimorbidity, published in 

2016, recommends that clinicians consider assessing frailty in people with 

multiple long-term conditions.161 It also makes the following recommendations 

when reviewing medications in people with multimorbidity: 

• “Take into account the possibility of lower overall benefit of continuing 

treatments that aim to offer prognostic benefit, particularly in people 

with limited life expectancy or frailty.”162 

• “Discuss with people who have multimorbidity and limited life expectancy 

or frailty whether they wish to continue treatments recommended in 

guidance on single health conditions which may offer limited overall 

benefit.”162 

These recommendations highlight two important aspects to how frailty may 

inform clinical management. First, as a prognostic indicator. If people with 

frailty have limited life expectancy, this may influence judgements around how 

appropriate a given medication or treatment may be. Second, guidelines are 

typically focused on single conditions and stated benefits may not hold for 

people living with frailty. However, life expectancy among people living with 

frailty may vary depending on how frailty is defined as well as other factors such 

as age.9,28,29,53 Furthermore, frailty may change within individuals and for some 
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may improve. Also, the applicability of disease-specific recommendations for 

people living with frailty may vary by condition and would require understanding 

of the impact of frailty in specific long-term conditions. This thesis will explore 

these aspects of frailty for three long-term conditions.  

2.6.2 Frailty and social vulnerability 

There is ongoing debate over the extent to which the term frailty describes a 

primarily physical state or if it should explicitly include broader social 

vulnerability. Vulnerability to adverse health outcomes, a key hallmark of 

frailty, is not solely determined by physical characteristics. Psychological and 

social factors are well understood to influence health and, crucially, the 

experience of poor health. Some have argued that a narrow ‘physical’ definition 

of frailty fails to account for wider social and psychological factors.163,164 Others 

see frailty as solely describing physiological vulnerability, which may then 

interact with other determinants to lead to adverse outcomes.2  

The extent to which the frailty concept includes social vulnerability depends, in 

part, on the operational definition used to define frailty.4,164 The frailty 

phenotype is an explicitly physical definition of frailty, based on an underlying 

biological model of physiological decline across multiple systems.2,5 The frailty 

index, on the other hand, has the potential to include a wider range of deficits 

which may capture broader psychological or social vulnerability.1,165 For example 

depression, anxiety and loneliness are frequently included as deficits within a 

frailty index, however this is not universally true across all applications of the 

frailty index. Other functional measures, such as difficulty washing, dressing, or 

shopping, may be influenced by the degree of support available to an individual 

(thus potentially influencing the measurement of a frailty index). Other models, 

for example the Groningen frailty indicator or the Edmonton Frail Scale are more 

explicit in their conceptualisation of the social aspects of frailty, and contain 

specific domains dedicated to social vulnerability.45,47  

While there is clearly some overlap between frailty and social vulnerability, and 

some frailty definitions explicitly include elements of social vulnerability, most 

investigators draw a distinction between the two concepts. For example, the 

developers of the frailty phenotype model clearly define this as a physical state, 
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to be considered alongside different conceptualisations of social vulnerability.2,5 

Similarly, a series of studies led by Melissa Andrew working alongside Rockwood 

and Mitnitski (the developers of the frailty index) have sought to develop and 

refine the concept of social vulnerability as distinct from frailty.25,166,167 This 

group used a methodological approach similar to the frailty index itself, 

identifying a range of ‘social’ deficits (including measures of social support, 

socioeconomic status, leisure activities, and satisfaction with various aspects of 

life) that are summed to produce a social vulnerability index. The social 

vulnerability index, so constructed, is moderately correlated with the frailty 

index, increases with age, and is associated with increased risk of mortality after 

adjustment for age, sex and degree of frailty index.25,168,169 In such a framework, 

frailty defines physiological vulnerability, which is one aspect of an individual’s 

overall risk of adverse outcomes. 

When considered as distinct entities, frailty and social vulnerability appear to 

have a complex and bi-directional relationship. Frailty is associated with higher 

prevalence of loneliness and social isolation regardless of whether the frailty 

model includes purely physical variables or explicitly includes a social dimension 

to the frailty definition.170 Several longitudinal studies have demonstrated that 

social isolation (quantified based on the number and frequency of social 

contacts) and loneliness (the subjective experience of feeling alone) are 

associated with a higher probability of developing physical frailty over time and 

of transitioning towards a greater degree of frailty.171-176 Conversely, similarly 

designed analyses have also shown that baseline frailty is associated with greater 

declines in social functioning and with the development of social isolation 

compared to people not living with frailty.177 Finally, the combination of 

physical frailty with loneliness or social isolation carries a greater risk of 

mortality than physical frailty alone.178 These studies suggest there may be merit 

in separating physical frailty from social vulnerability when analysing risk factors 

or trajectories of each construct, or associations with adverse outcomes. They 

also highlight, however, that frailty and social vulnerability are inextricably 

linked and that understanding the implications of one construct will require 

careful consideration of the other. 
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The term “social frailty” has been used within the literature to describe 

vulnerability conferred by social (as opposed to physical) factors, often 

associated with aging. However, there have been few attempts to precisely 

define social frailty, and there is little consensus over its usage and 

conceptualisation.33 This is one of a number of uses of the term ‘frailty’ to have 

emerged in the literature describing vulnerability in specific domains. Others 

include “cognitive frailty” (describing a vulnerability to adverse outcomes 

indicated by poor cognitive reserve)34 and “oral frailty” (describing a range of 

age-associated declines in oral health).179 There is controversy, however, over 

the use of the term frailty to describe these vulnerabilities in specific domains, 

particularly as they are distinct from the original conceptualisation of frailty as a 

vulnerability to physiological decompensation, with delayed resolution of 

homeostasis, in response to physiological stress.3,26,180 Critics of the extension of 

the term frailty to these other specific domains argue that the clinical 

identification of (physical) frailty should lead to a broad assessment including 

social circumstances, cognition, oral health etc.181 However, the presence of 

poor health or vulnerability in any one of these domains does not automatically 

indicate that frailty is present.180 While acknowledging that debate around these 

issues is ongoing, this thesis will focus on a physical definition of frailty, distinct 

from social vulnerability. Social vulnerability, while clearly important, will be 

considered as a conceptually distinct entity. 

2.7 Summary of literature review 

This literature review demonstrates some core aspects of frailty: 

• Frailty is a state of increased vulnerability to physiological 

decompensation and to adverse health outcomes. 

• Frailty is rising in prevalence and is associated with a significant burden 

both at the level of individuals, communities, health-care systems and 

societies.  

• Frailty is associated with older age but can also be identified in younger 

people (e.g. below 65 years) in whom it is similarly associated with 
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adverse health outcomes. The clinical significance of frailty in younger 

people has not been explored in depth.  

• There is no universally accepted method for how frailty should be best 

defined and measured. The two models which have dominated the frailty 

literature are the frailty phenotype and the frailty index. These are 

distinct constructs. 

• Frailty is associated with various long-term conditions as well as with 

multimorbidity. Some clinical guidelines advise caution in applying 

treatment recommendations to people living with frailty. However, these 

recommendations are based upon assumptions of limited life-expectancy 

and of less applicability of disease-specific clinical evidence to people 

living with frailty. 

The extent to which these assumptions (limited life expectancy, and reduced 

potential to benefit from disease specific treatments) apply to younger people 

living with frailty is not clear. Neither is it clear if these same assumptions hold 

across a range of different long-term conditions. This thesis will therefore 

explore the implications of frailty across three exemplar long-term conditions: 

type 2 diabetes, rheumatoid arthritis and COPD. Particular attention will be 

given to the implications of frailty for younger ages, the relationship between 

frailty and disease-specific clinical outcomes, and the potential applicability of 

disease-specific clinical evidence for people living with frailty. 

2.8 Current knowledge gaps addressed in this thesis 

As laid out in the literature review above, frailty is common, variably measured, 

consistently associated with adverse health outcomes, and is widely held to have 

important implications for the management of chronic disease. However, 

important gaps remain in our understanding of how frailty should influence 

clinical management. These include the clinical implications of frailty within the 

context of specific long-term conditions and how frailty is identified at younger 

ages (such as below 65 years). 
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2.8.1 Implications of frailty in specific long-term conditions 

There is currently a tension between clinical evidence developed to inform the 

management of specific long-term conditions and the emerging evidence and 

research agenda for managing the concept of frailty. The former has developed 

in the context of increasing specialisation in both healthcare delivery and health 

research. This disease-specific paradigm has been criticised for resulting in 

clinical evidence and guidelines which are excessively ‘single-disease focused’ 

and fails to reflect the complexity experienced by people living with frailty or 

multiple long-term conditions and the resulting challenges to clinical 

management.14  

Frailty research, in contrast, has tended to focus less on specific diseases in 

favour of a holistic or systems level approach that seeks to respond to or modify 

the ageing process itself.182 Some have argued that the common non-

communicable diseases – such as cardiovascular disease, diabetes, chronic 

respiratory disease and cancers – may be best conceptualised as expressions of 

abnormal ageing: the result of cumulative damage arising from complex 

interaction between genes and environment throughout the life course.1,40,183 

Despite advances in gerontology, attempts to ‘treat ageing’ according to this 

paradigm have yet to translate into routine clinical practice.  

Between these extremes, however, lies a recognition of the need for an 

understanding of frailty to inform our management of chronic diseases.3,11 This is 

particularly true in the context of multimorbidity and social vulnerability, where 

the impact of frailty is most clearly observed. The extent to which clinicians and 

researchers focusing on specific conditions have embraced and explored the 

concept of frailty is variable. This thesis will take three exemplar conditions 

(type 2 diabetes, rheumatoid arthritis and COPD) to explore the implications of 

frailty in the context of each condition. The literature on frailty in each of these 

conditions is summarised in chapters 4, 6 and 8, respectively. 

2.8.2 Frailty in younger age-groups 

As highlighted in the section above on multimorbidity, clinical guideline 

recommendations for the management of people living with frailty are often 



63 
 
based on an assumption of limited life-expectancy or reduced potential to 

benefit from disease specific treatment. However, these assumptions may not 

hold for relatively younger people living with frailty. The recent rapid review on 

frailty in younger people also emphasised that although frailty may be associated 

with risk of adverse outcomes in younger people, the clinical implications have 

not been widely explored.8  

2.8.3 Applicability of clinical trial evidence to people living with 
frailty 

There is uncertainty as to the optimal approach to managing specific long-term 

conditions in people living with frailty. This is highlighted in the section above 

on multimorbidity, with clinical guidelines (such as the NICE multimorbidity 

guideline) urging caution in the application of single-disease guidelines in the 

context of frailty. This is partly driven by concerns that people living with frailty 

may be excluded from randomised controlled trials, which form the basis for 

guideline recommendations.184 As such, treatment recommendations based on 

unrepresentative trials may not be applicable to people living with frailty.185,186 

However, frailty is rarely measured in randomised controlled trials. As such, the 

true prevalence of frailty in trial populations, and the extent to which people 

living with frailty are excluded from trials, is not clear.  

2.9 Aims of thesis 

In view of the gaps highlighted above, this thesis will address the following aims 

(re-stated from chapter 1): 

1. To explore the prevalence of frailty in each of the three exemplar long-

term conditions (type 2 diabetes, rheumatoid arthritis, and COPD) and the 

association between frailty and clinical outcomes relevant to each of the 

three conditions.  

2. To assess the prevalence of frailty within randomised controlled trials for 

each of these conditions and explore the implications of frailty within a 

trial setting. 
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Chapter 3 Methods: Frailty measurement, 
description of datasets, and methodological 
approach 

3.1 Chapter summary 

This chapter provides an overview of the methods used in this thesis. The 

analyses and results of this thesis are presented in journal format, in the form of 

published or submitted papers (chapters 4 to 10). As such, detailed description 

of the specific analyses is presented in the manuscript text of each of the results 

chapters. This methods chapter will provide a broad overview focusing on two 

specific issues:  

• The theoretical basis for the frailty phenotype and frailty index, the two 

main frailty definitions used throughout this thesis 

• Data sources used for the analyses presented in this thesis 

First, this chapter will outline the frailty phenotype and the frailty index – 

providing detail around their quantification, theoretical underpinning, and 

relative strengths and weaknesses. Second, the data sources used in each of the 

analyses are outlined (specifically UK Biobank, the Scottish Early Rheumatoid 

Arthritis cohort, and individual participant data from industry-sponsored drug 

trials) with reference to each of the research questions. The methods used to 

identify frailty in each of these datasets will be explained here (in greater detail 

than in the subsequent results chapters) along with the strengths and 

weaknesses of each data source.  

This thesis also includes three systematic reviews of observational studies (one 

for each exemplar condition, presented in chapters 4, 6 and 8). The methods for 

these reviews are not included in this methods chapter, as these followed 

standard systematic review methods (guided by the Preferred Reporting in 

Systematic Reviews and Meta-analyses [PRISMA] statement) and are described in 

full in the text of chapters 4, 6 and 8, respectively. 
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3.2 Measurement of frailty 

As was introduced in chapters 1 and 2, the two commonest measures of frailty 

within the epidemiological and clinical literature are the frailty phenotype and 

the frailty index. Both were first described in 2001 and have been widely used 

and adapted since. The analyses of observational data presented in this thesis, 

using UK Biobank, make use of both. Therefore, this section delineates the 

theoretical basis for each definition, describes how their operationalisation for 

analyses, and discusses the relative strengths and limitations of each.  

Many other frailty measures exist, as discussed in chapter 2. While these will not 

be directly quantified within the datasets analysed in this thesis (as the 

necessary variables are not available) the systematic reviews assessing 

prevalence of frailty and associations with adverse outcomes (chapters 4, 6 and 

8) will consider a broad range of potential definitions and draw contrasts 

between different frailty measures.  

3.2.1 Frailty phenotype 

3.2.1.1 Development of the frailty phenotype 

The frailty phenotype was described by Fried et al in 2001 using data from the 

Cardiovascular Health Study in the USA.5 It is based on five characteristics: 

unintentional weight loss, low hand-grip strength, slow walking pace, self-

reported exhaustion, and low physical activity.  

3.2.1.2 Biological basis for the frailty phenotype 

The frailty phenotype is based on a specific biological model of physiological 

dysregulation. The underlying theoretical model conceptualises the biology of 

health and homeostasis as a complex dynamic system. Put simply, a complex 

dynamic system is one in which the system as a whole is greater than the 

additive sum of its parts. Frailty, under such a system, results from dysfunction 

across multiple interacting systems. The vulnerability to decompensation that 

defines frailty results from dysregulation of the interaction between these 

interconnected systems rather than from any single deficit. Under this model, 
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the five characteristics of the frailty phenotype are the organism-level 

manifestations of dysfunction across multiple, interacting, physiological systems.  

Physical frailty, defined by the frailty phenotype, tends to reflect dysfunction in 

the three main systems. These include the musculoskeletal system (including 

sarcopenia – the age-related decline in skeletal muscle function), metabolic 

systems (particularly glucose metabolism) and the stress-response system 

(including elements of the autonomic nervous system, the innate immune 

system, and the hypothalamic-pituitary-adrenal axis). Fried and colleagues lay 

out several features of dysfunction in these systems, supported by clinical and 

pre-clinical evidence, to support the frailty phenotype model:2 

• Dysfunction in multiple systems is evident in individuals exhibiting 

features of frailty 

• The ability of these systems (musculoskeletal, metabolic, autonomic, 

immune etc.) to respond to stress is impaired in the context of frailty 

• The organism-level response to physiological stress relies on complex 

interactions between these systems, with frailty reflecting dysregulation 

in these interactions with subsequent feedback loops leading to further 

dysregulation 

• Cumulative dysfunction in these multiple systems is not linear, but 

appears to exhibit threshold affects 

• When thresholds for dysregulation are reached this can lead to profound 

changes in physiology with impaired ability to respond to stressful stimuli, 

resulting in decompensation and adverse outcomes 

Since its proposal as a model for frailty 20 years ago, several lines of evidence 

have developed supporting these assumptions. Longitudinal analysis of 

biomarkers from multiple datasets demonstrate that decline in multiple 

interacting systems tends to occur in parallel.187 Phenotypic frailty has been 

independently associated with altered glucose metabolism and insulin 

resistance,188-191 mitochondrial dysfunction within skeletal muscle,192,193 and 
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markers of chronic inflammation.194,195 Dysregulation in each of these systems 

also exhibit feedback to the others.196,197 There is also a relationship between 

the number of physiological systems showing evidence of dysregulation and the 

prevalence of phenotypic frailty. This relationship is non-linear,198,199 supporting 

the hypothesis that there are thresholds above which the risk of physiological 

decompensation rises more rapidly.   

What remains controversial is whether there are one or more shared biological 

drivers for the dysregulation observed in the context of phenotypic frailty. The 

prevalence of the frailty phenotype in populations and its identification in 

specific individuals appears to be highly sensitive to how the individual 

components are defined and coded,200 such as difference in how low grip 

strength or slow walking pace are defined, or how missing data  are handled. 

Therefore, while there appears to be biological evidence to support the frailty 

phenotype model, it cannot be assumed that these precise processes are 

underlying the expression of the frailty phenotype in all its applications.  

3.2.1.3 Application of the frailty phenotype in this thesis 

The use of the frailty phenotype in this thesis is limited to analyses of UK 

Biobank and systematic reviews of observational studies. Other data sources 

(such as trial data or the SERA dataset) lack key variables required to assess the 

frailty phenotype.  

3.2.1.4 Strengths and limitation of the frailty phenotype 

Strengths: 

• The frailty phenotype has been widely implemented in a range of contexts 

and datasets and has consistently shown associations with higher mortality 

risk and hospitalisation. 

• As described above, the frailty phenotype in underpinned by a specific 

biological model with a growing body of pre-clinical and clinical evidence 

supporting its validity. 
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• The designation of frailty is unambiguous (i.e. frailty is present if three of 

more criteria are met), however some argue this is an oversimplification. 

Limitations: 

• A categorical measure of frailty does not allow nuanced description of the 

degree of frailty. Risk among people identified as ‘frail’ may not be 

homogeneous. 

• One main criticism of the frailty phenotype is that it relies on a relatively 

narrow set of criteria. Specifically, the frailty phenotype does not include 

any measures of cognitive function or sensory impairment. Also, it relies 

solely on physical measures and does not incorporate any psychosocial 

constructs that are important in predicting adverse outcomes. 

• The frailty phenotype is also sensitive to changes in the way the individual 

components are specified.200 This is important in the context of this 

thesis, as the definitions of the individual components had to be adapted 

to baseline variables collected in UK Biobank. These adaptations are 

discussed in detail below. This limits the direct comparability of findings 

from this adapted version of the frailty phenotype to the wider frailty 

literature.   

3.2.2 Frailty index 

3.2.2.1 Development of the frailty index 

As discussed in chapter 2, Rockwood and Mitnitski conceptualised the frailty 

index approach in 2001.6 The frailty index is based on a ‘cumulative deficit’ 

model of frailty. This states that, as people age, health ‘deficits’ accumulate. 

The more deficits are present within an individual, the greater their degree of 

frailty. In this context, deficits can be long-term conditions, symptoms, 

functional limitations, or physiological abnormalities (e.g. laboratory studies 

such as anaemia or physical measurements such as blood pressure or grip 

strength).36 The frailty index is calculated as the arithmetic sum of all deficits 

present in an individual, divided by the total number of possible deficits, giving 

a value between 0 and 1. Higher values indicate greater frailty. 
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The frailty index approach does not rely on a pre-specified list of deficits which 

must be measured. Rather, deficits must meet specific criteria to be included in 

the frailty index.36 The frailty index can therefore be applied to any dataset with 

a sufficient number of variables that meet these criteria (typically at least 30, 

discussed below). 

To be included in a frailty index, a variable must: 

• Increase in prevalence with age. 

• Be associated with poor health status. 

• Be neither ubiquitous in the target population (i.e. >80%), nor too rare 

(i.e. <1% prevalence). 

These criteria are laid out in a publication by Searle et al in 2008 which 

described a standard approach for constructing a frailty index. This argues that 

the minimum number of deficits which should be included in a frailty index is 30, 

below which the performance of the frailty index is less predictable and 

reproducible.1,36,165  

3.2.2.2 Biological basis for the frailty index 

The frailty index, unlike the frailty phenotype, does not define frailty as a 

specific syndrome. Rather, the frailty index is a more general measure of an 

individual’s degree of vulnerability or state of age-related poor health. Frailty, 

under this model, is proportional to the total number of age-related health 

deficits present within an individual. These deficits are intended to reflect 

damage that has accumulated over the life-course. Deficits are thought to arise 

through a variety of mechanisms and reflect complex interactions between 

genetic susceptibility, environmental exposures, and biological process of 

regeneration and repair.1 This results in changes at the sub-cellular level that go 

on to affect cellular processes, which in turn impact tissues and physiological 

systems, dysregulation of which is expressed in the clinical manifestations of 

frailty. Under this model, the symptoms, functional limitations, laboratory 

deficits, and long-term health conditions which are measured as part of the 
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frailty index are understood as the organism-level expression of accumulated 

damage across multiple levels (from sub-cellular up to organism-level). 

Several strands of evidence support this conceptualisation of frailty as the 

accumulation of deficits across multiple systems and processes. First, deficits 

can be observed to accumulate throughout the life-course. Twin-studies suggest 

a substantial proportion of frailty (25-45%) is attributable to genetics.201,202 Birth 

cohort studies have demonstrated associations between variation in childhood 

growth and in early-life inflammation and the development of frailty in older 

age.10,203 Socioeconomic circumstances in childhood also substantially influence 

subsequent frailty.204-206 The prevalence of observable deficits also accumulates 

across the life-span from adolescence up until older age.67,79 Secondly, frailty 

assessed clinically at the level of the organism is associated with markers of 

accumulated damage at the cellular level. Higher frailty index values correlate 

closely with sub-cellular measures of damage or dysregulation including 

shortened telomere length and changes in DNA methylation.207-209 Finally, animal 

models of frailty, based on the frailty index, demonstrate that molecular- and 

cellular-level modifications manifest as organ-level dysfunction (for example, 

measured through differences in cardiac contractility).210 These molecular-level 

models of frailty in mice,210 which manifest in observable deficits across multiple 

organ systems, explain much of the heterogeneity in physiological function 

between mice of different ages, just as the frailty index in humans is proposed 

to do. In summary, deficits can be observed to accumulate across the life-course 

and age-attributable deficits in molecular and cellular processes appear to 

manifest as deficits at the level of physiological systems. 

The frailty index has several consistently observable properties when applied to 

population-based studies. This is despite variation in the specific deficits 

included within each frailty index. First, the rate of accumulation of deficits 

appears relatively constant, doubling approximately every 15 years.128,211,212 As a 

result, individuals with fewer early-life deficits tend to accumulate fewer 

deficits, and the absolute rate of deficit accumulation increases with age. 

Secondly, frailty indices consistently have a right skewed distribution which 

becomes more symmetrically distributed as age increases.213 However, the mean 

value of the frailty index does appear to differ depending on how the index is 
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constructed (for example being higher with self-reported compared to directly 

measured deficits, and potentially higher when based on electronic health 

records compared to research cohort data).214,215 Thirdly, frailty indices are 

generally robust to the removal of individual deficits (usually assessed through 

jack-knife sampling techniques whereby the association with an outcome (e.g. 

mortality) is assessed repeatedly, removing a different deficit from the index in 

turn) suggesting that it is the index rather than any specific deficit that is 

important for outcome prediction.216 Finally, the frailty index is consistently 

shown to have an upper limit, typically around 0.7, above which survival is rare. 

This upper limit is seen consistently across the age spectrum.217 

3.2.2.3 Application of the frailty index in this thesis 

In all datasets analysed in this thesis, the frailty index approach is used. For 

some (e.g. UK Biobank) a frailty index had already been constructed according 

to the standard approach described by Searle et al. In others (e.g. individual 

participant data from randomised controlled trials or the SERA cohort) 

appropriate deficits were identified using the criteria described here as the 

frailty index had never previously been calculated. In each case, the 

identification of appropriate deficits and construction of the frailty index is 

described in this chapter under the description of the respective datasets. 

3.2.2.4 Strengths and limitations of the frailty index 

Strengths: 

• A key strength of the frailty index is its flexibility. The frailty index can 

be applied to different datasets and adapted to the variables available 

(indeed this has been the approach followed in most research utilizing the 

frailty index). This has allowed the frailty index to be applied to a range 

of contexts (community, hospital inpatient, residential care) as well as 

being adapted to alternative data sources (e.g. electronic health records 

or laboratory values). 

• The properties of the frailty index (e.g. distribution, upper limit, and 

association with mortality) have been consistently demonstrated across 

multiple different iterations.  
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• Several studies have suggested that the frailty index is more predictive of 

mortality than the frailty phenotype.218  

• The frailty index expresses a spectrum of severity of frailty, rather than 

relying on specific thresholds.  

• Cognitive and psychological deficits, as well as sensory impairment and 

social functioning, can be included within a frailty index. The absence of 

these dimensions of frailty has been a criticism of the alternative, frailty 

phenotype, measure. 

• The frailty index has been adapted to animal models facilitating pre-

clinical research which has complimented clinical and epidemiological 

observations.  

Limitations: 

• Different iterations of the frailty index may differ in the extent to which 

they include deficits from specific domains (e.g. cognitive function, 

sensory deficits, psychological deficits, or social indicators). While this 

does not appear to substantially impact the utility of the frailty index to 

predict mortality, it is not clear if this variation in the application of the 

frailty index influences relationships with other outcomes. 

• The frailty index is also potentially time consuming to administer and 

calculate, which may limit translation to clinical practice.  

• The frailty index is closely related to multimorbidity, and some have 

argued that it blurs the boundaries between these two concepts. 

However, the section above (explaining the biological theory underlying 

the frailty index) illustrates how the two are conceptually different. The 

frailty index is based on the concept of cumulative damage, rather than 

explicitly requiring multiple diagnosable conditions. While accumulation 

of deficits may well result in multimorbidity, frailty may also manifest 

along with sub-clinical disease and functional impairment. However, 

where a frailty index relies heavily on the presence of diagnosed long-
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term conditions (e.g. when based on electronic medical records) this 

distinction becomes less clear. 

3.2.3 Summary of frailty measurement 

In summary, analyses in this thesis will utilise the two measures of frailty which 

are dominant within the epidemiological literature: the frailty index (for all 

datasets) and the frailty phenotype (for UK Biobank only). Both definitions have 

been widely validated and have been consistently shown to be predictive of 

adverse health outcomes. They are, however, based on different theoretical 

models of frailty. When applied to the same population, those identified as 

living with frailty by the frailty index and frailty phenotype only partially overlap 

despite both predicting adverse outcomes. These measures should be seen as 

complimentary to each other, rather than equivalent measures. 

3.3 Overview of data sources and methods 

3.3.1 UK Biobank  

UK Biobank is a population based longitudinal cohort study. Data from UK 

Biobank were used to address research questions 1 and 2: the prevalence of 

frailty in people with each of the three exemplar conditions, and the association 

between frailty and adverse clinical outcomes relevant to these conditions (e.g. 

mortality and hospitalisation in all conditions, hypoglycaemia in type 2 diabetes, 

and acute exacerbations in COPD). 

UK Biobank was chosen for several reasons. First, its large sample size meant it 

was possible to focus on participants with a specific index condition (e.g. type 2 

diabetes, rheumatoid arthritis, or COPD) and still have a relatively large number 

of participants compared to many studies of frailty in the context of specific 

conditions. Statistical power to detect associations is therefore greater than 

would be the case in most other datasets. Second, UK Biobank collected data on 

a wide range of variables (including physical measurements) during the baseline 

assessment, which facilitates the assessment of frailty. Third, UK Biobank 

participants were aged between 40 and 70 at baseline. This therefore offers an 

opportunity to study the implications of frailty in ‘middle-age’ as well as older 
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people. As highlighted in chapter 2, the implications of frailty in younger ages 

are currently not well understood.   

This section first describes the participants and recruitment procedures of UK 

Biobank, the baseline assessment, and data linkage. It then describes the 

methods used to quantify frailty in UK Biobank, both using the frailty index and 

an adaptation of the frailty phenotype definition. Finally, the strengths and 

limitations of UK Biobank are discussed, as they pertain to the analyses 

presented in this thesis. Specific analyses focusing on each of the three 

exemplar long-term conditions are described in chapters 5, 7 and 9 (for type 2 

diabetes, rheumatoid arthritis, and COPD, respectively).  

3.3.1.1 Participants and recruitment 

From 2006 to 2010, UK Biobank recruited adults aged 40-70 years to participate 

in a longitudinal cohort study. Participants were eligible if they lived within 20 

miles of one of 22 assessment centres throughout England, Scotland and Wales. 

Postal invitations were sent to people potentially eligible to participate. The 

response rate was 5.5%,219 notably lower than many cohorts or surveys.220 It has 

been speculated that this low response rate is in part because potential 

applicants who were undecided were not re-contacted.220,221 Just over 500,000 

people completed the baseline assessment.222 Repeat assessments were carried 

out 3-5 years later on a small subset (around 18,000) of the original participants.  

Although large, UK Biobank is not a random sample and is not representative of 

the wider UK population. Notably, a smaller proportion of UK Biobank 

participants are from minority ethnic populations or from areas of high 

socioeconomic deprivation than the wider UK population.223 Furthermore, UK 

Biobank participants are less likely to be obese, to smoke, or to drink alcohol 

daily, compared to the UK population.223 There is therefore evidence of ‘healthy 

volunteer bias’. The full implications of this bias are the subject of some 

debate,220,224-226 and are discussed further in the limitations section below, and 

in the discussion sections on the chapters describing UK Biobank analyses.  
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3.3.1.2 Baseline assessment 

Participants attended a baseline assessment centre where they completed a 

touchscreen questionnaire which collected data on a range of demographic, 

health and lifestyle factors. They then completed a nurse interview, which 

included self-reported details of all long-term conditions as well as all regular 

medications. Finally, participants underwent several physical measurements 

(including hand-grip strength and (non-post bronchodilator) spirometry) and 

provided blood samples for analysis.  

3.3.1.3 Assessment of outcomes 

Participants also gave consent for data linkage including to national mortality 

registers and healthcare data. At the time of writing, linked data from national 

mortality registers, cancer registers, and inpatient hospital episodes are 

available for all UK Biobank participants. Primary care data is currently available 

for a smaller subset of participants (n=230,062). This restriction is due to data 

only being available from certain primary care data providers rather than any 

individual-level factors.   

Associations between baseline frailty status and adverse health outcomes were 

generally assessed using linked mortality and hospitalisation data, with 

International Classification of Disease version 10 (ICD-10) codes used to identify 

specific causes of death or hospital admission. Outcomes were selected to be 

relevant to each of the exemplar conditions, and are presented in detail in 

chapters 5, 7, and 9.  

3.3.1.4 Frailty phenotype in UK Biobank 

UK Biobank baseline assessment includes variables that may be combined to 

estimate an adapted version of the frailty phenotype (e.g. measured hand grip 

strength or self-reported exhaustion). Prior to starting the work presented in this 

thesis, I published an analysis adapting UK Biobank baseline data to the frailty 

phenotype criteria.9 This adaptation of the frailty phenotype is used in the 

analyses presented in this thesis.  
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Variables used to identify the five frailty phenotype characteristics differed from 

those used in the original description of the frailty phenotype by Fried and 

colleagues.5 The specification of each of the components used in UK Biobank is 

shown in Table 3.1, alongside the original frailty phenotype definition. Most 

notably, weight loss in the original frailty phenotype description was specifically 

‘unintentional weight loss’, whereas in UK Biobank weight loss was not qualified 

as intentional or unintentional. In addition, walking speed was measured directly 

in the original frailty phenotype, but was self-reported in UK Biobank.  

Table 3.1 - Adaptation of frailty phenotype for UK Biobank 

Domain Cardiovascular Health Study 
(Fried and colleagues) criteria 

UK Biobank adaptation 

Weight loss Self-reported: “In the last year, 
have you lost more than 10 
pounds unintentionally?” 
(response: yes=1, no=0) 

Self-reported: “Compared with 
one year ago, has your weight 
changed?” 
(response: yes, lost weight=1, 
other=0)* 

Exhaustion Self-reported (Centre for 
Epidemiologic Studies depression 
scale, two questions): 
“How often in the last week (a) 
did you feel that everything was 
an effort, or (b) could you not get 
going?” 
(response: moderate amount of 
the time [3–4 days] or most of 
the time=1, other=0) 

Self-reported: “Over the past 
two weeks, how often have you 
felt tired or had little energy?” 
(response: more than half the 
days or nearly every day=1, 
other=0)*  

Low physical activity Self-reported: Minnesota Leisure 
Time Activity Questionnaire (18 
items). Kcal of activity per week 
estimated, and the lowest 20% 
were identified as meeting frail 
criteria 

Self-reported: UK Biobank 
physical activity questionnaire. 
We classified the responses 
into: none (no physical activity 
in the last 4 weeks), low (light 
DIY activity [e.g., pruning, 
watering the lawn] only in the 
past 4 weeks), medium (heavy 
DIY activity [e.g., weeding, lawn 
mowing, carpentry and 
digging], walking for pleasure, 
or other exercises in the past 4 
weeks), and high (strenuous 
sports in the past 4 weeks) 
(response: none or light activity 
with a frequency of once per 
week or less=1, medium or 
heavy activity, or light activity 
more than once per week=0)**  

Slow walking pace Measured time to walk 15 feet Self-reported: “How would you 
describe your usual walking 
pace?” 
(response: slow=1, other=0)  
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Low grip strength Measured grip strength, adjusted 
for sex and body-mass index 
(lowest 20% of cohort identified 
as meeting frail criteria) 

Measured grip strength (sex 
and body-mass index adjusted 
cut-offs taken from Fried and 
colleagues)  

Table adapted from Hanlon and colleagues 2018 (with permission)9 
Criteria were adapted from Fried and colleagues and a comparison is shown with those used in 
the Biobank study. 
*Approximation based on available variables in UK Biobank assessment centre data. 
**Definition used in SHARE adaptation of the frailty phenotype.227  
 

 

Adaptation of the original frailty phenotype definitions to fit available data is 

not unusual, and many subsequent analyses of the frailty phenotype have used 

adapted definitions.200 While this practice is common, it is important to note 

that adaptations are likely to impact the prevalence of frailty. One systematic 

review of studies reporting the frailty phenotype demonstrated that only 24 out 

of 264 studies used the exact specification of the original frailty phenotype.200 

The authors then used data from the Survey of Health, Aging and Retirement in 

Europe to reproduce 262 different adaptations of the frailty phenotype. They 

found that frailty prevalence varied from 12.7% to 28.2% depending on the 

adaptation used. Agreement with the original description of the frailty 

phenotype varied, as did the relationship with 5-year mortality. Therefore, 

although adaptation of the frailty phenotype criteria is common, it is likely that 

this adaptation will impact estimates of frailty prevalence and associations with 

outcomes.  

In previous analyses assessing the adaptation of the frailty phenotype for UK 

Biobank, the relationship with each of the five frailty criteria with all-cause 

mortality was assessed separately.9 Each criterion was independently associated 

with all-cause mortality in all age groups, apart from in women aged <45 years in 

whom the 95% confidence intervals for weight loss, low physical activity, and 

low grip strength included the null value. Nonetheless, in all age and sex strata, 

higher numbers of criteria present were associated with increased mortality risk, 

and in men of all ages, and women above the age of 45, both frailty and pre-

frailty were associated with all-cause mortality after adjustment for age, sex, 

socioeconomic status, smoking, alcohol, and number of self-reported long-term 

conditions. Therefore, although the UK Biobank adaptation is not strictly 

equivalent to the original frailty phenotype description, the adapted variables 
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do, both individually and when combined, show associations with all-cause 

mortality that would be expected of a frailty measure.  

3.3.1.5 Frailty index in UK Biobank 

The general approach to creating a frailty index has already been applied to UK 

Biobank. This used the method described by Searle and colleagues to identify 

deficits meeting the criteria for inclusion in a frailty index.36 The development 

of this UK Biobank frailty index was described by Williams and colleagues and 

includes 49 deficits taken from self-reported UK Biobank baseline measures.22 

These are reproduced in Table 3.2 below. 

Table 3.2 - Frailty index deficits used in UK Biobank 

Deficit Categorisation 

Glaucoma  Categorised 0/1 

Cataracts  Categorised 0/1 

Hearing difficulty Categorised 0/1  

Migraine  Categorised 0/1 

Dental problems Categorised 0/1 for none vs. any 

Self-rated health 0 – excellent; 0.25 – good; 0.5 - fair, 1 - poor 

Fatigue: frequency of tiredness / 
lethargy in last two weeks 

0, 0.25, 0.5, 1, respectively 

Sleep: experience of 
sleeplessness/insomnia 

Categorised 0, 0.5, 1, respectively 

Depressed feelings: frequency in last 
two weeks 

0 – not at all, 0.5 – several days, 0.75 --  more than 
half, 1 – nearly every day 

Self-described nervous personality Categorised 0/1 

Severe anxiety/ panic attacks  Categorised 0/1 

Common to feel loneliness Categorised 0/1 

Sense of misery (ever/never) Categorised 0/1 

Infirmity: long-standing illness or 
disability 

Categorised 0/1 

Falls in last year 0 - no fall, 0.5 - one fall, 1 - more than one fall 

Fractures/broken bones in last five 
years 

Categorised 0/1 

Diabetes  Categorised 0/1 

Myocardial infarction  Categorised 0/1 

Angina  Categorised 0/1 

Stroke  Categorised 0/1 

High blood pressure  Categorised 0/1 

Hypothyroidism  Categorised 0/1 

Deep-vein thrombosis  Categorised 0/1 

High cholesterol  Categorised 0/1 

Breathing: wheeze in last year Categorised 0/1 

Pneumonia  Categorised 0/1 
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Chronic bronchitis/emphysema  Categorised 0/1 

Asthma  Categorised 0/1 

Rheumatoid arthritis  Categorised 0/1 

Osteoarthritis  Categorised 0/1 

Gout  Categorised 0/1 

Osteoporosis  Categorised 0/1 

Hay fever, allergic rhinitis or eczema  Categorised 0/1 

Psoriasis  Categorised 0/1 

Any cancer diagnosis  Categorised 0/1 

Multiple cancers diagnosed (number 
reported) 

Categorised 0/1 

Chest pain Categorised 0/1 

Head and/or neck pain Categorised 0/1 

Back pain Categorised 0/1 

Stomach/abdominal pain Categorised 0/1 

Hip pain Categorised 0/1 

Knee pain Categorised 0/1 

Whole-body pain Categorised 0/1 

Facial pain Categorised 0/1 

Sciatica  Categorised 0/1 

Gastric reflux  Categorised 0/1 

Hiatus hernia  Categorised 0/1 

Gall stones  Categorised 0/1 

Diverticulitis  Categorised 0/1 

 

The UK Biobank frailty index showed the expected relationship with age, sex, 

and all-cause mortality when applied to the cohort as a whole.22 The hazard 

ratio per 0.1-point increase in the frailty index was 1.65 (95% confidence 

interval 1.62-1.68) with stronger associations in younger compared to older 

participants and in men compared to women.22 Analyses of the frailty index in 

UK Biobank in this thesis will use this same list of 49 deficits.  

3.3.1.6 Ethical approval and data management 

The UK Biobank has full ethical approval from the NHS National Research Ethics 

Service (16/NW/0274). All participants gave informed consent for participation 

in UK Biobank. Access to UK Biobank data for the analyses presented in this 

thesis was granted under project 14151 and was subject to a material transfer 

agreement with UK Biobank. 
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3.3.1.7 Strengths and limitations of UK Biobank 

Strengths: 

• UK Biobank has a large sample size, which increases the precision with 

which associations between exposures and outcomes can be estimated. 

• A wide range of variables were collected at baseline. This allows 

comparison of two different frailty measures (frailty index and frailty 

phenotype) as well as assessment of a wide range of demographic and 

lifestyle measures that may be used to adjust for potential confounding. 

• The inclusion of people younger than 65 years, with assessment of 

variables from which frailty can be estimated, is unusual. This provides 

opportunities for new insights into an under-researched area. 

• Data have been linked to a range of sources including national-level 

mortality and hospitalisation records. This allows assessment of a range of 

outcomes with minimal loss to follow-up. 

Weaknesses 

• UK Biobank is not a representative sample, with evidence of ‘healthy 

volunteer bias’.223 Selection bias in observational studies may lead to 

collider bias,228,229 which in turn may lead to biased associations between 

exposure and outcomes.  

• The mortality and hospitalisation rate in UK Biobank is lower than the 

population as a whole.223 Therefore, absolute event rates estimated from 

UK Biobank are likely to be conservative. 

• As discussed above, the frailty phenotype criteria used in UK Biobank have 

been adapted from the original description. Such adaptations impact on 

the prevalence and predictive ability of the frailty phenotype.200 This 

limitation is as a result of the variables collected at baseline, and it is 
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therefore not possible to formally test the impact of these adaptations on 

estimates using the frailty phenotype.  

3.3.2 Scottish Early Rheumatoid Arthritis (SERA) cohort 

For rheumatoid arthritis, data from the Scottish Early Rheumatoid Arthritis 

(SERA) cohort were used to analyse the prevalence of frailty and the association 

with clinical outcomes.23 SERA is an inception cohort of people with rheumatoid 

arthritis or undifferentiated arthritis, recruited at the point of initial diagnosis. 

SERA was designed to facilitate longitudinal analysis of rheumatoid arthritis 

phenotypes, disease-related outcomes, and linkage to routine healthcare data. 

This section describes the SERA cohort, baseline assessment, the methods used 

to identify frailty, and the assessment of outcomes. 

3.3.2.1 Participants and recruitment 

SERA participants were recruited from rheumatology units across Scotland. The 

aim was to recruit patients with newly diagnosed rheumatoid arthritis or 

undifferentiated arthritis. For the purposes of this thesis, analyses will focus on 

those with confirmed rheumatoid arthritis. Patients were eligible for 

recruitment if they had at least one swollen joint which was not explained by an 

alternative diagnosis (e.g. psoriatic arthritis). Carriers of blood borne viruses 

were also excluded. Although patients were recruited at the point of initial 

assessment by rheumatology services, duration of symptoms or swelling was not 

an exclusion criterion. Thus, patients with longstanding, undiagnosed joint 

swelling would be eligible for recruitment. Also, patient who had had treatment 

such as Disease Modifying Anti-Rheumatic Drugs (DMARDs) or steroids 

commenced prior to diagnosis (e.g. by their general practitioner) were also 

eligible for recruitment providing this treatment had been commenced in the 

previous 6 months. Screening and baseline assessments for SERA were carried 

out by research nurses, while all clinical care and treatment decisions remain 

the responsibility of their local rheumatology service.  

To date, 1073 patient have been recruited to SERA and have data available for 

analyses. Of these, 899 meet the American College of Rheumatology/European 
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League against Rheumatism (ACR/EULAR) criteria for rheumatoid arthritis at 

baseline and are included in the analyses presented in chapter 7. 

3.3.2.2 Baseline assessment, diagnostic classification and follow-up 

The initial SERA assessment was performed by research nurses. The standard 

operating procedure for data collection at each visit is described in the 

supplementary appendices of the cohort description by Dale and colleagues.23 

The baseline data collection included demographic and lifestyle information 

including age, gender, smoking status and alcohol consumption. Socioeconomic 

status was assessed using the Scottish Index of Multiple Deprivation (SIMD; an 

area-based measure of socioeconomic status). Baseline assessment also includes 

documentation of medical history (based on self-report, collected by the study 

nurse), regular medication, and symptom duration. 

Follow-up assessments are carried out at 6 monthly intervals for the first two 

years following diagnosis, and annually thereafter. Standardised assessments and 

questionnaires are administered at baseline and at each subsequent follow-up 

assessment.  

Baseline diagnosis (rheumatoid arthritis or undifferentiated arthritis) was 

classified according to the 2010 ACR/EULAR criteria.230 These criteria are 

primarily a research tool intended to allow consistency in the definition of 

rheumatoid arthritis between studies. The ACR/EULAR criteria comprise 

numerical scores for number of swollen joints, duration of symptoms, serological 

markers (rheumatoid factor and anti-citrullinated peptide antibody), and acute 

phase reactants (C-reactive protein or erythrocyte sedimentation rate).230 The 

2010 revision was produced to facilitate classification of rheumatoid arthritis 

early in the disease process compared to the previous 1987 iteration.231 A 

systematic review, published two years after the revised criteria and comprising 

17 published articles and 17 meeting abstracts, assessed the sensitivity and 

specificity of the 2010 ACR/EULAR criteria.232 This review demonstrated a pooled 

sensitivity of 82% and specificity of 61% for the 2010 ACR/EULAR criteria using a 

range of different reference standards (expert opinion, initiation of 

methotrexate, or initiation of any DMARD). The sensitivity was similar (between 

80% and 88%) between these different reference standards. This sensitivity is 
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higher than the previous 1987 criteria, however the specificity of the 2010 

criteria is lower. Therefore, rheumatoid arthritis in SERA in defined according to 

a validated measure which is sensitive for detecting early disease, but which 

may lack specificity for rheumatoid arthritis defined by other criteria such as 

expect opinion or requirement for DMARD therapy. 

Functional status was assessed in SERA using the Health Assessment 

Questionnaire – Disability Index (HAQ-DI).233 HAQ-DI is a tool based on self-report 

to assess functional status for performing activities of daily living in the context 

of musculoskeletal disorders. The HAQ-DI comprises eight domains (dressing, 

arising, eating, walking, hygiene, reach, grip and activities). Each domain is 

assessed by either two or three questions, with each question scored between 0 

(no disability) to 3 (severe disability or unable to perform). It has been 

demonstrated to be sensitive to clinically meaningful changes in function in 

people with rheumatoid arthritis.234 The HAQ-DI is used in two ways in this 

thesis. First, the global score is used as a measure of overall functional status in 

SERA participants (as used in observational studies and trials of rheumatoid 

arthritis).235 Secondly, selected elements from the HAQ-DI will be used to 

identify specific functional deficits that will form part of the frailty index. The 

selection of specific elements to include in the frailty index was based on the 

criteria described by Searle and colleagues in their description of the standard 

approach for constructing a frailty index,36 as described below.   

3.3.2.3 Frailty index in SERA 

Frailty in SERA was assessed using the frailty index approach. The theoretical 

basis for the ‘cumulative deficit’ model, on which the frailty index is based, is 

described in detail in section 3.2.2. The standard process for compiling a frailty 

index is described earlier in this chapter, in section 3.2.2. According to this 

procedure, 42 deficits were identified which met the criteria for inclusion in a 

frailty index (increasing prevalence with age, biological plausibility (association 

with adverse health status), and neither ubiquitous nor too rare). Deficits in 

SERA comprised long-term conditions (identified from self-reported baseline 

assessment of medical history), symptoms (such as pain or anxiety, identified 

from the EuroQol EQ-5D questionnaire), functional limitations (such as difficulty 

washing or dressing, identified from the Health Assessment Questionnaire – 
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Disability index (HAQ-DI) questionnaire) and laboratory deficits (such as anaemia 

or impaired renal function, identified from baseline blood tests). The full list of 

deficits that were included, the source from which they were identified, and the 

scores assigned to respective values, are shown in Table 3.3. The deficit score 

was summed and divided by the total number of non-missing deficits for that 

individual (as is standard for calculating the frailty index) to obtain a value 

between 0 and 1.36 

Table 3.3 - Frailty index deficits used in SERA 

Deficit Source Coding 

Alcohol problems Medical history Present = 1, absent = 0 

Anxiety Medical history Present = 1, absent = 0 

Asthma Medical history Present = 1, absent = 0 

Atrial fibrillation Medical history Present = 1, absent = 0 

Bronchiectasis Medical history Present = 1, absent = 0 

Cancer Medical history Present = 1, absent = 0 

Coronary heart disease Medical history Present = 1, absent = 0 

Chronic kidney disease Medical history Present = 1, absent = 0 

Chronic liver disease Medical history Present = 1, absent = 0 

COPD Medical history Present = 1, absent = 0 

Depression Medical history Present = 1, absent = 0 

Diabetes Medical history Present = 1, absent = 0 

Diverticular disease Medical history Present = 1, absent = 0 

Dyspepsia Medical history Present = 1, absent = 0 

Epilepsy Medical history Present = 1, absent = 0 

Glaucoma Medical history Present = 1, absent = 0 

Heart failure Medical history Present = 1, absent = 0 

Hypertension Medical history Present = 1, absent = 0 

Osteoporosis Medical history Present = 1, absent = 0 

Chronic pain Medical history Present = 1, absent = 0 

Parkinson’s disease Medical history Present = 1, absent = 0 

Pernicious anaemia Medical history Present = 1, absent = 0 

Peripheral vascular disease Medical history Present = 1, absent = 0 

Schizophrenia Medical history Present = 1, absent = 0 

Stroke or TIA Medical history Present = 1, absent = 0 

Thyroid disease Medical history Present = 1, absent = 0 

Difficulty getting out of bed HAQ-DI Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Difficulty with household 
chores 

HAQ-DI Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Difficulty climbing stairs HAQ-DI Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 
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Difficulty with shopping 
(groceries) 

HAQ-DI Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Difficult standing HAQ-DI Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Difficulty with toilet HAQ-DI Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Limited mobility EQ5D-1 Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Difficulty with self-care EQ5D-2 Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Limited in usual activities EQ5D-3 Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Pain EQ5D-4 Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

Anxiety EQ5D-5 Severe difficulty/unable = 1, 
some difficulty = 0.5, no 
difficulty = 0 

eGFR baseline laboratory measures <30 = 1, <60 = 0.5, >60 = 0 

Haemoglobin baseline laboratory measures <115 = 1 (men), <110 = 1 
(women) 

Platelets baseline laboratory measures <150 = 1, >150 = 0 

 

To be a valid frailty index, the selected variables must meet the criteria 

described by Searle and colleagues in their standard procedure for assessing the 

frailty index (described in detail in section 3.2.2).36 These criteria were 

confirmed for each of the included variables using existing literature and 

published population norms for the questionnaires from which deficits were 

identified.24,157,236-242 Symptoms and functional limitations from the HAQ-DI and 

EQ-5D were selected to span a range of organ systems and functional domains. 

The correlation between these functional limitations was also assessed. While 

assessment of correlation between variables is not part of the standard 

procedure for a frailty index, this practice has been employed in subsequent 

studies operationalising the frailty index, such as the electronic frailty index 

used in routine healthcare data.56 Where variables were moderately correlated 

(>0.3), only one variable was included in the frailty index. This decision was 

taken to avoid over-estimating the impact of functional limitations related to a 

similar process (for example joint inflammation or pain). 
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3.3.2.4 Assessment of outcomes 

Clinical outcomes were assessed using two sources of data, standardised 

measures collecting during serial follow-up (assessed as described above) and 

linkage to routine healthcare data.  

All SERA participants consented to data linkage to routinely collected healthcare 

data. This includes national mortality records, inpatient healthcare data through 

linkage to Scottish Morbidity Record (SMR01) and national prescribing registers.  

3.3.2.5 Ethical approval and data management 

The protocol and procedures for the SERA cohort study have been approved by 

the West and Scotland Research Ethics Committee (approval reference 

10/S0704/20). All participants provided written, informed consent to the use of 

their data, including linked healthcare data, for approved research purposes. 

Access to SERA data is granted by a Scientific Steering Committee as well as 

patient representatives and governed by the SERA Access Policy.23 Linkage to 

routine healthcare data was granted by the NHS Scotland Public Benefit and 

Privacy Panel for Health and Social Care (application 1819-0176). The analyses 

presented in this thesis were approved by the SERA Access Committee on 29th 

April 2020 (project number 2020042901). 

3.3.2.6 Strengths and limitations of SERA 

Strengths 

• Rheumatoid arthritis is defined in SERA according to validated, 

internationally recognised diagnostic criteria. 

• SERA collects longitudinal data on measures of disease activity as well as 

functional measures and quality of life. This allowed longitudinal analysis 

of both frailty (through repeated measures of functional status) and 

rheumatoid arthritis disease activity. 

• Linkage to routine healthcare data facilitates robust assessment of 

outcomes such as mortality and unscheduled hospital admission. Loss to 
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follow-up for these outcomes is minimal as data are linked to national 

registers. 

Limitations 

• The SERA baseline assessment was not specifically designed to measure 

frailty.  

• It is not possible to assess alternative measures of frailty, such as the 

frailty phenotype, as SERA does not collect the necessary data (e.g. hand 

grip strength or weight loss). 

3.3.3 Individual participant data from randomised controlled trials 

Research question 3, the prevalence and implications of frailty in the context of 

randomised controlled trials (RCTs, hereafter trials), was addressed using 

individual participant data (IPD) from industry-sponsored trials of 

pharmacological agents for each of the three exemplar long-term conditions. IPD 

was required as trials rarely measure or report frailty, even trials focusing on 

older populations. Despite this, trials do collect data on a wide range of 

variables including medical history, concomitant medications, functional 

limitations, and laboratory measurements. Therefore, by obtaining IPD from 

trials participants, frailty could be measured using the standard approach to 

constructing a frailty index (as described in section 3.2.2). 

3.3.3.1 Identification of RCTs 

Trials were identified in a two-stage process. First, relevant trials were 

identified from clinicaltrials.gov. Next, from this set of eligible trials, trials for 

which IPD were available were identified from two repositories: the Yale Open 

Data Access (YODA) project, and Clinical Study Data Request (CSDR). 

Clinicaltrial.gov is a registry of clinical trials which is maintained by the United 

States National Library of Medicine and is the largest registry of clinical trials in 

the world.243 Registration of trials with clinicaltrials.gov is required for drugs to 

be licensed by the United States Food and Drug Administration. Therefore, 

although the database is maintained in the United States of America, trials 
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registered with clinicaltrials.gov are international. The denominator set of trials 

(from which trials with available IPD were selected) was identified by applying 

the inclusion criteria below to the clinicaltrials.gov database. This part of the 

process was performed prior to the start of the work presented in this thesis, as 

part of a wider programme of work analysing multimorbidity within clinical trials 

(Appendix 1).244  

Trials were eligible if they: 

• Concerned a pharmacological therapy for one of the exemplar long-term 

conditions (type 2 diabetes, rheumatoid arthritis or COPD). 

• Recruited and randomised at least 300 participants.  

• Had either a maximum age ≥60 years or no maximum age.  

• Were phase 3 or phase 4 randomised controlled trials.  

• Started after 1st January 1990. 

After identifying potentially eligible trials registered with clinicaltrials.gov, 

YODA and CSDR repositories were searched to identify any trials for which IPD 

could be obtained through application to the data holders. Both of these 

platforms facilitate the analysis of industry-sponsored RCT data by third party 

researchers. YODA carries data from trials by Janssen Research and Development 

L.L.C. CSDR, at the time this analysis was conducted, facilitated access to trials 

sponsored by GlaxoSmithKline, Lilly, Boehringer-Ingelheim, Roche, Takeda and 

Sanofi. These trials are not a random sample of trials for the exemplar 

conditions as not all sponsors share IPD from trials, and those that do share data 

do not make all trials available. This process therefore identified a sample of 

trials for the exemplar conditions meeting the inclusion criteria, however, these 

trials are not necessarily representative of all trials for these conditions.  

3.3.3.2 Individual participant data 

Both YODA and CSDR allow access to trial IPD, subject to a material transfer 

agreement. Access is facilitated through a secure, remote platform. All data 
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processing and analyses must be performed within this secure environment. Only 

non-disclosive summary data can be exported from these secure environments, 

subject to approval by the data holders.  

Within these secure environments, IPD for screening, baseline and follow-up 

assessments are available, as well as trial outcome data and details of adverse 

events. However, some data are redacted to ensure that data are not disclosive. 

This redaction process varies by sponsor and by trial, and therefore limits the 

availability of some variables.  

3.3.3.3 Identifying deficits for a frailty index 

As with UK Biobank and SERA, a frailty index was constructed from the trial IPD 

using the standard approach described by Searle and colleagues.36 This involved 

identifying sufficient deficits (at least 30) which met the criteria for inclusion in 

the frailty index (association with age, poor health, and being neither too rare 

nor too common, as described in detail above). Information on long-term 

conditions meeting these criteria were sought from medical history data and 

prescribing data. Functional limitations and symptoms were identified from 

patient reported outcome measures (health-related quality of life and disease 

severity scores) and laboratory deficits were identified from baseline 

assessment. The full list of included deficits is shown in Table 3.4, Table 3.5 and 

Table 3.6. The text that follows describes the process for identifying and 

defining these deficits.  

Long term conditions 
Identifying long-term conditions from baseline trial data was challenging 

because of inconsistent coding and redaction of data in many trials. Before the 

data had been obtained, plans had been to use medical history to identify long-

term conditions. However, after accessing the trial data, it became clear that 

for many trials medical history data within the trial IPD had either not been 

collected in sufficient detail (for example, only coding the presence or absence 

of ‘cardiovascular disease’ without further detail) or had been redacted by the 

trial sponsor to preserve patient anonymity prior to releasing IPD for third party 

analysis.  
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In contrast to medical history data, concomitant medications were reported in 

all available trials without redaction. Furthermore, medications were 

consistently coded using the World Health Organisation Anatomic Therapeutic 

Classification (WHO-ATC). Therefore, concomitant medications were used to 

identify likely comorbidities. 

Only medications which were reported to have been started prior to trial 

baseline were used to define comorbidities. While concomitant medications have 

been previously used to identify comorbidities in epidemiological studies, no 

standard approach exists to define comorbidities using medication alone. 

Therefore, in consultation with a steering committee for a separate project 

analysing multimorbidity in trial IPD, definitions were developed based on WHO-

ATC codes.244 Some misclassification of comorbidities is inevitable, as 

medications typically have more than one indication, and some conditions may 

not be managed using medication. The approach developed is therefore a 

balance between sensitivity and specificity.  

Decisions around definitions were taken to maximise specificity where possible. 

For example, aspirin was excluded from the group of drugs used to identify 

cardiovascular disease as aspirin is commonly used for primary prevention. Anti-

acid medications (WHO-ATC codes A02A or A02B) were used to identify people 

with acid-related disorders, but not if participants also reported taking 

nonsteroidal anti-inflammatory drugs or antithrombotic medication (as in this 

case it is possible that the anti-acid medications were being used 

prophylactically rather than to treat an underlying condition). This approach was 

taken to define comorbidities (or identify broad categories of comorbidities).  

The advantage of this approach was that definitions would be applied 

consistently to each trial, using data which were coded according to an 

established ontology. However, using medications in this way has important 

limitations. Some common and important long-term conditions, such as chronic 

kidney disease, could not be identified using medication. Other conditions (such 

as asthma and COPD) had to be grouped together in broad categories as these 

could not be distinguished by medication use alone. Finally, some medications 

could not be used in our definitions as their use in clinical practice is too 

heterogenous to allow assessment of the likely underlying diagnosis (for 
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example, amitriptyline was not used to define any comorbidities as although 

classed as an antidepressant in the WHO-ATC, it is commonly used to treat 

chronic pain or insomnia in clinical practice).245  

The medication-defined comorbidities included in the frailty index for each of 

the trials is shown in Table 3.4, Table 3.5 and Table 3.6 for type 2 diabetes, 

rheumatoid arthritis and COPD, respectively. A full protocol for the 

identification of comorbidities in trial data using concomitant medication is 

detailed in the supplementary appendix of Hanlon et al 2019 (manuscript in 

appendix 1). 

Symptoms and functional limitations 
Symptoms and functional limitations were identified from standardised 

questionnaires used as part of trial baseline assessments. These questionnaires 

varied depending on the index condition of the trial (e.g. St George’s 

Respiratory Questionnaire in COPD, HAQ-DI in rheumatoid arthritis). There was 

also some variation in questionnaires within conditions (for example quality of 

life was assessed using EQ-5D in some trials, and short-form 36 (SF-36) in 

others). Where possible, equivalent questions were identified across quality of 

life questionnaires.  

Deficits were selected so that the same definitions could be applied for trials of 

the same index condition. There was some variation, however, between 

conditions.  

For type 2 diabetes trials, functional limitations and symptoms were identified 

using EQ-5D or SF-36 (limited to questions common to both questionnaires) and 

the Impact of Weight on Quality of Life (IWQOL) questionnaire. IWQOL includes 

variables on more specific functional limitations (e.g. difficulty dressing or 

shortness of breath on mild exertion). It should be noted, however, that these 

questions are framed within an assessment of the impact of body weight and 

may therefore lack sensitivity for people who experience similar functional 

limitations but for other reasons (e.g. joint pain or muscle weakness).  

For rheumatoid arthritis trials, deficits were identified from HAQ-DI and EQ-5D 

using the same definitions and cut-offs as for the SERA dataset described above. 
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Where trials used SF-36 rather than EQ-5D, equivalent questions for pain, 

anxiety, mobility, self-care and difficulty with usual activities were used.  

For COPD trials, the only questionnaire that was consistently used across all 

available trials was the St George Respiratory Questionnaire (SGRQ). SGRQ assess 

a wide range of deficits (for example, difficulty dressing, difficulty shopping, 

feeling easily exhausted, feeling of panic). However, like the IWQOL in type 2 

diabetes, these questions are being asked within the context of the underlying 

condition. Therefore, there is potential that functional limitations that 

participants felt were unrelated to the COPD may not be fully reported as part 

of the questionnaire.  

Deficits were selected for inclusion in the frailty index where they were 

confirmed on independent literature review to fulfil the standard criteria for 

frailty index deficits (association with age, poor health status, and neither too 

rare nor too common).237-242,246,247 In addition, as for SERA, the correlation 

between each of the possible deficits was calculated and where two or more 

variables were moderately correlated only one variable was selected for 

inclusion. Where correlation was present (>0.3), deficits were selected to 

maximise the number of organ systems or functional domains represented within 

the final set of deficits.  

Laboratory values and physical measurements 
Baseline data from laboratory assessment was used to identify additional 

deficits.  

Final selection of deficits 
From the processes described above, for each of the respective index conditions, 

40 deficits were identified for inclusion in the frailty index. These are shown for 

each condition in Table 3.4, Table 3.5 and Table 3.6, respectively. 
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Table 3.4 - Frailty index deficits for trials of type 2 diabetes 

Diabetes trials frailty index deficits 

Deficit Source Coding 

Acid-related disorders Concomitant medications Present = 1, absent = 0 

Diabetes mellitus Concomitant medications Present = 1, absent = 0 

Thromboembolic 
disease/AF 

Concomitant medications Present = 1, absent = 0 

Cardiovascular disease Concomitant medications Present = 1, absent = 0 

Urinary tract 
disorder/incontinence 

Concomitant medications Present = 1, absent = 0 

Glaucoma Concomitant medications Present = 1, absent = 0 

Arthritis and arthralgia Concomitant medications Present = 1, absent = 0 

Osteoporosis Concomitant medications Present = 1, absent = 0 

Gout Concomitant medications Present = 1, absent = 0 

Inflammatory conditions 
(arthropathies, IBD, 
connective tissue diseases) 

Concomitant medications Present = 1, absent = 0 

Migraine Concomitant medications Present = 1, absent = 0 

Chronic pain Concomitant medications Present = 1, absent = 0 

Schizophrenia and 
delusional disorders 

Concomitant medications Present = 1, absent = 0 

Affective disorders/sleep 
disorders 

Concomitant medications Present = 1, absent = 0 

Epilepsy Concomitant medications Present = 1, absent = 0 

Parkinson's 
disease/parkinsonism 

Concomitant medications Present = 1, absent = 0 

Dementia Concomitant medications Present = 1, absent = 0 

Chronic lower respiratory 
disease 

Concomitant medications Present = 1, absent = 0 

Thyroid disorders Concomitant medications Present = 1, absent = 0 

Skin disorders  Concomitant medications Present = 1, absent = 0 

Difficulty picking up objects IWQOL1 Present = 1, absent = 0 

Difficulty getting up from 
chairs 

IWQOL3 Present = 1, absent = 0 

Trouble with stairs IWQOL4 Present = 1, absent = 0 

Difficulty dressing IWQOL5 Present = 1, absent = 0 

Difficulty with mobility IWQOL6 Present = 1, absent = 0 

Short of breath on mild 
exertion 

IWQOL8 Present = 1, absent = 0 

Self-rated health EQ5D/SF36-1 ((Total out of 100)-
100)/100 

Limited mobility/difficulty 
walking several blocks 

EQ5D-1/SF36-10 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with self-care EQ5D-2/SF36-12 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 
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Limited in usual activities EQ5D-3/SF25-32 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Pain EQ5D-4/SF36-21 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Anxiety or Down in dumps EQ5D-5/SF36-25 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoglobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 

Fib4 baseline laboratory 
measures 

>2.67 = 1, >2 = 0.5, <2 = 0 

Sodium baseline laboratory 
measures 

<133 = 1 

Calcium baseline laboratory 
measures 

>2.7 mmol/L = 1, <2.7 = 0 

Cholesterol baseline laboratory 
measures 

>6.2 mmol/L = 1, <6.2 = 0 

Systolic blood pressure baseline assessment >150 = 1 

Body mass index baseline assessment <18.5 or >30 = 1, >25 = 0.5, 
18.5-25 = 0 
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Table 3.5 - Frailty index deficits for trials of rheumatoid arthritis 

Rheumatoid arthritis trials frailty index deficits 

Deficit Source Coding 

Acid-related disorders Concomitant medications Present = 1, absent = 0 

Diabetes mellitus Concomitant medications Present = 1, absent = 0 

Thromboembolic 
disease/AF 

Concomitant medications Present = 1, absent = 0 

Cardiovascular disease Concomitant medications Present = 1, absent = 0 

Urinary tract 
disorder/incontinence 

Concomitant medications Present = 1, absent = 0 

Glaucoma Concomitant medications Present = 1, absent = 0 

Osteoporosis Concomitant medications Present = 1, absent = 0 

Gout Concomitant medications Present = 1, absent = 0 

Inflammatory conditions 
(arthropathies, IBD, 
connective tissue diseases) 

Concomitant medications Present = 1, absent = 0 

Migraine Concomitant medications Present = 1, absent = 0 

Chronic pain Concomitant medications Present = 1, absent = 0 

Schizophrenia and 
delusional disorders 

Concomitant medications Present = 1, absent = 0 

Affective disorders/sleep 
disorders 

Concomitant medications Present = 1, absent = 0 

Epilepsy Concomitant medications Present = 1, absent = 0 

Parkinson's 
disease/parkinsonism 

Concomitant medications Present = 1, absent = 0 

Dementia Concomitant medications Present = 1, absent = 0 

Chronic lower respiratory 
disease 

Concomitant medications Present = 1, absent = 0 

Thyroid disorders Concomitant medications Present = 1, absent = 0 

Skin disorders  Concomitant medications Present = 1, absent = 0 

Difficulty getting out of bed HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with household 
chores 

HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty climbing stairs HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with shopping 
(groceries) 

HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficult standing HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with toilet HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 
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Self-rated health EQ5D/SF36-1 ((Total out of 100)-
100)/100 

Limited mobility EQ5D-1/SF36-10 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with self-care EQ5D-2/SF36-12 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Limited in usual activities EQ5D-3/SF25-32 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Pain EQ5D-4/SF36-21 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Anxiety EQ5D-5/SF36-25 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoglobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 

Fib4 baseline laboratory 
measures 

>2.67 = 1, >2 = 0.5, <2 = 0 

Sodium baseline laboratory 
measures 

<133 = 1 

Calcium baseline laboratory 
measures 

>2.7 mmol/L = 1, <2.7 = 0 

Glucose baseline laboratory 
measures 

>11 mmol/L = 1, >7 = 0.5, 
<7 = 0 

Cholesterol baseline laboratory 
measures 

>6.2 mmol/L = 1, <6.2 = 0 

Systolic blood pressure baseline assessment >150 = 1 

Body mass index baseline assessment <18.5 or >30 = 1, >25 = 0.5, 
18.5-25 = 0 
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Table 3.6 - Frailty index deficits for trials of COPD 

COPD trials frailty index deficits 

Deficit Source Coding 

Acid-related disorders Concomitant medications Present = 1, absent = 0 

Diabetes mellitus Concomitant medications Present = 1, absent = 0 

Thromboembolic 
disease/AF 

Concomitant medications Present = 1, absent = 0 

Cardiovascular disease Concomitant medications Present = 1, absent = 0 

Urinary tract 
disorder/incontinence 

Concomitant medications Present = 1, absent = 0 

Glaucoma Concomitant medications Present = 1, absent = 0 

Arthritis and arthralgia Concomitant medications Present = 1, absent = 0 

Osteoporosis Concomitant medications Present = 1, absent = 0 

Gout Concomitant medications Present = 1, absent = 0 

Inflammatory conditions 
(arthropathies, IBD, 
connective tissue diseases) 

Concomitant medications Present = 1, absent = 0 

Migraine Concomitant medications Present = 1, absent = 0 

Chronic pain Concomitant medications Present = 1, absent = 0 

Schizophrenia and 
delusional disorders 

Concomitant medications Present = 1, absent = 0 

Affective disorders/sleep 
disorders 

Concomitant medications Present = 1, absent = 0 

Epilepsy Concomitant medications Present = 1, absent = 0 

Parkinson's 
disease/parkinsonism 

Concomitant medications Present = 1, absent = 0 

Dementia Concomitant medications Present = 1, absent = 0 

Chronic lower respiratory 
disease 

Concomitant medications Present = 1, absent = 0 

Thyroid disorders Concomitant medications Present = 1, absent = 0 

Skin disorders  Concomitant medications Present = 1, absent = 0 

Difficulty with Stairs SGRQ Present = 1, absent = 0 

Difficulty with Dressing SGRQ Present = 1, absent = 0 

Difficulty with Housework SGRQ Present = 1, absent = 0 

Difficulty with Shopping SGRQ Present = 1, absent = 0 

Difficulty with Sports SGRQ Present = 1, absent = 0 

Bath/shower long time SGRQ Present = 1, absent = 0 

Everything too much effort SGRQ Present = 1, absent = 0 

Feel that exercise not safe 
for me 

SGRQ Present = 1, absent = 0 

Feel frail because of chest SGRQ Present = 1, absent = 0 

Panic SGRQ Present = 1, absent = 0 

Exhausted easily SGRQ Present = 1, absent = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoglobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 
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Fib4 baseline laboratory 
measures 

>2.67 = 1, >2 = 0.5, <2 = 0 

Sodium baseline laboratory 
measures 

<133 = 1 

Calcium baseline laboratory 
measures 

>2.7 mmol/L = 1, <2.7 = 0 

Glucose baseline laboratory 
measures 

>11 mmol/L = 1, >7 = 0.5, 
<7 = 0 

Systolic BP baseline assessment >150 = 1 

Body mass index baseline assessment <18.5 or >30 = 1, >25 = 0.5, 
18.5-25 = 0 

 

3.3.3.4 Analysing Serious Adverse Events 

A key feature of frailty is its association with adverse health outcomes. 

Therefore, to assess whether frailty identified in the trial setting has this 

expected association, Serious Adverse Events were assessed as an outcome. In a 

trial setting, Serious Adverse Events comprise any event which results in death, 

results in or prolongs hospitalisation, is life-threatening, causes lasting 

impairment or disability, or causes a birth defect.248 In practice, most Serious 

Adverse Events are accounted for by hospitalisations or deaths. Trial sponsors 

are required to record and report Serious Adverse Event regardless of their 

relationship to the trial treatment (i.e. all events meeting this definition are 

recorded).  

3.3.3.5 Strengths and limitations of trial data 

The trial data on which these analyses are based have several strengths and 

limitations: 

Strengths: 

• These are ‘standard’ phase 3 or 4 industry-sponsored drug trials. A 

separate analysis of the trials for which IPD were available, compared to 

all eligible trials registered with clinicaltrials.gov, showed that IPD trials 

were similar in terms of start date, study design, number of participants 

enrolled, and indication for the drug under evaluation (appendix 1).244 
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• Access to IPD allows analysis of frailty in trials which do not explicitly 

measure or report frailty, and therefore has potential to lead to new 

insights around the prevalence and implications of frailty in trials.  

• Trials use standardised measures (e.g. quality of life questionnaires) and 

coding systems (WHO-ATC classification for concomitant medications) 

which allowed consistent definitions to be applied across multiple trials 

within the same index condition. 

• Reporting of Serious Adverse Events is a regulatory requirement for drug 

licensing, which implies that these outcomes are likely to be recorded 

accurately and consistently.  

Limitations 

• Despite being broadly similar to the wider body of trials, IPD trials are not 

a random sample and may not be representative of trials as a whole.  

• Furthermore, the necessary data to identify deficits for the frailty index 

may not be collected by all trials. This may lead to further selection bias 

in the sample of trials for which frailty could be assessed.  

• Trials did not consistently record, or (as a result of algorithmic 

approaches designed to protect participant privacy) redacted, medical 

history data, meaning that concomitant medications had to be used to 

identify long-term conditions. This is likely to lead to some 

misclassification. 

• Functional limitations often had to be identified using instruments 

specific to the index condition (e.g. HAQ-DI and SGRQ). The frailty index 

may therefore be more sensitive to functional limitations caused by the 

index condition in the trial compared with deficits caused by other 

conditions or pathological processes.  
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3.4 Chapter summary 

This chapter set out the models of frailty which will be analysed in this thesis – 

the frailty phenotype and the frailty index – as well as detailing the data sources 

that will be used in the analyses presented in the subsequent results chapters. 

This provides a theoretical basis for the inclusion of each of these frailty models, 

as well as outlining their strengths and weaknesses. The specific analyses 

undertaken using each of these models, and in each of the respective datasets, 

are described in the chapters that follow.  
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Chapter 4 Frailty measurement, prevalence, 
incidence, and clinical implications in people 
with diabetes: a systematic review and study-
level meta-analysis  

4.1 Chapter summary 

This chapter presents a systematic review of observational studies addressing 

research question 1 (the prevalence of frailty) and research question 2 (the 

association between frailty and clinical outcomes) in the context of diabetes.  

The text and figures presented here are as published in Hanlon P, Fauré I, 

Corcoran N, Butterly E, Lewsey J, McAllister D, Mair FS. Frailty measurement, 

prevalence, incidence, and clinical implications in people with diabetes: a 

systematic review and study-level meta-analysis. The Lancet Healthy Longevity. 

2020 Dec 1;1(3):e106-16. 

The published protocol for this review is in appendix 2, as published in Hanlon P, 

Fauré I, Corcoran N, Butterly E, Lewsey J, McAllister DA, Mair FS. Identification 

and prevalence of frailty in diabetes mellitus and association with clinical 

outcomes: a systematic review protocol. BMJ open. 2020 Sep 1;10(9):e037476.  
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4.2 Abstract 

Background: Frailty, a state of increased vulnerability to adverse health 

outcomes, is important in diabetes management. We aimed to quantify the 

prevalence of frailty in people with diabetes, and to summarise the association 

between frailty and generic outcomes (e.g., mortality) and diabetes-specific 

outcomes (e.g., hypoglycaemia). 

Methods: In this systematic review and study-level meta-analysis, we searched 

MEDLINE, Embase, and Web of Science for observational studies published 

between Jan 1, 2001 (the year of the original publication of the Fried frailty 

phenotype), to Nov 26, 2019. We included studies that assessed and quantified 

frailty in adults with diabetes, aged 18 years and older; and excluded 

conference abstracts, grey literature, and studies not published in English. Data 

from eligible studies were extracted using a piloted data extraction form. Our 

primary outcome was the prevalence of frailty in people with diabetes. 

Secondary outcomes were incidence of frailty and generic and diabetes-specific 

outcomes. Data were assessed by random-effects meta-analysis where possible 

and by narrative synthesis where populations were too heterogeneous to allow 

meta-analysis. This study is registered with PROSPERO, CRD42020163109. 

Findings: Of the 3038 studies we identified, 118 studies using 20 different frailty 

measures were eligible for inclusion (n=1 375 373). The most commonly used 

measures of frailty were the frailty phenotype (69 [58%] of 118 studies), frailty 

index (16 [14%]), and FRAIL scale (10 [8%]). Studies were heterogenous in setting 

(88 studies were community-based, 18 were outpatient-based, ten were 

inpatient-based, and two were based in residential care facilities), 

demographics, and inclusion criteria; therefore, we could not do a meta-analysis 

for the primary outcome and instead summarised prevalence data using a 

narrative synthesis. Median community frailty prevalence using frailty phenotype 

was 13% (IQR 9–21). Frailty was consistently associated with mortality in 13 (93%) 

of 14 studies assessing this outcome (pooled hazard ratio 1·51 [95% CI 1·30–

1·76]), with hospital admission in seven (100%) of seven, and with disability in 

five (100%) of five studies. Frailty was associated with hypoglycaemia events in 

one study, microvascular and macrovascular complications in nine (82%) of 11 

studies assessing complications, lower quality of life in three (100%) of three 
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studies assessing quality of life, and cognitive impairment in three (100%) of 

three studies assessing cognitive impairment. 13 (11%) of 118 studies assessed 

glycated haemoglobin finding no consistent relationship with frailty. 

Interpretation: The identification and assessment of frailty should become a 

routine aspect of diabetes care. The relationship between frailty and glycaemia, 

and the effect of frailty in specific groups (e.g., middle-aged [aged <65 years] 

people and people in low-income and lower-middle-income countries) needs to 

be better understood to enable diabetes guidelines to be tailored to individuals 

with frailty. 
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4.3 Research in context 

4.3.1 Evidence before this study 

We searched MEDLINE, Embase, and Web of Science from Jan 1, 2001, to Nov 26, 

2019, for observational studies published in English that assessed frailty in 

diabetes (type 1, type 2, or unspecified) using the terms “diabetes” and 

associated terms and “frail”. We included studies using any frailty measure and 

done in any setting. We did not identify any existing systematic reviews that 

synthesise data on the prevalence of frailty in people with diabetes. One review 

(eight studies) showed increased risks of mortality and cardiovascular events in 

people with diabetes and frailty, but did not distinguish between different 

definitions of frailty, nor did it consider other clinical outcomes. 

4.3.2 Added value of this study 

This study shows that frailty is common in diabetes. However, the methods used 

to identify and define frailty are highly variable between studies. Within the 

same population, some definitions (e.g., frailty index) identify a higher 

proportion of people as frail than do others (e.g., frailty phenotype). Despite 

this variation in measurement, frailty is consistently associated with a range of 

adverse outcomes, including mortality, hospital admission, disability, and lower 

quality of life. Important evidence gaps remain. Frailty is present in middle-aged 

(aged <65 years) and older people (>65 years) with diabetes; however, variation 

in prognosis or association with outcomes at different ages has not been widely 

explored. Evidence from lower-income and lower-middle-income countries is 

scarce, which is an important gap because of the rising prevalence of diabetes, 

along with an increasing proportion of older people, in many countries. The 

absolute risk of mortality associated with frailty is highly variable between 

studies and frailty definitions. The relationship between glycated haemoglobin 

(HbA1c) and adverse outcomes in frail versus non-frail individuals has not been 

quantified in the literature, and only one study has assessed the relationship 

between frailty and hypoglycaemia. These are important research gaps, as 

clinical guidelines recommend different HbA1c targets in the context of frailty, 

and lower life expectancy forms part of the rationale for these targets. 
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4.3.3 Implications of all the available evidence 

Identifying and assessing frailty should become a routine aspect of diabetes 

care, which will require frailty screening to become embedded within existing 

protocols and systems for managing diabetes. There is also a need for a more 

nuanced understanding of how frailty should be identified and characterised, 

including the implications of the choice of frailty measure. This is particularly 

important if clinicians are to identify people likely to benefit from guideline 

recommendations for managing diabetes in the context of frailty. As these 

guidelines focus on glycaemic targets, the scarcity of studies exploring the 

relationship between frailty, HbA1c, and clinical outcomes is an important 

research gap. Because frailty is also prevalent in middle-aged people with 

diabetes, there is a need to question and explore the clinical implications of 

frailty across a wider age range, as the basis for current guideline 

recommendations is based on observations from older populations. 
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4.4 Introduction 

Clinicians and health-care systems worldwide are facing the challenges 

associated with ageing populations. Diabetes (type 1 and type 2) is prevalent in 

up to 30% of people older than 65 years.249 Frailty is a key concept for health 

care, particularly as people age.3 Frailty describes a dynamic state of increased 

vulnerability to adverse health outcomes resulting from loss of physiological 

reserve.3 The prevalence of frailty increases with increasing age.3 However, 

frailty is not universal among older people (aged >65 years), and can also be 

identified in younger people (aged <65 years), particularly in the context of 

long-term conditions, including diabetes.9,250 

The importance of frailty is increasingly recognised in clinical guidelines for 

diabetes management.19,251 Specifically, more relaxed glycated haemoglobin 

(HbA1c) targets are recommended among people who are older or living with 

frailty.251 These recommendations are based on lower life expectancy and 

greater risks of hypoglycaemia in older individuals with frailty.19 However, 

guidelines are not explicit about to whom these recommendations should be 

applied. Frailty is not a single homogeneous concept, and there is no single 

standard definition or measure.3 Instead, multiple operational definitions of 

frailty exist.32 Some are based on characteristics which are measured directly 

(frailty measures based on physical assessments such as grip strength and 

walking pace) or self-reported measures, and others on past medical records. 

Definitions also vary in their inclusion of cognitive status, social vulnerability, 

and functional disability.252 Differences in the definition and identification of 

frailty can alter the clinical implications for management.11 

There is, therefore, uncertainty as to how frailty should be identified, 

measured, and managed, including in the context of diabetes. Because of the 

complex and multifaceted nature of frailty, understanding its relationship with a 

broad range of outcomes is important to inform clinical decision making around 

care and treatment. This systematic review aims to: first, identify frailty 

measures that have been used to identify frailty in people with diabetes; 

second, quantify the prevalence of frailty in people with diabetes; and, third, 

summarise the association between frailty and generic outcomes (e.g., 



107 
 
mortality), and diabetes-specific clinical outcomes (e.g., hypoglycaemia) in the 

context of diabetes. 
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4.5 Methods 

4.5.1 Search strategy and selection criteria 

We did a systematic review and study-level meta-analysis of observational 

studies assessing frailty in the context of diabetes. Methods were prespecified 

and reported according to Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines. Criteria for inclusion are described in detail 

in the review protocol,253 and were deliberately broad in terms of setting, frailty 

definition, and outcomes. We included studies done in any setting (community, 

outpatient, inpatient, and residential care). Criteria included observational 

studies, including cross-sectional and cohort studies, that included adults (≥18 

years) with diabetes (any type or unspecified) and quantified frailty in 

participants with diabetes, using any frailty measure or definition to allow 

comparison between different methods of identifying frailty. Exclusion criteria 

were grey literature, conference abstracts and any studies not published in 

English. 

We searched MEDLINE, Embase, and Web of Science databases between Jan 1, 

2001 (which was the year of the original publication of the Fried frailty 

phenotype),5 to Nov 26, 2019, using keywords and Medical Subject Headings. The 

search structure was “diabetes” and “frail” (full search strategy in appendix 3). 

We screened all titles and abstracts and assessed full texts of all relevant 

articles for eligibility. We supplemented electronic searches by hand-searching 

reference lists of relevant articles and forward-citation searching using Web of 

Science. All stages of screening, data extraction, and quality assessment were 

done independently by two authors (PH and IF, NC, or EB). Discrepancies were 

resolved by consensus and by a third author (NC or EB). 

4.5.2 Data analysis 

Data from eligible studies were extracted using a piloted data extraction form. 

Differences in data extraction between reviewers were resolved by consensus. 

We extracted data for study aims, study design, setting, population 

characteristics (eligibility, recruitment method, summary data for age and sex), 

diabetes type (type 1, type 2, unspecified), frailty measure (including whether 
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criteria were adapted from the original description of the frailty definition), 

prevalence of frailty in participants with diabetes, and the association between 

frailty and clinical outcomes. The risk of bias in the included studies was 

assessed using an adaptation of the Newcastle-Ottawa tool to make the 

questions about exposure specific to the assessment of frailty (e.g., use of a 

validated tool) (appendix 3).254 

Our primary outcome was prevalence of frailty in people with diabetes. 

Secondary outcomes were incidence of frailty, generic healthcare associated 

outcomes (including mortality, hospitalisation, health-care utilisation, quality of 

life, disability, cognitive impairment, and depression), and diabetes-specific 

outcomes (glycaemic control, macrovascular and microvascular complications). 

Estimates of the prevalence of frailty in diabetes are likely to vary depending on 

the characteristics of the underlying population (e.g., age, sex, and ethnicity), 

definition of diabetes, frailty definition used, adaptations to frailty criteria, and 

study setting. Because of these multiple sources of heterogeneity, we did a 

narrative synthesis of prevalence estimates incorporating these features. The 

quality of the included studies (judged by the quality assessment) was 

incorporated into the narrative synthesis presented in the text (e.g., highlighting 

where samples were unrepresentative and length of follow-up). 

Due to the high likelihood of residual heterogeneity between populations and 

cohort inclusion criteria, we did not do a meta-analysis of these estimates.255 

Studies reporting the relationship between frailty and clinical outcomes in 

diabetes were synthesised using a combination of narrative synthesis and 

random-effects meta-analysis. A meta-analysis was done only when there were 

at least two studies assessing the same outcome, using a comparable method of 

analysis (i.e., the same statistical approach was used [e.g., Cox proportional 

hazard model of time to event data for mortality]). Where these studies used 

the same measure of frailty, a summary estimate was calculated, and 

heterogeneity assessed using I2 statistic. Where different frailty measures were 

used to assess the same outcome, studies were grouped by frailty measure and 

meta-analysed in subgroups (prespecified in the protocol).253 Where outcomes or 

analytic approaches were too heterogeneous, a narrative synthesis was done and 
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data summarised using Harvest plots.256 Harvest plots use bars to represent 

individual studies placed on a matrix to indicate whether the studies showed a 

positive, negative, or neutral association with the outcome in question, and 

allow synthesis of heterogeneous outcome data. Data processing and analysis 

was done using R (version 3.6.1). Meta-analyses were done using RevMan5. 

This study is registered with PROSPERO, CRD42020163109. 

4.5.3 Role of the funding source 

The funder of the study had no role in study design, data collection, data 

analysis, data interpretation, or writing of the report. The corresponding author 

had full access to all the data in the study and had final responsibility for the 

decision to submit for publication. 
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4.6 Results 

After screening 3038 records, we identified 118 (which included 106 cohorts and 

samples) that met our inclusion criteria (1 375 373 participants overall; Figure 

4.1).5,9,81,84,250,257-370 Details of each included study are summarised in appendix 

3. 

 

Figure 4.1: PRISMA diagram of study selection 

Most studies were community-based population studies (88 [75%]), 18 (15%) were 

outpatient studies, ten (8%) were inpatient studies and two (2%) studies were 

based in residential care facilities. Studies were from a wide range of 

geographical locations (appendix 3). Most studies were from high-income (88 

[75%] of 118 from 18 countries) or from upper-middle-income countries (27 [23%] 

from five countries), three studies (3%) were from three lower-middle-income 

countries and none were from low-income countries. 25 (21%) of 118 studies 

included people with type 2 diabetes specifically and in 93 (79%) studies the 

type of diabetes was unspecified. 30 (25%) of 118 studies specifically recruited 
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people with diabetes, while in the remaining 88 (75%) studies, people with 

diabetes were a subgroup of the study population. Eight (7%) studies assessed 

specific ethnic groups (one study with African Americans, six studies with three 

different cohorts of Mexican Americans, and one study with Aboriginal 

Australians). A wide variety of frailty measures (either validated or well 

described) were used in the included studies: 20 different measures in total 

(Table 4.1). The frailty phenotype was used in 69 (58%) studies; however, in 51 

(74%) of these studies the definition of one or more of the five frailty criteria 

differed from the original description from the Cardiovascular Health Study.5 The 

frailty index (16 [14%] studies) and FRAIL scale (10 [8%] studies) were also 

frequently used. The remaining 23 studies used other measures of frailty (Table 

4.1). 

In the 118 included studies, the median number of people with diabetes was 205 

(IQR 104–570). Study populations were heterogeneous. Mean age ranged from 

50·4 years to 88·0 years (median 72·8 [IQR 69·6–74·4]). Eight (9%) of 88 

community-based studies analysed adults of any age. Of these 88 studies, 72 

(82%) sampled people above a specified age cut-off (most commonly aged 60 

[ten studies] or 65 years [39 studies]). Eight (9%) of 88 studies assessed specific 

age ranges, with three of these studies including middle-aged people (age ranges 

37–73 years, 45–74 years, and 49–65 years). Most community-based studies were 

judged to be representative in terms of age and sex (determined by sampling 

methods, response rates and demographics of people included); however, very 

few reported differences between included participants and non-responders. 14 

community-based studies focused on specific populations (i.e., four studies on 

men, two on women, and eight on specific ethnic groups). Whole population 

studies varied in their sampling method (household survey, postal invitation, 

stratified sampling, or routine data analysis) and in their exclusion criteria. For 

example, 81 (69%) of 118 excluded individuals who were institutionalised (e.g., 

living in residential care or nursing homes), people with restricted mobility 

(unable to attend an assessment), people with cognitive impairment, or people 

with specific disorders (e.g., neurological conditions such as Parkinson's disease 

or stroke, often when the study included assessments of mobility or functional 

status). As many of these factors have established associations with frailty, it is 
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likely that variation in these population characteristics will influence the 

estimated prevalence of frailty in the studies.
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Table 4.1: Frailty measures in included studies 

Frailty measure Components Range and categorisation Included 
studies (n) 

Outcomes reported in 
included studies 

Frailty phenotype 5 components (unintentional weight loss, exhaustion, 
low grip strength, slow walking pace, low physical 
activity) 

1-2 criteria: Pre-frail 
≥3 criteria: Frail 

69 Mortality (n=2), HbA1c 
(n=1), complications (n=1), 
cognitive impairment 
(n=2), disability (n=1), QOL 
(n=1). 

Frailty index Count of health-related deficits (≥30, type and number 
of chosen deficits may vary between studies). Total 
present divided by number of possible deficits 

Range 0-1 
Sometimes categorised (threshold for 
frailty varies (e.g. 0.2, 0.24) 

16 Mortality (n=3), 
hospitalisation (n=1), 
HbA1c (n=1), complications 
(n=1), disability (n=1). 

FRAIL scale 5 components (weight loss, fatigue, weakness, 
ambulation, illness/comorbidity)  

1-2 criteria: Pre-frail 
≥3 criteria: Frail 

10 Mortality (n=4), 
hospitalisation (n=4), ED 
visit (n=2), disability (n=2), 
complications (n=2), 
depression (n=1).  

Clinical frailty scale Clinical tool based on functional status. Ranges 1 (very fit) to 9 (terminally ill). 
Some dichotomise as ≥5 = frail. 

5 Mortality (n=2), HbA1c 
(n=2), complications (n=1) 

Edmonton frailty scale 9 components: cognition, general health, functional 
independence, social support, medication, nutrition, 
mood, continence and functional performance. 

Score 0-17. 
Mild (7-8), moderate (9-10) and severe 
frailty (≥11). 

4 Complications (n=2), 
depression (n=1), QOL 
(n=1). 

John Hopkins adjusted 
clinical groups 

Weighted comorbidity score identified from electronic 
medical records 

Presence of frailty identified by 
specific indicator conditions. 

3 HbA1c (n=1), complications 
(n=1) 

Kihon checklist Self-administered checklist (components: activities of 
daily living, exercise, falling, nutrition, oral health, 
cognition, depression) 

Range 0-25. 
Pre-frail (4-7), Frail (≥8). 

3 None 

Comprehensive 
geriatric assessment 

Multidisciplinary assessment, typically led by a 
geriatrician, aiming to reach a holistic assessment of 
health and wellbeing. 

Frailty identified by clinical judgement 
rather than pre-defined criteria 

2 Hospitalisation (n=1), 
hypoglycaemia (n=1), 
complications (n=1), 
depression (n=1), cognitive 
impairment (n=1), QOL 
(n=1). 

Electronic frailty index Count of deficits identified from electronic medical 
records, based on the Frailty index approach. 

Mild (0.12-0.24), moderate (0.24-0.36) 
and severe frailty (≥0.36) 

2 HbA1c (n=1), complications 
(n=1). 
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Frailty risk class List of ‘indicator conditions’ identified from electronic 
medical records. 

Presence of frailty identified by 
specific indicator conditions. 

2 Mortality (n=1). 

Frailty risk score Count of 16 frailty ‘risk factors’ (symptoms, behavioural 
factors, biomarkers, nutritional factors) 

Range 0-16 1 Mortality (n=1), 
hospitalisation (n=1), 
HbA1c (n=1). 

Frailty staging system 7 components (disability, mobility, cognition, vision, 
hearing, continence, social support).  

Range 0-7. 
Mild (1) moderate (2-3) or severe 
frailty (≥4). 

1 Mortality (n=1), cognitive 
impairment (n=1) 

Frailty trait score 12 items across 7 components (nutrition, activity, 
nervous system, vascular system, weakness, endurance, 
and slowness). 

Range 0-49 1 None 

Gill index Composite of chair stand and walking speed tests. Moderate (unable to perform one 
element) or severe frailty (both 
elements) 

1 None 

Groningen frailty 
indicator 

15 items across 4 domains (physical, cognitive, social 
and psychological). 

Range 0-15 
≥4 indicates frailty 

1 None 

Modified physical 
performance test 

9 item instrument assessing physical tasks.  Range 0-36. 
Moderate (22-29) and severe frailty 
(≤21). 

1 Complications (n=1) 

QFrailty Algorithm based on electronic medical records 
combining mortality (QMortality score) and hospital 
admission (QAdmission score) risk. 

Categorised as mild, moderate and 
severe frailty. 

1 None 

RAND-36 
questionnaire 

Physical function sub-scale of the RAND-36 
questionnaire.  

Range 0-100. 
Score <80 taken to indicate frailty. 

1 Mortality (n=1), 
complications (n=1). 

Study of Osteoporotic 
Fracture frailty 
indicator 

3 components (weight loss, chair stand, exhaustion) 1 component: prefrail 
2-3 components: frail 

1 None 

Vulnerable Elders 
Survey (VES-13) 

Telephone questionnaire with 13 components (age, self-
rated health, physical function and disability) 

Score ≥4 = frail. 1 HbA1c (n=1), complications 
(n=1). 

Footnote: Three studies used more than one frailty measure.  



 
 
The prevalence of frailty in people with diabetes is shown in Figure 4.2, with 

estimates from each study expressed as a proportion (with 95% CIs). Results are 

stratified by setting and frailty definition and ordered by mean age of the study 

population. Prevalence estimates varied widely. Median community frailty 

prevalence using frailty phenotype was 13% (IQR 9–21). Studies with a lower 

mean age tended to show lower frailty prevalence, particularly those studies 

without a lower age cut-off. However, prevalence was mixed even among 

populations with similar mean age and using the same frailty measure 

(particularly in community-based studies using the frailty phenotype). These 

differences in results might reflect a combination of differences in the 

underlying population, variation in exclusion criteria and in methods of 

recruitment affecting representativeness of the sample, and differences in how 

frailty components were specified.200 Three (3%) of 118 studies used both the 

frailty index and frailty phenotype.258,288,371 In each of these studies, the 

percentage of people identified as frail was higher using the frailty index (53%, 

30%, and 32%) compared to using the frailty phenotype (23%, 26%, and 24%), 

highlighting the sensitivity of frailty prevalence to the measure used. Frailty 

prevalence was also notably high in some ethnic groups (e.g., African Americans 

and Aboriginal Australians) and lower in others (e.g., Mexican 

Americans).250,295,304 

Diabetes was consistently associated with frailty prevalence after adjustment for 

age, sex, and other risk factors. Furthermore, diabetes was associated with a 

greater degree of frailty when assessed using the frailty index. 
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Figure 4.2: Prevalence of frailty by setting and frailty definition, ordered by mean age of 
study population. Full list of references of all the studies mentioned is included in the appendix 3. 
eFI=electronic frailty index. ACG=adjusted clinical groups. CGA=comprehensive geriatric 
assessment. VES-13=vulnerable elders survey RAND-36=research and Development Corporation. 
Kihon=Kihon checklist. mPPT-modified physical performance test. Groningen=Groningen frailty 
indicator. 
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Eight (9%) of 88 community-based studies assessed the incidence of frailty, all 

using the frailty phenotype, among people who did not meet criteria for frailty 

at baseline. In each of these studies, diabetes was included as one of a range of 

baseline factors associated with the development of frailty. Meta-analysis of 

these studies shows that diabetes was consistently associated with the 

development of frailty (pooled odds ratio 1·48 [95% CI 1·33–1·64]; Figure 4.3). 

Heterogeneity between study estimates was low (I2=0%) despite variation in the 

length of follow-up and the variables in each model. The only study assessing the 

association between HbA1c and changes in frailty status showed that a higher 

HbA1c at baseline was associated with worsening frailty over a 10-year period 

measured using the frailty index. Three studies (3%) of 118 assessed transitions 

between frailty phenotype states and found that people with diabetes were less 

likely to improve from a frail to a pre-frail or robust state compared to people 

without diabetes.297,342,372 Together, these data provide evidence that diabetes, 

and perhaps poor glycaemic control, are risk factors for the development and 

persistence of frailty. 

 

Figure 4.3: Random-effects meta-analysis of odds of incident frailty associated with 
diabetes 

14 (12%) of 118 studies, using eight different frailty measures, assessed the 

relationship between frailty and all-cause mortality in people with diabetes. 

Eight of these used time-to-event analyses and were included in a meta-analysis, 
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with each frailty measure as a separate subgroup (Figure 4.4). Frailty was 

consistently associated with mortality (pooled hazard ratio 1·51 [95% CI 

1·30−1·76]); however, the relative effect size varied considerably between 

studies using different frailty measures (I2=88% showing high heterogeneity). 

 

Figure 4.4: Random effects meta-analysis of association between frailty and mortality 

Studies varied in length of follow-up, covariate adjustment, and method of 

mortality assessment, limiting comparison of the absolute mortality rates 

associated with frailty in diabetes. However, the absolute mortality rate 

associated with frailty clearly differed between studies. In one study,321 

hospitalised older patients with diabetes and frailty, according to the Clinical 

Frailty Scale, had a median life expectancy of 23 months. Mortality incidence in 

people with frailty was 60 per 1000 person-years in one study using the frailty 

phenotype in Japan (mean age 72 years),308 and 161 per 1000 person-years in 

another study using the FRAIL scale in Taiwan (mean age 71 years).281 Crude 

mortality rates in three different studies at 10-year follow-up were 50% using the 

frailty risk class,270 68% using the frailty phenotype,352 and 96% using the frailty 

staging system.359 
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Frailty is therefore consistently associated with all-cause mortality in people 

with diabetes. However, the method used to assess frailty, along with the 

underlying population, can lead to wide variation in both the relative and 

absolute risk of mortality in people identified as frail. 

Studies assessing frailty and health-care utilisation are summarised in Figure 4.5. 

Details on study methods and effect sizes are presented in the appendix 3. 

Frailty was consistently associated with increased risk of hospitalisation and with 

emergency department visits in people with diabetes. 

Frailty was consistently associated with disability in five (4%) of 118 

studies.250,277,317,319,352 Three of these were cross-sectional, while two showed 

associations between frailty and incident disability over variable lengths of 

follow-up. Cross-sectional studies also showed associations between frailty and 

cognitive impairment (three studies), depression (two out of three studies), and 

lower quality of life (three studies). 

The relationship between frailty and diabetes-specific characteristics are shown 

in Figure 4.5. 

 

Figure 4.5: Harvest plot of association between frailty and generic (A) and diabetes-specific 
(B) clinical outcomes 
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Overall, there was little evidence of a relationship between frailty status and 

mean HbA1c. Two of four studies assessing low HbA1c and one of four studies 

assessing high HbA1c found that people with frailty were more likely to have 

particularly high or low HbA1c values.323,325 Frailty was associated with 

microvascular and macrovascular complications. These studies were cross-

sectional; none assessed changes in HbA1c over time or prospective relationships 

between frailty and the development of complications. Two studies (2%),323,325 

which identified frailty using electronic medical records, observed that people 

living with frailty who had overly tight glycaemic control (HbA1c <6·5%) tended 

to be prescribed hypoglycaemic agents and that these were rarely discontinued 

despite low HbA1c. No included studies assessed the relationship between HbA1c 

and clinical outcomes in people with frailty. One study assessed the relationship 

between frailty and hypoglycaemic episodes.341 Frailty, identified by 

multidisciplinary comprehensive geriatric assessment, was associated with a 

higher incidence of hypoglycaemic episodes, as well as greater risk of 

hospitalisation with hypoglycaemia. No studies using either epidemiological or 

clinical measures to identify frailty examined hypoglycaemia as an outcome. 

No studies assessed the relationship between frailty and glycaemic variability or 

the relationship between HbA1c and clinical outcomes in the context of frailty.  
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4.7 Discussion 

This systematic review synthesised data from 118 studies from 18 high-income, 

five upper-middle-income, and three lower-middle-income countries that 

assessed the relationship between frailty and diabetes. Frailty was measured 

using a range of different scales, incorporating different constructs and 

developed for different purposes. However, across all measures used, frailty was 

prevalent in community and hospital-based settings and associated with various 

adverse clinical outcomes, including mortality, hospitalisation, lower quality of 

life and disability. In community settings, studies showed that frailty prevalence 

can be expected to lie between 10% and 25% in people with diabetes older than 

60 years. Frailty was also present in people younger than 65 years, although this 

was only examined in six studies. Frailty also appears to be more common in 

some ethnic groups (e.g., Aboriginal Australians and African Americans) although 

this was only examined in eight studies. Diabetes was also associated with the 

development and progression of frailty. There were cross-sectional associations 

between frailty and microvascular and macrovascular complications but not 

higher mean HbA1c. This is notable as clinical guidelines recommend higher 

HbA1c targets in people with frailty.19  

Clinicians managing diabetes will encounter frailty regardless of clinical setting. 

In clinical contexts, a nuanced approach that involves differentiating between 

levels of frailty and understanding individual patient needs and priorities within 

the context of frailty is likely to be important, rather than a one-size-fits-all 

approach to identifying frailty. The identification and assessment of frailty 

should become part of routine management of people with diabetes. The 

included studies show that frailty can also be present in younger people with 

diabetes, including people younger than 65 years. However, the prognostic 

implications of frailty in diabetes at younger ages have not been examined. 

Our findings show that diabetes is a risk factor for the development and 

progression of frailty. Possible mechanisms include accelerated muscle loss and 

sarcopenia in diabetes,373 along with neuropathic and inflammatory 

mechanisms,374 and shared cardiovascular risk factors.268 There is emerging 

evidence that nutritional and exercise-based interventions can limit the 

development of frailty in community settings.375 However, diabetes was not 
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considered or analysed separately in these studies; therefore, people with 

diabetes would have been eligible for inclusion, but the findings relate to the 

population in general and not to diabetes specifically. Non-pharmacological 

management of diabetes might be synergistic with efforts to prevent the 

development of frailty. Measuring frailty at baseline and as an outcome in trials 

of diabetes interventions would be an important step in understanding if and 

how interventions might mitigate frailty. 

The importance of frailty is recognised in several national and international 

diabetes guidelines.19,251,376 Specifically, more relaxed HbA1c targets are 

recommended, and the risks of hypoglycaemia are highlighted.251,376 An 

international position statement on frailty in diabetes recommended aiming for 

the tightest control that could be achieved, while minimising the risk of 

hypoglycaemia.19 In mild-to-moderate frailty a target of 7·0–8·0% was 

recommended and in severe frailty 7·5–8·5% was considered more protective.19 

This review showed an association between frailty and HbA1c values that were 

either higher (i.e., >9·0%) or lower (i.e., <6·5%) than standard targets. Although 

higher values can be explained by higher targets, the association between frailty 

and low HbA1c values suggests that many patients with diabetes and frailty 

might be over-treated. People with frailty and excessively low HbA1c were 

prescribed hypoglycaemic drugs,341 which tended not to be discontinued over 

time.323 Continuing hypoglycaemic agents despite low HbA1c could put people 

with frailty at greater risk than if these agents were discontinued. 

It is also notable that only one study in this review quantified the risk of 

hypoglycaemia in frailty,341 suggesting that the association between current 

models of frailty and hypoglycaemia has largely been unquantified. The 

guideline recommendations are generally based on the high proportion of older 

people among those presenting with hypoglycaemic complications,377,378 as well 

as data from trials such as ACCORD in which older patients (>80 years) had 

particularly high rates of hypoglycaemia when randomly assigned to the 

intervention groups.379 Although this provides evidence of the greater risk of 

hypoglycaemia, particularly in older people, it is not clear if current measures of 

frailty accurately identify people at greatest risk of hypoglycaemia. Several of 

the included studies identified frailty in relatively young people with diabetes; 
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however, it is not clear if frailty is associated with similar risks of hypoglycaemia 

in younger populations. Because the choice of frailty measure, and the way it is 

implemented, has considerable influence over the population that is identified 

as frail,200 it is not clear how best to identify people with diabetes and frailty 

who are most likely to benefit from these recommendations around HbA1c 

targets. 

Greater consistency in how frailty is measured and reported would improve our 

understanding of the implications of frailty. However, as frailty is a complex and 

multifaceted state, broad agreement on a single definition is unlikely.3,252 

Translation to clinical practice is a key consideration in analysis of frailty 

because the most frequently used epidemiological measures (such as the Frailty 

Phenotype) are rarely incorporated into routine health care. The high 

prevalence and clinical importance of frailty in diabetes are clear, and there is 

therefore a need to advance our understanding of how frailty in diabetes should 

be managed. To do so will mean explicitly measuring frailty in diabetes trials 

and interventions. Such measurement is particularly important as 

recommendations for the management of diabetes in the context of frailty are 

based on studies in which frailty was not directly quantified. Because of the 

variation in how frailty is measured, there is a risk that recommendations will be 

applied inconsistently, and perhaps inappropriately, in clinical practice. Frailty-

specific evidence in the context of diabetes is required to refine the 

management of people living with frailty. 

Our review used a comprehensive search strategy supplemented by hand-

searching of relevant literature. However, our search was limited to studies 

published in English and excluded grey literature and conference abstracts, 

which could result in language or publication bias. Because the included studies 

were observational in nature, the relationships between diabetes and frailty 

cannot be assumed to be causal. There was considerable heterogeneity between 

included studies, in terms of inclusion criteria and representativeness 

(introducing potential selection bias), frailty measures (validated vs adapted), 

adaptation of frailty criteria, and study settings. Although we explored the 

effect on frailty prevalence of some of these factors, we were limited by the 

reporting of these in the included studies and the variable level of detail 
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provided, particularly around non-response rates and completeness of follow-up 

data. It was therefore not possible to specify which factors drove the 

heterogeneity in prevalence estimates. 

Frailty identification, assessment, and management should be part of routine 

diabetes care, which will require integration and embedding of frailty 

assessment tools into existing templates and protocols. Frailty is not a 

homogenous entity, and the prognosis and implications of frailty are likely to 

differ depending on the level of frailty and how it is defined, as well as by other 

factors such as age. Management must therefore be tailored to the individual. A 

nuanced and consistent understanding of frailty is needed to inform the 

evidence base. There is a need to examine the differential consequences of 

frailty in different sub-populations (such as younger people and people from 

different ethnic groups). Future research should also focus more on lower-

income and middle-income countries, in which diabetes and ageing are growing 

public health concerns. Finally, despite guidelines calling for lower glycaemic 

targets in people with diabetes and frailty, HbA1c is below target in many 

people. Longitudinal assessments of the consequences of glycaemic control in 

the context of frailty are largely absent from literature. These gaps should be 

addressed to improve management of people living with diabetes and frailty. 
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Chapter 5 An analysis of frailty and 
multimorbidity in 20,566 UK Biobank 
participants with type 2 diabetes 

5.1 Chapter summary 

This chapter presents an analysis of the UK Biobank cohort addressing research 

question 1 (prevalence of frailty) and research question 2 (the association 

between frailty and clinical outcomes) in people with type 2 diabetes. 

In addition to frailty, two measures of multimorbidity are also presented (a 

count of long-term conditions and the Charlson comorbidity index). 

Multimorbidity was assessed alongside frailty in this study because clinical 

guidelines for type 2 diabetes often present recommendations for frailty and 

multimorbidity together, despite these being distinct concepts. This rationale is 

explained in more detail in the introduction below.  

The text and figures presented here are as published in Hanlon P, Jani BD, 

Butterly E, Nicholl B, Lewsey J, McAllister DA, Mair FS. An analysis of frailty and 

multimorbidity in 20,566 UK Biobank participants with type 2 diabetes. 

Communications Medicine. 2021 Aug 27;1(1):1-9. 
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5.2 Abstract 

Background: Frailty and multimorbidity are common in type 2 diabetes, 

including people <65 years. Guidelines recommend adjustment of treatment 

targets in people with frailty or multimorbidity. It is unclear how 

recommendations to adjust treatment targets in people with frailty or 

multimorbidity should be applied to different ages. We assess implications of 

frailty/multimorbidity in middle/older-aged people with type 2 diabetes. 

Methods: We analysed UK Biobank participants (n=20,566) with type 2 diabetes 

aged 40-72 years comparing two frailty measures (Fried frailty phenotype and 

Rockwood frailty index) and two multimorbidity measures (Charlson Comorbidity 

index and a count of long-term conditions (LTCs)). Outcomes were mortality, 

Major Adverse Cardiovascular Event (MACE), hospitalisation with hypoglycaemia 

or fall/fracture.  

Results: Here we show measure choice influences the population identified: 42% 

of participants are frail or multimorbid by at least one measure; 2.2% by all four 

measures. Each measure is associated with mortality, MACE, hypoglycaemia and 

falls. The absolute 5-year mortality risk is higher in older versus younger 

participants with a given level of frailty (e.g. 1.9%, and 9.9% in men aged 45 and 

65, respectively, using frailty phenotype) or multimorbidity (e.g. 1.3%, and 7.8% 

in men with 4 LTCs aged 45 and 65, respectively). Using frailty phenotype, the 

relationship between higher HbA1c and mortality is stronger in participants with 

frailty compared with pre-frail or robust participants. 

Conclusions: Assessment of frailty/multimorbidity should be embedded within 

routine management of middle-aged and older people with type 2 diabetes. 

Method of identification as well as features such as age impact baseline risk and 

should influence clinical decisions (e.g. glycaemic control).  
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5.3 Plain language summary 

People living with type 2 diabetes often have multiple other long-term 

conditions (multimorbidity) or increased vulnerability to aging-related declines 

in health (frailty). These states are common in older people, however their 

prevalence and impact in people aged under 65 years is less clear. This study 

uses data from UK Biobank, a large group of people aged 40-72 years old, to 

study the impact of frailty and multimorbidity in relatively younger people with 

type 2 diabetes. We found that both frailty and multimorbidity were common in 

people with type 2 diabetes, even at relatively younger ages. People living with 

frailty or multimorbidity were at greater risk of mortality, heart attacks or 

strokes, falls or fractures, and of being hospitalised with low blood sugar. 

Assessing frailty and multimorbidity may help to identify people requiring 

individualised clinical management and assessment of risk.  
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5.4 Introduction 

Type 2 diabetes mellitus is increasingly common, with prevalence rising with 

age.249 Aging populations across the world present a growing challenge for the 

management of diabetes.18 Type 2 diabetes is associated with states linked to 

the ageing process,373,380 such as frailty and multimorbidity.373,381 While the 

majority of people living with frailty are aged over 65 years (with prevalence 

rising steeply above this age), both frailty and multimorbidity are also often 

present in ‘middle-aged’ people with type 2 diabetes.9,381 However, the clinical 

implications of these concepts in younger people are less well understood. 

Frailty and multimorbidity are related but distinct concepts.13 Neither has a 

universally accepted definition.27,382 Frailty describes a dynamic state of 

increased vulnerability to decompensation in response to physiological stress, 

characterised by reduced physiological reserve.3 The two most common 

definitions are the frailty phenotype5 and the frailty index.35 Multimorbidity 

refers to the presence of two or more long-term conditions (LTCs) within an 

individual.382 Multimorbidity is often quantified using a count of conditions, 

sometimes weighted depending on nature or severity.382 Counts vary, however, 

in the number and type of conditions included. In both frailty and 

multimorbidity, the choice of definition dictates which individuals are identified 

as frail or multimorbid, and the degree of overlap between definitions is 

variable.  

Guidelines for type 2 diabetes are beginning to recognise the importance of 

identifying frailty in older people with type 2 diabetes, and tailoring 

management accordingly.19,251 Specifically, targets for HbA1c should be relaxed 

in people with frailty or multimorbidty.19 The rationale for less stringent targets 

in this context includes shorter life expectancy, as well as increased 

vulnerability to serious adverse effects of hypoglycaemia.383  

However, guidelines do not offer tailored guidance as to what degree of 

multimorbidity may alter the balance of risks and benefits in favour of more 

relaxed glycaemic targets, or indeed what conditions should be included in an 

assessment of multimorbidity. Importantly, it is not clear if the 
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recommendations around glycaemic targets hold for younger people with type 2 

diabetes who meet the definition of frailty or have multimorbidity.9,381  

To address this evidence gap,  this study aims, in UK Biobank participants aged 

40-72 with type 2 diabetes,  to: (i) describe the prevalence of both 

multimorbidity and frailty using a range of possible definitions; (ii) assess the 

overlap between each definition multimorbidity and of frailty; (iii) compare the 

association between multimorbidity/frailty and adverse outcomes; and (iv) 

quantify the association between glycaemia (HbA1c) and adverse outcomes in 

people with and without frailty/multimorbidity. 

We show that both frailty and multimorbidity are common in middle-aged people 

with type 2 diabetes, although different measures of each construct identify 

different individuals. We also show that, regardless of measure used, frailty and 

multimorbidity are both associated with increased risk of mortality, major 

adverse cardiovascular events, falls or fractures, and hypoglycaemia. However, 

at a given level of frailty or multimorbidity, the absolute risk of each of these 

outcomes is higher among older people.  
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5.5 Methods 

5.5.1 Study population 

This is an analysis of UK Biobank participants with type 2 diabetes. Participants 

were recruited between 2006-2010 by postal invitation and attended one of 22 

assessment centres in England, Scotland or Wales where they completed a 

touchscreen questionnaire, a nurse interview, had physical measurements, and 

provided blood samples. Participants also consented to data linkage to 

healthcare records including mortality and hospital episode statistics. 

Participants with type 2 diabetes were identified according to the validated 

algorithm developed by Eastwood et al.384 The UK Biobank has full ethical 

approval from the NHS National Research Ethics Service (16/NW/0274). All 

participants gave informed consent for participation in UK Biobank. Permission 

to access and analyse UK Biobank data was approved under UK Biobank project 

14151. 

5.5.2 Measures: multimorbidity 

For this analysis, we compared two measures of multimorbidity: the Charlson 

Comorbidity Index,385 and a numerical count of long-term conditions.24 For each 

score we removed diabetes, as type 2 diabetes is the index condition for the 

analysis.  We chose the Charlson Comorbidity Index as it was recommended in a 

recent systematic review as the best tool to assess risk of mortality in younger 

populations.386 We also included a numerical count of LTCs, as this is a 

commonly used alternative to a weighted score.382,387 Conditions were identified 

from self-report or from ICD-10 codes from hospital admission prior to baseline. 

The simple count was based on a list of 42 long-term conditions originally 

developed in a large epidemiological study in Scotland and subsequently adapted 

for UK Biobank. Conditions were identified based on either self-report or on ICD-

10 codes from linked hospital episode statistics. Participants were considered to 

have a condition at baseline if they either reported the condition at the 

assessment centre nurse interview, or if they had a hospital admission prior to 

the assessment centre date with a relevant ICD-10 diagnostic code. The total 

number of conditions at baseline was summed to give an overall count. 
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Conditions included in the Carlson Comorbidity Index were similarly identified 

from self-report or from ICD-10 codes from hospital admission prior to baseline. 

ICD-10 codes were taken from a previously validated algorithm for 

administrative data. Each condition was then weighted (ranging 1 to 6) 

according to the algorithm and the weights summed to give a total score.  

5.5.3 Measures: Frailty 

We assessed two operational measures of frailty at baseline: the frailty 

phenotype5 and the frailty index.35 These have both been adapted for use in UK 

Biobank.9,22  

The frailty phenotype was based on five criteria (low hand-grip strength, slow 

walking speed, weight loss, self-reported exhaustion, and low physical activity) 

and categorised as robust (0 criteria), pre-frail (1-2 criteria) and frail (≥3 

criteria).5,9 Definitions were adapted to UK Biobank baseline data from the 

original description where required. Weight loss was self-reported according to 

the question “Compared with one year ago, has your weight changed?” (yes, 

reduced = 0, other response = 0). Exhaustion was assessed using the question 

“Over the past two weeks, how often have you felt tired or had little energy?” 

(more than half the days or nearly every day=1, other=0). Slow walking pace was 

self-reported as “How would you describe your usual walking pace?” (slow=1, 

other=0). Physical activity was self-reported according to UK Biobank physical 

activity questionnaire. We classified the responses into: none (no physical 

activity in the last 4 weeks), low (light DIY activity [e.g., pruning, watering the 

lawn] only in the past 4 weeks), medium (heavy DIY activity [e.g., weeding, lawn 

mowing, carpentry and digging], walking for pleasure, or other exercises in the 

past 4 weeks), and high (strenuous sports in the past 4 weeks). Participants 

reporting none or light activity with a frequency of once per week or less were 

coded as ‘low physical activity’. Grip strength was assessed using a Jamar 

J00105 hydraulic hand dynamometer. The highest valid reading was used to 

classify grip strength according to cut-offs described by Fried et al.5 

The frailty index is an unweighted count of ‘deficits’ which (i) increase in 

prevalence with age; (ii) are associated with poor health; and (iii) are neither 

ubiquitous in the population nor too rare (i.e. <1% prevalence).35,36 Deficits 
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include long-term conditions, symptoms, and functional limitations. We used the 

list of deficits developed by Williams et al for UK Biobank (excluding diabetes).22 

This is summarised in section 3.3.1.5. The frailty index is calculated by dividing 

the number of deficits present by the total number of possible deficits, giving a 

value between 0 and 1 (higher values indicating a greater degree of frailty). 

Where an individual had missing data for a deficit, this deficit was also excluded 

from the demoninator.36 

5.5.4 Measures: Covariates 

All covariates used in analyses were based on baseline assessment centre data. 

Age and sex were used as recorded. BMI was calculated based on measured 

weight and height. Smoking was categorised as never, previous, or current based 

on self-report. Frequency of self-reported alcohol intake was categorised as 

never/special occasions only; 1-3 times per month, 1-4 times per week, and 

daily or almost daily. Townsend scores were calculated from postcode areas 

based on previous census data to give an area-based measure of socioeconomic 

deprivation.388 HbA1c was taken from baseline blood samples obtained by UK 

Biobank.  

5.5.5 Outcomes 

Outcomes were identified by linkage to national mortality records (Office for 

National Statistics) and Hospital Episode Statistics. Linkage was carried out by 

UK Biobank and made available to approved researchers. Median follow-up was 8 

years. Outcomes were all-cause mortality, cardiovascular mortality (underlying 

cause of death ICD-10 code beginning with “I”), cancer mortality (ICD-10 code 

beginning with “C”), Major Adverse Cardiovascular Event (MACE; cardiovascular 

death, or hospitalisations coded as non-fatal myocardial infarction [I21] or stroke 

[I63-I64]), hospitalisation with hypoglycaemia (E16.0, E16.1, E16.2), and 

hospitalisation with fall or fracture (W0, W1, S02, S12, S22, S32, S42, S52, S62, 

S72, S82, S92, T05). 
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5.5.6 Statistical analysis 

We plotted the distribution of each frailty and multimorbidity measure 

descriptively. We then summarised the relationship between each measure and 

baseline characteristics by dividing each measure into four quartiles. 

To assess the overlap between the four measures of frailty or multimorbidity we 

took all participants with scores above the 75th centile for each score (or the 

‘frail’ category for the frailty phenotype). We then constructed a Venn diagram 

of the overlap between people above the 75th centile (or “frail” by frailty 

phenotype) for each measure.  

To assess the relationship between each measure and clinical outcomes we used 

parametric survival models. We used Weibull models as this distribution was 

found to fit the data well for each measure and other covariates (assessed by 

plotting log time against log of the estimated cumulative hazard). Models were 

adjusted for age, sex, ethnicity, socioeconomic status, BMI, smoking and alcohol 

frequency. We modelled nonlinear effects of the frailty index, Charlson index, 

multimorbidity count and age using fractional polynomials. We also assessed 

interactions between each measure and age, and between age and sex, and 

included these in the model where they were significant (p-interaction <0.05). 

We modelled time to first event. Competing risks were accounted for by using 

cause-specific models (i.e. participants were censored at first occurrence of the 

outcome of interest, end of follow-up, or death, whichever occurred first. In 

models for MACE, falls or hypoglycaemia, deaths of other causes were coded as 

‘0’).  

After fitting each model, we predicted the 5-year risk of incident outcome. 

Predictions were calculated separately for males and females, holding age, BMI 

and socioeconomic status at the sample mean, smoking status as ‘previous’ and 

alcohol frequency as 1-4 times per week (the most numerous category). 

Finally, to assess the impact of HbA1c on all-cause mortality at different levels 

of frailty or multimorbidity, we fitted Weibull models including HbA1c along with 

the covariates described above. Non-linear relationships between HbA1c and 

mortality were modelled using fractional polynomials. We included any 
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significant interactions between HbA1c and frailty or multimorbidity. Predicted 

5-year risk was calculated across all observed values of HbA1c, and at the 25th, 

50th, 75th and 90th centiles of each frailty or multimorbidity definition (or at 

each category of the frailty phenotype). This allowed us to assess the 

relationship between HbA1c and mortality at different levels of multimorbidity 

or frailty. 

All analyses were prespecified and reported according to the Strengthening 

Reporting of Observational Studies in Epidemiology (STROBE) statement 

(www.strobe-statement.org). Analyses were performed using R version 3.6.1. All 

syntax for deriving variables and for generating analysis will be returned to UK 

Biobank for record and will be available upon application to UK Biobank.  
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5.6 Results 

5.6.1 Baseline characteristics 

20,566 UK Biobank participants were identified as having type 2 diabetes at 

baseline. The distribution of multimorbidity (defined by Charlson Comorbidity 

Index and by a count of 42 long-term conditions) and frailty (defined by the 

frailty index and by the frailty phenotype) is shown in Figure 5.1. Baseline 

characteristics are shown in appendix 4 and correlation between each of these 

measures in Figure 5.2.  

 

Figure 5.1 - Distribution of frailty or multimorbidity. This figure shows the distribution of each 
measure of frailty or multimorbidity (panel (a) frailty index, (b) frailty phenotype, (c) Charlson index, 
(d) long-term condition count). The height of the bar indicates the number of participants with 
percentages indicated above the bars. 
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Figure 5.2 - Correlation between measures. This plot shows the distribution of each measure of 
frailty or multimorbidity, as well as the correlation between each of the measures. Panel a shows 
the distribution of the frailty phenotype. Panels e, i, and m show the distribution of the frailty index, 
long-term condition count, and Charlson index, respectively, with the corresponding frailty 
phenotype levels shown in colour. Box-plots in panels b, c, and d show the median, interquartile 
range, range, and outliers of the frailty index, long-term condition count, and Charlson index, 
respectively, stratified by levels of the frailty phenotype. Scatter plots in panels h, k and l show the 
correlation between the frailty index and the long term condition count (panel h, with correlation 
coefficients shown in panel f), the frailty index and the Charlson index (panel k, with correlation 
coefficients shown in panel g) and the long-term condition count and the Charlson index (panel l, 
with correlation coefficients shown in panel j). Correlation coefficients are shown for all participants 
(black text) and stratified by level of the frailty phenotype (coloured text). 

Most participants with type 2 diabetes were aged over 60 years (12,755, 62%). 

Only 1,858 (9%) were aged under 50 years. The prevalence of frailty was broadly 

similar across age categories (e.g. frailty prevalence by frailty phenotype was 

12.6% at age 40-50, 13.4% at age 50-60, and 11.5% at age 60-72; details in 

appendix 4). The relationship with age varied between the individual 

components of the frailty phenotype. Low grip strength and slow walking speed 

increased in prevalence with increasing age, however low physical activity, self-

reported exhaustion, and self-reported weight loss were more common in 

younger participants. However, the prevalence of multimorbidity with either 

measure rose with age (e.g. using the Charlson Comorbidity Index 7.7% scored ≥2 

at age 40-50, 11.6% aged 50-60, and 20.6% aged 60-72). 
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The relationship between frailty and ethnicity differed depending on the frailty 

definition: compared to White participants, frailty is more common among Black 

and Asian participants when using the frailty phenotype definition, but less 

common when using the frailty index definition. Multimorbidity was less common 

among Black or Asian participants, compared to White. Both frailty and 

multimorbidity were strongly associated with socioeconomic deprivation by all 

definitions. Frailty phenotype (but not frailty index) were associated with 

slightly higher HbA1c. Participants with multimorbidity (using LTC count or 

Charlson) had lower mean HbA1c. However, in all cases, the differences were 

small (<2mmol/mol) (appendix 4). 

5.6.2 Overlap between definitions 

There was relatively little overlap between the four measures of frailty or 

multimorbidity. Forty-two percent of participants were above the 75th 

percentile for at least one of the measures, but only 2.2% were identified by all 

4 measures (Figure 5.3). 
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Figure 5.3 - Venn diagram of overlap between frailty and multimorbidity measures. This 
figure shows the overlap between each definition of frailty or multimorbidity. The percentage of 
participants identified by each combination of measures is shown by the percentages in each 
overlapping section. Note that 58% of participants were below the 75th centile for all definitions and 
are therefore not included in the Venn diagram. 

5.6.3 Relationship between frailty or multimorbidity and 
outcomes 

5.6.3.1 Mortality 

Figure 5.4 shows the adjusted 5-year mortality at different levels of 

frailty/multimorbidity. Higher degrees of frailty or multimorbidity were 

associated with greater all-cause mortality using each measure. The absolute 

mortality risk was higher at the extremes of the multimorbidity count and 

Charlson Index than for the frailty phenotype or frailty index, however there 

were also fewer participants with values at these extremes. Males had a higher 

mortality risk than females.  
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Figure 5.4 - Relationship between frailty or multimorbidity and all-cause mortality. This figure 
shows the predicted 5-year mortality rate for each measure of frailty or multimorbidity (panel (a) 
frailty index, (b) frailty phenotype, (c) Charlson index, (d) long-term condition count). Coloured lines 
or points indicate point estimates for predicted 5-year mortality. Men are shown in blue, and women 
in red. Shaded areas indicate 95% confidence intervals. Grey circles indicate the number of 
participants with each level of frailty or multimorbidity. Models are adjusted for age, sex, 
socioeconomic status, body mass index, smoking, and alcohol. Predicted 5-year mortality is based 
on age 60, socioeconomic status and body mass index held at the sample mean, previous 
smokers, and 1–4 times weekly alcohol intake. 

Age was a significant predictor of mortality risk, independent of frailty or 

multimorbidity. For example, using the frailty phenotype, the 5-year mortality 

for frailty was 1.9%, 4.4%, and 9.9% in men aged, 45, 55, and 65, respectively. 

For a multimorbidity count of 4, predicted 5-year mortality was 1.3%, 3.7%, and 

7.8% in med aged 45, 55, and 65, respectively. There was no statistically 

significant interaction between age and any measure. Therefore, although the 

increase in relative risk associated with frailty or multimorbidity is similar across 

all ages studied, the absolute risk of mortality associated with any level of 

frailty or multimorbidity is higher at older ages.  

These patterns were similar for cardiovascular mortality and for cancer mortality 

(appendix 4).  

In post-hoc analyses, we assessed the relationship between the frailty phenotype 

and mortality within strata of multimorbidity (0, 1, 2, and 3 or more long-term 

conditions). At each level of multimorbidity, frailty was associated with an 
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increased risk of mortality. Participants meeting the criteria for both frailty and 

multimorbidity had a greater risk of mortality than those meeting the criteria for 

frailty or multimorbidity alone.  

5.6.3.2 MACE, falls and hypoglycaemia 

The estimated 5-year risk of incident hospital episode related to MACE, 

fall/fracture, or hypoglycaemia, are shown in Figure 5.5. Each of these 

outcomes was associated with both frailty and multimorbidity. Female 

participants were at greater risk of falls/fractures. Males had higher risk of MACE 

and hypoglycaemic hospitalisation. As with mortality, the risk was highest at the 

extreme end of the distributions for the frailty index, multimorbidity count and 

Charlson Index. Age was also a significant predictor of each outcome, with 

higher absolute risks among older participants at a given level of frailty or 

multimorbidity (appendix 4). 
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Figure 5.5 - Relationship between frailty or multimorbidity and MACE, hypoglycaemia, and falls. This figure shows the predicted 5-year rate of fall or fracture 
(panels a, b, c, and d showing the frailty index, frailty phenotype, Charlson index, and long-term condition count, respectively) hospitalisation with hypoglycaemia 
(panels e, f, g, and h showing the frailty index, frailty phenotype, Charlson index, and long-term condition count, respectively) and MACE (panels i, j, k and m showing 
the frailty index, frailty phenotype, Charlson index, and long-term condition count, respectively). Coloured lines or points indicate point estimates for predicted 5-year 
mortality. Men are shown in blue, and women in red. Shaded areas indicate 95% confidence intervals. Models are adjusted for age, sex, socioeconomic status, body 
mass index, smoking, and alcohol. Predicted 5-year risk is based on age 60, socioeconomic status and body mass index held at the sample mean, previous smokers, 
and 1–4 times weekly alcohol intake.



 
 
5.6.3.3 HbA1c and all-cause mortality  

Figure 5.6 presents the relationship between HbA1c and all-cause mortality at 

different levels of frailty or multimorbidity. Results were stratified according to 

centiles (25th, 50th, 75th and 90th) of each measure, and categories of the 

frailty phenotype. The expected J-shaped relationship with mortality was 

observed throughout all levels apart from participants with frailty identified 

using the frailty phenotype, in whom the risk of mortality increased in a more 

linear fashion with increasing HbA1c. These analyses were repeated after 

stratifying by baseline use of drugs associated with hypoglycaemia (insulin and 

sulphonylureas). In participants who were frail according to the frailty 

phenotype, the steep rise in mortality risk with HbA1c was only observed in 

those not taking insulin or sulphonylureas at baseline. In participants taking 

these hypoglycaemic agents, the relationship between HbA1c and mortality was 

J-shaped for participants with frailty, as it was for pre-frail and robust 

participants (appendix 4).  

 

Figure 5.6 - HbA1c and all-cause mortality. This figure shows the relationship between HbA1c 
and predicted 5-year mortality at different levels of frailty or multimorbidity (panel (a) frailty index, 
(b) frailty phenotype, (c) Charlson index, (d) long-term condition count). Coloured lines or points 
indicate point estimates for predicted 5-year mortality. Colours indicate the level of frailty or 
multimorbidity according to centiles. Shaded areas indicate 95% confidence intervals. Models are 
adjusted for age, sex, socioeconomic status, body mass index, smoking, and alcohol. Predicted 5-
year mortality is based on age 60, socioeconomic status, and body mass index held at the sample 
mean, previous smokers, and 1–4 times weekly. There was a significant interaction between the 
frailty phenotype and HbA1c. Interactions between frailty index, Charlson index, and LTC count 
were not significant.  
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5.7 Discussion 

Both frailty and multimorbidity were common at all ages in this cohort of 20,566 

people with type 2 diabetes aged 40-72 years. Both the frailty phenotype and 

frailty index, as well as both weighted and unweighted measures of 

multimorbidity, identified people at greater risk of mortality as well as MACE 

and hospital admission resulting from falls, fractures or hypoglycaemia. 

However, despite similarities in the risks associated with each measure, the 

participants who were identified as ‘high risk’ differed considerably between 

measures. Therefore, even in this relatively young population, frailty and 

multimorbidity identify people with type 2 diabetes at risk of a wide range of 

adverse outcomes, however relying on a single narrow construct may overlook 

others who may also be at higher risk. 

Guidelines recommend higher glycaemic targets in people with frailty or 

substantial multimorbidity.19 The higher mortality and risk of falls and 

hypoglycaemia that we observed in people with frailty or multimorbidity are 

consistent with the rationale for these higher targets: namely reduced life 

expectancy and greater risk of complications of hypoglycaemia.383 However, our 

findings also demonstrate that the absolute risk of mortality in younger people 

with frailty or multimorbidity is considerably lower than in older people. 

Furthermore, the risk of all-cause mortality among people identified as ‘frail’ 

using the frailty phenotype was highest among people with higher baseline 

HbA1c. This suggests that the implications of frailty or multimorbidity for clinical 

decision making must rely on careful consideration of additional factors that 

influence baseline risk (including age) as well as individual patient preferences. 

This is important, as our findings suggest that frailty and multimorbidity are 

common among people with diabetes under the age of 65, however absolute risk 

of outcomes, and thus implications for clinical management, may differ at 

younger ages.  

It is perhaps surprising that the prevalence of frailty, particularly using the 

frailty phenotype, did not increase with age. This was largely driven by higher 

prevalence of low physical activity, self-reported exhaustion, and self-reported 

weight loss among younger participants. This could reflect a lack of specificity 

for these constructs in identifying frailty when applied to younger people, in 
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whom characteristics such as exhaustion or weight loss may be biologically or 

phenotypically different from older people. It is important to note, also, that 

weight loss was not specified as unintentional in UK Biobank, limiting its 

specificity for indicating frailty. Finally, this relationship between frailty and age 

in this study could represent collider bias. For example, low physical activity 

may have a causal relationship with the manifestation of type 2 diabetes at 

younger ages, but also with the identification of frailty, thus influencing the 

relationship between frailty and age when conditioning on a diagnosis of type 2 

diabetes.  

The finding that frailty and multimorbidity are common among middle-aged and 

older people with type 2 diabetes is consistent with previous studies.37,381 So too 

is the increased risk of mortality and cardiovascular events.37,380 The finding that 

the populations identified by each measure did not fully overlap is consistent 

with previous literature and is not surprising, given that these are distinct 

constructs underpinned by different models of frailty or multimorbidity.389 Our 

findings add to this literature by demonstrating that even in this relatively young 

population, each measure identifies individuals at increased risk of adverse 

outcomes. Therefore, a narrow focus on a single measure may overlook others 

who are also at risk. Individualised person-centred care is likely to be 

appropriate and beneficial regardless of measure and further research, ideally 

using randomised trials, is required to understand if and how our approach 

should differ by how frailty or multimorbidity manifests.   

The small magnitude of difference in HbA1c with frailty or multimorbidity 

identified is consistent with existing literature, the majority of which have 

shown no association with HbA1c.37,380 This is perhaps surprising given guidelines 

for lower targets. Our findings may reflect the relatively young age of this 

cohort. However others have observed hypoglycaemic medications are rarely 

discontinued in patients with frailty and low HbA1c, despite the risk of 

hypoglycaemia that this presents.323,325 

The relationship between HbA1c and mortality in people classified as ‘frail’ 

using the frailty phenotype is surprising, as we had expected the risks associated 

with lower HbA1c to be higher in people with frailty. Further analyses stratified 

by baseline use of hypoglycaemic agents suggests that low HbA1c in the context 
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of insulin or sulphonylurea use (potentially reflecting over-treatment) is 

associated with increased mortality regardless of frailty status. Patients with low 

HbA1c may therefore benefit from deprescribing or dose reduction. The steeper 

rise in mortality with higher HbA1c and frailty was mostly driven by participants 

not taking these agents and may reflect greater risk of suboptimal glycaemic 

control in younger people living with frailty. This finding would need to be 

verified in other cohorts, and also explored further in older populations which 

represent the majority of people living with frailty.  

Few studies have assessed the relationship between frailty and hypoglycaemia.37 

Several studies, mostly using the Charlson comorbidity index, have shown 

increased risk of hypoglycaemia associated with multimorbidity.380 Evidence 

linking frailty with hypoglycaemia has been based on findings from trials such as 

ACCORD where patients over 80 years old had high rates of hypoglycaemia when 

randomised to the intervention arm,390 as well as the fact that older people 

appear most likely to be hospitalised with hypoglycaemic complications.377,378,391 

In both cases frailty has been hypothesised to explain the underlying 

vulnerability. Our findings are concordant with this hypothesis and suggest that 

frailty may also confer some increased risk at younger ages. 

Clinicians managing type 2 diabetes are likely to encounter high levels of frailty 

and multimorbidity, even among relatively young patient populations. Guideline 

recommendations for less stringent glycaemic targets in people with frailty are 

in part predicated on limited life-expectancy.19,251,383 Our findings demonstrate 

that both frailty and age are important predictors of mortality risk, and while 

younger people with type 2 diabetes may meet the criteria for frailty, their 

absolute risk of mortality may be considerably less than an older person 

identified as frail. Furthermore, the choice of measure for frailty or 

multimorbidity substantially impacts which individuals are identified as ‘high 

risk’, with only partial overlap between definitions. These observations, 

consistent with previous literature, are important in this context and diabetes 

guidelines do not currently give recommendation for how frailty in younger 

people should influence management (and in whom the assumptions around life 

expectancy underpinning recommendation for older people are unlikely to hold) 

or how frailty and multimorbidity should be identified. Within populations 



147 
 

 

identified as frail or multimorbid there is considerable heterogeneity in personal 

characteristics as well as variation in risk of adverse outcomes. This highlights 

the importance of individualised decision making for patients, taking into 

account patients’ age and the measure used to assess frailty and multimorbidity, 

rather than blanket recommendations for ‘frailty’ or ‘multimorbidity’. So, while 

a recent systematic review has suggested the need to embed screening for 

frailty within routine diabetes reviews,37 this work suggests that clinicians need 

to  ensure care is tailored to the potential needs of people with frailty or 

multimorbidity taking account of a wide range of factors. While frailty and 

multimorbidity do indicate gradients of risk, it may be that these are not the 

optimal tools to assess the appropriate targets for treatment in middle-aged 

people.  

The strengths of this study include its large sample size with linkage to mortality 

and hospital event data. We also used a range of definitions of frailty and 

multimorbidity, which is an advantage as comparisons between studies are often 

limited by differences in the definitions used. Our focus on younger people than 

most previous frailty studies is relatively novel, as the implications of frailty in 

younger ages is not well understood. However, our findings may not be entirely 

transferable to older people (>70 years), in whom frailty is both more prevalent 

and may have greater impact. UK Biobank was not specifically designed to assess 

frailty or aging, which limits our assessment of frailty. Specifically, some of the 

frailty phenotype components were adapted (e.g. weight loss was self-reported 

and not specifically unintentional) and the frailty index, while constructed 

according to standard guidelines, contains relatively few functional and sensory 

deficits.  

Our analysis was limited by only having access to baseline measures of frailty 

and multimorbidity, as well as covariates such as HbA1c and body mass index. 

Both frailty and multimorbidity are dynamic states and change (often 

progressing) over time. We were not able to model the impact of any such 

change. Modelling of the impact of multimorbidity and frailty in diabetes could 

potential be improved by using serial measurements, over a longer follow-up, 

and with measurement of additional outcomes such as retinopathy and 

nephropathy. Several of the baseline variables were based on self-report, 
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however participants were supported by a study nurse in providing this 

information and for the multimorbidity measures we supplemented these 

definitions with linkage to previous hospital episodes.  Finally, it is important to 

note that UK Biobank is not a nationally representative sample. Participants 

were more affluent, more likely to be white, and have fewer long-term health 

conditions than the national average. Our prevalence findings therefore cannot 

be generalised to the population as a whole and estimates of risk of adverse 

outcomes are likely to be conservative. Selection bias may also lead to collider 

bias, where conditioning on one criteria (UK Biobank inclusion) may bias 

estimates of the relationship between causally proximal variables (such as age 

and frailty).228,392 This may explain the surprising finding that the prevalence of 

the frailty phenotype did not rise with age as expected. 

In conclusion, our findings demonstrate that both frailty and multimorbidity are 

both common and clinically important in middle-aged as well as older people 

with type 2 diabetes, regardless of the definition used. The greater risk of 

mortality, cardiovascular events, and hypoglycaemia, in people living with frailty 

and multimorbidity means that it is important to actively detect both frailty and 

multimorbidity in people with type 2 diabetes, regardless of age. However, our 

findings also demonstrate that guidelines for managing frailty and 

multimorbidity in people with type 2 diabetes may not be directly applicable to 

younger people, in whom the absolute mortality risk remained low even among 

the most frail groups. While this work further supports the idea of embedding 

screening for both multimorbidity and frailty as part of routine diabetic reviews, 

it also reinforces the need to tailor risk stratification to individual patients. This 

should take account of patients’ age, measure used to assess frailty or 

multimorbidity, and other risk factors, rather than adopting prescriptive targets 

and recommendations to everyone who might meet some criteria for frailty or 

multimorbidity. 
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Chapter 6 Frailty in people with rheumatoid 
arthritis – A systematic review of observational 
studies 

6.1 Chapter summary 

This chapter presents a systematic review of observational studies addressing 

research question 1 (the prevalence of frailty) and research question 2 (the 

association between frailty and clinical outcomes) in the context of rheumatoid 

arthritis.  

The text and figures presented here are as published in Hanlon P, Morrison H, 

Morton F, Jani BD, Siebert S, Lewsey J, McAllister D, Mair FS. Frailty in people 

with rheumatoid arthritis: a systematic review of observational studies. 

Wellcome Open Research. 2021 Sep 23;6(244):244.   
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6.2 Abstract 

Background: Frailty, an age-related decline in physiological reserve, is an 

increasingly important concept in the management of chronic diseases. The 

implications of frailty in people with rheumatoid arthritis are not well 

understood. We undertook a systematic review to assess the prevalence of 

frailty in people with rheumatoid arthritis, and the relationship between frailty 

and disease activity or clinical outcomes.  

Methods: We searched 4 electronic databases (January 2001 to April 2021) for 

observational studies assessing the prevalence of frailty (any measure) in adults 

(≥18 years) with rheumatoid arthritis or analysing the relationship between 

frailty and disease activity or clinical outcomes (e.g. quality of life, 

hospitalisation or mortality) in people with rheumatoid arthritis. Titles, 

abstracts and full texts were assessed independently by two reviewers. Study 

quality was assessed using an adapted Newcastle-Ottawa Scale. Screening, 

quality assessment and data extraction were performed independently by two 

reviewers. We used narrative synthesis. 

Results: We identified 17 analyses, from 14 different sample populations. 15/17 

were cross-sectional. These studies used 11 different measures of frailty. Frailty 

prevalence ranged from 10% (frailty phenotype) to 36% (comprehensive 

rheumatologic assessment of frailty) in general adult populations with 

rheumatoid arthritis. In younger populations (<60 or <65 years) prevalence 

ranged from 2.4% (frailty phenotype) to 19.9% (Kihon checklist) while in older 

populations (>60 or >65) prevalence ranged from 31.2% (Kihon checklist) to 55% 

(Geriatric 8 tool). Frailty was cross-sectionally associated with higher disease 

activity (10/10 studies), lower physical function (7/7 studies), and longer disease 

duration (2/5 studies), and prospectively with hospitalisation and osteoporotic 

fractures (1/1 study, 3.7 years follow-up). 

Conclusion: Frailty is common in adults with rheumatoid arthritis, including 

those aged <65 years, and is associated with a range of adverse features. 

However, these is substantial heterogeneity in how frailty is measured in 

rheumatoid arthritis. We found few longitudinal studies making the impact of 
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frailty on clinical outcomes over time and the extent to which frailty is caused 

by rheumatoid arthritis unclear. 
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6.3 Introduction 

Rheumatoid arthritis is the most common chronic inflammatory arthropathy, the 

incidence of which increases with age.16,20,393 While advances in treatment of 

rheumatoid arthritis have resulted in marked improvement in outcomes and 

prognosis, rheumatoid arthritis continues to cause significant symptom burden, 

loss of function, morbidity, and reduced quality of life.20,393 Frailty has been 

highlighted as an emerging concept in our understanding of the impact of 

musculoskeletal disorders.16 Frailty is an age-related state of increased 

vulnerability leading to decompensation in response to physiological stress.26 

While most studies have focused on people aged over 65 years, frailty is also 

prevalent and associated with adverse health outcomes in younger populations.9 

Many measures exist to quantify frailty, of which the most widely used are the 

frailty phenotype5 (a physical measure assessed by grip strength, walking speed, 

exhaustion, weight loss, and low physical activity) and the frailty index6,35 (a 

cumulative count of age-related deficits including long term conditions, 

symptoms, functional limitation and physiological markers). Both constructs 

have potential overlap with features associated with rheumatoid arthritis. 

Despite a rapid expansion of frailty research in the last two decades, including in 

the context of specific index conditions,3 research on frailty in the context of 

inflammatory diseases in general, and rheumatoid arthritis in particular, is 

relatively recent.16,394 Frailty has been reported to be prevalent in people with 

rheumatoid arthritis, including relatively young individuals (i.e. <65 years).395 

Others have explored associations between frailty and functional limitations in 

rheumatoid arthritis.396 However,  the diversity of measures used to quantify 

frailty, and overlap between features of rheumatoid arthritis and frailty 

constructs, means that understanding the relationship between frailty and 

rheumatoid arthritis requires careful consideration. 

This systematic review seeks to synthesise data from observational studies of 

frailty in people with rheumatoid arthritis. We aim to assess (i) what frailty 

measures have been used in published studies including people with rheumatoid 

arthritis, (ii) what is the prevalence of frailty in people with rheumatoid arthritis 

across a range of ages, (iii) what is the association between frailty and features 

of rheumatoid arthritis such as disease activity, functional limitation, and 
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duration, and (iv) what is the association between frailty and adverse health 

outcomes (e.g. hospitalisation, mortality or quality of life) in people with 

rheumatoid arthritis.   
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6.4 Methods 

This systematic review was conducted according to a pre-specified protocol 

(PROSPERO: CRD42021251960) and is reported following the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.397 

6.4.1 Eligibility criteria 

Criteria for inclusion, defined according to PECOS (Population, Exposure, 

Comparator, Outcome, Setting and Study design),398 including outcomes of 

interest are detailed in Table 6.1. Criteria were deliberately broad in terms of 

setting, frailty definition, and outcomes. Briefly, studies must include adults 

(≥18 years) with rheumatoid arthritis and assess frailty, although we expected 

studies may mainly involve ‘older’ populations. Studies were considered 

regardless of frailty measure, to allow comparison between different methods of 

identifying frailty. These could include validated measures of frailty (e.g. frailty 

phenotype or frailty index), adaptations of these measures where the adaptation 

was described, or unvalidated measures intended to capture frailty as long as 

the criteria used to define frailty within the study were fully described. We did 

not exclude studies on the basis of the criteria used to define rheumatoid 

arthritis (i.e. validated criteria, physician diagnosis, medical record/clinical 

codes or self-reported definitions were all eligible for inclusion).  We included 

studies in any setting (community, outpatient, or inpatient). Observational 

studies with cross-sectional or cohort designs were eligible for inclusion. 

Experimental studies were excluded. When examining the association between 

frailty and clinical outcomes in those with rheumatoid arthritis, studies were 

expected to report the association between frailty and the outcome of interest. 

As in previous reviews of frailty,37,253 we considered studies that describe this 

either as the association with the presence or absence of frailty or the 

association between the degree of frailty and the outcome.  
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Table 6.1 - Inclusion criteria 

PECOS 

component 

Description 

Population Adults (≥ 18 years old) with rheumatoid arthritis 

Exposure Frailty as assessed by any frailty measure 

Comparator People with rheumatoid arthritis not classified as frail 

Outcomes Primary outcome: 

Frailty prevalence 

Secondary outcomes: 

Mortality 

Hospital admission 

Major Adverse Cardiovascular Events 

Admission to long-term care facility 

Quality of life 

Fractures 

Disease activity (e.g. Disease Activity Score in 28 joints; 

DAS-28) 

Physical impairment or disability (e.g. Health Assessment 

Questionnaire – Disability Index; HAQ-DI) 

Settings Community (including care home/nursing home) 
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Outpatient clinic 

Inpatient 

Study design Cross sectional or cohort 

Other exclusions  Conference abstracts, letters, review articles, intervention 

studies, Grey literature.  

Studies not published in English.  

6.4.2 Information sources and screening 

We searched Medline, Embase, Web of Science Core Collection and Scopus 

databases from 2001 (as this was the date of the original description of the 

frailty phenotype and frailty index definitions5,6) to 8th April 2021 using a 

combination of keywords and Medical Subject Headings. The search structure 

was ‘rheumatoid arthritis’ and ‘frail’. The full search strategy can be found in 

the supplementary appendix. Two independent reviewers screened all titles and 

abstracts and assessed full texts of all relevant articles for eligibility. 

Disagreements were resolved by consensus, involving a third reviewer if 

necessary. Hand-searching reference lists of relevant articles and forward-

citation searching using Web of Science were also used to supplement electronic 

database searches. 

6.4.3 Data extraction and quality assessment 

Data were extracted from each of the eligible studies using a piloted data 

extraction form. Data extracted included details of the published study 

(publication reference, aim, setting), population (sample eligibility, recruitment 

method, age and sex), criteria used to define rheumatoid arthritis (e.g. 

American College of Rheumatology (ACR)/European League Against Rheumatism 

(EULAR) criteria,399 self-report, electronic medical records, etc.), frailty 

measure, any adaptation of the frailty measure used in the study, prevalence of 

frailty, and the association between frailty and clinical outcomes. For outcomes, 

we extracted data on the method used to assess the outcome, timeframe or 

length of follow-up, the magnitude of the association along with measure of 
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uncertainty, and any adjustment for potential confounders. Where there was 

variation between studies in the assessment of similar outcomes, we presented 

this data in supplementary tables. We used a version of the Newcastle-Ottawa 

tool, previously adapted to assess observational studies of frailty,37 to quantify 

risk of bias (criteria shown in appendix 3). The Newcastle-Ottawa scale is 

frequently used to assess quality of observational studies. Previous reviews have 

also adapted elements of the scale to reflect the studies of interest to the 

review itself. For this review, we used an adaptation previously developed for 

observational studies of frailty. This adaptation altered the ‘exposure’ 

component to award two points if a study used validated measure of frailty 

implemented according to its original description. One point was awarded if 

studies used an alternative measure of frailty (e.g. an adapted or non-validated 

measure of frailty) but the criteria were described in sufficient detail to allow 

the assessment to be replicated. This adaptation was to reflect the fact that 

there is no ‘gold-standard’ measure of frailty and that frailty is assessed using a 

diverse range of measures within the literature. The scale was applied to all 

studies (cross sectional or longitudinal), with only the first 5 elements of the 

scale being relevant to the cross-sectional studies. This approach was taken to 

allow an identical approach to quality assessment for prevalence estimates from 

cross sectional or (baseline data from) longitudinal studies. Quality was assessed 

independently by two reviewers (PH and HM) with disagreements resolved by 

discussion and involving a third reviewer if necessary. Studies were not excluded 

on the basis of the quality assessment. 

6.4.4 Synthesis  

Findings of the included studies were summarised using a narrative synthesis. 

Methodological and demographic details of each study, along with quality 

assessment, were summarised using tables. Prevalence estimates were plotted 

stratified by age-group of the sample and with reference to the frailty measure 

used for each estimate. Findings related to other outcomes (characteristics of 

rheumatoid arthritis or clinical outcomes) were summarised using a Harvest 

plot.256,400 Harvest plots can be used to display heterogenous data across a range 

of outcomes. Findings are displayed on a matrix with each bar representing a 

study. The position of the bar on the matrix indicates the relationship between 

frailty and a specific outcome (i.e. positive association, negative association, or 
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no association with frailty status), with the height of the bar indicating the 

sample size of the study and the colour indicating the frailty measure used.  
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6.5 Results 

Database searches identified 601 titles and abstracts, after removal of 

duplicates, of which 91 were retained for full-text screening. From these, 17 

eligible full texts were identified, describing 14 separate cohorts (three samples 

were analysed in two separate papers each). Numbers screened along with 

reasons for exclusion are shown in Figure 6.1. 

 

Figure 6.1 - PRISMA diagram of study selection 
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Baseline data for each of the included studies are shown in Table 6.2. Studies 

were from Japan (5 studies), USA (3 studies), Italy, Austria, Canada, 

Netherlands, Poland and UK (1 study each). Eleven studies identified rheumatoid 

arthritis according to the 2010 ACR/EULAR criteria,399 while others used either 

‘clinician diagnosed’ rheumatoid arthritis (3 studies), diagnostic codes from 

primary care records (1 study) or did not specify (2 studies). Mean age of the 

study samples ranged from 50.9 to 74.6 years. Only one study presented data on 

ethnicity,401 and none commented on socioeconomic status. 

The quality assessment of the included studies is summarised in Table 6.4. Most 

samples were recruited from rheumatology clinics. We judged most of these to 

be representative of people with rheumatoid arthritis as most people with the 

condition will be managed within specialist outpatient clinics and the sampling 

techniques of these studies were generally inclusive without applying further, 

restrictive exclusion criteria. Frailty measures used were generally validated or 

well-described. Few studies presented data on non-responders.  

6.5.1 Frailty measurement 

Across the 14 included studies, 11 different frailty measures were used. These 

are summarised in Table 6.3. The most commonly used measure was the frailty 

phenotype described by Fried et al (5 studies, 6 papers), followed by the Kihon 

frailty checklist (2 studies, 3 papers) and the SHARE frailty instrument (an 

adaptation of the frailty phenotype developed from the Survey for Health, Aging 

and Retirement in Europe, reported in 2 studies). 

Of the 5 studies that used the frailty phenotype (based on grip strength, weight 

loss, physical activity, exhaustion, and walking speed), two also explored 

alternatives to grip strength, given the potential for the measurement of grip 

strength to be impacted by rheumatoid arthritis affecting the hands. Both used 

lower extremity strength as an alternative to grip strength to capture 

‘weakness’.   
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Table 6.2 - Characteristics of included studies 

Author, Year Country Setting Frailty measure Rheumatoid 

arthritis 

definition 

Total n Age, 

years – 

mean 

(sd) 

Eligible 

age 

range 

N (%) 

women  

Andrews 2017, 

Andrews 2019396,402 

USA Outpatient Frailty 

phenotype 

ACR 124 58 

(10.8) 

>18 59 

(47.6%) 

Bak 2020403 Poland Inpatient Tilburg frailty 

indicator 

ACR/EULAR 

2010 

106 65.8 (5) ≥60 82 

(77.4%) 

Chang 2010279 USA Community Frailty 

phenotype 

NA 11 74.1 

(2.8) 

≥65 11 (100%) 

Haider 2019395 Austria Outpatient SHARE-FI ACR/EULAR 

2010 

100 50.9 

(9.7) 

18-65 66 (66%) 

Hippisley-Cox 2017301 UK Community Qfrailty Primary Care 

clinical coding 

10312 - ≥18 - 
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Kojima 2020404 Japan Outpatient Kihon checklist ACR 2010 375 65.2 

(9.7) 

40-79 323 

(86.1%) 

Li 2019405 Canada Outpatient 

(registry) 

Frailty index "Active RA" 2923 57.7 

(12.7) 

≥65 2290 

(78.3%) 

Minamino 2021406 Japan Outpatient Study of 

Osteoporotic 

Fracture frailty 

indicator 

NA 306 63.5 ≥18 306 

(100%) 

Oetsma 2020407 Netherlands Outpatient Groningen frailty 

indicator, 

Geriatric 8 

rheumatologist 

diagnosed RA 

80 74.6 

(5.9) 

≥65 53 

(66.2%) 

Salaffi 2019408* Italy Outpatient SHARE-FI ACR/EULAR 210 60.4 

(13.5) 

≥18 138 

(65.7%) 

Salaffi 2020394* Italy Outpatient Comprehensive 

Rheumatologic 

ACR/EULAR 219 60.4 

(13.5) 

≥18 138 (63%) 
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Assessment of 

Frailty 

Tada 2019, Tada 

2021409,410 

Japan Outpatient Kihon checklist ACR/EULAR 95 68 (5.5) ≥18 78 

(82.1%) 

Wysham 2020401 USA Outpatient Frailty 

phenotype 

rheumatologist 

diagnosed RA 

138 58 

(10.8) 

≥18 117 

(84.8%) 

Yoshii 2019411 Japan Outpatient Frailty 

phenotype 

ACR/EULAR 441 64.5 

(13.5) 

≥18 337 

(76.4%) 

Yoshii 2020412 Japan Outpatient 5-item frailty 

score 

ACR/EULAR 739 71.3 ≥18 - 
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Table 6.3 - Frailty measures used in included studies 

Frailty 

measure 

Components Range and 

categorisation 

Outcomes reported 

in included studies 

Included studies 

Frailty 

phenotype5 

5 components (unintentional weight 

loss, exhaustion, low grip strength, 

slow walking pace, low physical 

activity) 

1-2 criteria: Pre-frail 

≥3 criteria: Frail 

Frailty prevalence, 

Duration of 

rheumatoid 

arthritis, Disease 

activity, HAQ-DI 

Andrews 2017,396 

Andrew 2019,402 

Chang 2010,279 

Wysham 2020,401 

Yoshii 2019411 

Kihon 

checklist413 

Self-administered checklist 

(components: activities of daily living, 

exercise, falling, nutrition, oral 

health, cognition, depression) 

Unweighted sum of 

components. Range 0-

25. 

Pre-frail (4-7), Frail 

(≥8). 

Frailty prevalence, 

Duration of 

rheumatoid 

arthritis, Disease 

activity, HAQ-DI 

Kojima 2020,404 

Tada 2019,409 Tada 

2021410 

Survey for 

Health, Aging 

and 

Retirement in 

Europe Frailty 

5 components (unintentional weight 

loss, exhaustion, low grip strength, 

slow walking pace, low physical 

activity). Conceptually based on the 

frailty phenotype with an alternative 

Weighted score 

calculated and then 

categorised into robust, 

pre-frail, frail. 

Frailty prevalence, 

Disease activity, 

HAQ-DI 

Haider 2019,395 

Salaffi 2019408 
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Instrument 

(SHARE-FI)227 

calculation for the final categorisation 

of frailty. 

Frailty 

index6,35 

Count of health-related deficits (≥30, 

type and number of chosen deficits 

may vary between studies). Total 

present divided by number of possible 

deficits 

Range 0-1 

Sometimes categorised 

(threshold for frailty 

varies (e.g. 0.2, 0.24) 

Hospitalisation, 

Fractures 

Li 2019405 

Comprehensiv

e 

Rheumatologic 

Assessment of 

Frailty 

(CRAF)394 

10 domains identified as relevant to 

the assessment of frailty in the 

context of rheumatological condition. 

Conceptually similar to the frailty 

index, cumulative deficit model (but 

with fewer deficits than the frailty 

index).  

Range 0-1 

Authors propose to 

categorise as robust (0-

0.12), mild (0.12-0.24), 

moderate (0.24-0.36) 

and severe (>0.36) 

frailty.  

Frailty prevalence, 

disease activity 

Salaffi 2020394 

5-Item 

frailty risk sco

re414 

5 components (weight loss, fatigue, 

short term memory decline, slow 

walking pace, low physical activity). 

Conceptually based on the frailty 

1-2 criteria: Pre-frail 

≥3 criteria: Frail 

Frailty prevalence, 

Disease activity, 

HAQ-DI 

Yoshii 2020412 
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phenotype, with alteration of 

variables included. 

Tilburg frailty 

indicator415 

15 questions across 3 domains 

(physical, psychological and social) 

Responses combined into unweighted 

sum. 

Range 0-15 

≥5 indicates frailty 

Frailty prevalence Bak 2020403 

Geriatric 8 

score416 

8 domains scored and summed 

(nutritional status, weight loss, body 

mass index, motor skills, 

psychological, number of medications, 

self-rated health, age) 

Range 0-17 

<14 indicates frailty 

Frailty prevalence Oetsma 2020407 

Groningen 

frailty 

indicator45 

15 items across 4 domains (physical, 

cognitive, social and psychological). 

Range 0-15 

≥4 indicates frailty 

Frailty prevalence, 

HAQ-DI 

Oetsma 2020407 

Study of 

Osteoporotic 

Fracture 

3 components (weight loss, chair 

stand, exhaustion) 

1 component: prefrail 

2-3 components: frail 

Frailty prevalence, 

Duration of 

rheumatoid 

Minamino 2021406 
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frailty 

indicator 

arthritis, Disease 

activity, HAQ-DI 

QFrailty301 Algorithm based on electronic medical 

records combining mortality 

(QMortality score) and hospital 

admission (QAdmission score) risk. 

Categorised as mild, 

moderate and severe 

frailty. 

Frailty prevalence Hippisley-Cox 

2017301 

Table adapted from Hanlon et al 202037 
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Table 6.4 - Quality assessment of included studies (based on adapted Newcastle Ottawa Scale) 
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Andrews 

2017, 

Andrews 

2019396,402 

1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Bak 2020403 0 1 2 0 - - - - - - 3/5 - 

Chang 

2010279 

1 1 1 0 - - - - - - 3/5 - 

Haider 

2019395 

1 1 2 0 - - - - - - 3/5 - 



169 
 

 

Hippisley-

Cox 2017301 

1 1 1 0 - - - - - - 3/5 - 

Kojima 

2020404 

0 1 2 0 - - - - - - 3/5 - 

Li 2019405 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Minamino 

2021406 

1 1 2 0 - - - - - - 4/5 - 

Oetsma 

2020407 

1 1 2 0 - - - - - - 4/5 - 

Salaffi 

2019408 

1 1 2 1 - - - - - - 5/5 - 

Salaffi 

2020394 

1 1 1 1 - - - - - - 4/5 - 
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Tada 2019, 

Tada 

2021409,410 

1 1 2 1 

 

- - - - - - 4/5 - 

Wysham 

2020401 

1 1 2 0 - - - - - - 4/5 - 

Yoshii 

2019411 

1 1 2 0 - - - - - - 4/5 - 

Yoshii 

2020412 

1 1 1 0 - - - - - - 3/5 - 

 



 
 

6.5.2 Frailty prevalence 

The prevalence of frailty in each of the studies identified is shown in Figure 6.2, 

stratified by age group. The prevalence in general adult populations with 

rheumatoid arthritis ranged from 10.1% (using the frailty phenotype) to 36% 

(using the Comprehensive Rheumatologic Assessment of Frailty (CRAF), taking 

‘moderate frailty’ as the cut-off). Studies (or subsets of studies) with 

populations aged under 60 or 65 years had a frailty prevalence ranging from 2.4% 

(frailty phenotype) to 19.9% (Kihon checklist). In older populations, estimates 

ranged from 31.2% (Kihon checklist) to 55% (Geriatric 8 tool).  

 

Figure 6.2 - Prevalence of frailty in included studies. Colours indicate frailty measure. Points 
indicate point estimate of for frailty prevalence, with bars indicating 95% confidence intervals. 
Stratified by age group. Ordered by frailty prevalence for ease of comparison.  
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While frailty prevalence is recognised to vary depending on the measure used, 

and therefore heterogeneity in these estimates is expected, the prevalence of 

frailty varied widely even among similar frailty definitions.  For example, three 

studies applied the frailty phenotype to general adult populations with 

prevalence estimates of 10.1%, 12.9% and 28.5%, respectively. Two studies 

applied the SHARE-FI to populations aged under 65 years and found a prevalence 

of 2.5% and 15%, respectively. Therefore, estimates of frailty prevalence in 

rheumatoid arthritis appear to vary widely even between samples of similar ages 

applying similar measures of frailty.  

One study assessed frailty using the standard frailty phenotype definition, and 

then using an alternative measure of weakness based on lower extremity 

strength rather than grip. This was to limit the impact of rheumatoid arthritis 

affecting the hands on the assessment of frailty. The prevalence of frailty using 

this alternative strength assessment was lower than the standard grip strength 

assessment (3.6% and 12.9%, respectively).  

We did not attempt to meta-analyse any estimates of frailty prevalence as it is 

not valid to directly compare frailty prevalence assessed by different measures, 

and, even for those studies using similar measures, population demographics and 

exclusion criteria were too heterogenous to allow for a meaningful estimate.  

6.5.3 Relationship between frailty and clinical characteristics and 
outcomes 

Associations between frailty and clinical characteristics or outcomes in 

rheumatoid arthritis are summarised in figure 3. Most (8/10) of these studies 

were cross-sectional, showing associations between frailty and baseline 

measures of disease activity or physical function. These are discussed in greater 

detail below. The studies assessing outcomes were judged to be representative 

of people with rheumatoid arthritis as most recruited consecutive or non-

selected patients from rheumatology outpatient departments (where most 

patients with rheumatoid arthritis undergoing treatment are managed). Frailty 

measures were either validated or well-described. Cross sectional characteristics 

were assessed similarly in people with and without frailty. As such these were 

judged to be a high-quality assessment of the cross-sectional associations 



173 
 

 

between frailty and features of rheumatoid arthritis but with limited assessment 

of the longitudinal impact of frailty or the causal role of frailty in the 

development of outcomes and complications. 

 

Figure 6.3 - Harvest plot of association between frailty and clinical outcomes. Each bar 
represents a study. The position of the bar on the matrix indicates the association between frailty 
and the outcome in question (positive association, negative association or neutral association). 
Colour indicates the frailty measure used in the study. The weight of the bar indicates the study 
sample size. 

6.5.3.1 Rheumatoid arthritis disease activity 

Ten studies, using seven different frailty measures and four different markers of 

rheumatoid arthritis disease activity (4 using Disease Activity Score in 28 joints 

(DAS-29), 2 using the Rheumatoid Arthritis Disease Activity Index (RADAI), 2 using 

Simple Disease Activity Index and 2 using Clinical Disease Activity Index (CDAI)) 

all showed a significant cross-sectional association between frailty status and 

activity of rheumatoid arthritis before adjustment for additional 

factors.394,395,401,402,404,406-409,412 One study, using CDAI, found that this 

relationship was no longer evident after adjusting for age.412 In contrast, two 
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other studies, showed that frailty remained associated with a higher baseline 

DAS-28 score after adjustment for age, sex, duration of rheumatoid arthritis and 

physical impairment (quantified using the Health Assessment Questionnaire – 

Disability Index (HAQ-DI)).404,406  

Two studies presented data on prevalence or degree of frailty, stratified by 

disease activity (remission, low, medium or high). Tada and colleagues assessed 

frailty using the Kihon checklist and reported a prevalence of 6.7% in the 

remission group, 18% in people with low disease activity, and 47% in the medium 

or high disease activity group.409 Salaffi and colleagues, analysing the CRAF, 

showed that none of the participants in remission or with low disease activity 

groups had scores above the threshold for ‘moderate frailty’, whereas among 

participants with high disease activity the median CRAF score was 0.34 (close to 

the threshold for ‘severe frailty’ of 0.36).394 

One cohort study assessed the relationship between frailty and change in disease 

activity over time, reporting no significant association between frailty and 

change in RADAI over 3.7 years follow-up.402 

Taken together these data show a consistent relationship between frailty and 

disease activity assessed using DAS28, however there was some inconsistency in 

this relationship when disease activity was assessed by different measures. The 

prevalence of frailty appears considerably higher in people with active disease. 

However, these were cross sectional assessments and no studies assessed 

whether frailty prevalence or severity is sensitive to changes in disease severity 

over time.  

6.5.3.2 Physical function 

Seven studies assessed the relationship between frailty and physical function 

using the HAQ-DI.395,396,402-404,406,407,409,412 Each of these studies demonstrated an 

association between frailty and higher baseline HAQ-DI scores (indicating a 

greater degree of physical impairment). One of these studies also included a 

longitudinal analysis in which frailty at baseline (assessed using the frailty 

phenotype) was associated with worsening of HAQ-DI scores over 2-years follow-

up, indicating that participants with frailty at baseline were more likely to 
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experience deterioration in physical function than robust participants.402 This 

analysis was also adjusted for rheumatoid arthritis disease activity. Together 

these findings show a consistent relationship between frailty status, assessed 

through a range of measures, and greater physical impairment assessed using 

HAQ-DI. 

6.5.3.3 Duration of rheumatoid arthritis 

Five studies assessed the relationship between frailty and the duration of 

rheumatoid arthritis at baseline.394,401,404,406,408 Findings were mixed, with three 

studies showing no association between frailty and disease duration.394,401,406 By 

contrast, two studies showed that frailty was associated with greater duration of 

rheumatoid arthritis at the time of assessment,404,408 however only one of these 

studies additionally adjusted for age in the analysis.404  

6.5.3.4 Other outcomes 

One study, using the frailty index approach to quantifying frailty in 2923 

participants, assessed the relationship between frailty and all-cause 

hospitalisations.405 Higher frailty index values were associated with a greater risk 

of hospitalisation during a mean follow-up of 3.7 years. This same study also 

showed that a higher frailty index was associated with a greater risk of 

osteoporotic fractures over the same follow-up period.  

No studies assessed the relationship between frailty and mortality, 

cardiovascular events, or outcomes in response to treatment. Also, no studies 

assessed frailty at any other time-points following baseline, and therefore no 

analyses were identified of frailty trajectories in rheumatoid arthritis or of 

factors associated with worsening or amelioration of frailty. 
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6.6 Discussion 

6.6.1 Summary of findings 

In this systematic review we identified 17 papers, based on 14 different 

populations, reporting the prevalence of frailty in people with rheumatoid 

arthritis. Frailty was common in all studies, ranging from 10% to 36% among 

adult populations with rheumatoid arthritis, however there was considerable 

heterogeneity in both the measures used to identify frailty and the 

demographics of the populations studied (most notably age). There were 11 

different measures used to identify frailty across the 14 cohorts, which limits the 

comparability of prevalence estimates. However, even among studies using 

similar measures, estimates of the frailty prevalence were variable. This may 

reflect differences in the underlying population (e.g. ethnicity, socioeconomic 

status, disease activity), inclusion criteria, or the application of frailty 

measures. All these factors may influence prevalence estimates of frailty. It is 

notable, therefore, that few studies reported data on ethnicity or socioeconomic 

status.  

Nonetheless, frailty (however measured) was consistently associated with 

greater disease activity assessed through scores such as DAS-28, and with greater 

physical impairment indicated by HAQ-DI. The relationship with duration of 

rheumatoid arthritis was inconsistent, with some studies reporting an association 

between frailty and greater duration of rheumatoid arthritis. None assessed the 

prevalence of frailty in new-onset rheumatoid arthritis. Most studies were cross 

sectional, with only two reporting longitudinal follow-up (showing frailty to be 

associated with hospitalisations and fractures, and worsening physical function, 

respectively). Therefore, the prognostic significance of frailty in rheumatoid 

arthritis remains unclear, nor do we know anything about the likely trajectory of 

frailty over time or the sensitivity of frailty to changes in disease activity as a 

result of treatment with disease-modifying antirheumatic drugs. 

6.6.2 Findings in context of previous literature 

Estimates of frailty prevalence are understood to be limited by variability in how 

frailty is measured. Different frailty measures are based on different 
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characteristics, are underpinned by different theoretical constructs, and identify 

different populations. A recent systematic review estimated a pooled global 

prevalence of frailty in the general population at 7% (95% CI 5-9%) using a 

physical frailty model and 24% (22-26%) using a cumulative deficit model, 

however estimates vary widely depending on the underlying population 

demographics.7 Despite these limitations in comparing frailty prevalence 

between studies, the estimates reported in this review indicate that frailty is 

common in people with rheumatoid arthritis compared to the general 

population. This is consistent with previous observations that frailty, identified 

using a frailty index, was common in phase 3-4 randomised controlled trials of 

people with rheumatoid arthritis.417 As in this review, frailty in these trials was 

strongly associated with greater disease activity.  

The cross-sectional nature of the included studies makes determining the extent 

to which the frailty is caused by rheumatoid arthritis difficult. The development 

of frailty is understood to be multifactorial. Furthermore, different approaches 

to identifying frailty (such as a frailty phenotype versus a cumulative deficit 

model, or a physical model versus one including psychological and social 

vulnerability) may have different causal pathways and mechanisms underlying 

them.2,40 However, rheumatoid arthritis may lead to a range of states or 

complications (such as fatigue, sarcopenia, weight loss, and functional 

limitation) which may all contribute to the identification of frailty. Fatigue in 

rheumatoid arthritis may result from the underlying inflammatory process as 

well as symptoms, functional, emotional and psychological impact of the 

condition and treatments.418 Weight loss and low body mass index, thought 

partly to be mediated through excess pro-inflammatory mediators such as IL-1 

and TNF-alpha, are associated with greater erosive disease in rheumatoid 

arthritis as well as greater cardiovascular risk, physical disability, and 

mortality.419-421 Rheumatoid arthritis, through a combination of systemic 

inflammation and reduced physical activity, may also result in sarcopenia which 

in turn contributes to the development of frailty.422-426 These observations, along 

with the consistent association between frailty and greater disease activity, 

mean it is likely that rheumatoid arthritis – particularly if highly active or severe 

– leads to the development of features of frailty.  
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Conversely, frailty has a wide range of potential causes and associations, and it 

is unlikely that there is a single common pathway or mechanism underlying the 

development of frailty in people with rheumatoid arthritis. Co-existing frailty 

alongside rheumatoid arthritis may lead or contribute to functional limitations 

not exclusively attributable to rheumatoid arthritis itself. The rationale for 

frailty identification and assessment is to facilitate a broad and 

multidimensional evaluation of a person’s needs and priorities. Given increasing 

rheumatoid arthritis in older age,393 and the prevalence of multimorbidity among 

people with rheumatoid arthritis,427 it is important to better understand whether 

incorporating frailty assessment into the management of rheumatoid arthritis 

would bring additional benefits beyond those measures already commonly used. 

6.6.3 Implications  

These findings highlight several important gaps in our understanding of frailty in 

the context of rheumatoid arthritis. The first is the prognostic significance of 

frailty in people with rheumatoid arthritis. Only one study, using a frailty index 

model, assessed the association between frailty and hospitalisations and none 

explored whether frailty is associated with mortality, cardiovascular events, or 

long-term care needs in people with rheumatoid arthritis. The association 

between frailty and these outcomes in the general population is well 

established. However, given the overlap between features of active or severe 

rheumatoid arthritis and frailty, it is not clear if assessment of frailty in the 

context of rheumatoid arthritis improves prediction of these outcomes.  

The second gap is to disentangle the relationship between frailty and 

rheumatoid arthritis disease activity. Active rheumatoid arthritis may give rise to 

a range of features which may indicate frailty (fatigue, weakness, pain, 

functional limitation, etc.). Frailty may, therefore, be amenable to intervention. 

Frailty is recognised to be a dynamic state which changes over time. However, 

the degree to which frailty in rheumatoid arthritis is reversible is not clear. This 

question, like the association between frailty and clinical outcomes, would 

require longitudinal studies ideally with serial assessments of both frailty and 

disease activity.  
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A final, more nuanced, gap in our understanding is how these epidemiological 

measures of frailty translate to the experience and understanding of people 

living with rheumatoid arthritis and to the clinical impression of professionals 

involved in their care. While a range of physical, functional, and psychological 

features common in rheumatoid arthritis may be consistent with current 

definitions of frailty, this may not be how people living with rheumatoid arthritis 

would choose to characterise their experience. It is also not clear if frailty 

identified in such a way, particularly when it results from active rheumatoid 

arthritis, is equivalent to frailty as it would be understood by clinicians. 

Understanding the implications of frailty in rheumatoid arthritis therefore not 

only requires a fuller understanding of its epidemiology, but also the broader 

clinical implications and the utility of a frailty ‘label’. For clinicians, 

understanding that there is uncertainty around the prognostic significance of 

frailty in people with rheumatoid arthritis is important. Recommendations for 

frailty based, for example, on limited life expectancy or the likelihood of 

functional decline may not be relevant for all individuals with rheumatoid 

arthritis who meet the criteria for frailty. For this reason, future research 

assessing the relationship between frailty and outcomes such as mortality and 

the development of disability in people with rheumatoid arthritis, as 

disentangling this from the impact of rheumatoid arthritis disease activity, is 

important to inform clinical decisions. 

6.6.4 Strengths and limitations 

Strengths of this review include a comprehensive search strategy with duplicate 

screening and data extraction. However, the search was limited to English 

language only and we excluded Grey literature. This could potentially lead to 

language or publication bias, respectively. We used an adapted version of the 

Newcastle-Ottawa scale (prespecified in our protocol) to maximise the 

comparability of assessment of cross-sectional and longitudinal studies (e.g., 

where both assessed prevalence). However, most studies identified and included 

were cross sectional, and this tool is not specific to the assessment of cross-

sectional studies. It was not possible to conduct a meta-analysis of frailty 

prevalence due to the degree of heterogeneity. This was particularly evident in 

the measurement of frailty, as a range of different measures were used, and 

prevalence estimates are therefore not directly comparable. Studies were also 
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heterogenous in terms of their inclusion criteria, demographics, and definitions 

of rheumatoid arthritis. Studies were all from high-income countries with no 

data from low-and middle-income countries. Also, only one study presented data 

on the ethnicity of participants, and none assessed socioeconomic status, factors 

which may impact the prevalence of frailty. Finally, the studies included in this 

review were observational and mostly cross-sectional. It is therefore not possible 

to assess causal relationships. 

6.6.5 Conclusion 

Frailty in people with rheumatoid arthritis has been quantified in high income 

countries using a wide range of different approaches and is consistently 

demonstrated to be common, particularly among people with more active 

disease. Assessment of frailty among people with rheumatoid arthritis, including 

those aged under 65 years, is likely to identify people at greater risk of 

functional limitation. However, a relative lack of longitudinal studies and 

heterogeneity in the methods used to assess frailty mean that the clinical 

implications, prognostic significance, and potential reversibility remain unclear. 

There is a need for studies in low- and middle-income countries as well as 

studies with serial follow-up and repeated measures to understand the 

trajectories and outcomes of frailty in rheumatoid arthritis, as well as greater 

exploration of the implications of frailty from the perspective of patients and 

clinicians. Understanding these relationships in greater detail may reveal 

potential for interventions to ameliorate frailty in rheumatoid arthritis, limit its 

impact, and support people living with frailty.  
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Chapter 7 Frailty in rheumatoid arthritis and its 
relationship with disease activity, hospitalisation 
and mortality: a longitudinal analysis of the 
Scottish Early Rheumatoid Arthritis cohort and 
UK Biobank 

7.1 Chapter summary 

This chapter presents an analysis of the UK Biobank cohort and the Scottish Early 

Rheumatoid Arthritis cohort addressing research question 1 (prevalence of 

frailty) and research question 2 (the association between frailty and clinical 

outcomes) in people with rheumatoid arthritis. 

The text and figures presented here are as published in Hanlon P, Morton F, 

Siebert S, Jani BD, Nicholl BI, Lewsey J, McAllister D, Mair FS. Frailty in 

rheumatoid arthritis and its relationship with disease activity, hospitalisation 

and mortality: a longitudinal analysis of the Scottish Early Rheumatoid Arthritis 

cohort and UK Biobank. RMD open. 2022 Mar 1;8(1):e002111.   
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7.2 Abstract 

Objective: To assess the prevalence of frailty in rheumatoid arthritis (RA) and 

its association with baseline and longitudinal disease activity, all-cause 

mortality, and hospitalisation.   

Participants: People with RA identified from the Scottish Early Rheumatoid 

Arthritis (SERA) inception cohort (newly diagnosed, mean age 58.2 years) and UK 

Biobank (established disease identified using diagnostic codes, mean age 59 

years). Frailty was quantified using the frailty index (both datasets) and frailty 

phenotype (UK Biobank only). Disease activity was assessed using Disease 

Activity Score in 28 joints (DAS28) in SERA. Associations between baseline frailty 

and all-cause mortality and hospitalisation were estimated after adjusting for 

age, sex, socioeconomic status, smoking and alcohol, plus DAS28 in SERA. 

Results: Based on the frailty index, frailty was common in SERA (12% moderate, 

0.2% severe) and UK Biobank (20% moderate, 3% severe). In UK Biobank 23% were 

identified as frail using frailty phenotype. Frailty index was associated with 

DAS28 in SERA, as well as age and female sex in both cohorts. In SERA, as DAS28 

lessened over time with treatment, mean frailty index also decreased. The 

frailty index was associated with all-cause mortality (HR moderate/severe frailty 

vs robust 4.14 [95% CI 1.49-11.51] SERA, 1.68 [1.26-2.13] UK Biobank) and 

unscheduled hospitalisation (IRR 2.27 [1.45-3.57] SERA, 2.74 [2.29-3.29] UK 

Biobank). In UK Biobank, frailty phenotype also associated with mortality and 

hospitalisation.  

Conclusion: Frailty is common in early and established RA and associated with 

hospitalisation and mortality. Frailty in RA is dynamic and, for some, may be 

ameliorated through controlling disease activity in early disease.  

  



183 
 

 

7.3 Key Messages 

7.3.1 What is already known about this subject 

• Frailty has been shown to be common in people with rheumatoid arthritis 

but its change over time and relationship with adverse clinical outcomes 

remain unclear. 

7.3.2 What does this study add 

• Frailty in early rheumatoid arthritis is dynamic and responsive to 

treatment: following diagnosis and initiation of disease modifying 

antirheumatic drugs, the mean frailty index fell and 46% of moderate 

frailty individuals transitioned to a mildly frail or robust state. 

• Frailty, by two contrasting measures, was associated with greater risk of 

all-cause mortality and hospitalisation. 

7.3.3 How might this impact on clinical practice or future 
developments 

• Frailty may help identify people with rheumatoid arthritis at increased 

risk of adverse health outcomes. 

• However, a label of frailty should be used with caution in people with 

active disease, for whom it may at least be partially reversible.  

• Identification of frailty in people with rheumatoid arthritis should inform 

implementation of broad multidisciplinary assessment and intervention 

and focus on reversible factors.   
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7.4 Introduction 

Frailty describes a state of increased vulnerability to adverse health outcomes 

caused by reduced physiological reserve.3 Frailty is associated with age.35 

However, it also predicts hospitalisation and death in younger people (<65 

years).3,9 Frailty has also been found to be common in rheumatoid arthritis (RA), 

including in people <65 years.395,396,408,409 However, most studies have been small 

and cross sectional with only one examining associations between frailty and any 

clinically significant outcome such as hospitalisation.405,428  

There are a number of different operational definitions of frailty. The most 

commonly implemented are the frailty index (a count of age-related health 

deficits)6 and the frailty phenotype (a specific syndrome based on a combination 

of low grip-strength, weight loss, exhaustion, low physical activity and slow 

walking pace).5 Both measures are based on the identification of vulnerability to 

physiological decompensation, which distinguishes them from related concepts 

such as multimorbidity.429 Multimorbidity is associated with mortality in people 

with RA,430 however the relationship between frailty and these outcomes has not 

been widely explored in the context of RA. 

Frailty and disease activity in RA are likely to share considerable overlap. Both 

the frailty phenotype5 and the frailty index6,35 share features with RA disease 

activity. Despite this, no study has assessed whether frailty in RA predicts 

clinical outcomes independently of disease activity, nor whether frailty, like 

disease activity, improves following treatment for RA. These questions are of 

clinical importance as they have implications for the optimal approach to the 

management of frailty in RA. Consequently, we assessed the prevalence of 

frailty in people with early and established RA; analysed change in frailty status 

in early RA in the period following diagnosis; and quantified the association 

between frailty and all-cause mortality and unscheduled hospitalisation.   
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7.5 Methods 

7.5.1 Data sources 

The Scottish Early Rheumatoid Arthritis (SERA) cohort is an inception cohort of 

people with newly diagnosed RA or undifferentiated arthritis recruited from 16 

out of 17 specialist rheumatology units across Scotland.23,431 SERA participants in 

the present study were recruited between March 2011 and April 2015. 

Participants were ineligible if they had previously received disease-modifying 

antirheumatic drug (DMARD) treatment for more than 4 weeks. Participants 

underwent a baseline assessment followed by 6-monthly follow-up visits. 

UK Biobank is a population cohort study recruited between 2006 and 2010.222 

Participants had to be registered with a general practice and live within 20 miles 

of one of 22 assessment centres in England, Scotland or Wales. Participants 

underwent a baseline assessment including a questionnaire, interview, physical 

measurements and biological samples. 

Date of initial assessment for either dataset was taken as baseline for this 

analysis. SERA and UK Biobank participants consented to data linkage to national 

records including inpatient hospital records and mortality registers (available 

until April 2017 for both datasets). 

7.5.2 Study population: identifying rheumatoid arthritis 

From the SERA dataset we selected patients who fulfilled the 2010 American 

College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) 

Classification Criteria for RA at baseline assessment.399  

From UK Biobank, we identified participants from baseline UK Biobank 

assessments who had a previous diagnostic code for RA from either linked 

primary care records or inpatient hospital records.  
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7.5.3 Frailty definition 

7.5.3.1 Frailty index 

In both UK Biobank and SERA we quantified frailty using the frailty index 

approach, based on the cumulative deficit model of frailty developed by 

Rockwood and Mitnitski.6 A frailty index is a count of health related ‘deficits’ 

within an individual, calculated by summing all deficits present and dividing this 

by the total number of possible deficits, to give a value between 0 (no deficits) 

and 1 (all possible deficits). All deficits are weighted equally. Higher values 

indicate a greater degree of frailty. 

There is a standardised method for constructing a frailty index.36 There is no 

pre-specified list of deficits which must be included in the index. Rather, 

deficits are selected based on the variables available in a given dataset 

providing they meet the following criteria: (i) associated with poor health, (ii) 

increase in prevalence with age, (iii) cover a range of organ systems, and (iv) are 

neither too rare (i.e. <1% prevalence) nor ubiquitous within the target 

population. Deficits typically include comorbidities, symptoms, functional 

limitations and laboratory investigations. If data for a specific deficit is missing, 

this deficit is excluded from the numerator and the denominator. We excluded 

participants with missing data for >5% of deficits. 

For UK Biobank, we used the frailty index previously developed by Williams et 

al.22 For SERA, we constructed a frailty index based on 42 deficits (including 

similar comorbidities to the UK Biobank frailty index, as well as symptoms, 

laboratory deficits and functional measures previously used in a frailty index 

developed for RA clinical trials).417 See appendix 5 for full list of deficits.  

The frailty index was analysed as a numerical variable. In addition, for 

presentation of data in tables and hazard ratios, we categorised the frailty index 

into robust (0 to 0.12) and mild (>0.12 to 0.24), moderate (>0.24 to 0.36) and 

severe (>0.36) frailty based on the cut-points used in the electronic frailty index 

used in primary care within the UK.56  
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7.5.3.2 Frailty phenotype 

For UK Biobank, we also assessed frailty using an adaptation of the frailty 

phenotype developed by Fried et al.5 The frailty phenotype is based on five 

characteristics: low hand-grip strength, self-reported exhaustion, unintentional 

weight loss, low physical activity, and slow walking pace. People with three or 

more criteria are considered frail, while one or two criteria indicates ‘pre-

frailty’. We have previously adapted the original definitions of these criteria to 

UK Biobank data.9 

SERA does not contain the necessary variables for the frailty phenotype. 

7.5.4 Measures 

Age and sex were recorded at time of recruitment in both datasets. For UK 

Biobank, disease duration was estimated as the time since the first recorded 

diagnostic code for RA (for SERA all participants were recruited at the point of 

diagnosis by a rheumatologist). As time since initial diagnostic code is a proxy 

measure, we did not attempt to differentiate early RA in UK Biobank. 

Socioeconomic status was based on an area-based measure (Townsend scores 

from linked 2001 census data in UK Biobank and Scottish Index of Multiple 

Deprivation in SERA).388,432 Both measures are based data linkage to participants’ 

postcodes and estimate socioeconomic status via a composite measure of various 

factors (Townsend scores based on percentage unemployment, percentage car 

ownership, percentage home ownership, and household overcrowding, Scottish 

Index of Multiple Deprivation based on income, employment, education, health, 

access to services, crime and housing). 

Smoking status was categorised as current, previous or never. Alcohol intake was 

based on self-reported frequency of intake in UK Biobank and on self-reported 

weekly units in SERA.  

7.5.5 Outcomes 

In SERA, we assessed the relationship between baseline frailty and RA disease 

activity, assessed using the composite Disease Activity Score in 28 joints, CRP 

version (DAS28) based on 4 factors (tender joints, swollen joints, CRP and 
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patient global score). Physical function was assessed using the Health 

Assessment Questionnaire – Disability Index (HAQ-DI), and self-rated health was 

assessed using the visual analogue scale (0-100) from the EuroQol (EQ-5D) 

questionnaire. DAS28, HAQ-DI and self-rated health were assessed at baseline 

and then at 6-monthly follow-up intervals. 

In both datasets, we assessed the relationship between frailty and both all-cause 

mortality and all-cause unscheduled hospitalisation (defined as any admission 

with an ‘urgent’ or ‘emergency’ code), identified through linkage to national 

mortality registers and hospital records, respectively. These linked datasets 

record all inpatient hospital episodes and recorded deaths in either Scotland 

(SERA) or for the entire UK (UK Biobank). Mean follow-up was 10 years in UK 

Biobank and 4 years in SERA. Participants were censored at death or end of 

available follow-up (April 2017), whichever occurred first.  

7.5.6 Statistical analyses 

7.5.6.1 Distributions of frailty 

For SERA, the individual participant data are held within a secure safe-haven 

which only allows export of aggregate, non-disclosive data. Therefore, to allow 

us to describe the distribution of the frailty index, we assessed the fit of 

possible distributions for a frailty index (lognormal, exponential, Weibull and 

generalised-gamma) using the Kolmogorov-Smirnov test. The generalised-gamma 

distribution fitted well. These parameters were then exported from the safe-

haven and used to plot the distribution of the frailty index.  

For UK Biobank, we plotted the full distribution of the frailty index and 

described this distribution statistically. 

To facilitate interpretation, we also calculated percentages of participants who 

were robust or had mild, moderate or severe frailty. These findings are 

presented as descriptive statistics only. 

The frailty index distribution was summarised descriptively for each dataset 

separately. This is because the deficits included in each index differ, and the 

method used to identify RA also differed between SERA and UK Biobank.  
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7.5.6.2 Frailty and disease activity (SERA only) 

For SERA, we assessed the relationship between the frailty index and activity of 

RA using the DAS28 score. We used generalised gamma regression to model the 

frailty index on age, sex and DAS28. The coefficients and variance covariance 

matrix from this model were then exported from the safe-haven and used to 

model the mean frailty index conditional on a specific age, sex and DAS28 value. 

We therefore modelled mean frailty index for men and women index at a range 

of ages (30 to 80 years) and DAS28 values (3.2 indicating the threshold for mild 

disease activity, and 5.1 indicating the threshold for active disease).  

7.5.6.3 Frailty and outcomes – serial follow-up in SERA 

To assess the change in frailty index over time, we re-calculated the frailty 

index at 6-monthly follow-up intervals. This period is concurrent with the 

commencement of disease-modifying treatment (reported elsewhere431). We did 

not formally assess treatment status. As comorbidities were only assessed at 

baseline, we carried baseline comorbidity status forward. For all other deficits 

(functional measures, symptoms, and blood results) the frailty index used 

follow-up values. Frailty index was treated as missing where these additional 

values were not assessed at follow-up, in which case the previous frailty index 

value was carried forward. We then plotted the mean frailty index at follow-up, 

as well as the mean DAS28 score, mean HAQ-DI score, and mean self-rated 

health (using the EQ-5D visual analogue scale) at each follow-up point. 

Participants were excluded where data on these outcomes were missing. We 

assessed these outcomes over the first 2 years of follow-up. 

7.5.6.4 Frailty and outcomes – linked healthcare data 

We used negative binomial regression to model the number of urgent or 

emergency admissions on the frailty index (SERA and UK Biobank) and the frailty 

phenotype (UK Biobank only). For all-cause mortality, we used Cox proportional 

hazards models to model mortality on frailty index. We fit three models for each 

outcome. Model 1 adjusted for age, sex and socioeconomic status. Model 2 

additionally adjusted for smoking status and alcohol intake. Model 3 adjusted for 

variables in model 2, plus DAS28 (SERA only). Incidence rate ratios and hazard 



190 
 

 

ratios, respectively, were calculated with 95% confidence intervals. Participants 

with missing data for covariates were excluded from the adjusted analyses. 

As a sensitivity analysis using the SERA dataset, an extended cox-PH model was 

used to model the effect of changing frailty index and DAS28 values on 

hospitalisation and mortality. 

We fit models 1 and 2 using the frailty phenotype (UK Biobank only).  

7.5.6.5 Patient and public involvement 

No patients were involved in this research. 

7.5.6.6 Ethical approval 

UK Biobank has ethical approval from UK National Health Service research ethics 

service (16/NW/0274). This analysis was conducted under UK Biobank project 

14151. SERA was approved by the West of Scotland Research Ethics Committee 

(10/S0704/20) and the analysis presented in this paper was approved by the 

SERA data access committee (project reference 2020042901).   
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7.6 Results 

In SERA, 899 participants had RA at baseline, recruited at the time of diagnosis 

(median symptom duration 6 months). In UK Biobank, at baseline assessment, 

3605 participants had a prior diagnostic code for RA in either primary care 

records or inpatient hospital records. Baseline characteristics are shown in Table 

7.1.  

7.6.1 Distributions of frailty 

The mean frailty index was 0.16 in SERA and 0.19 in UK Biobank. The distribution 

of the frailty index in each of the datasets is shown in Figure 7.1. In SERA, 12.1% 

of participants had moderate frailty, with 0.2% having severe frailty. The 

prevalence was higher in UK Biobank, with 714 (20%) participants having 

moderate and 109 (3%) having severe frailty. All SERA participants had sufficient 

data to calculate the frailty index. In UK Biobank, 8 participants were excluded 

due to missing data for >5% of deficits.  

 

Figure 7.1 - Frailty index distribution (UK Biobank and SERA). This figure shows the 
distribution of the frailty index in UK Biobank participants (blue bars indicating observed values, 
blue line showing fitted distribution) and SERA participants (red line showing fitted distribution only 
– observed values analysed within a secure safe-haven and not exported).



192 
 

 

Table 7.1 - Baseline demographic characteristics stratified by frailty status 
 SERA UK Biobank (Rheumatoid arthritis population only) 

Total 
(n = 899) 

Frailty Index Total 
(n = 3605) 

Frailty index* Frailty phenotype** 

Robust 
(n = 303) 

Mild 
(n = 487)  

Moderate/Severe 
(n = 109) 

Robust 
(n = 773) 

Mild  
(n = 2001) 

Moderate 
(n = 714) 

Severe 
(n = 109) 

Robust 
(n = 788) 

Pre-frail 
(n = 1775) 

Frail 
(n = 781) 

Mean age             

  Years (sd) 58.3 (13.3) 56.0 (13.6) 58.5 (13.8) 63.7 (12.3) 59.5 (7.1) 59.2 (7.2) 59.5 (7.1) 59.8 (6.9) 58.2 
(5.9%) 

58.8 (7.1) 59.8 (7.1) 59.0 (7.0) 

Sex              

  Male (%) 313 
(34.8%) 

109 
(36.0%) 

171 
(35.1%) 

33  
(30.3%) 

1063 
(29.5%) 

255 
(33.2%) 

568 
(28.4%) 

208 
(29.1%) 

27 (24.8%) 278 
(35.3%) 

527 
(29.7%) 

193 
(24.7%) 

  Female (%) 586 
(65.2%) 

194 
(64.0%) 

316 
(64.9%) 

76  
(69.7%) 

2542 
(70.5%) 

518 
(66.8%) 

1433 
(71.6%) 

506 
(70.9%) 

82 (75.2%) 510 
(64.7%) 

1248 
(70.3%) 

588 
(75.3%) 

SES             

  Quintile 1 
(deprived) 

193 
(21.6%) 

60  
(19.8%) 

102 
(21.1%) 

31 
(28.4%) 

884 
(24.5%) 

115 
(15.0%) 

459 
(23.0%) 

255 
(35.7%) 

52 (47.7%) 132 
(16.8%) 

396 
(22.3%) 

270 
(34.6%) 

  2 193 
(21.6%) 

58  
(19.1%) 

111 
(23.0%) 

24  
(22.0%) 

790 
(21.9%) 

169 
(21.9%) 

449 
(22.4%) 

148 
(20.7%) 

22 (20.2%) 173 
(22.0%) 

385 
(21.7%) 

181 
(23.2%) 

  3 174 
(19.4%) 

62  
(20.5%) 

90  
(18.6%) 

22 
(20.2%) 

698 
(19.4%) 

161 
(20.9%) 

391 
(19.5%) 

129 
(18.1%) 

15 (13.8%) 167 
(21.2%) 

336 
(18.9%) 

142 
(18.2%) 

  4 191 
(21.3%) 

69  
(22.8%) 

108 
(22.4%) 

14 
(12.8%) 

593 
(16.5%) 

162 
(20.8%) 

328 
(16.4%) 

91 
(12.7%) 

12 (11.0%) 145 
(18.4%) 

314 
(17.7%) 

98 (12.5%) 

  Quintile 5 
(affluent) 

144 
(16.1%) 

54  
(17.8%) 

72  
(14.9%) 

18  
(16.5%) 

639 
(17.7%) 

166 
(21.4%) 

373 
(18.6%) 

91 
(12.7%) 

8 (7.3%) 171 
(21.7%) 

343 
(19.3%) 

90 (11.5%) 

  Missing 0 0 0 0 0 0 0 0 0 0 1 0 

Smoking             

  Never 323 
(35.9%) 

115 
(38.0%) 

167 
(34.3%) 

41  
(37.6%) 

1624 
(45.6%) 

402 
(52.5%) 

894 
(45.0%) 

293 
(41.6%) 

35 (32.1%) 366 
(46.7%) 

810 
(45.9%) 

330 
(42.9%) 

  Previous 326 
(36.3%) 

108 
(35.6%) 

181 
(37.2%) 

37  
(33.9%) 

1512 
(42.4%) 

295 
(38.6%) 

866 
(43.6%) 

303 
(43.0%) 

48 (44.0%) 346 
(44.2%) 

748 
(42.4%) 

317 
(41.2%) 

  Current 249 
(27.7%) 

79  
(26.1%) 

139 
(28.5%) 

31  
(28.4%) 

429 
(12.0%) 

68 (8.9%) 227 
(11.4%) 

108 
(15.3%) 

26 (23.9%) 71 (9.1%) 205 
(11.6%) 

123 
(16.0%) 

  Missing 1 1 0 0 40 8 14 10 0 5 12 11 

RA duration             

  Median years 
(IQR) 

- - - - 6.6 (3.0-
10.7) 

6.2 (3.0-
11.2) 

7.0 (3.2-
11.0) 

6.2 (2.7-
9.8) 

6.0 (2.8-
9.4) 

5.9 (2.7-
10.0) 

6.6 (3.0-
10.8) 

7.0 (3.6-
10.6) 

Mean DAS-28             

  Score (sd) 4.9 (1.3) 4.1 (1.2) 5.2 (1.1) 6.0 (1.1) - - - - - - - - 
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  Missing 65 31 30 4         

Mean HAQ-DI             

  Score (sd) 1.2 (0.8) 0.5 (0.5) 1.5 (0.6) 2.2 (0.6)         

  Missing 2 2 0 0         

Mean self-
rated health 

            

  Score (sd) 55.4 (25.8) 25.9 (24.0) 50.0 (23.2) 39.2 (22.8)         

  Missing 7 3 3 1         

SES: socioeconomic status, HAQ-DI: Health Assessment Questionnaire – Disability Index, DAS-28: Disease activity score in 28 joints. *8 UK Biobank participants had missing values for the 
frailty index and are excluded from columns stratified by frailty index. **262 UK Biobank participants had missing data for the frailty phenotype and are excluded from columns stratified 
by frailty phenotype status.  
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Using the frailty phenotype, 781 (23%) of UK Biobank participants met the 

criteria for frailty, while 1775 (53.1%) were classified as pre-frail (compared to 

3% and 38%, respectively, in the cohort as a whole).9 44.7% (349/781) 

participants identified as frail were also moderate or severely frail by the frailty 

index criteria. Data for one or more criteria were missing for 262 (7.2%) people 

with RA (compared to 2% missing data for the cohort as a whole). Hand-grip 

strength was the most commonly missing variable. Descriptive statistics of 

participants with missing data are shown in appendix 5. 

7.6.2 Frailty and disease activity (SERA only) 

The modelled relationship between frailty and age, sex, and DAS28 in SERA is 

shown in Figure 7.2. Mean frailty index increased with age, was higher in women 

than in men, and was higher with more active disease. 

 

Figure 7.2 - Modelled relationship between frailty index, age, sex and DAS28 in SERA. This 
figure shows the predicted mean frailty index, based on generalised gamma regression models 
fitted to the SERA dataset, according to age (modelled within range 30-80 years), sex (male and 
female) and DAS28 (modelled at 3.2 indicating mild disease and 5.1 indicating active disease). 
Lines indicate point estimates for the mean frailty index, and shaded areas represent 95% 
confidence intervals. 

7.6.3 Frailty and outcomes – serial follow-up in SERA 

The change in mean frailty index in SERA over 2-year follow-up is shown in 

Figure 7.3, along with mean DAS28, HAQ-DI and self-rated health. Data for each 

measure was available for 834 participants, and this fell to 726, 645, 435 and 
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353 participants at 6, 12, 18 and 24 months, respectively. However, mean 

baseline frailty index values were similar between participants with and without 

missing follow-up data (e.g. 0.157 and 0.156 for those with and without missing 

data at 1 year). Mean frailty index, mean DAS28, and mean HAQ-DI fell after the 

initial baseline assessment and commencement of DMARD treatment, with 

improvement in self-rated health. This improvement in mean frailty index 

reflected a reduction in the overall prevalence of each of the functional 

measures that were reassessed, but not the laboratory values in the index 

(which did not substantially change) or comorbidities (which were not reassessed 

and therefore reflect baseline comorbidity prevalence). However, after 2 years 

follow-up, HAQ-DI scores, poor self-rated health and, to a lesser extent, disease 

activity were higher at the group level in participants with mild or 

moderate/severe frailty at baseline compared to participants who were robust 

at baseline (Figure 7.3).  Of the 109 people who had moderate or severe frailty 

at baseline, 36 (33%) improved to mildly frail and 14 (13%) transitioned to a 

robust state in the first 6 months of follow-up. Despite these improvements, the 

mean frailty index at 2 years follow-up among those who were moderately or 

severely frail at baseline remained significantly higher than participants who 

were mildly frail or robust at baseline. This indicates that the frailty index is 

dynamic in early RA and fell concurrently with treatment and improvements in 

disease activity, physical function and self-rated health. However, despite these 

improvements, participants with a higher baseline frailty index tended to have a 

higher frailty index, higher disease activity, poorer physical function and poorer 

self-rated health throughout 2 years follow-up compared to participants with a 

lower baseline frailty index.
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Figure 7.3 - Change in disease activity, frailty index, physical function and self-rated health over 2 years follow-up in SERA. Points indicate mean values for 
DAS28, frailty index, HAQ-DI and self-rated health, respectively. Error bars indicate 95% confidence intervals. Results are stratified by frailty status at baseline (robust, 
mild, or moderate/severe) based on the frailty index. 
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7.6.4 Frailty and outcomes – linked healthcare data 

Associations between frailty and mortality and hospitalisation outcomes are 

shown in Table 7.2. In both SERA and UK Biobank, moderate/severe frailty 

(measured using the frailty index) was associated with a higher risk of both all-

cause mortality and unscheduled hospitalisation in models adjusted for age, sex 

and socioeconomic status (model 1), plus smoking and alcohol intake (model 2) 

and, in SERA only, after additionally adjusting for DAS28. In UK Biobank, mild 

frailty was also associated with greater risk of mortality and hospitalisation, but 

in SERA the confidence interval for these estimates included the null. In the 

sensitivity analysis in SERA, the effect of frailty on both outcomes was similar 

using the time-varying model compared to using baseline values only. 

Analyses of the frailty phenotype (UK Biobank only) demonstrated a greater risk 

of both mortality and hospitalisation associated with both pre-frailty and frailty. 
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Table 7.2 - Association between frailty and clinical outcomes (all-cause mortality and hospitalisation) 

  All-cause mortality Unscheduled hospitalisation 

Frailty level N Events 

(N)  

Model 1 

HR (95% CI) 

Model 2 

HR (95% CI) 

Model 3 

HR (95% CI) 

Events 

(N) 

Model 1 

IRR (95% CI) 

Model 2 

IRR (95% CI) 

Model 3 

IRR (95% CI) 

 
SERA: Frailty index (3 levels)* 

Robust 303 8 ref ref ref 152 ref ref ref 

Mild 487 28 1.83 (0.83-4.02) 1.74 (0.79-4.29) 1.73 (0.7-4.29) 416 1.55 (1.17-2.64) 1.47 (1.12-1.94) 1.29 (0.93-1.77) 

Moderate/ 

Severe 

109 17 3.99 (1.7-9.35) 4.41 (1.85-10.49) 4.14 (1.49-11.51) 189 3.05 (2.09-4.47) 2.88 (1.97-4.20) 2.27 (1.45-3.57) 

 
UK Biobank: Frailty index (3 levels)* 

Robust 773 79 ref ref  618 ref ref  

Mild 2001 279 1.39 (1.08-1.79) 1.36 (1.05-1.76)  2520 1.68 (1.44-1.97) 1.65 (1.41-1.93)  

Moderate/ 

Severe 

823 158 1.84 (1.4-2.43) 1.68 (1.26-2.13)  1827 3.13 (2.62-3.74) 2.74 (2.29-3.29)  

 
UK Biobank: Frailty index (4 levels) 

Robust 773 79 ref ref  618 ref ref  

Mild 2001 279 1.39 (1.09-1.79) 1.36 (1.05-1.76)  2520 1.64 (1.41-1.92) 1.65 (1.41-1.93)  

Moderate 714 130 1.73 (1.3-2.3) 1.59 (1.19-2.13)  1443 2.54 (2.11-3.05) 2.47 (2.05-2.98)  

Severe 109 28 2.75 (1.78-4.27) 2.33 (1.49-3.64)  384 5.00 (3.58-6.99) 4.80 (3.43-6.73)  

 
UK Biobank: Frailty phenotype 

Robust 788 68 ref ref  630 ref ref  

Pre-frail 1775 224 1.45 (1.11-1.91) 1.37 (1.04-1.81)  2209 1.57 (1.34-1.84) 1.52 (1.29-1.78)  

Frail 781 158 2.54 (1.9-3.93) 2.30 (1.71-3.10)  1486 2.47 (2.07-2.99) 2.38 (1.97-2.87)  

          

Model 1: adjusted for age, sex and socioeconomic status 
Model 2: adjusted for age, sex, socioeconomic status, smoking and alcohol intake 
Model 3: adjusted for age, sex, socioeconomic status, smoking, alcohol intake and DAS28 (SERA only) 

HR: Hazard ratio, IRR: incidence rate ratio, CI: Confidence interval 
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*Due to the small number of SERA participants in the severe frailty category (0.3%) these were collapsed into moderate/severe for analysis of SERA. For UK Biobank, the 

frailty index was analysed using 4-levels (robust, mild, moderate, severe) as pre-specified and then using 3-levels (robust, mild, moderate/severe) to mirror the analysis 

of SERA 

 



 
 

7.7 Discussion 

Frailty is common in both new onset and established RA. In SERA participants 

with early RA and in UK Biobank participants with established RA 

moderate/severe frailty was associated with greater risk of hospitalisation and 

mortality. In people with early RA, higher baseline frailty index was associated 

with greater disease activity, functional impairment, and poorer self-rated 

health. The frailty index was dynamic in early RA and as mean disease activity 

fell with initiation of treatment, so too did the mean frailty index. In SERA, the 

association between frailty and mortality and hospitalisation remained 

significant after adjustment for disease activity as well as sociodemographic 

factors. Frailty is therefore a clinically and prognostically significant marker in 

RA, although the degree of frailty is likely to fluctuate over time, particularly 

where it is driven by active RA.  

This is the first study to assess frailty in people with early RA (at the point of 

specialist diagnosis). It is also the first study to assess changes in frailty status 

over time in RA, demonstrating that frailty in early RA can, at least for some 

people, improve significantly. This change is likely to reflect an improvement in 

functional impairment with the initiation of disease modifying treatment. Our 

hypothesis that improvements in the frailty index are driven by reductions in 

disease activity and improvements in physical impairment are consistent with 

previous cross sectional studies showing associations between frailty (albeit 

identified using different measures) and both higher disease activity and higher 

HAQ-DI scores.394,395,401,402,404,406,407,409,412 It would also explain the higher 

prevalence of frailty observed in randomised controlled trials for RA,417 as high 

disease activity is typically an explicit requirement for inclusion in these trials.  

Our findings indicate that frailty has prognostic significance beyond that of high 

disease activity. Frailty was associated with all-cause mortality and 

hospitalisation after adjustment for DAS28. This is consistent with literature on 

frailty in general populations as well as other long-term conditions.1,3,28,30 

Although physical impairment and self-rated health improved after initial 

diagnosis, participants with moderate frailty at baseline had significantly higher 

HAQ-DI scores and poorer self-rated health at 2 years follow-up than robust 

participants or those with mild baseline frailty, despite larger reductions in 
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DAS28 from baseline levels. Our findings also show that while disease activity 

continues to gradually decline over 2 years on a group level, initial 

improvements in frailty, HAQ-DI and self-rated health plateaued or worsened 

over this period.  This is consistent with previous observations from SERA, in 

which psychosocial baseline factors (such as functional disability, depression, 

and unemployment) were more predictive of functional status at 1-year than 

more traditionally used clinical markers such as disease activity, and supports 

calls for broad psychosocial factors beyond disease activity to be actively 

considered when assessing the impact of RA.431  

Mean frailty index values were higher in UK Biobank than in SERA. This may 

reflect longer disease duration in UK Biobank participants. Previous studies have 

shown associations between frailty and duration of RA, however this has not 

been observed consistently across all studies.394,401,404,412 Another possible 

explanation is differences in the variables included within the respective frailty 

indices. While there is no specific set of variables that should be included in a 

frailty index, and these usually vary between datasets, it is possible that 

differences in the available variables influenced the distribution of frailty. Both 

datasets included a similar range of comorbidities, however SERA included more 

measures of functional impairment (e.g. difficulty dressing, climbing stairs) than 

UK Biobank.  

Our findings indicate that frailty may be a useful measure to identify people at 

greater risk of mortality, hospitalisation, and with greater functional limitation. 

However, given the close relationship with disease activity and frailty over time, 

care should be taken in applying a ‘label’ of frailty to people living with RA. The 

utility of identifying frailty in RA would depend on the intended purpose of the 

assessment. If frailty is used to identify people who may benefit from a broad, 

multidisciplinary assessment of health needs, this may be beneficial.11 Such an 

assessment should include identification of reversible factors including, but not 

limited to, active RA, treatment of which might ameliorate frailty. However, 

without such an assessment, invoking frailty in the context of inflammatory 

conditions such as RA may inappropriately identify patients as frail and bias 

future assessments or interactions with healthcare professionals. 
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It is important for future research to explore longitudinal trends in frailty, 

including its correlation with other measures (such as HAQ-DI and quality of life) 

as well as which factors within the frailty construct are most amenable to 

change or intervention. The development of frailty is recognised to be 

multifactorial.2,40 There may be multiple sub-types of frailty in RA: those for 

whom deficits leading to the identification of frailty are driven by active 

disease, and others for whom it is the result of other comorbidities, age-related 

decline in physiological function, or other factors. The trajectory, prognostic 

significance, and appropriate response to frailty may differ in each of these 

situations. It will also be important to explore how frailty in the context of RA 

differs from other measures, such as multimorbidity, which are also associated 

with increased mortality risk but have a different conceptual basis.427,430 

This study is larger than previous studies of frailty in RA, and draws upon two 

independent data sources, each with different strengths. We compared two 

frailty measures, although each was adapted to available variables. Linkage to 

national hospital and mortality registers allowed reliable assessment of 

outcomes. However, both datasets had limitations in the variables available. 

SERA lacked any assessment of sensory function (e.g. vision, hearing) and had 

relatively few biochemical variables. UK Biobank, in contrast, has few measures 

of physical function. In SERA, some of these were identified from the HAQ-DI. 

Although this is consistent with previous applications of the frailty index 

method, the recognised floor effect of the HAQ-DI may limit the responsiveness 

of the frailty index to change.433 It also means that the reduction in frailty 

following initiation of treatment is perhaps not surprising, as HAQ-DI is 

recognised to be responsive to treatment. In assessing the frailty index over 

SERA follow-up, we did not have any repeated assessment of comorbidities, and 

therefore had to assume baseline comorbidity status. It is possible that, for some 

participants, comorbidities may have changed over the 2 years follow-up which 

would have influenced the frailty index. Participants with RA in SERA were 

identified using the well-established ACR/EULAR criteria in people attending 

specialist rheumatology clinics, however in UK Biobank we had to rely on 

diagnostic codes from routine healthcare data being applied to a population-

based cohort. The latter may have resulted in some misclassification. UK 

Biobank is also recognised to be unrepresentative of the general population, 
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being more affluent and including more people of predominantly White ethnicity 

than the general UK population. There is also potential for survival bias when 

assessing UK Biobank participants with RA, as participants were not recruited at 

the point of diagnosis. People with RA and more severe frailty may be more 

likely to die prior to recruitment and therefore not be included in UK Biobank. 

Analyses of UK Biobank are also susceptible to collider bias. For example, if 

people with either more severe RA or severe frailty were less likely to volunteer 

for UK Biobank (e.g. due to greater functional limitation) this could bias 

estimates of the association between frailty and RA, as well as the relationship 

between frailty and adverse outcomes in people with RA. A recent analysis of 

multimorbidity showed that UK Biobank may underestimate associations 

between higher long-term condition counts and mortality or hospitalisation.434 

The same may be true of frailty in this context, particularly as long-term 

conditions contribute heavily to the frailty index. Finally, our analysis of the 

frailty phenotype was limited to UK Biobank (as grip strength and walking speed 

were not assessed in SERA) and analysis of disease activity and change in frailty 

status was limited to SERA. As a result, not all analyses could be replicated in 

both datasets. Furthermore, there was more missing data for the frailty 

phenotype (particularly grip strength) in UK Biobank participants with RA 

compared to the cohort as a whole. It is possible that those with more active 

disease, pain or functional limitation were more likely to have missing data, 

which could bias the results.  

Frailty is a common and prognostically significant factor in RA, however 

measured. Active RA is likely to drive at least some of the identification of 

frailty, however in early RA frailty may be partially reversible through 

treatment. Therefore, a label of ‘frailty’ should not be applied in early or active 

RA without reassessment following appropriate treatment and optimisation of RA 

activity. Frailty identification may be valuable in RA, however, should be done 

with caution and only where identification of reversible factors, broad 

assessment of health needs, and follow-up with reassessment are part of the 

clinical management.  
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Chapter 8 Frailty in COPD: a systematic review 
and study level meta-analysis of prevalence, 
trajectories, and relationship with clinical 
outcomes 

8.1 Chapter summary 

This chapter presents a systematic review of observational studies addressing 

research question 1 (the prevalence of frailty) and research question 2 (the 

association between frailty and clinical outcomes) in the context of COPD.  

The text and figures presented in the form in which it was submitted for 

publication. This has now been accepted and is currently in press: Hanlon P, Guo 

X, McGee E, Lewsey J, McAllister D, Mair, FS. Systematic review and meta-

analysis of prevalence, trajectories, and clinical outcomes for frailty in COPD. 

Primary Care Respiratory Medicine (in press). Doi: 10.1038/s41533-022-00324-5 
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8.2 Abstract  

Background: Frailty is common in people with COPD. This systematic review 

synthesises the measurement and prevalence of frailty in COPD, within-person 

trajectories of frailty over time, and associations between frailty and adverse 

health outcomes in people with COPD. 

Methods: Medline, Embase and Web of Science searched (1 January 2001-8 

September 2021). Searches supplemented by forward citation searching and 

hand-searching reference lists. Inclusion criteria: observational studies (using 

any frailty measure) in adults with COPD assessing frailty prevalence, 

trajectories, or association with health-related outcomes. Results synthesised 

using narrative synthesis and random-effects meta-analyses. 

Results: 53 eligible studies used 11 different frailty measures. Most common 

were frailty phenotype (n=32), frailty index (n=5) and Kihon checklist (n=4). 

Sample size ranged 22-8074. Mean age ranged 50-88 years. Prevalence estimates 

varied between frailty definitions, setting, and age from 2.6% to 80.9%. Frailty 

changes over time and may improve as well as worsen. Frailty was associated 

with greater risk of mortality (5/7 studies), COPD exacerbation (7/11), and 

hospital admission (3/4). Using frailty phenotype (frail vs robust), the pooled 

hazard ratio for mortality was 1.80 (95% CI 1.24-2.63) and incident rate ratios 

were 1.42 (0.94-2.17) for COPD exacerbation and 1.46 (1.10-1.92) for 

hospitalisation. Frailty associated with greater airflow obstruction (11/14), 

dyspnoea (15/16), COPD severity (10/12), poorer quality of life (3/4) and greater 

disability (1/1).  

Conclusion: Frailty is common among people with COPD and associated with an 

increased risk of adverse outcomes. Proactive identification of frailty may aid 

risk stratification and identification of individuals for whom interventions may 

be targeted.   
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8.3 Summary box 

8.3.1 What is already known on the topic 

Frailty is known to be common in people with COPD, however measures used and 

frailty prevalence estimates are highly variable. 

Frailty is understood to be associated with a range of adverse health outcomes; 

however, these have not been systematically synthesised in the context of 

COPD.  

8.3.2 What this study adds 

Frailty prevalence, while common in COPD, varies considerably by age, frailty 

measure, and clinical setting.  

Frailty trajectories are variable, and frailty may improve or worsen within 

individuals with COPD.  

Frailty is associated with a range of adverse health outcomes (including 

mortality and hospitalisation), however its relationship with some outcomes 

(e.g. COPD exacerbations) is inconsistent.  

8.3.3 How this study might affect research, practice or policy 

Clinical services for people with COPD should seek to identify and respond to 

patients’ frailty, however high prevalence and inconsistency in measurement 

present challenges for implementation. 

Future research should explore strategies to improve frailty status in people with 

COPD and to mitigate its clinical impact.  

  



207 
 

 
 

8.4 Background 

An increasing number of people worldwide are living with frailty.7 Frailty 

describes a state of increased vulnerability to decompensation in response to 

physiological stress.3,26 There is growing recognition of the importance of frailty 

in the management of noncommunicable diseases generally, and chronic 

respiratory diseases specifically.3,435 In the context of chronic obstructive 

pulmonary disease (COPD) (a condition characterised by progressive decline in 

pulmonary function and periods of exacerbation, both of which may impact on 

function and independence) it has been argued that frailty may be a valuable 

concept to understand individual vulnerability to adverse clinical 

outcomes.17,436,437  

While, at a conceptual level, frailty describes a state of increased vulnerability 

to physiological decompensation, there is no single universally accepted 

operational measure of frailty. Rather, multiple different measures, drawing on 

different theoretical models of aging, have been used to identify frailty within 

individuals.3 Populations identified by different frailty definitions only partially 

overlap.39 Frailty is also understood to be dynamic and may worsen or improve 

within individuals over time.  

People with COPD are recognised to have a higher prevalence of frailty than the 

general population.17 However, this prevalence is likely to differ by different 

frailty definitions as well as in different clinical settings. A previous systematic 

review has assessed the prevalence of frailty in people with COPD, however this 

review did not assess the impact of frailty on clinical outcomes.17 Moreover, 

since its publication, a number of further studies focusing specifically on people 

with COPD have assessed the prevalence and implications of frailty.438,439  

This systematic review aims to (i) review the different measures which have 

been used to quantify frailty in people with COPD; (ii) summarise the prevalence 

and trajectories of frailty in people with COPD across a range of settings and 

frailty definitions; and (iii) quantify the relationship between frailty and clinical 

outcomes in people with COPD.   
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8.5 Methods 

This systematic review of observational studies was carried out according to a 

pre-specified protocol (PROSPERO CRD42021275574) and is reported according to 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

guidelines.440,441  

8.5.1 Eligibility criteria 

Observational studies (cross-sectional or cohort design) meeting the following 

criteria were included: 

• Population: Adults aged ≥18 years with COPD 

• Exposure: Frailty (any measure) 

• Comparison: people with COPD without frailty 

• Outcomes: Frailty prevalence (primary outcome), transitions in frailty 

status, mortality, hospitalisation, healthcare utilisation, quality of life, 

disability, COPD exacerbation, COPD severity, symptoms 

• Setting: any (including community, outpatients, inpatients, residential 

care) 

We included studies using any definition of frailty to allow comparison between 

different measures. Studies were included if they used a validated frailty 

measure or provided detailed criteria within the manuscript of the criteria used 

to identify frailty. We excluded studies that assessed frailty based on a single 

parameter or proxy measure (e.g., grip strength alone). We excluded studies not 

published in English, conference abstracts, and grey literature. For synthesis, 

studies were grouped by frailty definition and setting.  

8.5.2 Search strategy 

We searched three electronic databases (Medline, Embase and Web of Science 

Core Collection) using a combination of Medical Subject Headings and keyword 
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searches. The basic search structure was “Frailty” AND “COPD”. Full search 

terms for Medline are shown in Box 1 and were adapted for the other databases. 

Database searches were supplemented by forward citation searches of all 

eligible studies and hand-searching reference lists of relevant papers (included 

studies and relevant review articles).  

8.5.3 Study selection 

We screened titles and abstract of all records identified through database 

searching. Full texts of all potentially eligible articles were obtained and 

screened according to our eligibility criteria. Two reviewers, working 

independently, completed all stages of screening. Disagreements over eligibility 

were resolved by consensus, involving a third reviewer if necessary.  

8.5.4 Data extraction 

Two reviewers, working independently, extracted details of study publication 

(author, year, journal, location), setting (community, outpatient, inpatient, 

residential care, etc.), population (recruitment method, eligibility criteria, age, 

sex, socioeconomic status, comorbidities), frailty definition (including 

adaptations to the original definition), frailty prevalence, and the relationship 

between frailty and any clinical outcomes listed above. 

8.5.5 Quality assessment 

The methodological quality of the included studies was assessed using an 

adaptation of the Newcastle Ottawa Scale (previously adapted for systematic 

reviews of studies assessing frailty, included in supplementary material).37 The 

initial 5 questions were used for all studies (cross sectional or longitudinal) with 

a further 6 for longitudinal studies. 

8.5.6 Synthesis 

We performed a narrative synthesis of frailty prevalence estimates, stratified by 

study setting and frailty definition. We synthesised studies assessing frailty and 

clinical outcomes using a combination of narrative synthesis and random effects 

meta-analysis. Meta-analysis was performed when at least two studies assessed 
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the same outcome, using the same frailty definition, using a similar statistical 

approach, and when heterogeneity was at an acceptable level (heterogeneity 

was assessing using the I2 statistic). Where studies were too heterogeneous, a 

narrative synthesis was performed and summarised using Harvest plots. Harvest 

plots summarise heterogenous data using bars to represent individual studies 

placed on a matrix to indicate where the studies showed a positive, negative, or 

neutral association with a given outcome (we used p<0.05 to denote statistical 

significance).256,400 Data processing and analysis was done using R (version 3.6.1).  

  

Box 1: Medline Search Strategy (adapted for other databases): 
 
1 exp Lung Diseases, Obstructive (MeSH) 
2 exp Pulmonary Disease, Chronic Obstructive (MeSH) 
3 emphysema$.mp.  
4 (chronic$ adj3 bronchiti$).mp.  
5 (obstruct$ adj3 (pulmonary or lung$ or airway$ or airflow$ or bronch$ or 
respirat$)).mp.  
6 (COPD or COAD or COBD).mp.  
7 1 or 2 or 3 or 4 or 5 or 6  
 
8 exp Frailty/ (MeSH)  
9 exp Frail Elderly/ (MeSH)  
10 frail$.tw.  
11 8 or 9 or 10  
 
12 7 and 11  
 
 
Search conducted from inception to September 2021 in all databases 
 
MeSH: Medical Subject Heading 
$: Truncation tool 
Adj3: adjacent (within 3 words) 
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8.6 Results 

We identified 1402 unique titles and abstracts from electronic database 

searches, from which we retained 220 for full-text screening and finally 

identified 53 eligible studies (Figure 8.1). Sample size (with COPD) ranged from 

22 to 8074 (median 192, IQR 103-149). Study characteristics and quality 

assessment are summarised in Table 8.1. Mean study age ranged from 50 to 88 

(median 73, IQR 68-75). All studies were from high income or upper-middle 

income countries (Figure 8.2).



 
 

 

Figure 8.1 - PRISMA diagram of included studies 
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Table 8.1 - Characteristics of included studies 

Author, Year Country Frailty 
measure 

COPD 
definition 

N with 
COPD 

Mean 
age 

Setting Quality 
Assessment 

Outcomes 

Akgun 2016442 United 
States 

Frailty 
phenotype 

Electronic 
health 
records 

182 50 community 3/5 Prevalence 

Ambagtsheer 
2019262 

Australia Frailty 
index 

Electronic 
health 
records 

98 88 residential 
care 

2/5 Prevalence 

Avila-Funes 
200881 

Mexico Frailty 
phenotype 

Self-report 814 74 community 3/5 Prevalence 

Bernabeu-
Mora 2017443 

Spain Edmonton GOLD criteria 103 71 inpatient 9/11 Prevalence, Hospital 
readmission, FEV1, 
Dyspnoea 

Bernabeu-
Mora 2020444 

Spain Frailty 
phenotype 

GOLD criteria 119 67 outpatient 10/11 Prevalence, Frailty 
transitions, 
Exacerbation 

Blaum 2005445 United 
States 

Frailty 
phenotype 

Electronic 
health 
records 

230 74 community 2/5 Prevalence 

Castellana 
2021446 

Italy Frailty 
phenotype 

Self-report 343 74 community 3/5 Prevalence 

Chen 2010283 Taiwan Frailty 
phenotype 

Self-report 312 73 community 4/5 Prevalence 

Chen 2018447 Taiwan CFS Electronic 
health 
records 

125 77 outpatient 4/5 Prevalence, 
Exacerbation, 
Dyspnoea 

Cheong 
2019285 

Singapore Frailty 
phenotype 

Self-report 239 66 community 3/5 Prevalence 
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Chin 2020448 Canada CFS Hospitalised 
with 
exacerbation 
of COPD 

50 72 inpatient 2/5 Prevalence 

Crow 2018289 United 
States 

Frailty 
phenotype 

Self-report 496 71 community 3/5 Prevalence 

de 
Albuquerque 
2012449 

Brazil Frailty 
phenotype 

Self-report 22 74 community /35 Prevalence 

Dias 2020450 Brazil FRAIL GOLD criteria 153 69 outpatient 3/5 Prevalence, 
Exacerbation, FEV1, 
Dyspnoea, CAT 

Fragoso 2012 
451 

United 
States 

Frailty 
phenotype 

Self-report 262 72 community 9/11 Prevalence, Frailty 
transitions 

Fried 2001 5 United 
States 

Frailty 
phenotype 

Self-report 415 72 community 4/5 Prevalence 

Gale 2018 452 United 
Kingdom 

Frailty 
index 

GOLD criteria 520 66 community 4/5 Prevalence, 
Exacerbation, FEV1, 
Dyspnoea, CAT 

Galizia 2011 
453 

Italy Frailty 
Staging 
System 

Self-report 489 74 community 10/11 Prevalence, Mortality, 
Dyspnoea 

Gephine 2020 
454 

France Frailty 
phenotype 

GOLD criteria 44 66 pulmonary 
rehab 

4/5 Prevalence, 
Exacerbation, FEV1, 
Dyspnoea, QOL 

Gu 2021 455 China Frailty 
index 

Clinician 
diagnosis of 
acute 
exacerbation 
of COPD 

154 80 inpatient 9/11 Mortality 
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Hanlon 2018 9 United 
Kingdom 

Frailty 
phenotype 

Self-report 8074 58 community 2/5 Prevalence 

Hirai 2019 456 Japan Kihon GOLD criteria 201 76 outpatient 3/5 FEV1, Dyspnoea, CAT 

Ierodiakonou 
2019 457 

Greece FiND GOLD criteria 257 65 community 3/5 Prevalence, 
Exacerbation, FEV1, 
Dyspnoea, CAT 

Kennedy 2019 
458 

United 
States 

Frailty 
phenotype 

GOLD criteria 902 68 outpatient 9/11 Prevalence, Mortality, 
Hospital admission, 
QOL 

Kim 2020 459 South Korea Frailty 
phenotype 

Self-report 83 76 community 2/5 Prevalence 

Kusunose 
2017 460 

Japan Kihon GOLD criteria 79 75 outpatient 2/5 Prevalence, Dyspnoea, 
CAT, QOL 

Lahousse 
2014 309 

Netherlands Frailty 
phenotype 

GOLD criteria 172 75 community 3/5 Prevalence 

Lahousse 
2016 461 

Netherlands Frailty 
phenotype 

GOLD criteria 172 75 community 10/11 Mortality, FEV1 

Lai 2014 462 Taiwan Frailty 
phenotype 

Medical 
records 

65 82 residential 
care 

3/5 Prevalence 

Lee 2014 372 China Frailty 
phenotype 

Self-report 236 74 community 2/5 Frailty transitions 

Limpawattana 
2017 463 

Thailand FRAIL GOLD criteria 121 70 outpatient 2/5 Prevalence 

Liotta 2017 
464 

Italy Functional 
Geriatric 
Evaluation 

Medical 
records 

218 76 community 2/5 Prevalence 

Luo 2021 438 China Frailty 
phenotype 

GOLD criteria 309 86 outpatient 9/11 Prevalence, Mortality, 
Exacerbation, Hospital 
admission, FEV1, 
Dyspnoea, CAT 
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Ma 2018 465 China Frailty 
index 

Self-report 205 72 community 2/5 Prevalence 

Maddocks 
2016 466 

United 
Kingdom 

Frailty 
phenotype 

GOLD criteria 816 70 pulmonary 
rehab 

10/11 Prevalence, Frailty 
transitions, 
Exacerbation 

Medina-
Mirapeix 2016 
467 

Spain Edmonton GOLD criteria 103 71 inpatient 2/5 Prevalence, Disability 

Medina-
Mirapeix 2018 
468 

Spain Frailty 
phenotype 

GOLD criteria 137 67 outpatient 3/5 Prevalence, 
Exacerbation, FEV1, 
Dyspnoea, CAT 

Motokawa 
2018 332 

Japan Kihon Self-report 6 74 community 3/5 Prevalence 

Nagorni-
Obradovic 
2014 469 

Serbia Frailty 
phenotype 

Self-report 653 59 community 2/5 Prevalence 

Oishi 2020 470 Japan Kihon American 
Thoracic 
Society 
guidelines 

128 73 outpatient 2/5 Prevalence, Dyspnoea 

Park 2013 471 United 
States 

Tilburg Self-report 211 71 community 2/5 Prevalence, Dyspnoea 

Park 2021 472 South Korea Tilburg Self-report 417 65 community 3/5 Prevalence, FEV1 

Pollack 2017 
342 

United 
States 

Frailty 
phenotype 

Self-report 537 73 community 2/5 Prevalence 

Scarlata 2021 Italy Frailty 
index 

GOLD criteria 150 73 outpatient 9/11 Prevalence, Mortality, 
Exacerbation, FEV1, 
Dyspnoea, CAT 

Serra-Prat 
2016 473 

Spain Frailty 
phenotype 

Self-report 44 80 community 2/5 Prevalence 
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ter Beek 2020 
474 

Netherlands Frailty 
phenotype 

GOLD criteria 57 61 pulmonary 
rehab 

3/5 Prevalence 

Uchmanowicz 
2016 475 

Poland Tilburg American 
Thoracic 
Society 
guidelines 

102 63 outpatient 2/5 Prevalence 

Valenza 2016 
476 

Spain Frailty 
phenotype 

American 
Thoracic 
Society 
guidelines 

212 73 inpatient 2/5 Prevalence 

Veronese 
2017 357 

Iceland Frailty 
phenotype 

Self-report 368 76 community 3/5 Prevalence 

Warwick 2021 
477 

Canada CFS Hospitalised 
with 
exacerbation 
of COPD 

390 68 inpatient 
(ITU) 

9/11 Prevalence, Mortality 

Xue 2019 368 China Frailty 
phenotype 

Self-report 23 79 outpatient 3/5 Prevalence 

Yee 2020 439 United 
States 

Frailty 
phenotype 

GOLD criteria 280 68 outpatient 10/11 Prevalence, Mortality, 
Exacerbation, Hospital 
admission, FEV1, QOL 

Zhang 2020 
478 

China Frailty 
phenotype 

Self-report 28 75 outpatient 2/5 Prevalence 
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Figure 8.2 - Map showing the location of the included studies 
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8.6.1 Frailty measurement 

The included studies used a total of 11 different frailty measures. The most 

common was the frailty phenotype (32 studies) followed by the frailty index (5 

studies), Kihon checklist (4 studies), Clinical Frailty Scale (3 studies), Tilburg 

frailty indicator (3 studies), FRAIL scale (2 studies), Edmonton frailty indicator (2 

studies), FiND (1 study), Study for Osteoporotic Fractures frailty score (1 study), 

Frailty staging system (1 study) and Functional Geriatric Evaluation (1 study). 

One study used three different measures.456 These definitions are summarised in 

Table 8.2. While the frailty phenotype was the most commonly used measure, 27 

of the 32 studies using this measure made some adaptation to the original frailty 

phenotype criteria.  

Table 8.2 - Frailty measures used in included studies 

Frailty 
measure 

Components Range and 
categorisation 

Number 
of 
included 
studies 

Frailty 
phenotype5 

5 components (unintentional 
weight loss, exhaustion, low 
grip strength, slow walking 
pace, low physical activity) 

1-2 criteria: Pre-
frail 
≥3 criteria: Frail 

32 

Frailty 
index6,35 

Count of health-related deficits 
(≥30, type and number of 
chosen deficits may vary 
between studies). Total present 
divided by number of possible 
deficits 

Range 0-1 
Sometimes 
categorised 
(threshold for 
frailty varies (e.g. 
0.2, 0.24) 

5 

Kihon 
checklist413 

Self-administered checklist 
(components: activities of daily 
living, exercise, falling, 
nutrition, oral health, 
cognition, depression) 

Unweighted sum of 
components. Range 
0-25. 
Pre-frail (4-7), Frail 
(≥8). 

4 

Clinical 
frailty 
scale49 

Clinical tool based on 
functional status. 

Ranges 1 (very fit) 
to 9 (terminally ill). 
Some dichotomise 
as ≥5 = frail. 

3 

Tilburg 
frailty 
indicator415 

15 questions across 3 domains 
(physical, psychological and 
social) Responses combined 
into unweighted sum. 

Range 0-15 
≥5 indicates frailty 

3 

FRAIL 
scale50 

5 components (weight loss, 
fatigue, weakness, ambulation, 
illness/comorbidity)  

1-2 criteria: Pre-
frail 
≥3 criteria: Frail 

2 

Edmonton 
frailty 
scale47 

9 components: cognition, 
general health, functional 
independence, social support, 

Score 0-17. 
Mild (7-8), 
moderate (9-10) 

2 
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medication, nutrition, mood, 
continence and functional 
performance. 

and severe frailty 
(≥11). 

FiND479 Self-administered frailty 
screening tool. 5 items: 
difficulty walking 400m, 
difficulty climbing stairs, 
weight loss, exhaustion and low 
physical activity 

Classed as disability 
(difficult walking or 
climbing stairs), 
frailty (no difficulty 
with walking or 
stairs but other 
deficits present) or 
robust (no deficits) 

1 

Study of 
Osteoporoti
c Fracture 
frailty 
indicator480 

3 components (weight loss, 
chair stand, exhaustion) 

1 component: 
prefrail 
2-3 components: 
frail 

1 

Frailty stagi
ng  
system481 

7 components (disability, 
mobility, cognition, vision, 
hearing, continence, social 
support).  

Range 0-7. 
Mild (1) moderate 
(2-3) or severe 
frailty (≥4). 

1 

Functional 
geriatric 
assessment4

82 

Multidimensional evaluation 
(physical, mental and 
functional status, 
socio/economic resources, 
environment) 

Scored from -108 to 
101 
Robust (>50), frail 
(≤50, ≥10) and very 
frail (<10). 

1 

Table adapted from Hanlon et al 202037 and 2021 

 

8.6.2 Frailty prevalence 

The prevalence of frailty was assessed in 47 studies. These are summarised in 

Figure 8.3, stratified by study setting and ordered by frailty definition and mean 

age in the included studies. Estimates of prevalence were highly heterogeneous, 

varying by setting and between frailty definitions. Prevalence ranged from 2.6% 

to 80.9% in 25 community-based studies and from 6.3% to 75.5% in 14 studies in 

outpatient settings. Prevalence varied by frailty measure (e.g. generally lower in 

studies using frailty phenotype).  Prevalence was also higher in some studies 

with higher mean age (Figure 8.3). In other settings, prevalence ranged from 

35.9% to 63.7% in hospital inpatients (4 studies), from 41.5% to 66.3% in 

residential care settings (2 studies) and 25.6% to 43.2% in populations recruited 

at the commencement of pulmonary rehabilitation programmes (3 studies). 
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Figure 8.3 - Plot showing the prevalence of frailty in each of the included studies. Studies are 
stratified by setting (community, outpatient, inpatient, intensive care (ITU), pulmonary rehabilitation 
and residential care). Within strata, studies are ordered by frailty measure (colour) and mean age 
(descending order on y-axis). Points indicate the prevalence estimate, lines indicate 95% 
confidence intervals. 
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8.6.3 Within-person frailty trajectories 

Four studies assessed longitudinal changes in frailty over time. These varied in 

their setting, aim, and design. Two studies focused exclusively on people with 

COPD. Bernabeu-Mora et al (n=119) found that higher baseline muscle strength 

and lower exacerbation frequency were associated with improvement, while 

higher baseline dyspnoea was associated with worsening frailty status. Maddocks 

et al (n=816) found that people living with frailty were more likely not to 

complete pulmonary rehabilitation due to exacerbations or hospital admissions 

however, of those who did complete, 71/115 (61.3%) no longer met the criteria 

for frailty (74 pre-frail, 7 robust). People with baseline frailty also experienced 

greater improvements in dyspnoea, physical activity and health status following 

pulmonary rehabilitation than people who were not living with frailty at 

baseline. 

Of the two studies of frailty trajectories among general populations (not limited 

to people with COPD), COPD was associated with worsening frailty status among 

women who were robust at baseline (adjusted odds ratio (OR) 2.66, 95% CI 1.10-

6.44), however they did not find the same association in men (adjusted OR 0.61, 

95% CI 0.34-1.11). COPD defined by obstructive spirometry was associated with 

worsening frailty status compared to people with no airway obstruction over 3 

years follow-up (adjusted OR 1.58; 95% CI 1.17-2.13). Baseline frailty status was 

also associated with the development of respiratory impairment (defined as 

obstructive or restrictive pattern of spirometry) among people with no 

respiratory impairment at baseline (adjusted OR 1.42; 95% CI 1.11-1.82). 

8.6.4 Frailty and clinical outcomes 

Studies assessing the relationship between frailty and clinical outcomes (either 

cross-sectionally or prospectively) are summarised in Figure 8.4. These are 

explored in detail below.  
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Figure 8.4 - Harvest plot showing the relationship between frailty and clinical outcomes in 
the included studies. Each bar represents a single study. Colour is used to indicate which frailty 
measure is used. Height of the bar indicates study sample size. The position of the bar on the 
matrix indicates the relationship between frailty and the outcome in question (positive association 
between frailty and the outcome, no significant association, or negative association between frailty 
and the outcome [i.e. frailty is protective]). 
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8.6.4.1 Mortality 

Eight studies assessed the relationship between frailty and all-cause mortality in 

people with COPD.  

Four of these were outpatient- or community-based studies which used the 

frailty phenotype definition. The pooled hazard ratio (HR) for mortality 

associated with frail compared to robust participants was 1.80; 95% CI 1.24-2.62 

(Figure 8.5). Statistical heterogeneity was low (I2=0%) despite variation in study 

location (2 USA, 1 China, 1 Netherlands), adaptation of the frailty phenotype 

criteria, and covariates included in the adjusted models. One other community 

study (n=489) using the Frailty Staging system also showed an association 

between frailty and mortality. In an outpatient-based study using the frailty 

index (n=150) the association between frailty and mortality was not statistically 

significant (HR 2.1; 95% CI 0.7–5.8). 

 

Figure 8.5 - Meta-analyses of random-effects meta-analysis of the relationship between 
frailty phenotype (frailty phenotype definition) and mortality, COPD exacerbation, and 
hospitalisation 

 

Two studies assessed inpatient mortality. One used the Clinical Frailty Scale and 

assessed survival to discharge from intensive care (n=390). The other used a 

Frailty Index based on laboratory measures and compared people surviving to 
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hospital discharge (n=77) with people who did not (n=77) using propensity score 

matching. In both studies, a higher degree of frailty was associated with higher 

mortality.  

8.6.4.2 Hospitalisation 

Three outpatient-based studies assessed the relationship between the frailty 

phenotype and all-cause hospital admission. Hospitalisation rates among people 

living with frailty and COPD were high (2 studies reported mean 0.49 and 0.47 

exacerbations per person per year, respectively, in people living with frailty 

compared to 0.20 and 0.21, respectively, in robust participants with COPD). In 

the two studies assessing the rate of exacerbations, the pooled incident rate 

ratio (IRR) was 1.46, 95% CI 1.10-1.92. In the remaining study the adjusted HR 

was 1.8, 95% CI 1.1-2.9. A fourth study assessed the relationship between frailty 

(Edmonton frailty indicator) and readmission within 90 days of COPD 

exacerbation. Severe frailty was strongly associated with readmissions (45% 

compared to 18% of robust participants, adjusted OR 5.19, 95% CI 1.26-21.50). 

Taken together there is consistent evidence that people living with frailty and 

COPD experience higher rates of hospital admission than robust individuals with 

COPD. 

8.6.4.3 COPD exacerbation 

Eleven studies reported the association between frailty status and COPD 

exacerbations. Only two of these were prospective studies, both of which used 

the frailty phenotype definition. On meta-analysing these two studies, incidence 

of COPD exacerbations was 42% higher in those who were frail compared to 

those who were not, however the confidence interval included the null (IRR 

1.42, 95% CI 0.94-2.17, see figure 4). The remaining 9 studies assessed the 

unadjusted association between baseline frailty status and exacerbation 

frequency in the period prior to baseline (typically number of exacerbations, or 

frequent exacerbations defined as ≥2, in the past year). Six of these 9 studies 

reported an association between frailty and exacerbation frequency.  
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8.6.4.4 COPD severity 

Fourteen studies assessed the cross-sectional relationship between frailty and 

either Forced Expiratory Volume in 1 second (FEV1); FEV1 as a percentage of 

predicted; or severity categories based on FEV1. Frailty was associated with a 

greater degree of airflow limitation in 11/14 of these studies.  

Eight studies, comprising 7 different frailty measures, assessed the relationship 

between frailty and CAT score. All of these reported statistically significant 

(unadjusted) baseline associations between frailty and higher CAT scores.  

8.6.4.5 Dyspnoea 

Of the 16 studies comparing baseline dyspnoea in people with and without 

frailty, 13 used the modified MRC dyspnoea scale, of which 12 showed greater 

dyspnoea scores in people living with frailty. Three remaining studies also 

reported cross-sectional associations between frailty and self-reported 

dyspnoea. As mentioned above, baseline dyspnoea was also associated with 

worsening frailty status over 2 years follow-up in the only longitudinal study to 

assess this outcome.  

8.6.4.6 Quality of life 

Four studies assessed the cross-sectional relationship between frailty and quality 

of life. Three of these, all of which used the short-form 36 quality of life 

assessment, reported lower quality of life scores in participants with baseline 

frailty (2 frailty phenotype, 1 Kihon checklist). The remaining study used was 

small (n=55) and found no evidence of association between the frailty phenotype 

and quality of life according to the CCQ.  

8.6.4.7 Disability 

A single study assessed trajectories of activities of daily living limitation 

following hospital admission with COPD exacerbation. Frailty, measured using 

the Edmonton frailty indicator at the point of admission, was statistically 

significantly associated with functional decline measured 12 weeks after 

discharge (adjusted OR 3.97; 95% CI 1.13–13.92).   
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8.7 Discussion 

8.7.1 Summary of findings 

This systematic review summarises the existing literature on the prevalence, 

trajectories, and clinical implications of frailty in people with COPD. The 

prevalence of frailty varies by setting, age, and by method used to identify 

frailty, ranging between 2.6% and 80.9%. Nonetheless, our findings show that 

frailty is common among people with COPD. In inpatient settings, the prevalence 

of frailty was notably higher (between 36% and 64% using a variety of measures), 

as it was in people living in residential care and in pulmonary rehabilitation.  

Our findings demonstrate that people living with COPD and frailty often 

experience a high frequency of exacerbations, tend to have more severe airflow 

limitation, higher prevalence of dyspnoea, and are at greater risk of readmission 

following hospital discharge and of mortality.  Frailty in people with COPD varies 

over time, and these findings suggest that it may also be responsive to targeted 

intervention in the form of pulmonary rehabilitation. However, if people living 

with frailty are to benefit from this, efforts are needed to maximise their ability 

to participate and complete the programme.  

8.7.2 Findings in context of previous literature 

A previous systematic review, including 27 studies, assessed the prevalence of 

frailty in COPD but did not synthesise the relationship between frailty and 

clinical outcomes in COPD.17 In this previous review, 13 studies used the frailty 

phenotype, with a pooled mean prevalence of 19%, 95% CI 14%-24%. 

Heterogeneity of these estimates was high. This previous study also reported 

that people with COPD had a two-fold higher odds of frailty prevalence than 

people without COPD (odds ratio 1.97, 95% CI 1.53-2.53). Our study builds on 

these findings by stratifying by setting, and also includes several more recent 

studies which specifically focused on frailty in COPD (rather than as a subset of a 

general population). Unlike the previous review, we did not meta-analyse 

prevalence estimates due to considerable variation in study inclusion criteria 

(e.g., the exclusion of people with cognitive impairment or mobility difficulty), 
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age range, and adaptations of the frailty phenotype criteria. These sources of 

heterogeneity limit the interpretability of a single pooled prevalence estimate.  

The high prevalence of frailty in people with COPD likely represents complex 

inter-relationships between features of both frailty and COPD.483-485 COPD gives 

rise to a range of extrapulmonary manifestations, such as sarcopenia and 

fatigue,484,485 which may contribute to the manifestation of frailty. Depending on 

the frailty definition, these factors alone may be sufficient for an individual to 

be classified as frail (i.e., COPD may cause frailty, in this context).1,2 

Conversely, the development of COPD itself involves a complex interplay 

between environmental exposures and genetic susceptibility.486 Accelerated lung 

aging has been proposed as one mechanism underlying this process.487 Some have 

argued that the development of COPD should be best understood as an interplay 

between abnormalities in organ development and maintenance (susceptibility) 

and the cumulative effect of tissue injury and aging.486,488 This is similar 

paradigm to the cumulative deficit model of frailty which is operationalised in 

the frailty index.1,6,35 Under this framework, the development of COPD is a 

manifestation of the same processes underlying frailty, rather than a cause of 

frailty itself. In summary, depending on the theoretical model used to define 

frailty, COPD may be understood as both a cause and a consequence of frailty.  

While frailty may result from the cumulative effect of acquired deficits, it may 

improve as well as worsen over time.10 This review highlights that COPD may be 

a risk factor for worsening frailty, however also demonstrates that frailty in 

COPD may be responsive to targeted intervention, specifically pulmonary 

rehabilitation.466 The improvement in frailty status with pulmonary 

rehabilitation was assessed in only one included study. However, these findings 

are consistent with emerging evidence on interventions targeting frailty in 

general populations. A recent meta-analysis of 46 interventions showed that 

interventions incorporating physical activity or nutritional supplementation could 

improve frailty status in some individuals.375  

8.7.3 Implications 

The high prevalence of frailty among people admitted to hospital with COPD, 

coupled with the higher rates of hospital readmission, indicate that identifying 
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frailty within respiratory inpatient services may offer opportunities for targeted 

interventions. However, it is likely that a high proportion of patients would meet 

the criteria for frailty. It is likely that appropriate clinical response will vary 

between individuals identified as frail. Individualisation of care, as well as 

holistic multidisciplinary approaches, are central tenets of frailty management. 

There is considerable overlap between these principles and the multidisciplinary 

care advocated for people with COPD. However, given the high prevalence of 

frailty, implementing this in practice requires considerable resource and 

coordination of multiple professionals.  

Community prevalence of frailty was lower than among inpatients but still 

common and associated with adverse events, so proactive identification of 

frailty may aid risk stratification and identification of individuals for whom 

limited community resources may be targeted. Ideally, such effort should be 

integrated into existing systems for the monitoring and management of COPD, to 

minimise the additional burden on both patients and professionals. Responses to 

frailty in this context may include advance care planning as well as efforts to 

maximise function and identify potentially reversible aspects of frailty. 

Understanding factors that influence trajectories of frailty is an important area 

for future research, to inform the design and delivery of interventions. Also vital 

to these efforts would be exploring factors that may facilitate or act as barriers 

to participation in interventions designed to target frailty.   

8.7.4 Strengths and limitations 

Strengths of this review include a comprehensive search strategy supplemented 

by hand-searching reference lists and forward citation searching, followed by 

duplicate screening and data extraction. However, this review is limited by the 

exclusion of articles not published in English and of grey literature. The included 

studies themselves are all observational, meaning the observed relationships 

between frailty and clinical outcomes, or between COPD and frailty trajectories, 

cannot be assumed to be causal. Many studies defined COPD using either self-

report or by coded diagnosis, and there is therefore a risk of some 

misclassification of COPD in these studies. Most studies had small sample sizes. 

Studies from lower-middle income counties were lacking, limiting the 

generalizability of prevalence estimates. Furthermore, most of the studies 
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assessing airflow limitation, COPD severity, and exacerbations were cross-

sectional, further limiting inferences about the consequences of frailty in people 

with COPD. Most of the included studies contained detailed description of the 

population, and prospective studies adjusted for relevant potential confounders. 

However, description of non-responders and loss to follow-up was often limited. 

Furthermore, the potential confounders included in models assessing prospective 

outcomes (mortality, hospitalisations and exacerbations) varied widely between 

studies. Most notably, several did not adjust for severity of airflow limitation. 

Finally, the included studies were highly heterogenous in terms of inclusion 

criteria, frailty definitions, setting, and diagnostic criteria for COPD. Therefore, 

even among studies using the same model of frailty, differences in study 

populations and adaptation of frailty definition limited the synthesis of 

prevalence estimates.  

8.7.5 Conclusion 

Frailty is common in people with COPD and associated with disease severity, 

symptom burden, and with a range of adverse health outcomes. Frailty varies 

over time and may be responsive to interventions, including pulmonary 

rehabilitation. Proactive identification of frailty may aid risk stratification and 

identification of individuals for whom interventions, such as pulmonary 

rehabilitation, may be targeted. 
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Chapter 9 Frailty in COPD: an analysis of 
prevalence and clinical impact using UK 
Biobank 

9.1 Chapter summary 

This chapter presents an analysis of the UK Biobank cohort addressing research 

question 1 (prevalence of frailty) and research question 2 (the association 

between frailty and clinical outcomes) in people with COPD. 

The figures and text are presented as published in Hanlon P, Lewsey J, Quint J, 

Jani BD, Nicholl B, McAllister DA, Mair FS. Frailty in COPD: an analysis of 

prevalence and clinical impact using UK Biobank. BMJ Open Resp Res 2022;1–9. 

doi: bmjresp-2022-001314 
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9.2 Abstract  

Background: Frailty, a state of reduced physiological reserve, is common in 

people with chronic obstructive pulmonary disease (COPD). Frailty can occur at 

any age, however the implications in younger people (e.g., aged <65 years) with 

COPD is unclear. We assessed the prevalence of frailty in UK Biobank 

participants with COPD; explored relationships between frailty and FEV1; and 

quantified the association between frailty and adverse outcomes.  

Methods: UK Biobank participants (n=3132, recruited 2006-2010) with COPD aged 

40-70 years were analysed comparing two frailty measures (frailty phenotype 

and frailty index) at baseline. Relationship with FEV1 was assessed for each 

measure. Outcomes were mortality, Major Adverse Cardiovascular Event (MACE), 

all-cause hospitalisation, hospitalisation with COPD exacerbation, and 

community COPD exacerbation over 8 years follow-up.  

Results: Frailty was common by both definitions (17% frail using frailty 

phenotype, 28% moderate and 4% severely frail using frailty index). The frailty 

phenotype, but not the frailty index, was associated with lower FEV1. Frailty 

phenotype [frail vs robust] was associated with mortality (hazard ratio 2.33; 

95%CI 1.84-2.96), MACE (2.73; 1.66-4.49), hospitalisation (incidence rate ratio 

3.39; 2.77-4.14) hospitalised exacerbation (5.19; 3.80-7.09), and community 

exacerbation (2.15; 1.81-2.54), as was frailty index [severe vs robust] (mortality 

(2.65; 95%CI 1.75-4.02), MACE (6.76; 2.68-17.04), hospitalisation (3.69; 2.52-

5.42),  hospitalised exacerbation (4.26; 2.37-7.68), and community exacerbation 

(2.39; 1.74-3.28)). These relationships were similar before and after adjustment 

for FEV1. 

Conclusion: Frailty, regardless of age or measure, identifies people with COPD 

at risk of adverse clinical outcomes. Frailty assessment may aid risk 

stratification and guide targeted intervention in COPD and should not be limited 

to people aged >65 years.   
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9.3 Summary box 

9.3.1 What is already known on this topic 

• Frailty is common in people with COPD, including in younger people (e.g. 

those aged less than 65 years), however the clinical implications of COPD 

in this age group are poorly understood.  

9.3.2 What this study adds 

• Frailty in people with COPD aged 40-70 is associated with increased risk of 

mortality, hospital admission, major adverse cardiovascular events, and 

COPD exacerbations.  

• This relationship is independent of the severity of airflow limitation. 

9.3.3 How this study might affect research, practice or policy 

• Current policies for frailty identification tend to focus exclusively on 

those aged 65 and over. These findings suggest that in people with COPD, 

identifying frailty in younger people may aid risk stratification an 

identification of those for whom interventions may be designed and 

targeted.  
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9.4 Introduction 

Chronic obstructive pulmonary disease (COPD), characterised by fixed and 

progressive airflow obstruction, is the third leading cause of death worldwide.489 

COPD is also a condition associated with aging. While it is estimated that 10% of 

the adult population worldwide may be living with COPD,489 the prevalence 

increases from <5% in people aged <65 years to >20% in people aged >85 years.490 

This has highlighted the need to understand the links between COPD and states 

associated with aging, such as frailty.435,491 However, neither frailty nor COPD 

exclusively affect older people, and there is no clearly defined threshold above 

which frailty becomes a clinically meaningful concept. Most studies of frailty 

have focused exclusively on people over the age of 65, in whom frailty is more 

common. Frailty can affect people across a range of ages,9,79 including people 

aged <65 years in whom it has been far less frequently studied. The clinical 

implications of frailty at younger ages remain unclear. 

Frailty describes a state of reduced physiological reserve.5 People living with 

frailty are more vulnerable to decompensation and adverse health outcomes in 

response to physiological stress. This confers an increased risk of a range of 

outcomes including mortality, hospital admission, adverse drug reactions and 

falls.3 COPD is associated with a range of extrapulmonary complications 

including cardiovascular morbidity,492 osteoporosis,484 and muscle weakness,485 

all of which may contribute to frailty.   

Frailty is highly prevalent in people with COPD.17 Most previous studies have 

focused exclusively on people aged >65 years.9,442,469,475 However, none of these 

studies have explored the clinical implications of frailty in younger people with 

COPD. Furthermore, while some studies have demonstrated an association 

between frailty and both severity of airflow limitation452,456,461 and mortality in 

people with COPD,438,453,493 these findings have been inconsistent.439,443,458,468 It is 

also not clear if the relationship between frailty and adverse outcomes in COPD 

is independent of the severity of COPD assessed by airflow limitation.  

This study seeks to address these gaps using data from the UK Biobank, a cohort 

of people aged 40 to 70, representing a relatively younger age-range than most 

previous studies. It will assess two models of frailty; the frailty index and the 
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frailty phenotype. We aim: (i) to assess the prevalence of frailty in UK Biobank 

participants with COPD; (ii) to explore the relationship between frailty and 

forced expiratory volume in 1 second (FEV1); and (iii) to quantify the association 

between frailty, and mortality, hospitalisations, major adverse cardiovascular 

events (MACE), and COPD exacerbations.  
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9.5 Methods 

This is an observational analysis of the prevalence and impact of frailty, assessed 

using two different definitions, in UK Biobank participants with COPD.  

9.5.1 Study population 

UK Biobank is a large cohort, recruited by invitation between 2006 and 2010 (5% 

response rate). Participants were aged between 40 and 70 and had to be 

registered with a general practitioner and live within 20 miles of one of 22 

assessment centres in England, Scotland and Wales. Participants underwent a 

baseline assessment questionnaire, nurse interview, physical assessment and 

provided biological samples. Informed consent was also given for linkage to 

healthcare records including primary care, hospital episode statistics, and 

national mortality records. Currently, linked primary care records are available 

for 218,570 of the original 502,533 participants. Participants with available 

primary care data are similar to the wider UK Biobank cohort in terms of age, 

sex, socioeconomic status, and self-reported long-term conditions (appendix 6). 

The UK Biobank has full ethical approval from the NHS National Research Ethics 

Service (16/NW/0274). All participants gave informed consent for participation 

in UK Biobank. Access to UK Biobank data was granted under project 14151.   

9.5.2 Identifying COPD 

Participants with COPD were identified from linked primary care data using a 

previously validated list of diagnostic codes (Read-codes).494 This code list has 

been shown to have a high positive predictive value for COPD (86.5%). We 

included participants with any relevant code occurring prior to UK Biobank 

baseline assessment. We did not include people with self-reported COPD if they 

did not have a corresponding primary care Read code.  

9.5.3 Spirometry 

We assessed the severity of COPD using spirometry data. We relied primarily on 

spirometry values coded in primary care records in the two year period prior to 

baseline assessment, as the quality of spirometry undertaken in primary care is 

known to be high.495 
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Where no primary care measures were available, we used spirometry data from 

UK Biobank baseline assessment. These measurements were taken using a 

Vitalograph Pneumotrac 6800 according to American Thoracic Society 

(ATS)/European Respiratory Society (ERS) guidelines. No post-bronchodilator 

measurements were taken. Criteria for acceptable spirometry values from UK 

Biobank assessment data were taken from previous UK Biobank studies and are 

described in full in appendix 6.496  

We did not use spirometry to confirm the diagnosis of COPD as UK Biobank 

spirometry was not post-bronchodilator, and previous studies demonstrated that 

the addition of spirometry only marginally improves the positive predictive value 

of the diagnostic codes used to identify COPD. 

For all analyses using spirometry, we performed sensitivity analyses based on 

primary care values and UK Biobank values separately.  

9.5.4 Assessing frailty 

We used two different definitions of frailty, the frailty index and the frailty 

phenotype, which we analysed in parallel. These are described briefly here with 

full details in chapter 3.  

A frailty index is a non-weighted count of age-related deficits (including 

comorbidities, symptoms, functional limitations and laboratory values). The 

frailty index was originally developed by Rockwood and Mitnitski and includes a 

standard protocol for selecting deficits from a given dataset based on specific 

criteria.6,35,36 Deficits should be associated with increasing age and with poor 

health status; be neither too rare (<1% prevalence) nor ubiquitous; and cover a 

range of organ systems.36 We used the frailty index previously developed by 

Williams et al for UK Biobank.22 Deficits are summed then divided by the total 

number of possible deficits to give a value between 0 (no deficits) and 1 (all 

possible deficits). We analysed the frailty index as a numerical variable. For 

estimating prevalence and for presentation in tables, we also categorised the 

frailty index into robust (0-0.12), mild (0.12-0.24), moderate (0.24-0.36) and 

severe (>0.36) frailty. Cut-points were selected based on the electronic frailty 

index used routinely in UK primary care.56  
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The frailty phenotype is based on five criteria: low grip strength, weight loss, 

slow walking speed, exhaustion, and low physical activity. Frailty is defined as 

the presence of 3 or more criteria, with 1 or 2 criteria indicating pre-frailty. We 

have previously adapted the original criteria by Fried et al to UK Biobank.5,9 

Briefly, cut-offs for grip strength were as per the original frailty phenotype 

description, weight loss was self-reported and (given the wording of the UK 

Biobank questionnaire) not specified to be ‘unintentional’, slow walking speed 

was self-reported (in contrast to the original frailty phenotype in which gait 

speed was measured) as were exhaustion and physical activity. Detailed 

comparison between the UK Biobank and original definitions for each component 

are in appendix 6. 

9.5.5 Covariates 

Baseline covariates were taken from UK Biobank assessment centre data. Age, 

sex and ethnicity were self-reported. Body mass index was calculated based on 

measured height and weight. Smoking was categorised as current, previous and 

never, based on self-report. Self-reported frequency of alcohol intake was 

categorised (never/special occasions, 1-3 times per month, 1-4 times per week, 

of daily/almost daily).   

9.5.6 Outcomes 

We assessed the following outcomes by linkage to prospective healthcare 

records: all-cause mortality; all-cause hospitalisations, major adverse 

cardiovascular event (MACE); hospitalisation with COPD exacerbation; 

community COPD exacerbation. Follow-up was 8 years.  

Mortality was assessed through linkage to national mortality registers. 

Hospitalisations were defined as any hospital admission coded as ‘urgent’ or 

‘emergency’ (excluding ‘elective’ admissions). MACE was defined using 

International Classification of Diseases 10th Revision (ICD-10) codes from 

mortality records (cardiovascular death) and hospital episode statistics (non-

fatal myocardial infarction [I21] or stroke [I63-I64]). Hospitalised COPD 

exacerbations were defined using previously validated ICD-10 codes (acute 

exacerbation of COPD [J44.0 or J44.1] or lower respiratory tract infection [J22] 
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codes in any position, or COPD code [J44.9] in first position of a hospital 

episode).497  

Community COPD exacerbations were identified using a previously validated 

combination of primary care diagnostic codes, symptom codes, and 

prescriptions.498 We defined an exacerbation as either (i) a medical diagnosis of 

lower respiratory tract infection of acute exacerbation of COPD, (ii) prescription 

of COPD-specific antibiotic combined with oral corticosteroid prescription, or 

(iii) two or more respiratory symptoms recorded on the same day as prescription 

of COPD-specific antibiotics or oral corticosteroids. These criteria were applied 

after excluding events occurring on the same day as codes suggesting routine 

annual COPD reviews or provision of rescue medication.498  

9.5.7 Statistical analysis 

The overall distribution of each frailty measure was summarised descriptively 

using bar plots. The relationship between frailty and baseline characteristics was 

summarised using descriptive statistics (means and standard deviation or counts 

and percentages for continuous and categorical variables, respectively). For the 

frailty index, we summarised this data using categories of the frailty index 

(robust, mild, moderate, severe) as described above.  

To assess the relationship between each frailty measure and adverse clinical 

outcomes we used Cox-proportional hazards models (for all-cause mortality and 

MACE, modelling time to first event for MACE) and negative binomial models (for 

all-cause hospitalisations, hospitalised COPD exacerbations, and community 

COPD exacerbations). For MACE, a cause-specific model was used, with 

participants dying of other causes being censored at death with event status set 

to ‘0’. All models were initially adjusted for age, sex, socioeconomic status, 

body mass index, smoking and alcohol frequency (model 1) and then additionally 

adjusted for FEV1 (expressed as a percentage of predicted FEV1 based on age, 

height and ethnicity) (model 2). Negative binomial models also included an 

offset term of log observation time. In all models, fractional polynomials were 

used to model non-linear associations between numerical variables (frailty 

index, age, socioeconomic status, and percent predicted FEV1) and outcomes. 

We assessed interactions using product terms between frailty and age, and 
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between frailty and percent predicted FEV1. Interaction terms were retained if 

they improved model fit (assessed using Akaike Information Criterion). This was 

to assess if the association between frailty and outcomes varied depending on 

age or severity of COPD. 

In sensitivity analyses, we repeated all of the above analyses restricting the 

sample to those with primary care-based spirometry values (as UK Biobank 

spirometry data was not post-bronchodilator). We also repeated all analyses 

using FEV1 expressed as an absolute value instead of as a percentage of 

predicted FEV1. 

Finally, in post-hoc analyses, we modelled the relationship between frailty and 

mortality, and between frailty and hospital admissions in the full cohort (with 

available primary care data) including a term for the interaction between frailty 

and COPD. This was to assess if any relationship between frailty and mortality or 

hospitalisation was similar in people with and without COPD. 

All analyses were performed using R.  
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9.6 Results 

We identified 3132 UK Biobank participants with a COPD-specific primary care 

diagnostic code prior to baseline assessment (Figure 9.1). Of these, 2820 had 

spirometry data (2203 of which were from primary care data recorded up to two 

years before baseline assessment, with 617 relying on UK Biobank spirometry), 

3011 (96%) had complete data on frailty phenotype variables, and 3131 (99.9%) 

had sufficient data to calculate the frailty index. The total number of 

participants included in each analysis is shown in Figure 9.1. The prevalence of 

frailty was 17% (n=514) using the frailty phenotype, while with the frailty index 

28% (n=872) had moderate frailty and 4% (n=121) had severe frailty (Figure 9.2). 

For both frailty measures, prevalence was higher in people with COPD than in 

the wider cohort (appendix 6). Baseline characteristics are shown in Table 9.1. 

The relationship between frailty and percent predicted FEV1 is shown in Figure 

9.3. Airflow limitation was modestly lower in frailty based on the frailty 

phenotype (with considerable overlap in the distributions). However, this 

relationship was not seen between airflow limitation and the frailty index.  
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Figure 9.1 - Selection of participants. Flow diagram showing the selection of participants for 
inclusion in each of the three analyses. Prevalence estimates were based on participants with 
complete data for the frailty measure of interest. 
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Figure 9.2 - Distribution of frailty in UK Biobank participants with COPD. Bar plot showing the 
distribution of each frailty measure in UK Biobank participants with COPD. The numbers above the 
bars indicate the total number of participants with each frailty status/frailty index value. 

 
Figure 9.3 - Relationship between frailty and airflow obstruction. This plot shows the 
distribution of FEV1 values (expressed as a percentage of predicted FEV1 for each individual) 
stratified by frailty status. The Violin plots show the overall density. The Boxplots within these show 
the median and interquartile range. 



 
 

Table 9.1 - Summary of baseline characteristics of UK Biobank participants with COPD, in total and by frailty status 

 Total Frailty phenotype Frailty index 

Robust Pre-frail Frail Robust Mild frailty Moderate 
Frailty 

Severe 
Frailty 

Total N 3132 979  1518  514  467  1671  872  121  

Age         

 Mean (sd) 61.9 (5.9) 61.7 (5.9) 62.2 (5.8) 61.5 (5.9) 61.4 (6.3) 62.1 (5.9) 61.8 (5.7) 60.8 (5.6) 

Sex         

 Female (%) 1413 
(45.1%) 

409 (41.8%) 717 (47.2%) 235 (45.7%) 185 (39.6%) 749 (44.8%) 421 (48.3%) 58 (47.9%) 

 Male (%) 1718 
(54.9%) 

570 (58.2%) 801 (52.8%) 279 (54.3%) 282 (60.4%) 922 (55.2%) 451 (51.7%) 63 (52.1%) 

Socioeconomic status         

 Quintile 1 (most 
affluent) 

367 (11.7%) 174 (17.8%) 158 (10.4%) 25 (4.9%) 79 (16.9%) 218 (13%) 65 (7.5%) 5 (4.1%) 

 Quintile 2 399 (12.7%) 170 (17.4%) 180 (11.9%) 42 (8.2%) 67 (14.3%) 236 (14.1%) 89 (10.2%) 7 (5.8%) 

 Quintile 3 520 (16.6%) 202 (20.6%) 240 (15.8%) 60 (11.7%) 97 (20.8%) 285 (17.1%) 121 (13.9%) 17 (14%) 

 Quintile 4 670 (21.4%) 191 (19.5%) 344 (22.7%) 104 (20.2%) 101 (21.6%) 355 (21.2%) 197 (22.6%) 17 (14%) 

 Quintile 5 (most 
deprived) 

1170 
(37.4%) 

241 (24.6%) 593 (39.1%) 282 (54.9%) 121 (25.9%) 575 (34.4%) 399 (45.8%) 75 (62%) 

Ethnicity         

 White 3041 
(97.1%) 

960 (98.1%) 1478 
(97.4%) 

499 (97.1%) 446 (95.5%) 1628 (97.4%) 849 (97.4%) 118 (97.5%) 

 Other 66 (2.9%) 14 (1.9%) 31 (2.6%) 13 (2.9%) 6 (4.5%) 36 (2.6%) 22 (2.6%) 3 (2.5%) 

BMI         

 <18.5 52 (1.7%) 15 (1.5%) 18 (1.2%) 17 (3.3%) 7 (1.5%) 30 (1.8%) 14 (1.6%) 1 (0.8%) 

  18.5-24.9 853 (27.2%) 307 (31.4%) 410 (27%) 114 (22.2%) 171 (36.6%) 482 (28.8%) 183 (21%) 17 (14%) 

 25-29.9 1169 
(37.3%) 

439 (44.8%) 558 (36.8%) 141 (27.4%) 194 (41.5%) 666 (39.9%) 277 (31.8%) 32 (26.4%) 

 ≥30 996 (31.8%) 218 (22.3%) 515 (33.9%) 229 (44.6%) 87 (18.6%) 472 (28.2%) 370 (42.4%) 67 (55.4%) 
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Smoking         

 Never 494 (15.8%) 192 (19.6%) 238 (15.7%) 47 (9.1%) 96 (20.6%) 289 (17.3%) 93 (10.7%) 16 (13.2%) 

 Previous 1628 (52%) 541 (55.3%) 790 (52%) 249 (48.4%) 223 (47.8%) 887 (53.1%) 461 (52.9%) 57 (47.1%) 

 Current 972 (31%) 238 (24.3%) 477 (31.4%) 211 (41.1%) 134 (28.7%) 482 (28.8%) 309 (35.4%) 47 (38.8%) 

Alcohol frequency         

Never/special occasions 
only 

914 (29.2%) 194 (19.8%) 436 (28.7%) 237 (46.1%) 86 (18.4%) 427 (25.6%) 347 (39.8%) 54 (44.6%) 

One to four times a week 1229 
(39.2%) 

434 (44.3%) 609 (40.1%) 151 (29.4%) 205 (43.9%) 694 (41.5%) 290 (33.3%) 40 (33.1%) 

One to three times a 
month 

327 (10.4%) 108 (11%) 156 (10.3%) 53 (10.3%) 48 (10.3%) 178 (10.7%) 85 (9.7%) 16 (13.2%) 

Daily or almost daily 643 (20.5%) 243 (24.8%) 310 (20.4%) 72 (14%) 118 (25.3%) 367 (22%) 147 (16.9%) 11 (9.1%) 

FEV1 (% predicted)         

 >70% 1173 
(37.5%) 

449 (45.9%) 545 (35.9%) 147 (28.6%) 215 (46%) 607 (36.3%) 309 (35.4%) 42 (34.7%) 

50-70% 1020 
(32.6%) 

321 (32.8%) 500 (32.9%) 172 (33.5%) 141 (30.2%) 561 (33.6%) 277 (31.8%) 41 (33.9%) 

 30-50% 518 (16.5%) 136 (13.9%) 264 (17.4%) 100 (19.5%) 68 (14.6%) 300 (18%) 141 (16.2%) 9 (7.4%) 

 <30% 109 (3.5%) 11 (1.1%) 65 (4.3%) 26 (5.1%) 15 (3.2%) 60 (3.6%) 30 (3.4%) 4 (3.3%) 

 



 
 
The relationship between frailty and clinical outcomes is summarised in Figure 

9.4. Using both the frailty index and the frailty phenotype definition, presence 

of frailty was associated with greater risk of all-cause mortality, MACE, all-cause 

hospitalisations, hospitalisation with COPD exacerbation, and community COPD 

exacerbation. For MACE, confidence intervals for different levels of frailty 

index, and for pre-frailty and frailty, were overlapping. The relative effect of 

frailty on each of these outcomes was similar before and after adjusting for 

airflow limitation, with only modest attenuation of the effect estimates.  
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Figure 9.4 - Frailty and adverse clinical outcomes, before and after adjustment for airflow 
limitation. This figure shows hazard ratios (HR) and incidence rate ratios (IRR) for the association 
between frailty and clinical outcomes. Two models are presented, model 1 (adjusted for age, sex, 
socioeconomic status, smoking and alcohol frequency) and model 2 (adjusted for all covariates in 
model one plus forced expiratory volume in 1 second). 
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The predicted risk of clinical outcomes at different levels of frailty and airflow 

obstruction are shown in Figure 9.5 (all-cause mortality and MACE), Figure 9.6 

(all-cause hospitalisation and hospitalised COPD exacerbations) and Figure 9.7 

(community COPD exacerbations).  

 
Figure 9.5 - Predicted risk of all-cause mortality and MACE. This plot shows the predicted 10-
year risk of all-cause mortality (top two panels) and Major Adverse Cardiovascular Events (bottom 
two panels) based on frailty status and FEV1. Coloured lines indicate the point estimates for each 
level of frailty, with shaded areas showing the corresponding 95% confidence intervals. Results 
adjusted for age, sex, socioeconomic status, smoking and alcohol frequency. 
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Figure 9.6 - Predicted rate of all-cause hospitalisation and hospitalised COPD 
exacerbation. This plot shows the predicted 10-year risk of all-cause hospitalisation (top 
two panels) and hospitalisation due to COPD exacerbation (bottom two panels) based on 
frailty status and FEV1. Coloured lines indicate the point estimates for each level of frailty, 
with shaded areas showing the corresponding 95% confidence intervals. Results adjusted 
for age, sex, socioeconomic status, smoking and alcohol frequency. 

 

 
Figure 9.7 - Predicted rate of community COPD exacerbation. This plot shows the 
predicted 10-year risk of COPD exacerbation identified from primary care data, based on 
frailty status and FEV1. Coloured lines indicate the point estimates for each level of frailty, 
with shaded areas showing the corresponding 95% confidence intervals. Results adjusted 
for age, sex, socioeconomic status, smoking and alcohol frequency. 
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At all levels of frailty, the risk of all-cause mortality rose in a non-linear fashion 

with lower FEV1. There was no evidence of statistical interaction between either 

frailty definition and FEV1, or between age and either frailty or FEV1. This 

implies that, although the relative increase in mortality risk with frailty was 

similar at all levels of airflow obstruction, the absolute difference in mortality 

risk between ‘robust’ and ‘frail’ individuals was greatest in participants with 

lower FEV1. Furthermore, although the relative impact of frailty did not vary 

with age, absolute risk of outcomes is also therefore greater among older 

participants at any given level of frailty. 

For MACE, the relationship with airflow limitation, as well as with frailty, was 

more modest. However, both were independently associated with a higher risk 

of MACE. 

For hospitalisations and COPD exacerbations (hospitalised or community) there 

was a clear increase in risk with both airflow limitation and with frailty (Figure 

9.6 and Figure 9.7). As with mortality and MACE, there was no evidence of 

statistical interaction. 

In sensitivity analyses based on primary-care coded spirometry data all results 

were similar including the relationship between frailty and FEV1 and the 

relationship between frailty and clinical outcomes adjusting for FEV1. Findings 

were also similar when using raw FEV1 values rather than percent predicted 

FEV1. Finally, the relationship between frailty and mortality and between frailty 

and hospital admissions, on the relative scale, was similar between people with 

and without COPD (with no evidence of statistical interaction, shown in appendix 

6).   



251 
 

 

9.7 Discussion 

Frailty is common in ‘middle-aged’ as well as older people with COPD and is 

associated with a range of adverse health outcomes. In UK Biobank participants 

with COPD, aged between 40 and 70, frailty prevalence was 17% using the frailty 

phenotype, while using the frailty index 28% had moderate and 4% had severe 

frailty. The frailty phenotype, but not the frailty index, was associated with 

lower percent predicted FEV1. Both frailty definitions were associated with 

higher all-cause mortality, MACE, hospitalisations and both hospitalised and 

community COPD exacerbations. The relationship with each of these adverse 

outcomes was independent of the degree of airflow limitation, for both frailty 

definitions. However, the difference in absolute risk between frail and robust 

participants was greatest in those with severe airflow limitation. These findings 

demonstrate that frailty is a common and clinically significant concept in people 

with COPD, including those aged <65 years in whom it is not routinely identified 

and has been infrequently studied.  

Our findings that frailty in COPD is associated with mortality independently of 

FEV1 is consistent with some previous studies,438,453 although some have shown 

null associations after adjustment for age and FEV1.439,458 These studies varied in 

their frailty definition, sample size, and length of follow-up. Frailty has also 

been associated with exacerbations in two cross sectional and one longitudinal 

study.438,452,457 The association with MACE has not been described in previous 

studies of frailty in COPD.  

Our findings that frailty was common in people with COPD is in keeping with 

previous epidemiological studies of frailty in COPD17 as well as the wider 

literature on the broad physiological implications of COPD.486 COPD impacts 

multiple organ systems and is often associated with muscle weakness, 

osteoporosis, and malnutrition.484,485 The severity of COPD is best characterised 

by a multidimensional assessment reflecting these broad impacts. For example, 

the BODE index comprises four domains (body mass index, FEV1, dyspnoea 

assessed using the modified Medical Research Council scale, and exercise 

capacity based on the 6-minute walking distance). It is used to assess the 

severity of COPD, and is a superior predictor of mortality in COPD than FEV1 

alone.499 Domains of the BODE index have considerable overlap with features of 
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the frailty phenotype (e.g. weight loss and slow walking speed) and are 

commonly-used deficits within the frailty index. However, the extent to which 

frailty is caused by these features of COPD, or reflects a physiological decline 

distinct from COPD, is not clear. The development of frailty is multifactorial 

with multiple potential causal mechanisms. Many of these, including 

environmental exposures, systemic inflammation, and altered body composition, 

are closely linked to COPD (either as common causal factors, such as 

environmental exposures, or as sequelae of COPD that may contribute to the 

development of frailty). As frailty development is multifactorial, this is likely to 

vary between individuals, and may also differ depending on the measure used to 

define frailty. 

Frailty is a dynamic concept. Longitudinal studies have shown that COPD is 

associated with the transition from a robust to a frail state using the frailty 

phenotype.372,451 Conversely, some people with frailty and COPD undergoing 

pulmonary rehabilitation show a marked improvement in frailty status.466 

Therefore while COPD may be a risk factor for frailty progression, the shared 

features may offer opportunities for interventions targeting both frailty status 

and COPD. The observation that frailty may improve in the context of pulmonary 

rehabilitation, as described by Maddocks et al,466 is consistent with recent 

reviews of interventions targeting frailty in general, in which exercise and 

nutritional interventions have shown the most promise in ameliorating frailty.375 

Identification of people with COPD and frailty may therefore be beneficial for 

both identification of risk and for targeted intervention. Our findings 

demonstrate that this identification should not be limited to ‘older’ people with 

COPD, as frailty is prevalent across a wide age range and associated with a range 

of clinically important outcomes. 

Strengths of this study include its large sample size and prospective linkage to a 

wide range of healthcare outcomes. We also used validated definitions, based on 

linked diagnostic codes, to identify baseline COPD and subsequent 

exacerbations.494,497,498 The range of variables available from the UK Biobank 

baseline assessment also allows the analysis of two separate measures of frailty.  

However, there are some important limitations. Our definition of the frailty 

phenotype was adapted from the original.5,9 Unlike the original, weight loss was 
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not specified as unintentional in UK Biobank and walking speed was self-reported 

rather than measured. The frailty index was constructed according to the 

standard protocol, however there is a relative lack of functional measures and 

few measures of sensory or cognitive impairment. UK Biobank is also not 

nationally representative, with participants being on average more affluent, 

having fewer comorbidities, and more predominantly White ethnicity than the 

UK population. This lack of representativeness may lead to bias in the estimation 

of associations between exposure and outcomes. For example, UK Biobank 

appears to underestimate the risks of mortality, hospitalisation and major 

adverse cardiovascular events associated with high levels of multimorbidity.43 It 

is likely, therefore, that our estimates of the associations between frailty and 

adverse outcomes may be conservative. UK Biobank spirometry data is also not 

post-bronchodilator, however we used primary care spirometry data where 

possible (available for 70% of participants) which has been shown to be of high 

quality, and our findings were consistent when restricting our analysis to those 

with primary care spirometry alone.   

9.8 Conclusion 

Our findings demonstrate that frailty is common in people with COPD, including 

those under 65 years of age, and has clinically significant implications for this 

population regardless of which frailty definition is used. This relationship is 

independent of the degree of airflow limitation. Identification of frailty in 

people with COPD may aid risk stratification and identification of those who may 

benefit from targeted interventions. For this to be beneficial, frailty assessment 

would need to become integrated into the routine monitoring and management 

of COPD.  

  



254 
 

 

Chapter 10 Identifying frailty in trials: an analysis 
of individual participant data from trials of novel 
pharmacological interventions 

10.1 Chapter summary 

This chapter addresses research question 3 (the prevalence and implications of 

frailty in randomised controlled trials of drugs for each of the exemplar 

conditions). The analysis uses individual participant data from industry-

sponsored drug trials, from which a frailty index is constructed and analysed. All 

three exemplar conditions are considered within this chapter. 

The text and figures presented in this chapter are as published in Hanlon P, 

Butterly E, Lewsey J, Siebert S, Mair FS, McAllister DA. Identifying frailty in 

trials: an analysis of individual participant data from trials of novel 

pharmacological interventions. BMC medicine. 2020 Dec;18(1):1-2.  
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10.2 Abstract 

Background: Frailty is common in clinical practice, but trials rarely report on 

participant frailty. Consequently, clinicians and guideline-developers assume 

frailty is largely absent from trials and have questioned the relevance of trial 

findings to people living with frailty. Therefore, we examined frailty in phase 

3/4 industry-sponsored clinical trials of pharmacological interventions for three 

exemplar conditions: type 2 diabetes mellitus (T2DM), rheumatoid arthritis (RA), 

and chronic obstructive pulmonary disease (COPD). 

Methods: We constructed a 40-item frailty index (FI) in 19 clinical trials (7 

T2DM, 8 RA, 4 COPD, mean age 42-65 years) using individual-level participant 

data. Participants with a FI >0.24 were considered ‘frail’. Baseline disease 

severity was assessed using HbA1c for T2DM, Disease Activity Score-28 (DAS28) 

for RA, and % predicted FEV1 for COPD. Using generalised gamma regression, we 

modelled FI on age, sex and disease severity. In negative binomial regression we 

modelled serious adverse event rates on FI, and combined results for each index 

condition in a random-effects meta-analysis. 

Results: All trials included participants with frailty: prevalence 7-21% in T2DM 

trials, 33-73% in RA trials, and 15-22% in COPD trials. Increased disease severity 

and female sex were associated with higher FI in all trials. The 99th centile of 

the FI ranged between 0.35 and 0.45. Frailty was associated with age in T2DM 

and RA trials, but not in COPD. Across all trials, and after adjusting for age, sex, 

and disease severity, higher FI predicted increased risk of serious adverse 

events; the pooled incidence rate ratios (per 0.1-point increase in FI scale) were 

1.46 (95% CI 1.21-1.75), 1.45 (1.13-1.87) and 1.99 (1.43-2.76) for T2DM, RA and 

COPD, respectively.  

Discussion: The upper limit of frailty in trials is lower than has been described in 

the general population. However, mild to moderate frailty was common, 

suggesting trial data may be harnessed to inform disease management in people 

living with frailty.  Participants with higher FI experienced more serious adverse 

events, suggesting screening for frailty in trial participants would enable 

identification of those that merit closer monitoring.  
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Conclusion: Frailty is identifiable and prevalent among middle-aged and older 

participants in phase-3/4 drug trials and has clinically important safety 

implications.  
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10.3 Background 

As average life expectancy rises and multimorbidity increases,9 frailty is 

becoming an increasingly important consideration in the management of chronic 

disease.3 Frailty describes a clinical state of decreased function across multiple 

physiological systems characterised by vulnerability to adverse health outcomes 

and decompensation in response to physiological stress.3 A large number of 

measures exist to identify and quantify frailty, however two models have 

dominated the literature: the frailty index and the frailty phenotype.3,26 The 

frailty index (FI) is based on a ‘cumulative deficit’ model wherein deficits 

including long-term conditions, symptoms, functional impairments, and 

laboratory abnormalities are counted.6 Larger deficit counts indicate a greater 

degree of frailty. The main alternative to the FI, the frailty phenotype, 

identifies frailty where three of the following five specific criteria are met: 

unintentional weight loss, weakness, slow gait speed, exhaustion and low 

physical activity.5 Although distinct concepts, there is considerable overlap in 

the populations identified by the frailty index and frailty phenotype.288 Both 

approaches have been widely validated and associated with adverse health 

outcomes including mortality, hospitalisation and disability.3  

Managing chronic illness in people living with frailty is challenging.3,161 Not least 

because randomised controlled trials, which (via clinical guidelines) underpin 

safe and effective management, are said to exclude people with frailty.161,500,501 

As such, the applicability of trial findings to people living with frailty is not 

clear. This leaves clinicians uncertain about treatment effectiveness, which 

further complicates management of patients whose care is already complex and 

challenging.  

Despite these concerns, direct evidence concerning frailty in clinical trials is 

scarce. Very few trials have measured frailty. Considering drug trials 

specifically, we found three (the HYVET and SPRINT studies of hypertension502,503 

and TOPCAT study of heart failure,504) which performed post-hoc analysis of 

frailty using the frailty index and a fourth (TRILOGY ACS for unstable angina),  

which assessed frailty using the frailty phenotype model in a subset of 

participants aged over 65 years.505 Frailty was found to be prevalent in these 

trials, but as all four specifically targeted older people it is not known whether 
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frailty may also be found in the much larger and more influential body of trials 

not specifically targeted at older people. More recently, a pooled analysis of 14 

cardiovascular trials in older people (153,696 participants, mean age 70.8 years) 

showed that a frailty index was associated with all-cause and cardiovascular 

mortality, as well as cardiovascular events.91 

Hitherto, inferences about trial representativeness have largely been based on 

the observation that, on applying trial eligibility criteria to routine electronic 

health records, ineligible patients are older, frailer and have more 

comorbidities.506 Recently, however, on directly measuring comorbidities using 

individual-level participant data (IPD) in 116 industry-funded trials we found that 

multimorbidity was common in trial participants.244 Although frailty is associated 

with multimorbidity, it is a distinct entity9 and it is not clear whether frailty is 

also common among trial participants. Moreover, since trial IPD contains rich 

data on physiological status (e.g. albumin, haemoglobin, body mass index), 

symptoms (e.g. breathlessness, fatigue), and function (e.g. impaired mobility), 

there is the potential to measure frailty. 

In this study we use IPD from existing clinical trials for three exemplar chronic 

conditions (type 2 diabetes mellitus (T2DM), rheumatoid arthritis (RA) and 

chronic obstructive pulmonary disease (COPD)) to construct a frailty index. We 

then quantify the prevalence of frailty in these clinical trial populations and 

examine whether frailty is associated with serious adverse events in the clinical 

trials studied.  
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10.4 Methods 

10.4.1 Study design and participants 

IPD from industry-sponsored clinical trials were identified from two repositories: 

Clinical Study Data Request (CSDR) and the Yale University Open Data Access 

(YODA) project. Trials were selected according to a pre-specified protocol 

(Prospero CRD42018048202) as part of a wider project assessing multimorbidity 

in clinical trials. Trials were eligible for inclusion if they evaluated 

pharmacological treatments for a long-term condition, were registered with 

clinicaltrials.gov, started after 1st January 1990, were phase-2/3, -3, or -4, 

included ≥300 participants, and had an upper age limit ≥60 years (or no 

maximum). From this wider set of trials, we selected three exemplar conditions 

(T2DM, RA and COPD) in which to assess frailty. These conditions were chosen as 

frailty is common, and has been shown to affect younger people, in the context 

of these chronic conditions.9,17,249,402 Furthermore, frailty is a clinically relevant 

concept in the management of these conditions, having been highlighted as an 

important factor influencing treatment targets.507,508 

10.4.2 Procedures 

We measured frailty using a frailty index approach, based on the cumulative 

deficit model of frailty described by Rockwood and Mitnitski.35 A frailty index is 

a count of health-related deficits (including long term health conditions, 

laboratory abnormalities, symptoms and functional limitations) across a range of 

physiological and mental health domains. Each individual’s frailty index value is 

calculated as the sum of deficits present, divided by the total number of deficits 

in the frailty index. For example, an individual with 8 out of a possible 40 

deficits would have a frailty index of 0.2 (8/40). The frailty index was used to 

measure frailty in the HYVET, SPRINT and TOPCAT trials, is applicable at any 

age,211,213,502-504,509 and can be calculated from any dataset where a sufficient 

number of deficits is recorded. It is therefore suitable for measuring frailty in 

our set of trials.  

A standard procedure exists for selecting variables for inclusion as “deficits” in a 

frailty index.36 Deficits should: (i) be associated with age and poorer health, (ii) 
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cover a range of physiological areas (e.g. physiological measures, physical 

function, long term conditions from different organ systems), and (iii) be neither 

ubiquitous in the target population nor be very rare (e.g. <1% prevalence in the 

target population). We applied these criteria to possible deficits identified from 

trial baseline data. Existing literature was used to judge if a deficit met the 

above criteria.  

Symptoms and functional measures were identified using baseline quality of life 

and symptom questionnaires. We used the same deficits for all trials within each 

index condition. Deficits differed between index conditions as different 

questionnaires were used in the respective trials. Laboratory and anthropometric 

deficits (e.g. blood pressure, body mass index) were identified from baseline 

values. We excluded from the frailty index any deficit with >5% missing data. To 

assess if any variables were strongly correlated, we analysed all pairs of deficits 

using Pearson and Spearman’s rank correlation coefficients (for pairs of binary 

and categorical deficits, respectively). Where there was high correlation (>0.3) 

only one of the correlated variables was included in the frailty index.56 For each 

index condition, we identified 40 deficits to be included in the frailty index 

(details in chapter 3, Table 3.4, Table 3.5 and Table 3.6). Participants with 

complete data for at least 38 of these deficits were included in the analysis. The 

frailty index was calculated as the total number of deficits present divided by 

the total number of deficits with complete data for that individual. 

We had intended to use medical history data to identify long term conditions, 

but this was frequently redacted (as a privacy measure) or not recorded. We 

therefore identified long-term conditions based on concomitant medications, 

using definitions we have previously published.244 

10.4.3 Outcomes 

Applying cut-off values to define frailty has proved controversial, with no 

consensus on a value above which a person should be identified as living with 

frailty. We therefore report the entire distribution of the frailty index for each 

trial. We also separately described the distribution in trial participants above 65 

years. To facilitate comparison with the published literature, we also 

categorised the frailty index into no frailty (<0.12), mild (0.12-0.24), moderate 



261 
 

 

(0.24-0.36) and severe frailty (>0.36), based on cut-points used in the electronic 

frailty index (used in routine clinical practice).56  

We assessed the relationship between frailty index and the following baseline 

characteristics: age, sex, and severity of the index condition. We assessed 

severity of T2DM by measuring glycated haemoglobin (HbA1c) as a proxy marker, 

while in RA we used the Disease Activity Score in 28 joints (DAS28) and for COPD 

the forced expiratory volume in one second as a percentage of predicted value 

(% predicted FEV1). 

Finally, we assessed whether the frailty index at baseline predicts serious 

adverse events during trial follow-up. Trials record all adverse events occurring 

during the trial period regardless of their relationship (or lack of relationship) 

with the trial treatment. Certain adverse events are characterised as ‘serious 

adverse events’ (SAEs). SAEs are those meeting one or more of the following 

criteria: (i) results in death, (ii) is life threatening, (iii) results in hospitalisation, 

(iv) results in persistent or significant disability/incapacity, or (v) is a congenital 

abnormality/birth defect.   

10.4.4 Statistical analysis 

All analyses were conducted according to a pre-specified protocol. 

All trial data were held within secure repositories that only permit export of 

aggregate, non-identifiable data. Therefore, to allow full description of the 

distribution of the frailty index for each trial while avoiding the risk of 

disclosure, we used statistical distributions to represent the frailty index. For 

each trial, we fitted the frailty index to each of the following distributions: 

lognormal, gamma, Weibull and generalised gamma. We then compared the fit 

of each distribution using Kolmogorov-Smirnov tests (p>0.05 taken as good fit, 

failing to reject the null hypothesis that the distributions were different). The 

generalised gamma distribution was found to fit the frailty index distribution 

well for all trials. Parameters describing the distribution for each trial were 

exported from the secure environments to allow us to report the distribution of 

the frailty index for each trial. We calculated the frailty distribution for the 



262 
 

 

whole trial population. We then repeated the process restricting the trial 

population to people over 65 years.  

We then modelled frailty index on age, sex, and disease severity using 

generalised gamma regression models. Each trial was modelled separately. Non-

linear relationships between age, disease severity and frailty index were 

explored using fractional polynomials. There was no improvement in model fit 

incorporating non-linear terms. The coefficients and variance-covariance 

matrices from these models were exported from the secure environments to 

allow us to report the mean frailty index for specific age, sex and disease 

severity combinations.  

Within the secure environments, we fitted negative binomial models of serious 

adverse event rates on frailty index, age, sex and disease severity, exporting the 

coefficients and variance covariance matrices as before. For each index 

condition, we performed random-effects meta-analysis (using inverse variance 

weighting) to obtain overall estimates of the associations between serious 

adverse events and frailty index (adjusted for age, sex, and disease severity).  

Data processing and analysis was performed using R (version 3.6.1). Meta-

analyses were performed using RevMan5. All model outputs are available in 

appendix 7.  
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10.5 Results 

10.5.1 Identification of studies  

We identified 39 trials meeting our inclusion criteria for which IPD were 

available in the CSDR or YODA repositories. Of these, 19 trials (7 T2DM trials, 8 

RA trials, and 4 COPD trials) contained IPD on a range of variables sufficient to 

calculate the frailty index. In the remaining 20 trials, data on functional deficits 

and/or laboratory measures were either redacted or not reported. The selection 

of trials is summarised in Figure 10.1. The characteristics of the included trials 

are summarised in Table 10.1. 
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Figure 10.1 - Identification and selection of trials. Flow diagram of identification of trial individual 
participant data and inclusion in analysis. 
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(n = 1) 

 
Laboratory 
data (n = 2) 
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Table 10.1 - Details of included trials 

Trial ID Sponsor Drug Comparison Phase Total 
participants 

Age 
eligibility 

N (%) 
aged 
≥65 

Mean 
(SD) 
age 

N (%) 
female 

T2DM 

NCT01106625 Janssen Canagliflozin Placebo 3 469 18-80 years 84 
(17%) 

56.7 
(9.3) 

230 
(40%) 

NCT01106677 Janssen Canagliflozin Placebo 3 1284 18-80 years 206 
(16%) 

55.4 
(9.4) 

679 
(53%) 

NCT00734474 Lilly Dulaglutide Sitagliptin, 
Placebo/Sitagliptin 

3 1202 18-75 years 364 
(30%) 

54.1 
(9.9) 

643 
(54%) 

NCT01064687 Lilly Dulaglutide Exenatide, 
Placebo 

3 978 ≥18 years 197 
(20%) 

55.7 
(9.8) 

406 
(42%) 

NCT01075282 Lilly Dulaglutide Insulin 3 810 ≥18 years 188 
(23%) 

56.7 
(9.5) 

393 
(49%) 

NCT01191268 Lilly Dulaglutide Insulin 3 884 ≥18 years 280 
(32%) 

59.3 
(9.2) 

411 
(57%) 

NCT01624259 Lilly Dulaglutide Liraglutide 3 599 ≥18 years 138 
(23%) 

56.7 
(9.3) 

312 
(52%) 

RA 

NCT00236028 Janssen Infliximab Methotrexate 3 1036 18-75 years 127 
(12%) 

50 
(12.6) 

733 

NCT00264537 Janssen Golimumab Placebo 3 637 ≥18 years 52 (8%) 49.5 
(12.2) 

528 
(83%) 

NCT00264550 Janssen Golimumab Placebo 3 444 ≥18 years 38 (9%) 50.4 
(11.3) 

358 
(81%) 

NCT00361335 Janssen Golimumab Placebo 3 643 ≥18 years 46 (7%) 49.4 
(11.7) 

517 
(18%) 

NCT00106535 Roche Tocilizumab Placebo 3 1196 ≥18 years 173 
(14%) 

52.0 
(12.2) 

989 
(83%) 
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NCT01119859 Roche Tocilizumab Adalimumab 4 326 ≥18 years 75 
(23%) 

53.9 
(12.7) 

262 
(81%) 

NCT01007435 Roche Tocilizumab Placebo 3 1162 ≥18 years 180 
(15%) 

50.1 
(13.5) 

904 
(78%) 

NCT01232569 Roche Tocilizumab Placebo 3 656 ≥18 years 81 
(12%) 

52.1 
(11.5) 

555 
(85%) 

COPD 

NCT01316913 GSK Umeclidinium 
bromide 

Tiotropium 3 872 ≥40 years 455 
(52%) 

64.6 
(8.4) 

280 
(32%) 

NCT01316900 GSK Umeclidinium 
bromide 

Tiotropium 3 846 ≥40 years 364 
(43%) 

62.9 
(9.0) 

261 
(31%) 

NCT01957163 GSK Umeclidinium 
bromide 

Fluticasone, 
Placebo 

3 619 ≥40 years 299 
(48%) 

64.4 
(8.1) 

212 
(32%) 

NCT02119286 GSK Umeclidinium 
bromide 

Fluticasone, 
Placebo 

3 620 ≥40 years 270 
(44%) 

62.9 
(8.2) 

228 
(37%) 
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10.5.2 Distribution of frailty 

The distribution of the frailty index for each trial is shown in Figure 10.2, Figure 

10.3 and Figure 10.4. Each trial included participants with a wide range of frailty 

index values and all trials included some participants with frailty. Distributions 

were similar within each index condition but differed substantially between the 

three conditions. Summary statistics for frailty in each trial, along with proportions 

in each category of frailty, are shown in Table 10.2. Taking an illustrative cut-off 

of 0.24 to indicate frailty, the proportion of trial participants with frailty ranged 

from 7% to 21% in T2DM trials, 33% to 73% in RA trials, and 15% to 22% in COPD 

trials. 
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Figure 10.2 - Distribution of frailty index in each trial - Type 2 diabetes 
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Figure 10.3 - Distribution of frailty index in each trial - Rheumatoid arthritis 



270 
 

 

 

 

Figure 10.4 - Distribution of frailty index in each trial – COPD 
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Table 10.2 - Mean frailty index, 99th centile, and proportion of participants in frailty categories for each trial: whole trial population and those over 
65 years 

Trial Whole sample Participants aged ≥65 years Number 
missing 
(%) 

Mean 
frailty 
index 

99th 
centile 

Frailty index Categories (%) Mean 
frailty 
index 

99th 
centile 

Frailty index Categories (%) 

0-
0.12  

0.12-
0.24 

0.24-
0.36 

>0.36 0-
0.12  

0.12-
0.24 

0.24-
0.36 

>0.36 

Type 2 diabetes 

NCT01106625 0.16 0.35 31.36 56.12 11.82 0.7 0.17 0.51 24.38 63.68 8.81 3.13 74 (16%) 

NCT01106677 0.16 0.35 28.26 59.79 11.21 0.74 0.17 0.33 20.13 70.29 9.08 0.5 124 (10%) 

NCT00734474 0.13 0.35 54.22 39.24 5.72 0.82 0.14 0.32 43.78 49.08 6.81 0.33 66 (5%) 

NCT01064687 0.17 0.45 26.9 56.56 13.44 3.1 0.19 0.46 20.49 57.86 17.54 4.1 4 (0.4%) 

NCT01075282 0.16 0.42 33.35 53.02 11.29 2.34 0.18 0.42 23.2 57.15 16.72 2.93 4 (0.5%) 

NCT01191268 0.18 0.43 20.73 58.29 17.82 3.16 0.2 0.42 14.96 60.54 21.21 3.29 2 (0.2%) 

NCT01624259 0.16 0.45 35.34 51.53 10.36 2.77 0.18 0.43 24.7 55.16 16.94 3.2 1 (0.2%) 

RA 

NCT00236028 0.26 0.41 2.62 37.05 53.73 6.6 0.27 0.41 1.15 28.08 61.5 9.27 12 (2%) 

NCT00264537 0.28 0.44 1.14 25.99 58.83 14.05 0.31 0.46 0.16 15.63 63.43 20.78 4 (0.6%) 

NCT00264550 0.27 0.45 2.03 34.71 51.37 11.89 0.28 0.41 3.58 24.91 57.11 14.41 2 (0.5%) 

NCT00361335 0.28 0.45 1.49 29.24 55.43 13.85 0.29 0.46 0.73 26.31 56.99 15.96 1 (0.2%) 

NCT00106535 0.22 0.4 11.57 46.97 37.19 4.27 0.24 0.4 9.73 39.92 44.71 5.64 4 (0.3%) 

NCT01007435 0.2 0.4 18.92 47.79 29.95 3.35 0.21 0.41 15.89 46.55 32.81 4.75 9 (3%) 

NCT01119859 0.24 0.44 8.5 43.27 39.88 8.36 0.25 0.48 7.07 40.41 40.3 12.22 3 (0.3%) 

NCT01232569 0.22 0.4 10.32 49.31 36.44 3.93 0.23 0.4 7.59 47.37 41.24 3.8 0 (0%) 

COPD 

NCT01316900 0.18 0.35 24.62 55.68 18.9 0.8 0.17 0.35 25.83 57.28 16.3 0.58 33 (4%) 

NCT01316913 0.18 0.35 22.04 55.71 21.56 0.69 0.18 0.35 24.64 55.33 19.38 0.65 19 (2%) 

NCT01957163 0.17 0.37 27.13 55.71 15.74 1.42 0.17 0.36 28.32 56.89 13.79 1 0 (0%) 

NCT02119286 0.16 0.35 30.74 53.91 14.67 0.68 0.16 0.33 30.75 56.81 12.1 0.34 2 (0.3%) 
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10.5.3 Relationship with baseline factors 

Estimated mean frailty index by age, sex and disease severity is shown in Figure 

10.5, Figure 10.6 and Figure 10.7. Disease severity at baseline was also associated 

with frailty index for COPD and, especially, for RA trials, but not for T2DM trials. 

Frailty was associated with female sex in all trials for all conditions. In the COPD 

trials the mean frailty index was not associated with age, but for all of the RA 

trials and all but one T2DM trials the mean frailty index increased with age. The 

variation by age was smaller than the variation between trials, however, and for 

all conditions frailty remained common even among the youngest participants. For 

example, the modelled proportion of 40-year-olds with a frailty index >0.24 ranged 

from 4% to 15%, 6% to 52%, and 20% to 27% in T2DM, RA and COPD respectively. 
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Figure 10.5 - Relationship between age, sex, disease severity and frailty index - Type 2 diabetes 
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Figure 10.6 - Relationship between age, sex, disease severity and frailty index - Rheumatoid arthritis 
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Figure 10.7 - Relationship between age, sex, disease severity and frailty index - COPD
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10.5.4 Frailty index and Serious Adverse Events 

The relationship between frailty index and the incidence of serious adverse 

events occurring during trial follow-up is summarised in Figure 10.8. When the 

trials within each condition were meta-analysed, a 0.1-point increment in frailty 

index at baseline was associated with a higher serious adverse event rate for all 

conditions (IRR 1.46 (95% CI 1.21-1.75) for T2DM, 1.45 (1.13-1.87) for RA, and 

1.99 (1.43-2.76) for COPD). Heterogeneity between trials was high for RA, but 

low for T2DM and COPD. The full model outputs for each trial are shown in 

supplementary appendix 7. Therefore, for each condition, after adjusting for 

age, sex and disease severity, frailty index at baseline predicted subsequent 

serious adverse events. 

 

Figure 10.8 - Random-effects meta-analysis of incidence rate ratio of serious adverse events 
per 0.1 point increase in frailty index 
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10.6 Discussion 

10.6.1 Summary of findings 

Using individual-level participant data for 19 trials for three common and 

important chronic conditions - all with a mean age of less than 65 years - we 

found that frailty was highly prevalent among trial participants. The frailty index 

showed the expected relationships with sex, age (apart from in COPD) and 

disease severity and identified trial participants at higher risk of serious adverse 

events. 

10.6.2 In context of existing literature 

Few studies have attempted to measure frailty across multiple clinical trials. To 

our knowledge, this is the first to include trials not specifically targeting older 

populations (with most participants aged <65 years), and the first to do so for 

T2DM, RA or COPD. Our findings that frailty can be identified in trials are 

consistent with two large hypertension trials, HYVET and SPRINT,502,503 which 

focused on hypertension management in older people, and one heart failure trial 

in older people,504 which showed that frailty was relatively common in these 

trials. We extend these findings by showing that frailty is relatively common in 

“standard” industry-funded phase 3 trials in younger populations, and that it is 

associated with baseline characteristics and that frailty at baseline predicts the 

risk of serious adverse events, even after adjusting for age, sex and the severity 

of the index condition. 

The frailty index in our analysis showed similar properties to observational 

studies of frailty using the frailty index approach.35,36,213 As expected, the frailty 

index had a skewed distribution, was higher in women than men and for RA and 

T2DM was associated with age. We have previously shown, using  UK Biobank 

data, that frailty is identifiable in younger as well as older people,9 and the 

current work shows that this is also true of trials. 

While many of the characteristics of the frailty index in the trial data are 

consistent with studies of frailty using observational cohorts and administrative 

data,133 the maximum frailty index in the trials (based on the 99th centile of the 

frailty index distribution) was lower than is typically seen in observational 
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studies.217 Since this difference was also evident among trial participants aged 

over 65, it cannot solely be attributed to the younger age of the trial 

participants. The extent to which this difference is due to trial eligibility 

criteria506,510 (e.g. comorbidities, renal function etc) or other selection pressures 

on trial participation (such as the need to be able to undergo multiple trial visits 

or procedures) is unknown. This suggests that our findings hold for the range of 

frailty index values we observed in these trials, which is narrower than that 

observed in unselected populations.  

Importantly, while the very frailest patients were rarely included in the clinical 

trials, we found people with moderate to severely frailty – who make up the bulk 

of those with frailty in the community – were commonly included as participants 

in clinical trials, despite those trials involving younger people aged under 65 

years. Many trials require high disease activity/severity as an inclusion criterion, 

which is one potential explanation for the high prevalence of frailty in some 

trials, particularly in conditions like RA where there is overlap between 

functional limitations resulting from active disease and deficits included in the 

frailty index.  

It is notable that the frailty index in the COPD trials was not associated with 

increasing age, as would be expected. A similar phenomenon was also observed 

in both the SPRINT and TOPCAT trials (of hypertension and heart failure, 

respectively), whereby younger trial participants showed relatively higher frailty 

index values compared to relatively older trial participants.503,504 These COPD 

trials (as well as previous trials showing similar associations) may suggest  that 

to be included in the trial, older people with COPD tended to be relatively less 

frail than similarly aged people with COPD in the general population. This could 

arise due to the trial selection process,511 as an example of collider bias, 

whereby conditioning on a subsequent outcome (trial inclusion) influences the 

relationship between causally proximal characteristics such as age and frailty.392 

We conducted exploratory analyses of the association between age and the St 

George Respiratory Questionnaire score and EQ5D as these are known to increase 

with age in unselected populations.512,513 Like the frailty index, these were not 

associated with age in the COPD trials. Furthermore, the mean frailty index is 

lower in the COPD trials, and the range of frailty index values is narrower, 
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compared to the frailty index distribution in previous observational studies of 

frailty in COPD.452 This supports our speculation that the unexpected relationship 

between age and frailty index in these trials reflects differences between the 

trial population and people in the community with the same condition. 

Frailty index was moderately associated with disease severity in COPD and RA. It 

would have been surprising had there been no association, as functional 

limitation and frailty, acting across multiple organ systems, are a well-

recognised consequence of both diseases.402,508 Moreover, FEV1 has long been 

established as a marker of general physiological reserve as well as of lung 

disease. The fact that the correlation was not stronger is perhaps of greater 

interest as it suggests that factors other than the severity of the index disease 

are important drivers of frailty. Moreover, frailty index predicted adverse events 

independently of disease severity, indicating that the frailty index contains 

important clinical information about trial participants beyond-that captured by 

disease-severity measures alone, possibly related to the increasing prevalence of 

multimorbidity. 

10.6.3 Strengths and limitations 

A strength of our study is that we used a standard well-validated approach to 

measure frailty,36 across a large number of trials and a range of conditions, 

allowing comparison of findings between trials and between conditions. Our 

analysis also has some important limitations, however. The trials included were 

not a random sample, but instead were selected from trials that sponsors have 

made available to third party researchers for secondary analyses. Not all 

sponsors share IPD, and those that do share data do not make all trials available. 

Of the trials we did access, not all trials had sufficient data to identify deficits 

for inclusion in a frailty index.  

The data used to compile the frailty index were not collected for the purpose of 

identifying frailty, although this is true of most studies using the frailty index. 

Moreover, medical history data were redacted in most of the included trials, so 

we were therefore reliant on concomitant medication data to define long term 

condition count-based deficits. Consequently, some conditions could only be 

included as part of a broader group (e.g. cardiovascular disease, obstructive 
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airways disease) rather than as a specific condition, while other conditions 

(those without specific drug treatments) could not be included.244 This restricts 

the number of conditions that could be included in our frailty index, and may 

result in an under-estimate of the number of conditions present (e.g. in people 

with multiple cardiovascular conditions which are counted as a single category, 

or with conditions such as chronic kidney disease such could not be identified 

using prescribed medications). Furthermore, we used existing instruments, 

primarily designed to characterise the index condition, to measure functional 

deficits of frailty (e.g. reduced mobility and difficulty with household tasks were 

identified using St George Respiratory Questionnaire in the context of COPD and 

using the Health Assessment Questionnaire Disability Index in RA). It may be that 

instruments designed specifically to measure frailty would have improved 

sensitivity or specificity. Despite these limitations, and especially compared with 

most administrative data sources, trial data benefits from a wide range of 

physiological, biochemical, haematological and functional measures. Moreover, 

given the regulatory conditions under which trials are conducted, these data 

were collected, recorded and processed according to exacting standards. 

10.6.4 Implications 

Current guidelines caution against the extrapolation of trial evidence to people 

living with frailty,161,507  and clinicians lack high-quality evidence about the 

benefits and harms of common treatments for people living with frailty. Our 

findings demonstrate that it is feasible to measure frailty, using an established, 

validated method – the frailty index – in standard industry-funded drug trials, 

and that on doing so significant numbers of trial participants have mild to 

moderate frailty. As such, while such trials cannot be claimed to be 

representative of people with frailty, particularly those with severe frailty who 

were very rarely found to be present, trials nonetheless contain important 

under-used information to help address current evidence gaps. 

We were able to identify frailty in trials only because we were able to access 

trial IPD, which is complex and time-consuming. Moreover, several trials 

redacted data (and, less often, did not collect sufficient data) to allow us to 

calculate a frailty index. Both to allow clinicians to assess the degree to which 

frailty is under-represented in particular trials, and to understand whether and 
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how treatment effects differ by frailty (realistically only feasible via meta-

analysis of multiple trials), there is a need to expand existing trial conduct and 

reporting standards,514 to include standard measures of frailty. Our findings 

suggest that frailty is sufficiently common in trials for this to be a worthwhile 

exercise.  

To that end standard approaches to the collection and reporting of medical 

history data (to allow accurate assessment of comorbidities to be included in a 

frailty index) as well as measures specifically designed to assess frailty (e.g. the 

frailty phenotype) should be incorporated into international standards for the 

conduct of trials. Ideally, the adoption of complementary measures such as the 

frailty index and frailty phenotype measures should be considered. The frailty 

index can be applied to routinely collected trial data but is likely to be more 

influenced by multimorbidity (and in turn, trial inclusion criteria) while the 

frailty phenotype may identify trial participants with more explicitly defined 

physiological frailty, some of whom may not have multimorbidity. Given the 

well-resourced and rigorous measurement and reporting usual in well-conducted 

trials the adoption of standard measures of frailty across trials is highly feasible 

and would allow estimation of the impact of frailty on treatment effects both 

for individual trials, and for meta-analyses of multiple trials. It would also 

enable identification of participants with increased frailty who are at increased 

risk of more serious adverse events, who might benefit from closer monitoring. 
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10.6.5 Conclusion 

Contrary to the prevailing view161,500 frailty, albeit not the most severe frailty, is  

common and readily measurable among clinical trial participants. This includes 

trials of relatively young populations. We have shown that participants with 

increased frailty at baseline also experience more serious adverse events, 

suggesting that such patients might merit closer monitoring and that screening 

for frailty should be considered for addition to future Consort checklists. Future 

research should evaluate whether frailty in trials is associated with treatment 

effectiveness. Both existing and future drug trials have the potential to inform 

the management of individuals living with frailty. Trialists therefore can and 

should routinely measure and report frailty. However, to do so frailty needs to 

become a standard measure within trials. Ideally, this would include both 

standardised assessment of comorbidities and baseline functional status (from 

which a frailty index could be consistently constructed) as well as physiological 

measurements to assess the frailty phenotype. There is also a need for research 

specifically targeting people with severe frailty, who were rarely included in 

these trials, and for whom the risks and benefits of treatments are most 

uncertain. Given ageing population demographics as well as the presence of 

frailty among relatively younger people, such measures would be central to 

understanding how treatments should be applied to the growing numbers of 

people living with frailty. 
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Chapter 11 Discussion 

11.1 Chapter summary 

This chapter presents a discussion of the findings presented in chapters 4 to 10. 

First, a summary of the findings for each research question will be presented, 

followed by strengths and limitations of the work as a whole. The findings will 

be discussed in the context of previous literature, before outlining potential 

implications for clinical practice, health policy and research. Finally, directions 

for future research relating to the thesis topics will be presented.  

11.2 Summary of findings 

This thesis sought to address three main research questions using three exemplar 

conditions (type 2 diabetes mellitus, rheumatoid arthritis, and COPD): 

1. To assess the prevalence of frailty in each of the three exemplar long-

term conditions  

2. To quantify the association between frailty and clinical outcomes 

relevant to each of the three conditions.  

3. To assess the prevalence of frailty within randomised controlled trials 

for each of these conditions and explore the implications of frailty 

within trial settings. 

For each condition, frailty was found to be common but with prevalence 

estimates that varied widely depending on frailty measure, age, and clinical 

setting. In all three conditions frailty prevalence increased with age but was 

nonetheless common in people aged under 65 years. Regardless of frailty 

definition or age, frailty was associated with an increased risk of generic (e.g. 

mortality, hospitalisation) and disease specific (e.g. hypoglycaemia, rheumatoid 

arthritis disease activity, COPD exacerbations) adverse clinical outcomes. 

Finally, frailty could be identified and was present in randomised controlled 

trials of drugs treatments for each of the three exemplar conditions. However, 

the upper limit of frailty in trials (assessed using the 99th centile of the frailty 
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index distribution) was lower than is consistently observed in community-based 

populations studies, suggesting that severe frailty is rare in clinical trials. Frailty 

in trials was associated with increased rates of serious adverse events. 

Therefore, for each of the three exemplar conditions, frailty is common across a 

wide age range, with clinically significant negative outcomes, and is present 

albeit under-represented in clinical trials.  

A more detailed summary of each research question is presented below, before 

considering the strengths and limitations, context, and implications of these 

findings.  

11.2.1 Research question 1: What is the prevalence of frailty 
in each of the exemplar long-term conditions 

Research question 1 was addressed through systematic reviews of observational 

studies. The literature was more mature for type 2 diabetes (118 included 

studies) and, to a lesser extent, COPD (56 included studies) than for rheumatoid 

arthritis (17 included studies). A few observations were common to each long-

term condition, but there were also some important points of difference: 

• Estimates of frailty prevalence varied considerably by frailty measure 

used (often lower in studies using the frailty phenotype than for other 

measures), age of study participants (with higher prevalence in older 

populations, but with frailty still identifiable in younger populations 

below the age of 65), and study setting (where community prevalence 

was lower than many outpatient-based studies, which in turn were 

lower than studies based in inpatient settings or residential care). 

• In rheumatoid arthritis and COPD, frailty was more common among 

people with more severe or active disease. However, the relationship 

between glycaemia and frailty in type 2 diabetes inconsistent.  

• For each exemplar condition, available prevalence estimates were 

almost exclusively from high-income or upper-middle income 

countries. There was also little examination in the existing literature 

for these conditions of how prevalence varies by factors such as 
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ethnicity or socioeconomic status, despite these factors being 

important determinants of prevalence at the population-level.  

• Finally, our analysis of SERA demonstrated that estimates of frailty 

prevalence in rheumatoid arthritis are likely to be higher in those with 

active disease, but that frailty in this context may be, at least partly, 

reversible. This confirms that frailty is a dynamic process that may be 

responsive to intervention. Type 2 diabetes in general, and specifically 

higher HbA1c, were associated with incident frailty and with worsening 

frailty status. Frequent COPD exacerbations were also associated with 

worsening frailty, however successful completion of pulmonary 

rehabilitation appeared to lead to marked improvements in frailty 

status. Therefore, while frailty is indeed common in type 2 diabetes, 

rheumatoid arthritis and COPD, each of these conditions may also 

influence the dynamics and potential reversibility of frailty.  

11.2.2 Findings for research question 2: Frailty and disease 
outcomes 

Across each exemplar condition frailty was associated with a range of adverse 

outcomes; this included generic outcomes such as mortality and hospitalisation 

as well as disease-specific outcomes such as MACE, falls, and hypoglycaemia in 

type 2 diabetes, disease activity in rheumatoid arthritis, and MACE and acute 

exacerbations in COPD. For each of the three conditions, frailty was associated 

with all the adverse outcomes examined in the UK Biobank and SERA analyses, 

indicating that frailty identified individuals at increased risk of a broad range of 

outcomes. This pattern was also consistent irrespective of whether frailty was 

measured using the frailty phenotype or frailty index. The systematic reviews, in 

general, showed a similar pattern of consistent associations between frailty and 

a diverse range of adverse outcomes regardless of frailty definition.  

While this general relationship between frailty and a range of adverse outcomes 

is not surprising, there were some specific features identified for each of the 

conditions that are relevant to clinical management: 
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• Type 2 diabetes: The absolute risk of adverse outcomes associated with 

frailty (which underpin current guideline recommendations about 

glycaemic control) differ in younger people compared to older people. 

For example, a given degree of frailty carries a much lower absolute risk 

of death at age 50 compared to age 70. Current frailty-related 

recommendations may not be directly transferable to ‘younger-frail’ 

people, as many of these recommendations are explicitly based on 

limited life expectancy in the context of frailty. 

• Rheumatoid arthritis: Frailty is dynamic and at least partially reversible 

in people with early rheumatoid arthritis. Nonetheless, it is associated 

with adverse outcomes such as mortality and hospital admission even 

after adjustment for disease severity.  

• COPD: Frailty is associated with a wide range of adverse outcomes 

including mortality, hospital admission, MACE and COPD exacerbations. In 

each case this relationship was independent of the severity of airflow 

limitation. 

Overall, frailty was associated with disease-specific outcomes (e.g. 

hypoglycaemia in diabetes and acute exacerbations of COPD) as well as generic 

outcomes (e.g., mortality and hospitalisation). This has implications for the 

application of investigations and specific treatment for people with frailty, as 

discussed below.  

11.2.3 Findings for research question 3: Prevalence and 
implications of frailty in clinical trials 

The prevalence and implications of frailty in randomised controlled trials for 

pharmacological agents for each of the exemplar conditions, was answered via a 

secondary analysis of clinical trials where individual-level participant data was 

available. The findings showed that frailty is rarely explicitly measured in 

randomised controlled trials but can sometimes be retrospectively assessed using 

the frailty index approach. For 19 of 39 trials where we had access to IPD the 

frailty index could not be calculated because the trials either did not collect or 

else redacted data on participant’s level of function. In those 19 trials for which 
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frailty could be assessed, moderate frailty was common within trial populations, 

albeit not as common as seen in general population studies. Frailty in trials was 

also associated with serious adverse events, indicating that it is a clinically 

important state even in the trial setting, where participants are believed to be 

generally healthier than other people with the same index conditions. In 

summary, frailty can be measured in existing randomised controlled trials with 

access to individual participant data, and moderate frailty is common and 

associated with clinically significant adverse outcomes. These findings indicate 

that frailty can be identified in clinical trials and that better recording and 

reporting of some parameters (e.g. comorbidities or functional limitation) could 

allow widespread estimation of frailty within clinical trials. This would allow 

assessment of trial representativeness in terms of frailty as well as analysis of 

how treatment decisions might be tailored to people living with frailty (e.g. by 

estimating whether treatment efficacy differs depending on frailty status, or 

whether frailty is associated with treatment-related harm). 

11.2.4 Similarities and differences between conditions 

The findings for each of the three conditions examined were consistent in many 

ways. First, within the published literature, frailty was identified using a wide 

range of measures in each condition, with the frailty phenotype being the most 

frequently used in each. Prevalence estimates were highly variable in each 

condition. Also, in the observational analyses, frailty was associated with 

mortality and hospitalisation in each condition, as well as with a range of 

‘disease-specific’ clinical outcomes. Therefore, across all conditions examined, 

frailty was associated with a wide range of adverse outcomes including those 

related to the index condition.  

There were also some differences in the findings between the conditions. First, 

frailty was associated with more severe or active disease in rheumatoid arthritis 

(based on DAS-28) and COPD (based on FEV1), however in diabetes there was 

inconsistency in the relationship between HbA1c and frailty. Both the UK 

Biobank analyses, and the analyses of trial data showed no overall association 

between frailty and HbA1c, and the published literature identified showed an 

inconsistent and often null relationship within the wider literature. Secondly, 

while there was evidence from the published literature of potential for 
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improvement in frailty status within all three conditions, for type 2 diabetes and 

for COPD frailty tended to worsen over time for most participants in most 

published studies which examined trajectories. This is in contrast to the findings 

relating to frailty in early rheumatoid arthritis from the SERA cohort, in which 

frailty improved following treatment of early active rheumatoid arthritis for a 

large proportion of participants. Finally, within the trial data, the distribution of 

frailty was similar in trials of the same index condition but differed between 

each condition examined. Participants of trials for rheumatoid arthritis had the 

highest mean frailty index values, which may reflect the relationship with high 

disease activity which was observed across the trial and SERA analyses.  

11.3 Strengths and limitations 

There are several strengths and weaknesses to the work presented in this thesis, 

many of which are summarised in the discussion sections of the respective 

manuscripts in chapters 4 to 10. This section presents a summary of the main 

strengths and weaknesses of this body of work as a whole, before providing more 

detailed discussion of two issues which are particularly pertinent to the 

weaknesses of this work. These are adaptation of frailty criteria, and the issue 

of selection bias. 

General strengths of this work include: 

• All analyses were prespecified. All three systematic reviews were 

conducted according to registered protocols and all secondary analyses 

followed analysis plans that pre-specified the population of interest, 

definition of exposures and outcomes, and approaches to statistical 

modelling. 

• All analyses are reproducible with detailed search strategies, analysis 

syntax either provided as supplementary appendices to published papers 

or returned to UK Biobank for record. This supports an open research 

agenda in line with the principles of the Concordat on Open Research 

data.  
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• This thesis considers a broad range of frailty definitions, with no 

restriction on frailty definition placed on the systematic review eligibility 

criteria. Also, for UK Biobank, two contrasting models of frailty were used 

for all analyses. Given the differences between models of frailty outlined 

in the introduction and literature review, and the lack of consensus as to 

the best model with which to analyse frailty, it is important to allow 

comparison between different models where possible.  

• The large sample size of UK Biobank allowed for a larger analytical sample 

than many disease-specific studies of frailty (as illustrated by the included 

studies in the systematic reviews, many of which were considerably 

smaller than the analyses presented within this thesis). Furthermore, 

there were low levels of missing data for frailty measures (<5%) and for 

covariates in the adjusted models (<3%). Complete case analysis was 

therefore used for all models.  

• The focus on frailty in relatively younger populations (with many 

participants aged <65 years) is a strength as frailty in these populations is 

less well understood and has been recognised as an important gap in the 

literature. Similarly, relatively few studies have quantified frailty in 

clinical trials. These analyses are therefore novel and important 

addressing key gaps within the frailty literature.  

Weaknesses relevant to this body of work include: 

• Frailty definitions had to be adapted from their original description. This 

adaptation is described in detail in chapter 3 with discussion of its 

implications in the section below.  

• Many of the findings are based on samples that are not representative. 

For example, UK Biobank is not a representative sample of the UK 

population. Specifically, UK Biobank participants are more affluent, more 

likely to be of white ethnicity, and have fewer long-term health 

conditions, than the UK population overall. Many of the studies included 

in the systematic reviews were also based on unrepresentative study 

populations. Finally, the trials in which the frailty index was calculated 
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using individual participant data were not a random or representative 

sample of the wider body of randomised controlled trials. These selected 

or unrepresentative samples can lead to biased results. This is discussed 

in greater detail below. 

• For the observational analyses, linked healthcare data were used to 

identify outcomes. While this can give reliable and complete estimates for 

some outcomes (e.g. mortality or major adverse cardiovascular events) 

for other outcomes (e.g. hypoglycaemia or falls) it may have led to under-

identification of outcomes. 

• For all systematic reviews, only studies published in English were 

included. This was due to lack of resource for study translation and could 

have led to biased exclusion of studies published in other languages. 

However, very few studies were excluded based on language alone.  

11.3.1 Adaptation of frailty criteria 

In all analyses presented in this thesis, the measures used to identify and 

quantify frailty were adapted from the original descriptions. In the case of the 

frailty index, selecting deficits from the available data is standard practice.36 

This is not the case for the frailty phenotype, which is based on five pre-

specified domains.5 Despite this, most studies implementing the frailty 

phenotype have made some adaptation to the original Cardiovascular Health 

Study specification of each variable.200 The way that either the frailty phenotype 

or the frailty index is specified is likely to influence the results of any given 

analysis.200,515 The adaptation of either definition to the datasets used in this 

thesis is therefore likely to have influenced estimates of frailty prevalence. 

The frailty phenotype was estimated using data from UK Biobank. Doing so has 

advantages as the frailty phenotype was shown in chapters 4, 6 and 8 to be the 

most commonly used measure within the existing literature for each of the 

exemplar conditions (and therefore use of this approach aids comparison with 

previous findings). It also utilises objective measurements in the form of grip 

strength. However, as is outlined in detail in the methods overview, the criteria 

used to identify weight loss, walking speed, exhaustion and low physical activity 
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were different from the original Cardiovascular Health Study definition.5,9 

Perhaps most notably, weight loss in the original definition was specified as 

being unintentional, whereas in the UK Biobank assessment centre participants 

were simply asked if they had lost weight. This broader definition of weight loss 

may not be as reliable an indicator of frailty as ‘unintentional weight loss’,5 

particularly when applied to a relatively younger population such as UK 

Biobank.9 Furthermore, not all the included variables increase in prevalence 

with age within the range included in UK Biobank.9 Despite this, each of the five 

variables included in the frailty phenotype are independently associated with 

mortality in the UK Biobank cohort as a whole.9 Also, when used in combination, 

the prevalence of frailty in the whole cohort rises with age as expected. 

Therefore, while this adaptation cannot be assumed to fully reflect the original 

description of the frailty phenotype, and caution is required when inferring 

frailty from some specific aspect of the phenotype at an individual level, the UK 

Biobank adaptation exhibits the properties expected of a valid frailty measure.9  

Adaptation of the frailty phenotype to available data sources is not unusual.200 

For example, among the 69 studies using the frailty phenotype in the systematic 

review of type 2 diabetes, 51 (74%) used an adaptation of the original 

description. The impact of adapting the frailty phenotype criteria has been 

explored in detail by Theou and colleagues.200 They identified 262 different 

adaptations of the frailty phenotype from the published literature. Differences 

included number of criteria used (with some authors using only 4 of the 5 

measures due to lack of available data), use of self-reported versus measured 

assessment of deficits (as was the case for walking speed and weight loss in UK 

Biobank), procedures for handling missing data (including complete case analysis 

and various approaches to imputation). The authors then implemented 262 

different adaptations of the frailty phenotype to the Survey for Health, Ageing 

and Retirement in Europe. Within this dataset, prevalence of frailty ranged from 

12.7% to 28.2% depending on the adaptation. Other properties, such as gender 

differences in prevalence and predictive ability for mortality, also differed 

between various adaptations of the frailty phenotype.200 This indicates two 

important limitations for the analyses presented in this thesis. First is that the 

decisions made on how to specify the frailty phenotype (some based on the 

availability of data) are likely to have impacted on the findings themselves. 
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Secondly, as many of these decisions were based on the availability of data it is 

not possible to directly assess what impact these adaptations will have had. This 

should lead to caution, particularly when considering how best to apply findings 

such as prevalence estimates from UK Biobank.  

Unlike the frailty phenotype the frailty index is designed to be defined using a 

diverse set of available data.36 Nonetheless, both the available data and 

decisions about how it should be operationalised into a frailty index are likely to 

have had some impact on the overall findings of the analyses. Searle and 

colleagues, in describing the standard approach to constructing a frailty index, 

argue that a frailty index is valid providing it contains enough deficits (typically 

at least 30) meeting the defined criteria for inclusion in a frailty index 

(discussed in detail in the methods section).36 In this thesis, for the randomised 

controlled trials data and for SERA, each included variable was assessed either 

empirically or with reference to previous literature to ensure that these criteria 

were met prior to inclusion in the index. For UK Biobank, a previously published 

frailty index was used in which the included deficits were selecting according to 

these criteria.22 While this implies that each of the respective applications of 

the frailty index included in this thesis should be valid according to the 

established methodology of the frailty index, the available data and the way it is 

handled may still influence the findings themselves.515  

One example of how the nature of the available data may influence the 

properties of a frailty index is in comparing self-reported with measured 

deficits. This issue was explored using data from The Irish Longitudinal Study of 

Ageing (TILDA).515 Theou and colleagues used the standard frailty index approach 

to construct three separate frailty indices; one based on solely self-reported 

deficits, one on solely test-based measures, and one which combined the two. 

The authors found that while all three measures had the properties expected of 

a frailty index (e.g. right-skewed distribution, increase with age, and 

relationship with adverse health outcomes) the mean frailty index value was 

higher in the index using test-based measures (mean 0.17) than in the combined 

(mean 0.14) or self-reported (mean 0.12).515 This implies that while each of 

these frailty indices may be ‘valid’ in terms of the method of their construction 

and their statistical properties, the generalizability of a given frailty index may 
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be limited by the variables that are included. Put another way, it may not be 

possible to accurately compare the prevalence of frailty between different study 

populations when the nature of the variables used to construct the frailty index 

differs between the studies. 

This sensitivity of the frailty index to the type of variables included has 

implications for the interpretation of the findings of this thesis. For example, 

the frailty index constructed for clinical trials was limited by the redaction of 

medical history data. As a proxy, it was necessary to use concomitant 

medication data to approximate the presence of comorbidities for the frailty 

index. Similarly, the frailty indices in UK Biobank and SERA were based on a 

different list of deficits, with more functional measures used in SERA. This 

therefore limits the comparison of frailty prevalence between the two datasets.  

11.3.2 Selection bias and risk of collider bias 

As mentioned above, UK Biobank is not representative of the wider UK 

population, with participants being on average more affluent, having fewer long-

term conditions, and being more likely to be of white ethnicity.223 This has two 

important implications for the findings of this thesis. First, estimates of frailty 

prevalence derived from UK Biobank cannot be assumed to apply to the wider UK 

population, even within the age-range studied. Due to the previously described 

‘healthy volunteer bias’, prevalence estimates from UK Biobank are likely to be 

conservative. The second issue is that, in the presence of selection bias such as 

this, estimates of the association between exposures (in this case frailty) and 

outcomes may be subject to collider bias.516 This has the potential to influence 

the magnitude and direction of associations observed when conducting analyses 

in datasets subject to selection bias.228,516  

A collider is a variable that is causally influenced by two or more other 

variables.516 Collider bias may occur when analyses are conducted conditioning 

on a collider. This can take many forms but may occur when there is selection 

bias within a dataset. For example, if a variable influencing recruitment into a 

study (e.g. socioeconomic status) also exerts a causal influence on exposures 

(e.g. frailty) and outcomes (e.g. mortality), then estimates of the association 

between these exposures and outcomes will be biased if conducted in this 
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selected sample. In other words, by analysing this selected sample we have 

conditioned on a collider. There are therefore concerns that analyses of UK 

Biobank may be influenced by collider bias.  

Some have argued that UK Biobank may produce spurious or biased results 

because of collider bias.228,516 Others have attempted to compare the magnitude 

of associations between exposures and outcomes in UK Biobank to similar 

associations in surveys with higher response rates (and likely, therefore, to be 

more representative).220 Batty et al published one such analysis and argued that 

relative effect estimates for UK Biobank were comparable to those from national 

health surveys.220 However, even in Batty and colleagues’ paper, the magnitude 

of association between some risk factors and mortality were notably different 

between UK Biobank and more representative surveys.220 This suggests that, at 

least for some variables, collider bias does influence magnitude of effect 

estimates derived from UK Biobank data.  

While conducting the work presented in this thesis, I sought to explore this issue 

further by comparing effect estimates from UK Biobank to routine healthcare 

data from a representative sample. It was not possible to make this comparison 

with frailty, as comparable measures of frailty are not available within routine 

healthcare data, and so this analysis was based on multimorbidity. The results 

are not presented in this thesis, as the study is not directly focused on frailty, 

but are published elsewhere.226 Compared to a representative sample from the 

Secure Anonymised Information Linkage (SAIL) databank, multimorbidity 

identified using routine primary care data was less common in UK Biobank. At all 

levels of multimorbidity, the absolute risk of death, hospitalisation, and major 

adverse cardiovascular events was lower in UK Biobank than in SAIL. When 

assessing the relative risk of these outcomes associated with multimorbidity, 

estimates from UK Biobank and SAIL were similar at lower levels of 

multimorbidity (3 conditions or fewer) but at higher levels (e.g. more than three 

conditions) UK Biobank gave more conservative estimates of the risk of adverse 

outcomes. Estimates for some specific conditions were similar (e.g. 

hypertension, cardiovascular disease) whereas for other conditions (e.g. mental 

health conditions or chronic pain) UK Biobank underestimated the risk of 

mortality.226 While magnitude of associations differed between the two datasets, 
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for multimorbidity counts and for individual long-term conditions, the direction 

of effect was similar between UK Biobank and SAIL (i.e. all conditions that were 

associated with increased mortality risk in SAIL were also associated with 

increased risk in UK Biobank). While these analyses do not specifically assess 

frailty, they do suggest that estimates of absolute risk (as presented in chapter 5 

for type 2 diabetes) are likely to be conservative. Furthermore, it is possible to 

speculate that the risks associated with more severe frailty may be 

underestimated in UK Biobank in a similar way to higher levels of 

multimorbidity. In summary, collider bias is likely to have influenced the 

magnitude of effect estimates from UK Biobank presented in this thesis, however 

it is also likely that these estimates are conservative in this case. 

11.4 Findings in context of other literature 

The literature contextualising the observational findings for each of the 

conditions (chapters 5, 7 and 9) are summarised in their respective discussion 

sections, as well as expanded more fully in their accompanying systematic 

reviews (chapters 4, 6 and 8). The literature on the identification of frailty in 

trials is summarised in the discussion section of chapter 10. The text that follows 

here seeks to place the work within the context of the wider frailty literature, 

specifically highlighting work on the agreement between frailty definitions, and 

the emerging literature on trajectories of frailty over time.   

11.4.1 Agreement between frailty measures 

Findings for all three exemplar conditions demonstrated only partial overlap 

between the frailty index and frailty phenotype definitions. Discordance 

between frailty definitions is well recognised and has been described previously 

in unselected population-based studies.38,39,288 This has led to differences of 

opinion as to the importance of this lack of agreement,1,2,517 and the 

appropriateness of each of the respective frailty measures to identify people 

living with frailty. 

In general, despite differences in frailty classification at the individual level, 

both the frailty phenotype and frailty index have consistently identified groups 

of individuals at increased risk of adverse outcomes.28,53 Some advocate frailty 
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screening using either the frailty phenotype (or its derivatives) or the frailty 

index, arguing that either measure may adequately achieve the aim of risk 

stratifying a population in terms of frailty.517 Others caution against the use of 

different tools to identify frailty when there may be clinically important 

differences between individuals identified as frail by different instruments, 

particularly when these differences are often poorly understood.518 

A comparison of individual-level characteristics associated with discordance in 

frailty by either the frailty phenotype or frailty index showed greater 

discordance in younger people. Agreement was higher among the oldest 

participants (>80 years) with significant functional impairment or disability and 

many long-term conditions.518 Some may argue, therefore, that where frailty is 

most marked and clinically obvious (e.g., with high multimorbidity combined 

with functional impairment) frailty measures are more likely to agree. However, 

it also suggests there may be clinically important subgroups of people living with 

frailty who may only be identified by some frailty measures (e.g. when frailty is 

characterised by cognitive impairment).518 The clinical utility of frailty 

identification will depend on what subset of people are identified, and their 

specific characteristics. For example, some people identified by a frailty index 

(which may, for example, identify some people with cognitive frailty but fewer 

physical deficits) may merit a different clinical response to people with greater 

physical frailty and no cognitive impairment.  

11.4.2 Changes in frailty over time 

There is a growing body of literature assessing the trajectories of frailty. The 

findings for rheumatoid arthritis in this thesis based on SERA showed change in 

individual frailty index values over 2-years follow-up following initial diagnosis of 

rheumatoid arthritis, with an overall reduction in frailty at the group level. 

While the UK Biobank analyses in this thesis for type 2 diabetes and COPD only 

measured frailty at a single time-point, the systematic reviews identified some 

studies demonstrating individual-level change in frailty status, including 

improvement in some people with type 2 diabetes and COPD.  

These findings relate to a broader literature assessing frailty trajectories in the 

population in general. Several studies using Generalised Estimating Equations 
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(which estimate population change over time) have shown that frailty, on 

average, progresses over time when quantified using a frailty index.128,519,520 

Other investigators have used random effects models to demonstrate 

acceleration of the accumulation of deficits over time, as well as exploring 

heterogeneity in the rate of deficit accumulation. There are indications that 

there is considerable between-person heterogeneity in frailty trajectories.521 

Some studies have sought to explore factors associated with specific trajectories 

or with fluctuations in the accumulation of deficits.10 Fluctuations appear to 

increase with age, highlighting that the rate of frailty progression is not constant 

and may be subject to change.522 Women, and people living in areas of higher 

socioeconomic deprivation, also appear to experience greater fluctuations in 

frailty status.522 Changes in frailty status also appear to predict mortality more 

accurately than a single assessment of frailty.212 

While these previous studies describe an overall trend of worsening frailty over 

time, albeit with individual-level differences, there are also a small number of 

studies indicating improvements in frailty. A systematic review, with searches 

conducted in 2018, identified 13 studies exploring factors associated with 

improvements in frailty status. These included younger age and never smoking. 

An absence of certain conditions, including diabetes, COPD and stroke, was also 

associated with greater probability of frailty improvement.523 More recently, a 

study based in South Korea demonstrated that greater participation in social 

activities (defined as the number of different activities in which a person 

regularly participates) was associated with improvement in frailty status 

assessed by the FRAIL scale.524  

The findings presented in this thesis add to this literature by presenting trends in 

frailty in early, active rheumatoid arthritis. This is clearly a more ‘selected’ 

population than the previous studies that have explored factors associated with 

frailty trajectories in general. However, the overall trend towards improvement 

indicates there are likely to be ‘special cases’, such as active rheumatoid 

arthritis, where frailty has the potential to follow a different trajectory than the 

population average. The broader challenge, therefore, is to identify what 

individual characteristics may be associated with potential for frailty 
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improvement, and to what extent these may be modifiable. This would be 

important to inform individualised responses to frailty.  

11.5 Implications 

11.5.1 Clinical implications 

11.5.1.1 Frailty common in each condition and in settings not previously 
considered 

Each of the chapters 4 to 9 makes the point that frailty should inform the 

management of the exemplar long-term conditions. The findings also highlight 

that the appropriate response to frailty should be tailored to the clinical context 

and underlying long-term condition. For example, this may include identifying 

reversible factors (such as active rheumatoid arthritis) or interventions with the 

potential to improve both frailty status and the underlying condition (e.g. 

pulmonary rehabilitation). The implications of frailty, when it is identified, may 

vary depending on the specific underlying long-term condition or clinical 

context. There is also a need to understand how interactions between multiple 

long-term conditions, and their respective treatments, may influence frailty and 

the individual more generally.  

All three of the systematic reviews demonstrate that frailty, however measured, 

is common in each of the three long-term conditions. Furthermore, the analyses 

presented in chapters 5, 7 and 9, along with the analyses of trial data in chapter 

10, demonstrate that this prevalence is not limited to older people. Proactive 

identification of frailty therefore has potential to be integrated into the routine 

management of these conditions and would be likely to identify many individuals 

at potentially increased risk of adverse clinical outcomes. This may therefore 

offer potential opportunities for intervention.  

There are also uncertainties that remain, many of which are highlighted by the 

findings presented here.  

• While frailty may be present and identifiable in younger people, the 

appropriate clinical response to frailty in younger age groups has not been 

widely studied. The considerably lower absolute risk of adverse outcomes 
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shown in the analysis of type 2 diabetes implies that recommendations 

based on older people living with frailty are not directly transferable to 

younger populations. Further research is needed to evaluate the 

appropriate clinical response to frailty in younger age groups, such as 

identifying reversible factors or understanding if frailty impacts the 

efficacy of treatment or increases susceptibility to treatment-related 

harms. In addition, there is a need to explore wider issues such as 

acceptability of the concept of frailty to patients and the views of 

healthcare professionals around frailty when applied to younger patients. 

• In certain settings, frailty prevalence may be very high. For example, in 

hospital in-patients with COPD, frailty prevalence was frequently greater 

than 50%. The prevalence of moderate frailty was also notably high in 

clinical trials of rheumatoid arthritis, perhaps reflecting trial eligibility 

criteria requiring active rheumatoid arthritis. Two important implications 

follow: (i) when such a high proportion of individuals are identified as 

living with frailty, there is likely to be considerable heterogeneity within 

that population. Taking in-patients with COPD as an example, within the 

high proportion living with frailty there is likely to be variation in age and 

severity of COPD (both of which may independently influence prognosis); 

the presence of other underlying long-term conditions (such as 

cardiovascular disease, musculoskeletal disorders, or mental health 

problems, each of which may impact differently on treatment priorities); 

extent of functional limitation; and degree of social support. Appropriate 

responses to frailty are likely to differ between individuals within similar 

contexts, emphasising the importance of tailoring care to individuals 

living with frailty. (ii) The common drivers of frailty may well differ 

between clinical contexts (i.e. the factors leading to frailty in people with 

active rheumatoid arthritis may be quite different to those in people 

hospitalised with COPD and will also vary between individuals in each of 

these contexts). The apparent improvement in frailty status with 

treatment of active rheumatoid arthritis (chapter 8) and potential 

responsiveness of frailty to interventions such as pulmonary rehabilitation 

(chapter 9) implies that considering the factors leading to frailty, and 

their potential reversibility, may lead to opportunities for intervention.  
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• Finally, the high prevalence of frailty in some conditions and clinical 

contexts means that there will likely be considerable resource required to 

adequately respond to frailty if it is identified. Identifying frailty is likely 

to have very limited value or impact if it is not followed by appropriate 

individualised clinical assessment and response.  

11.5.1.2 Relationship between frailty and disease specific outcomes may 
help inform management 

The common findings across each of the chapters is that frailty is associated 

with increased risk of a wide range of adverse clinical outcomes. This includes 

outcomes such as mortality and hospital admission as well as disease specific 

outcomes such as hypoglycaemia in type 2 diabetes or acute exacerbations of 

COPD. This lack of specificity in the risks associated with frailty may present 

challenges when considering the most appropriate clinical response. On one 

hand, the greater risk of hypoglycaemia or falls may increase the risks 

associated with aggressive treatment (reflected in the rationale for higher 

HbA1c targets in older people with frailty in type 2 diabetes). Conversely, 

people living with frailty may have potentially more to gain from optimal 

treatment of some conditions (e.g. reducing cardiovascular risk in people with 

type 2 diabetes). Any treatment decision must balance risks and benefits, and 

the outcomes associated with frailty are often spread across both sides of the 

risk/benefit calculation. It is unlikely, therefore, that there is any single 

recommendation that can be made that will apply to all people living with frailty 

in any of the exemplar long-term conditions. Rather, the implications of frailty 

should be considered at the level of the individual patient. Patient priorities and 

shared decision making are central to making these judgements, and the 

observed associations described in this thesis may inform, but should not 

dictate, these interactions.  

11.5.1.3 Caution in applying trial evidence to people with severe frailty 

The final clinical implications of this work stem from the observation that people 

at the most severe end of the frailty spectrum appear to be excluded from many 

clinical trials. This creates uncertainty as to the applicability of trial 

recommendations to these people. Under-representativeness of frailty may limit 

applicability of trial evidence in several ways: 
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• Heterogeneity in treatment effects: It is possible that the efficacy of 

treatments may differ in people living with frailty. For example, this 

could occur if the physiological changes associated with frailty altered 

the pharmacokinetics or pharmacodynamics of a given treatment. 

• Heterogeneity in treatment-related risk: the increased susceptibility to 

adverse health outcomes and physiological decompensation may lead to 

an increased risk of adverse events related to a given treatment, which 

may not be identified from trials in which people living with frailty are 

under-represented. 

• Difference in net benefit: Even if the relative efficacy of treatments is 

the same for people with frailty (i.e., no heterogeneity in treatment 

efficacy) and risks of treatment are similar, the net benefit of a 

treatment may still be different for people living with frailty. This could 

occur in either direction (i.e., net benefit could be increased or 

decreased). Where frailty increases the absolute risk of the event the 

treatment is trying to prevent (e.g., cardiovascular events in a diabetes 

trial) then the net benefit of a treatment may be greater for people 

living with frailty. Conversely, if frailty increases the risk of competing 

events (e.g., death from other causes) then the net benefit of a given 

treatment may be less. For this reason, understanding the relationship 

between frailty and a range of diverse outcomes (as this thesis seeks to 

explore) is an important starting point when beginning to weigh up 

potential net benefits of treatments for people living with frailty.  

• Differences in treatment burden: Even if quantification of treatment 

effects and event rates suggests treatments may be beneficial for people 

living with frailty, the associated functional limitations and risk of 

decompensation may mean that the impact of a given treatment on a 

person’s experience of chronic illness may still be greater for people 

living with frailty. Multiple treatments may increase treatment burden 

(the effort and work required for a person to take on the tasks associated 

with managing their long-term health condition).525 If trials are under-
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representative of frailty, trial evidence may not reflect this increased 

burden placed upon patients.  

This lack of trial representativeness is not a new concern. For example, the NICE 

multimorbidity guideline cautions against the application of disease-specific 

clinical guidelines to people with multimorbidity on the grounds that many trials 

are not representative.162 However, despite these concerns, judging trial 

representativeness is challenging as trials generally do not report characteristics 

such as frailty or multimorbidity. Our findings suggest that severe frailty is 

generally lacking from trial populations. However, for many trials, it remains 

difficult to judge this representativeness. More standard reporting of measures 

such as comorbidity, as well as specific collection of data relating to frailty, 

would greatly improve our ability to assess trial representativeness in terms of 

frailty. However, as discussed above, variation in how frailty is measured and 

how these measures are applied may also influence prevalence estimates.  

11.5.2 Policy implications 

There are three main implications of the research findings which are relevant for 

health policy. These stem from the core finding shared across each of the 

exemplar conditions, that frailty is identifiable and has clinically significant 

implications in younger as well as older people. These implications include: 

• Research question 1 – frailty prevalence: In each condition frailty was 

present in people aged <65, most commonly in people living in areas of 

high socioeconomic deprivation. The identification of frailty in younger 

populations has implications for prevention. There is a need for health 

policy addressing modifiable risk factors for frailty to address, rather than 

exacerbate, existing health inequalities. Risk factors tend to cluster 

within individuals and particularly within areas of high socioeconomic 

deprivation. Furthermore, data from the Whitehall II cohort suggests that 

social inequalities are associated with increased risk of developing frailty. 

However, the relationship between inequalities and mortality was no 

longer evident once frailty had developed.12 Therefore, approaches to 

mitigate the impact of frailty at younger ages need to address primary 

prevention. If such approaches are to reduce, rather than exacerbate, 
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health inequalities they must address upstream determinants of poor 

health and acknowledge the burden placed on individuals who may face 

multiple potential targets for behaviour change.526  

• Research question 2 – frailty and clinical outcomes: Frailty, as 

expected, was associated with a range of adverse outcomes. However, 

the findings that frailty changes within individuals, and is reversible in 

certain circumstances, has implications for system-level responses to 

frailty. Current policy priorities (such as anticipatory care planning), while 

clearly important for many people living with frailty, may not be the 

optimal or most appropriate initial response to frailty, particularly in 

younger people. Taking type 2 diabetes as an example, among younger 

people with frailty absolute 10-year mortality risk was considerably lower 

than in older people living with frailty, however risks associated with 

uncontrolled hyperglycaemia appeared greater in the context of frailty. In 

this context, some people may benefit more from assessment of risk 

factors and interventions aiming to optimise diabetes management. Some 

people in such a situation may not agree with an emphasis on anticipatory 

care planning. Therefore, policy around frailty should include sufficient 

flexibility to allow judgement to be applied to the appropriate response 

to frailty when it is identified (particularly if frailty across a broad age 

spectrum is to be recognised and managed). These judgements may be 

influenced by individual patient priorities as well as factors such as age, 

underlying conditions, potential for reversibility, with no single factor 

dictating what is most appropriate for an individual. 

• Research question 3 – frailty in clinical trials: Our findings that frailty 

was identifiable using individual participant data (where this was 

available) from trials not designed to assess frailty suggests that research 

funders and trial regulators could mandate the reporting of frailty within 

clinical trials. Some of the challenges faced in this analysis (such as 

having to rely on medication data to identify long-term conditions) also 

highlights a need to improve the reporting of characteristics (such as 

comorbidities) within clinical trials. Such changes to policies around trial 
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reporting could potentially improve assessments of the applicability of 

trial evidence to specific groups, such as people living with frailty.  

Proactive identification of frailty is increasingly becoming part of healthcare 

policy recommendations.517 The findings of this thesis present two main points of 

consideration for such policies: what patient groups should be prioritised for 

frailty assessment; and what is the intended purpose of frailty identification? 

Both questions have important implications for what resources are needed to 

support frailty assessment and what pathways need to be in place to facilitate 

appropriate response to frailty.  

In England, currently, general practices are contractually required to identify 

frailty in people aged over 65. The findings of this thesis suggest that a strict age 

cut-off such as this may mean that younger people, particularly those with 

specific long-term conditions, may be living with frailty and but not be 

identified. Given the relationship between frailty and clinically important 

outcomes identified here, it may be appropriate for policy to reflect the 

possibility of frailty at younger ages. However, it does not necessarily follow 

that frailty should be proactively identified in all people regardless of age, or 

even in the context of specific long-term conditions. The lower prevalence 

means that there will be potentially significant opportunity cost in terms of 

resources required to identify individuals.  

11.5.3 Implications for future research 

While the findings of this thesis indicate that frailty is not uncommon in younger 

people with each of these conditions; the true prevalence among younger people 

is not yet clear. The main barrier from these analyses is the lack of a 

representative sample, given the limitations of UK Biobank discussed above. 

Therefore, studies of frailty in representative samples of each of these 

conditions would be necessary to provide a more reliable answer to the first 

research question of the prevalence of frailty in each of these long-term 

conditions. Ideally such studies would also explore how frailty prevalence varies 

by socioeconomic status and ethnicity, as these were notably absent from the 

literature identified in the systematic reviews and are characteristics on which 

UK Biobank is particularly under-representative. Given the marked socio-
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economic gradient seen in the UK Biobank analyses, it is likely that the true 

impact of frailty in younger individual occurs in areas of highest socioeconomic 

deprivation. Therefore, the under-representation of these groups (or lack of 

detailed reporting) within frailty research is an important gap to be addressed.  

The analyses relating to the relationship between frailty and adverse clinical 

outcomes demonstrated a diverse range of potential adverse outcomes. 

However, this was generally limited to those outcomes that could be identified 

through routine healthcare linkage. Future research would be required to gain a 

fuller understanding of the breadth and complexity of the consequences of 

frailty. This would include examining patient reported outcomes such as quality 

of life in greater depth, and ideally over longitudinal follow-up. The systematic 

reviews presented here demonstrated that few such analyses have been 

conducted in these conditions. 

All the findings of this thesis were observational. While these can offer 

important insights that can inform clinical practice, they do not offer direct or 

definitive evidence as to the most appropriate clinical response to frailty in the 

context of these long-term conditions. For example, while the findings suggest 

that concerns about hypoglycaemia risk in people with frailty and type 2 

diabetes may be well founded, we currently lack evidence from randomised 

controlled trials to inform the optimal treatment targets in people living with 

frailty. Similarly, the responsiveness of frailty in active rheumatoid arthritis (as 

suggested from the SERA analyses), or potential to improve frailty with 

pulmonary rehabilitation in COPD (from the systematic review findings) would be 

ideally evaluated further in randomised controlled trials. For some such 

questions, such as the response of the frailty index to treatment in rheumatoid 

arthritis, the findings using trial individual participant data suggest that some of 

this may be possible using data from existing trials and that designing future 

trials with measures of frailty is both feasible and desirable.  

The findings relating to frailty in clinical trials, namely that frailty is rarely 

measured, often present, but under-represented within clinical trials, has 

several implications for future trials, trial conduct, and evidence synthesis: 
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• Frailty is likely to be present to some degree in most trials and is a 

marker of risk for Serious Adverse Events. People identified as living 

with frailty may therefore merit closer monitoring in trials.  

• It is clearly feasible to recruit people with at least moderate frailty 

into standard randomised controlled trials. Given the current 

uncertainty over the applicability of guidelines recommendations to 

people living with frailty, and broader concerns about trial 

representativeness, recruitment of people living with frailty into trials 

should be facilitated and encouraged.  

• Frailty can be measured within trials. This includes many existing 

trials, in which frailty may be estimable using a frailty index approach 

from previously collected data. However, given the complexities over 

frailty measurement, and the lack of direct comparability between 

frailty measures, it may also be possible and desirable to purposefully 

measure frailty at the point of trial recruitment. 

• Trial exclusion criteria likely act as a barrier to recruitment of people 

with most severe frailty into trials. Uncertainty over optimal 

treatment approaches to people living with severe frailty is likely to 

require specific trials designed and targeted at the needs of this 

specific patient group. 

• The presence of frailty within trials offers a possible opportunity to 

better inform the application of treatment recommendations to people 

living with frailty. Given their relatively small numbers, and the 

limitations of subgroup analyses, this would ideally require pooling of 

data from many trials. These findings show that when individual 

participant data is made available, frailty assessment is feasible. 

However, to meaningfully answer clinical questions, either wider data 

sharing or standardised reporting of frailty within trials would be 

required to allow sufficient statistical power to assess questions such 

as treatment efficacy within people living with frailty.  
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There is also a need to consider the potential unintended consequences of 

recommending frailty assessment, particularly in younger people. Frailty may 

well be seen as a pejorative or inappropriate term to many patients, or indeed 

to some healthcare professionals. While identifying frailty may have clinical 

utility in identifying individuals at increased risk of adverse outcomes, for whom 

individualised treatment approaches may be targeted, this is not the only 

possible response to perceived ‘frailty’. These dilemmas highlight the need for a 

broad discussion, involving patients, clinicians, and policy makers, around the 

meaning and nature of frailty. Ideally this would be supported by research 

beyond the purely quantitative findings presented in this thesis.  

11.6 Future directions 

The findings shown demonstrate that existing models of frailty identify greater 

relative risks of adverse outcomes in each of the exemplar conditions and among 

at younger ages than are frequently studied. However, the clinical utility of 

applying this concept, particularly to younger patients, is not clear and needs 

further research. This is a broad question and requires a range of 

complementary methodologies. These include: 

• Research into the mechanisms underlying the development of frailty in 

younger ages. Ideally this would be based on longitudinal data with long-

term life-course follow-up (e.g., birth cohorts). The influence of genetic 

predisposition, environmental exposures, behavioural risk factors, 

biomarkers for frailty development, and the interaction between these 

factors are all potentially useful avenues for inquiry. While existing 

research has explored elements of each of these, cohorts in which frailty 

has been assessed so far have lacked the long-term life-course follow-up 

to assess these factors at an individual level. 

• Context-specific risk prediction. Frailty is clearly associated with a range 

of adverse outcomes. However, the outcomes which are most relevant to 

predict, and which are most likely to influence care, may vary between 

clinical context and patient groups. Having identified associations with a 

range of adverse outcomes in three distinct long-term conditions, future 

work should explore what specific points in the patients’ interactions with 
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the healthcare system would be most appropriate to identify frailty, what 

outcomes it would be most informative to predict, and what frailty model 

may be optimal for this purpose. There is also a need to assess the 

relationships between frailty and outcomes in other long-term conditions 

not considered in this thesis. Answering these questions will be important 

in the translation of frailty epidemiology into the routine management of 

specific long-term conditions.  

• Identifying frailty in trials. Having demonstrated the feasibility of 

identifying frailty in trials at a large scale, next steps could explore how 

frailty identification could become more widespread and commonplace 

within trial conduct. The application of the frailty index to variables 

already collected routinely in many trials offers an attractive opportunity 

to make the quantification of frailty a ‘standard’ measure in trials of 

conditions where frailty is a relevant clinical indicator. Conversely, future 

work could explore what insights may emerge from applying alternative 

frailty models, such as the frailty phenotype, within clinical trials. This 

would require additional resource as well as broader acceptance of the 

relevance of frailty. As such, pilot work to assess additional frailty 

measures in trials for conditions in which frailty is highly relevant may be 

an appropriate next step. The findings presented in this thesis suggest 

that type 2 diabetes, rheumatoid arthritis, and COPD may all be 

potentially relevant exemplar conditions in which to explore this 

possibility. 

• Exploring patient and public understanding of frailty. While the term 

frailty is in common usage, its meaning in this context is often quite 

different to the concept outlined in the scientific literature. A few studies 

have explored public attitudes to frailty in the context of aging more 

generally. However, particularly if the utility and appropriateness of 

frailty assessment in younger patients with multimorbidity and chronic 

disease is to be understood, a deeper appreciation of the public 

understanding of the term is required. There is a danger that frailty may 

be seen as a pejorative term, with negative connotations for patients and 

healthcare professionals. If frailty identification is to facilitate 
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individualisation of care, aiming to optimise risks and benefits and 

maximise function, this will need to go alongside a wider public discourse 

about the meaning of frailty and the intentions behind its identification.  

• Exploring professionals’ and policymakers’ understanding of frailty. As 

with patients and the public, the attitudes of healthcare professionals and 

those involved in health policy to frailty, including its meaning and 

connotations, are important if insights about frailty are to be translated 

into healthcare delivery. In particular, appreciation of the potential 

reversibility of frailty may be lacking. Broad dialogue and engagement, 

including research bringing together diverse expertise and attitudes, will 

be important next steps going alongside expansion of our understanding of 

frailty.  

11.7 Conclusion 

Frailty is a complex and variably defined state which affects many people living 

with type 2 diabetes, rheumatoid arthritis and COPD. Frailty in each of these 

conditions does not just affect older people but can be identified in a substantial 

minority of people aged under 65 years. In each of these conditions, however, 

frailty status may change within an individual, most notably showing potential 

reversibility among people with early, active rheumatoid arthritis. Frailty is 

associated with a wide range of adverse outcomes in each of these conditions 

and assessing frailty may therefore help identify individuals at greatest risk.  

The implications of frailty at the individual level may also vary with factors such 

as age and underlying long-term conditions. For example, in type 2 diabetes 

absolute risk of adverse outcomes such as mortality varied considerably with age 

as well as frailty status, meaning that optimal treatment strategies may differ 

between people with similar degrees of frailty at different ages. Potential 

reversibility was seen in all three conditions, but the mechanisms and 

appropriate interventions are likely to differ between underlying conditions. 

Overall these findings highlight the need for an individualised response to frailty 

that includes consideration of a wide range of possible risks and outcomes, seeks 

to identify reversible factors, and establishes patient priorities. 
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Finally, frailty is present but under-represented in randomised controlled trials 

for these conditions. Therefore, if trial evidence is to be harnessed to better 

inform judgements about how frailty should inform clinical management, trials 

will need to both recruit more people living with frailty and facilitate more 

widespread quantification of frailty in existing trials. These challenges 

notwithstanding, integrating frailty assessment into the routine management of 

many long-term conditions has the potential to inform targeted, individualised 

interventions aimed at optimising care. 
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trial individual participant data and the 
quantification of comorbidities in clinical trials 



375 
 

 

 

  



376 
 

 

 

  



377 
 

 

 

  



378 
 

 

 

  



379 
 

 

 

  



380 
 

 

 

  



381 
 

 

 

  



382 
 

 

 

  



383 
 

 

 

  



384 
 

 

 

  



385 
 

 

 

  



386 
 

 

  



387 
 

 

Appendix 2: Protocol manuscript for systematic 
review of observational studies of frailty in type 2 
diabetes 
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Appendix 3: Supplementary material for Chapter 4: 
Frailty measurement, prevalence, incidence, and 
clinical implications in people with diabetes: a 
systematic review and study-level meta-analysis 
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Medline Search Strategy 
Search Terms 

1. Exp Frailty/ 
2. Exp Frail Elderly/ 
3. Frail*.tw 
4. 1 or 2 or 3 
5. Exp Diabetes Mellitus 
6. Diabet*.tw 
7. (IDDM or NIDDM or MODY or T1DM, or T2DM or T1D or T2D).tw 
8. (non insulin* depend* or non insulin depend* or non insulin?depend* or non 

insulin ?depend).tw 
9. (insulin* depend* or insulin ?depend*).tw 
10. 5 or 6 or 7 or 8 or 9 
11. Exp Diabetes Insipidus/ 
12. Diabet* insipidus.tw 
13. 11 or 12 
14. 10 not 13 
15. 4 and 14 

Language restriction 
None applied to search (non-English language studies excluded at screening stage) 
Years searched 
2001-November 2019 
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Countries of included studies 
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The Newcastle-Ottawa Scale – Adaptation of criteria 
Adaptation for studies assessing the prevalence and impact of frailty in diabetes  
 

1 – Representativeness of the exposed (i.e. frail) cohort  
a) Truly representative (one star)  
b) Somewhat representative (one star)  
c) Selected group  
d) No description of the derivation of the cohort  
 

2 – Selection of the non-exposed (i.e. non-frail) cohort  
a) Drawn from the same community as the exposed cohort (one star)  
b) Drawn from a different source  
c) No description of the derivation of the non-exposed cohort  
 

3 – Ascertainment of exposure (adapted for measurement of frailty) 
a) Validated measurement tool for frailty (two stars)  
b) Non-validated measurement tool, but the tool is available or described (one star)  
c) No description of measurement tool  
 

4 – Non-respondents  
a) Comparability between respondents and non-respondents’ characteristics is established, 
and the response rate is satisfactory (one star)  
b) The response rate is unsatisfactory, or the comparability between respondents and non-
respondents is unsatisfactory  
c) No description of the response rate of the characteristics of the responders and non-
responders  
 

5 – Demonstration that outcome of interest was not present at the start of the study  
a) Yes (one star)  
b) No  
 

Comparability:  
1 – Comparability of the cohorts on the basis of the design or analysis being controlled for 
confounders  
a) The study controls for age and sex (one star)  
b) The study controls for other factors (one star)  
c) Cohorts are not comparable on the basis of the design or analysis controlled for confounders  
 

Outcomes:  
1 – Assessment of outcomes  
a) Independent assessment (one star)  
b) Record linkage (one star)  
c) Self-report  
d) No description  
e) Other  
 

2 – Follow-up long enough for outcomes to occur  
a) Yes (one star)  
 
b) No  
 

3 – Adequacy of follow-up of cohorts  
a) Complete follow-up: all subjects accounted for (one star)  
b) Subjects lost to follow-up unlikely to introduce bias – number lost less than or equal to 20% 
or description of those lost suggested no different from those followed (one star)  
c) Follow-up rate less than 80% and no description of those lost  
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d) No statement 
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Adame Perez 2019 0 1 2 0 - - - - - - 3/5 - 

Aguilar-
Navarro 

2019 0 1 1 0 - - - - - - 2/5 - 

Aguayo 2019 1 1 2 0 - - - - - - 4/5 - 

Al Snih 2009 1 1 1 0 - - - - - - 3/5 - 

Almeida 2016 1 1 2 0 - - - - - - 4/5 - 

Ambagtsheer 2019 0 1 1 0 - - - - - - 2/5 - 

Anjos 2017 0 1 1 0 - - - - - - 2/5 - 

Atif 2019 0 1 2 1 - - - - - - 4/5 - 

Avila_flunes 2008 1 1 1 0 - - - - - - 3/5 - 

Azmon 2018 0 1 2 0 - - - - - - 3/5 - 

Bello-Chavolla 2017 1 1 1 0 - - - - - - 3/5 - 

Boas 2018 0 1 2 0 - - - - - - 3/5 - 

Bouillon 2013 1 1 2 0 - - - - - - 4/5 - 

Brunner 2018 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Cacciatore 2013 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Cakmur 2015 1 1 1 0 - - - - - - 3/5 - 

Calado 2016 1 1 1 0 - - - - - - 3/5 - 

Carneiro 2016 1 1 2 0 - - - - - - 4/5 - 

Castrejon-
Perez 

2018 1 1 2 0 - - - - - - 4/5 - 



401 
 

 

Castrejon-
Perez 

2012 1 1 1 0 - - - - - - 3/5 - 

Castrejon-
Perez 

2017 1 1 2 0 - - - - - - 4/5 - 

Castro-
Rodriguez 

2016 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Cesari 2006 1 1 1 0 - - - - - - 3/5 - 

Chang 2010 1 1 1 0 - - - - - - 3/5 - 

Chang 2012 0 1 1 0 - - - - - - 2/5 - 

Chao 2018 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Chaves 2005 1 1 2 0 - - - - - - 4/5 - 

Chen 2010 1 1 2 0 - - - - - - 4/5 - 

Chen 2014 1 1 2 0 - - - - - - 4/5 - 

Cheong 2020 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Chhetri 2017 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Chiu 2019 1 1 1 1 1 1 1 1 1 1 4/5 10/11 

Chode 2016 1 1 2 0 1 1 1 1 1 0 4/5 9/11 

Cigolle 2009 1 1 2 1 - - - - - - 5/5 - 

Crow 2018 1 1 1 0 - - - - - - 3/5 - 

da Silva 2015 0 1 1 0 - - - - - - 2/5 - 

Danon-Hersch 2012 1 1 1 0 - - - - - - 3/5 - 

de Leon 
Gonzalez 

2016 1 1 2 0 - - - - - - 4/5 - 

Doi 2018 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Espinoza 2010 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Espinoza 2012 1 1 2 1 1 1 1 1 1 1 5/5 11/11 

Espinoza 2015 1 1 2 0 - - - - - - 4/5 - 

Ferri-Guerra 2019 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Fried 2001 1 1 2 0 - - - - - - 4/5 - 



402 
 

 

Garcia-
Esquinas 

2015 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Hanlon 2018 0 1 1 0 - - - - - - 2/5 - 

Hasan 2017 0 1 2 0 - - - - - - 3/5 - 

Hippisley-Cox 2017 1 1 1 0 - - - - - - 3/5 - 

Howrey 2018 1 1 1 0 - - - - - - 3/5 - 

Hubbard 2010 0 1 2 0 1 0 0 1 1 1 3/5 7/11 

Hyde 2019 1 1 2 0 - - - - - - 4/5 - 

Khan 2013 1 1 1 0 - - - - - - 3/5 - 

Khanderwal 2012 0 1 1 0 - - - - - - 2/5 - 

Kirkwood 2019 1 1 1 0 - - - - - - 3/5 - 

Kitamura 2019 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Lahousse 2014 1 1 1 0 - - - - - - 3/5 - 

Lee 2017 1 1 2 0 - - - - - - 4/5 - 

Lee 2011 1 1 1 0 - - - - - - 3/5 - 

Lee 2014 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Lekan 2018 0 1 1 0 1 1 0 1 0 1 2/5 6/11 

Li 2018 1 1 1 0 0 1 1 0 0 1 3/5 6/11 

Li 2019 1 1 2 0 - - - - - - 4/5 - 

Li 2019b 1 1 1 0 - - - - - - 3/5 - 

Li 2015 0 1 2 0 1 1 1 1 1 0 3/5 8/11 

Li 2016 0 1 2 0 - - - - - - 3/5 - 

Liccini 2016 0 1 2 0 1 1 1 1 1 0 3/5 8/11 

Lin 2015 1 1 1 0 - - - - - - 3/5 - 

MacKenzie 2019 0 1 2 0 - - - - - - 3/5 - 

Matsuzawa 2010 0 1 1 0 - - - - - - 2/5 - 

McAllister 2018 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

McAllister 2016 1 1 1 0 - - - - - - 3/5 - 

McAllister 2017 1 1 1 0 1 1 1 1 1 1 3/5 9/11 
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McClure 2019 1 1 1 0 - - - - - - 3/5 - 

Merchant 2017 1 1 2 0 - - - - - - 4/5 - 

Mohr 2007 1 1 1 0 - - - - - - 3/5 - 

Molist-Brunet 2019 0 1 1 0 - - - - - - 2/5 - 

Moreira 2017 1 1 2 0 - - - - - - 4/5 - 

Moreira 2016 1 1 1 0 - - - - - - 3/5 - 

Motokawa 2018 1 1 2 0 - - - - - - 4/5 - 

Nadruz 2017 1 1 1 0 - - - - - - 3/5 - 

Nelson 2007 0 1 1 0 - - - - - - 2/5 - 

Ng 2014 1 1 1 0 - - - - - - 3/5 - 

Nguyen 2019 1 1 1 0 - - - - - - 3/5 - 

Nguyen 2019b 0 1 1 0 - - - - - - 2/5 - 

Nishimura 2019 0 1 2 0 - - - - - - 3/5 - 

Orkaby 2019 1 1 2 0 - - - - - - 4/5 - 

Ottenbacher 2009 1 1 1 0 - - - - - - 3/5 - 

Pilotto  2014 0 1 1 0 1 1 1 1 1 0 2/5 7/11 

Pollack  2017 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Presley 2019 0 1 2 0 1 1 1 1 1 1 3/5 9/11 

Raji 2010 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Ricci 2014 1 1 1 0 - - - - - - 3/5 - 

Saum 2012 1 1 1 0 - - - - - - 3/5 - 

Simpson 2016 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Sirola 2011 1 1 1 0 - - - - - - 3/5 - 

Tamura 2018 0 1 1 0 - - - - - - 2/5 - 

Tang 2013 1 1 2 0 - - - - - - 4/5 - 

Tepper 2018 0 1 1 0 - - - - - - 2/5 - 

Thein 2018 1 1 2 0 1 1 1 1 1 1 4/5 10/11 

Tuttle 2018 0 1 1 0 - - - - - - 2/5 - 

Vaingankar 2017 1 1 1 0 - - - - - - 3/5 - 
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van Hateren 2015 0 1 1 0 - - - - - - 2/5 - 

Vaz Fragozo 2009 1 1 1 0 - - - - - - 3/5 - 

Veronese 2017 1 1 1 0 - - - - - - 3/5 - 

Veronese 2016 1 1 1 0 - - - - - - 3/5 - 

Wang 2014 1 1 1 0 - - - - - - 3/5 - 

Wang 2017 1 1 1 0 1 1 1 1 0 0 3/5 7/11 

Wata-be 2017 1 1 1 0 - - - - - - 3/5 - 

Weinstein 2018 1 1 1 0 - - - - - - 3/5 - 

Wong 2018 1 1 2 0 - - - - - - 4/5 - 

Wong 2010 1 1 1 0 - - - - - - 3/5 - 

Woo 2019 1 1 1 0 - - - - - - 3/5 - 

Woods 2005 1 1 1 0 1 1 1 1 1 1 3/5 9/11 

Wu 2009 0 1 1 0 - - - - - - 2/5 - 

Wu 2018 1 1 1 0 - - - - - - 3/5 - 

Xue 2019 0 1 1 0 - - - - - - 2/5 - 

Ya-gita 2018 0 1 2 0 - - - - - - 3/5 - 

Zaslavsky 2016 1 1 1 0 - - - - - - 3/5 - 
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Details of studies of frailty prevalence 
Author, Year Country Cohort Setting Frailty measure Lower age limit 

or specified 
range 

Type of 
diabetes 

Number 
of 
people 
with 
diabetes 

Mean/median 
age* 

Number (%) 
female 

Adame Perez 
2019 

Canada 
 

outpatient Edmonton ≥65 unspecified 41 70 (65-74) 15 (36.6%) 

Aguilar-Navarro 
2019 

Mexico Recruited from memory 
clinic 

outpatient Fried ≥60 unspecified 44 73 (6.6) NA 

Aguayo 2019 UK English Longitudinal Study 
of Aging 

community FI ≥50 unspecified 635 70 (65-77) 2995 (55.7%) 

Al Snih 2009 USA H-EPESE study community Fried ≥67 unspecified 431 75 (6) NA 

Ambagtsheer 
2019 

Australia Database of 10 aged care 
facilities 

residential_care eFI ≥75 unspecified 120 88 (9) 394 (66.6%) 

Anjos 2017 Brazil Community diabetes 
clinic 

outpatient Fried ≥65 Type 2 82 71 (4.8) 82 (100%) 

Atif 2019 Pakistan Two diabetes outpatient 
clinics 

outpatient CFS ≥60 Type 2 400 64 (5.5) 215 (53.8%) 

Avila_flunes 2008 France Three-City study community Fried ≥65 unspecified 565 74.1 (5.2) 3726 (61.3%) 

Azmon 2018 Israel Specialist diabetes 
outpatient service 

outpatient Fried ≥60 Type 2 153 70.3  NA 

Bello-Chavolla 
2017 

Mexico Coyoacán Cohort Study  community Fried ≥70 Type 2 135 77.7 (5.8) NA 

Boas 2018 Brazil 
 

outpatient Edmonton ≥60 unspecified 100 NA 126 (84%) 

Cacciatore 2013 Italy Osservatorio Geriatrico 
Regione Campania 

community Frailty staging 
system 

≥65 unspecified 188 74.3 (6.4) 712 (55.3%) 

Cakmur 2015 Turkey 
 

community Fried ≥65 unspecified 22 72.7 (7.7) 90 (53.6%) 

Calado 2016 Brazil FIBRA study community Fried ≥65 unspecified 67 73.9 (6.5) 249 (64.7%) 

Carneiro 2016 Brazil 
 

community Edmonton ≥60 unspecified 114 74 (7.14) 327 (64%) 

Castrejon-Perez 
2018 

Mexico ENSANUT community FI ≥60 unspecified 1236 70.3 (7.8) 2943 (54.7%) 

Castrejon-Perez 
2012 

Mexico Mexican Study of 
Nutritional and 
Psychosocial Markers of 
Frailty (the Coyoacan 
cohort) 

community Fried ≥70 unspecified 147 77.9 (6.3) NA 

Cesari 2006 Italy In Chianti study community Fried ≥65 unspecified 95 74.8 (6.8) NA 

Chang 2010 USA WHAS I and II community Fried 70-79 unspecified 73 74.15 (2.8) NA 

Chang 2012 Taiwan 
 

outpatient Fried ≥65 unspecified 35 74.6 (6.3) NA 
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Chao 2018 Taiwan Longitudinal Cohort of 
Diabetes Patients 
database 

community FRAIL ≥20 Type 2 560795 56.4 (13.8) 258526 (46.1%) 

Chaves 2005 USA WHAS I and II community Fried 70-80 unspecified 90 74.3 (2.9) NA 

Chen 2010 Taiwan Survey of Health and 
Living Status of the 
Elderly in Taiwan 

community Fried ≥65 unspecified 398 73.3 (1.5) NA 

Chen 2014 Taiwan The Coming of the Aging 
Society: 
 
An Integrative Study on 
Social Planning in Taiwan 
in 2025 

community Fried ≥65 unspecified 84 73.4  239 (48.3%) 

Chhetri 2017 China BLSA-II community FI ≥55 unspecified 2634 70.5 (7.8) NA 

Cigolle 2009 USA HRS community Fried ≥65 unspecified 260 75  NA 

Crow 2018 USA National Health and 
Nutrition Examination 
Survey 

community Fried ≥60 unspecified 1060 71.1 (0.19) NA 

da Silva 2015 Brazil 
 

outpatient Fried 60-79 Type 2 30 68.7 (6.92) NA 

Danon-Hersch 
2012 

Switzerland Lc65+ community Fried 65-70 unspecified 129 67 (65-70) 515 (40.1%) 

de Leon Gonzalez 
2016 

Mexico Mexican Health and Aging 
Study 

community FRAIL ≥60 unspecified 801 67  NA 

Ferri-Guerra 2019 USA 
 

community FI ≥65 unspecified 763 72.87 (6.78) 13 (1.7%) 

Fried 2001 USA CHS community Fried ≥65 unspecified 840 73.6  3079 (57.9%) 

Hanlon 2018 UK UK Biobank community Fried 40-70 unspecified 24696 62  NA 

Hasan 2017 Malaysia 
 

residential_care Gronigen ≥65 unspecified 69 76.8 (7.8) 126 (62.4%) 

Hippisley-Cox 
2017 

UK Qresearch database community Qmortality ≥65 Type 2 73909 75.3 (8) 274931 (55%) 

Hubbard 2010 England CSHA community CFS ≥70 unspecified 310 83.3  NA 

Khan 2013 USA Health ABC study community HABC 70-79 unspecified 404 73.6 (2.9) 1472 (52.1%) 

Khanderwal 2012 India 
 

inpatient Fried ≥60 unpecified 51 66.4 (6.3) NA 

Kitamura 2019 Japan 
 

community Fried ≥65 unspecified 176 71 (5.6) 730 (57.2%) 

Lahousse 2014 Netherlands Rotterdam Study community Fried ≥55 unspecified 211 74 (9) NA 

Lee 2017 Japan National Center for 
Geriatrics and 
Gerontology – Study of 
Geriatric Syndromes. 

community Fried ≥65 unspecified 1218 73.6 (5.5) 5037 (52.4%) 
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Lekan 2018 USA 
 

inpatient Frailty risk score ≥55 unspecified 136 70.1 (55-98) 146 (52.5%) 

Li 2018 Taiwan NHIS Taiwan community FRAIL ≥65 unspecified 719 NA  NA 

Li 2019b China RuLAS community Fried 70-84 unspecified 121 73.3 (3.9) 937 (53.3%) 

Li 2015 China 
 

inpatient FRAIL ≥60 Type 2 146 80 (74-84) 32 (21.9%) 

Liccini 2016 USA 
 

outpatient FRAIL ≥50 unspecified 198 64.9 (8.7) NA 

Lin 2015 Taiwan Taichung Community 
Health Study for Elders 

community Fried ≥65 unspecified 177 74 (7) 497 (48%) 

MacKenzie 2019 Canada 
 

inpatient CFS ≥65 unspecified 141 81.4 (8.1) 228 (57%) 

Matsuzawa 2010 Japan 
 

inpatient CGA ≥65 unspecified 288 72.8 (7.7) 164 (56.9%) 

McAllister 2018 UK United Kingdom Health 
Improvement Network 
Database 

community eFI ≥20 unspecified 292170 61.7  NA 

McAllister 2016 USA Clinformatics Data Mart community John Hopkins ACG ≥20 unspecified 191590 50.4 (9.9) 89151 (46.5%) 

McAllister 2017 USA Clinformatics Data Mart community John Hopkins ACG ≥20 unspecified 99694 53.9 (9.7) NA 

McClure 2019 Australia 
 

community SPPB ≥50 Type 2 87 70.2 (8.2) 29 (33.3%) 

Merchant 2017 Singapore HOPE study community FRAIL ≥65 unspecified 250 71.2  601 (57.2%) 

Mohr 2007 USA MMAS community Fried ≥50 unspecified 65 67.9 (6) 0 (0%) 

Molist-Brunet 
2019 

Spain 
 

inpatient FI ≥85 Type 2 210 86.1 (4.8) 116 (55.2%) 

Moreira 2017 Brazil 
 

community Fried ≥65 unspecified 855 74 (6) 2951 (66.3%) 

Moreira 2016 Brazil FIBRA study community Fried ≥65 Type 2 99 72  99 (100%) 

Motokawa 2018 Japan 
 

community Kihon ≥65 unspecified 68 73.3 (5.8) 397 (59.7%) 

Nadruz 2017 USA ARIC community Fried ≥68 unspecified 1188 75.6 (5) 2355 (59%) 

Nelson 2007 USA 
 

outpatient VES-13 ≥75 unspecified 111 78  56 (50.5%) 

Ng 2014 Singapore Singapore Longitudinal 
Aging Study 

community Fried ≥55 unspecified 349 66.7 (7.7) 1084 (64.3%) 

Nguyen 2019 Vietnam 
 

community Fried ≥60 unspecified 24 72.8 (8.2) 358 (68.5%) 

Nguyen 2019b New Zealand  outpatient Fried ≥60 unspecified 158 69.5 (6.8) 98 (62%) 

Nishimura 2019 Japan 
 

outpatient Kihon ≥60 Type 2 213 70.2 (5.5) 105 (49.3%) 

Orkaby 2019 USA Framingham Heart study community Fried ≥60 unspecified 350 69.7 (7) 1194 (55%) 

Ottenbacher 2009 USA H-EPESE study community Fried ≥65 unspecified 568 74.3 (6.4) 1195 (58.3%) 

Pollack  2017 USA 
 

community Fried ≥65 unspecified 529 73.4 (5.8) 0 (0%) 
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Ricci 2014 Brazil FIBRA study community Fried ≥65 unspecified 189 71.9 (5.9) 489 (64.3%) 

Simpson 2016 USA 
 

community John Hopkins ACG ≥20 Type 2 54505 60 (52-68) 26380 (48.4%) 

Sirola 2011 Finland Helsinki Businessmen 
Study 

community Fried ≥65 unspecified 89 73 (73) NA 

Tamura 2018 Japan 
 

outpatient Fried 
 

unspecified 185 78 (75-82) 201 (62.2%) 

Tang 2013 China BLSA-II community FI ≥55 unspecified 456 70.1 (9) NA 

Tepper 2018 Israel 
 

outpatient Fried ≥60 Type 2 117 70.6 (6.5) 46 (39.3%) 

Thein 2018 Singapore Singapore Longitudinal 
Ageing Study 

community Fried ≥55 Type 2 486 66 (7.6) 1693 (62.8%) 

Tuttle 2018 USA 
 

outpatient mPPT NA Type 2 95 57 (12) 34 (35.8%) 

Vaingankar 2017 Singapore Well-being of the 
Singapore Elderly study 

community Fried ≥60 unspecified 622 69  1134 (53.9%) 

van Hateren 2015 Netherlands ZODIAC outpatient RAND-36 ≥75 Type 2 858 72.3 (7.2) 519 (60.5%) 

Vaz Fragozo 2009 USA 
 

community Fried ≥78 unspecified 75 84.3 (4.5) 252 (67.4%) 

Veronese 2017 Iceland Age, Gene/Environment 
Susceptibility (AGES)—
Reykjavik Study  

community Fried ≥65 unspecified 427 76.2 (5.6) 2444 (64%) 

Wang 2017 USA Veterans Administration 
Electronic Medical 
Records 

community Frailty risk class ≥65 Type 2 41204 74.6 (5.8) 0 (0%) 

Watanabe 2017 Japan Obu Study of Health 
Promotion for the Elderly 

community Fried ≥60 unspecified 623 72.1 (5.6) 2446 (51.8%) 

Weinstein 2018 Israel 
 

community Fried 45-74 unspecified 118 77.2 (6.4) 0 (0%) 

Wong 2010 Canada Montreal Unmet Needs 
Study 

community Fried ≥75 unspecified 125 79.6 (4) 502 (67.8%) 

Woo 2019 China 
 

community FRAIL 
 

unspecified 86 74.7 (7.7) NA 

Wu 2009 United States  inpatient Fried ≥60 unspecified 14 77 (6) NA 

Wu 2018 China Chinese Health and 
Retirement Longitudinal 
Study 

community Fried ≥65 unspecified 382 67  2618 (49.4%) 

Xue 2019 China 
 

inpatient Fried ≥60 unspecified 36 78.5 (9) NA 

Yanagita 2018 Japan 
 

outpatient CFS ≥65 Type 2 132 78.3 (7.9) NA 
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Outcomes of included studies 
Mortality 

Author Year Country Setting Frailty 
measure 

Number 
with 
diabetes 

Mean or 
median 
age (sd or 
IQR) 

Analysis Adjustment Effect size 

Cacciatore 2013 Italy community Frailty 
staging 
system 

188 72.8 (5.8) Cox model 
per tertile 
increase in 
frailty 
staging 
system 
(female) 

age, BMI, waist 
 
circumference, 
heart rate, pulse 
blood pressure, 
Charlson 
 
comorbility index, 
drugs number, 
GDS, insulin, 
hypoglycemic 
 
drugs, 
hypertension, 
CAD, CHF, PAD, 
and CKD. 

HR 1.31 
(1.03-
1.85) 

Cacciatore 2013 Italy community Frailty 
staging 
system 

188 72.8 (5.8) Cox model 
per unit 
increase in 
frailty 
staging 
system 
(males) 

age, BMI, waist 
 
circumference, 
heart rate, pulse 
blood pressure, 
Charlson 
 
comorbility index, 

HR 1.99 
(1.75-
3.05) 
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drugs number, 
GDS, insulin, 
hypoglycemic 
 
drugs, 
hypertension, 
CAD, CHF, PAD, 
and CKD. 

Castro-
Rodriguez 

2016 Spain community FI 363 76 (71.2-
79) 

Cox model 
per 0.1 
increase in 
FI 

age, sex, Charlson 
index, disability 

HR 1.83 
(1.49-
2.26) 

Castro-
Rodriguez 

2016 Spain community Frailty trait 
scale 

363 76 (71.2-
79) 

Cox model 
per 10% 
increase in 
scale 

age, sex, Charlson 
index, disability 

HR 1.51 
(1.29-
1.78) 

Chao 2018 Taiwan community FRAIL 560795 56.4 (13.8) Cox model 
(categorical 
on 0, 1, 2, 
3+ FRAIL 
scale 
indicators) 

Adjusted for 
demographic 
profiles, 
comorbidities 
(including 
obesity, mental 
illnesses, 
hypoglycemia 
history), 
substance use 
(smoking and 
alcohol abuse), 
aDCSI, and 
medications 

HR 1.25 
(1.15-
1.36) 
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Chode 2016 USA community FRAIL 222 57.43 (4.4) Logistic 
regression 
9 years 
follow-up 

NA 1.45 (1.12-
1.86) 

Ferri-
Guerra 

2019 USA community FI 763 72.87 
(6.78) 

Cox model, 
frail 
(FI>0.21) 
versus non-
frail 
(FI<0.21) 

 adjusted for age, 
race, ethnicity, 
BMI and Median 
Household 
Income,  Charlson 
Comorbidity 
Index, diabetes 
complications, 
duration of 
diabetes, use of 
insulin or 
sulfonylureas, 
metformin and 
level of glycemia 
control. 

HR 2.65 
(1.52-
4.64) 

Hubbard 2010 England community CFS 310 81.3  Cox 
regression 

Age, sex, place of 
residence 

1.42 (1.2-
1.69) 

Kitamura 2019 Japan community Fried 176 NA  Cox model 
(categorical
) 

age, sex, 
hypertension, 
high total 
cholesterol, low 
total cholesterol, 
low estimated 
glomerular 
filtration rate, 
overweight, low 

6.6 (2-22) 
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body mass index, 
anemia, 
 
hypoalbuminemia
, low Mini-Mental 
State Examination 
score, history of 
stroke and 
current smoking 

Li  2015 NA NA FRAIL NA NA Log rank 
test 

none Significant 
assocaitio
n with 
frailty 

Liccini 2016 USA outpatient FRAIL 198 64.9 (8.7) Raw 
numbers of 
deaths only 

NA NA 

Presley 2019 USA inpatient FI 500 65 (58-75) Cox model 
(continuous
, with 
example of 
0.05 point 
increase) 

demographics, 
administrative, 
clinical EHR data 

1.45 (1.32-
1.6) 

Thein 2018 Singapore community Fried 486 67.3 (7.5) Cox (frail 
versus not 
frail) 

age, gender, 
education level, 
smoking, alcohol 
intake, and 
physical exercise, 
diabetes 
duration, WC, 
total cholesterol, 

4.37 (2.38-
8.03) 



413 
 

 

HDL cholesterol, 
hypertension, 
cardiac disease, 
stroke, arthritis, 
hip fracture, 
polypharmacy, 
 
and depression. 

Wang 2017 USA community indicator 
diagnoses 

41204 74.6 (5.8) Cox 
regression 

age, 
race/ethnicity, 
Charlson 
comorbidity 
score, BMI, 
HbA1c, statin use 

0.98 (0.89-
1.07) 
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Hospitalisation and Emergency Department Attendance 
 

Author Year Country Setting Frailty 
measure 

Number with 
diabetes 

Mean or 
median age 
(SD or IQR) 

Outcome Analysis Covariate 
adjustment 

Effect of frailty 

Ferri-Guerra 2019 USA community FI 763 72.87 (6.78) hospitalisation CoxPH - 
prospective 

 adjusted for age, 
race, ethnicity, 
BMI and Median 
Household 
Income,  Charlson 
Comorbidity 
Index, diabetes 
complications, 
duration of 
diabetes, use of 
insulin or 
sulfonylureas, 
metformin and 
level of glycemia 
control. 

HR 2.36 (1.77-
3.14) 

Li 2018 Taiwan community FRAIL 719 NA  hospitalisation Retrospective 
(event in past 
year) 

Adjusted for age, 
sex, education, 
marital status, 
duration of 
diabetes, use of 
insulin, falls, ADl 
disability, and 
IADl disability 

OR 5.31 (1.87-
15.1) 

Li 2015 China inpatient FRAIL 146 80 (74-84) hospitalisation prospective - 
logistic 
regression (3 or 
more 
hospitalisations 
in 1 year follow-
up) 

Adjusted for age, 
gender, MMSE 
points, BMI, 
duration of 
diabetes, HbA1c, 
macroangiopathy, 
and nephropathy 

OR 5.99 (1.38-
25.91) 

Liccini 2016 USA outpatient FRAIL 198 64.9 (8.7) hospitalisation prospective - 
logistic 
regression 
(hospitalisation 

adjusted for age, 
sex, education 
and HbA1c 

OR 4.7 (1.67-
13.19) 
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at 6 month 
follow-up) 

Chao 2018 Taiwan community FRAIL 560795 56.4 (13.8) hospitalisation CoxPH - 
prospective 

Adjusted for 
demographic 
profiles, 
comorbidities 
(including 
obesity, mental 
illnesses, 
hypoglycemia 
history), 
substance use 
(smoking and 
alcohol abuse), 
aDCSI, and 
medications 

HR 1.25 (1.17-
1.33) 

Li 2018 Taiwan community FRAIL 719 NA  ED visit Retrospective 
(event in past 
year) 

Adjusted for age, 
sex, education, 
marital status, 
duration of 
diabetes, use of 
insulin, falls, ADl 
disability, and 
IADl disability 

4.05 (1.31-
12.49) 
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HbA1c 

Author Year Country Setting Frailty 
measure 

Number 
with 
diabetes 

Mean or 
median 
age (SD or 
IQR) 

Outcome Analysis Result 

Atif 2019 Pakistan outpatient CFS 400 NA  HbA1c 
above target 
level (7%) or 
below) 

adjusted 
logistic 
regression 

No 
significant 
difference 
with frailty 
(1.11 (0.44, 
2.84) 

Ferri-
Guerra 

2019 USA community FI 763 72.87 
(6.78) 

HbA1c 
categorised 
as tight 
(<7%) 
intermediat
e (7-9%) and 
poor (>9%) 

Chi 
squared 

No 
significant 
difference 
with frailty 

van 
Hateren 

2015 Netherland
s 

outpatient RAND-36 858 72.3 (7.2) mean HbA1c mean 
difference 

No 
significant 
difference 
between 
frail and 
non-frail 

Kitamura 2019 Japan community Fried 176 NA  mean HbA1c mean 
difference 

No 
significant 
difference 
between 
frail and 
non-frail 
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Li 2015 China inpatient Fried 146 80 (74-84) mean HbA1c mean 
difference 

No 
significant 
difference 
between 
frail and 
non-frail 

MacKenzie 2019 Canada inpatient CFS 141 80.6 (7.8) mean HbA1c mean 
difference 

No 
significant 
difference 
between 
frail and 
non-frail 

Matsuzawa 2010 Japan inpatient CGA 288 72.8 (7.7) mean HbA1c mean 
difference 
(t-test) 

Higher 
HbA1c in 
frail group 
(7.9±1.1 vs 
7.4±1.4) 

McAlister 2016 NA NA John Hopkins 
ACG 

NA NA HbA1c 
categorised 
as <7%, 7-
8%, 8-9% 
and >9% 

descriptive no 
difference 
between 
health 
status 
groups 

McAlister 2017 NA NA John Hopkins 
ACG 

NA NA HbA1c 
categorised 
as <7%, 7-
8%, 8-9% 
and >9% 

Chi 
squared 

Slightly 
higher 
proportion 
of frail in 
<7% group 
and in >9 
group 
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McAlister 2018 NA NA eFI NA NA HbA1c 
categorised 
as <6%, 6-
6.5%, 6.5-
7%, 7-7.5% 
and >7.5% 

Chi 
squared 

higher 
proportion 
of frail in 
<6% group, 
lower 
proportion 
of frail in 
>7.5 group 

Molist-
Brunet 

2019 Spain inpatient FI 210 86.1 (4.8) mean HbA1c mean 
difference 
(not 
satistically 
tested by 
no clinically 
meaningful 
difference 
between 
frailty 
groups) 

not 
satistically 
tested by 
no clinically 
meaningful 
difference 
between 
frailty 
groups 

Nelson 2007 USA outpatient VES-13 111 78  mean HbA1c mean 
difference 

no 
significant 
difference 

Nelson 2007 USA outpatient VES-13 111 78  HbA1c <7% Chi 
squared 

no 
significant 
difference 

Yanagita 2018 Japan outpatient CFS 132 78.3 (7.9) mean HbA1c mean 
difference 

lower with 
frailty - 
lowest 
HbA1c at 
most 
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severe end 
of frailty 
spectrum 
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Diabetes complications 
 

Author Year Country Setting Frailty_measur
e 

N_diabetes age Outcome Description  

Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) cerebrovascular 
disease 

Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
cerebrovascul
ar disease 

Positive 
associatio
n 

Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) coronary artery 
disease 

Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
coronary 
artery disease 

Positive 
associatio
n 

Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) any event in last 
3 months 

Logistic 
regression (OR 
1.83 (1.17, 
2.86) 

Positive 
associatio
n 

Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) Hypoglycaemic 
hospitalisation 

Logistic 
regression (OR 
7.67 (3.32, 
17.7) 

Positive 
associatio
n 
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Simpson 2016 USA communit
y 

John Hopkins 
ACG 

54505 60 (52-68)  New 
macrovascular 
complication 

Multivariate 
Cox 
Regression 
Analysis of 
New Diabetes 
Complication 
in 54 505 
Patients 
Initiating Oral 
Antidiabetic 
Drugs. HR 0.99 
(0.86-1.13) 

no 
associatio
n 
 

van 
Hateren 

2015 Netherland
s 

outpatien
t 

RAND-36 858 72.3 (7.2) Macrovascular 
complications 

Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
macrovascular 
disease 

Positive 
associatio
n 

Chao 2018 Taiwan communit
y 

FRAIL 560795 56.4 (13.8) cardiovascular 
event 

Cox PH model: 
HR 1.13 (1.02-
1.25) 

Positive 
associatio
n 

Li 2015 China inpatient FRAIL 146 80 (74-84) macroangiopat
hy 

Logistic 
regression (OR 
0.87 (0.24-
3.13) 

no 
associatio
n 
 

Hubbard 2010 England communit
y 

CFS 310 81.3  Complications 
(retinopathy, 
recurrent 

Among older 
adults with 
diabetes, 

Positive 
associatio
n 
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infections, 
nephropathy 
and peripheral 
neuropathy) 

those who 
were frail 
were 
 
2.62 times 
more likely to 
have a 
complication 
of diabetes 
than those 
who were not 
frail (95% CI 
1.36–5.06 
times). This 
was 
independent 
of age, sex 
andnumber of 
years 
livingwith 
diabetes. 

Simpson 2016 USA communit
y 

John Hopkins 
ACG 

54505 50 (62-58)  New 
microvascular 
complication 

Multivariate 
Cox 
Regression 
Analysis of 
New Diabetes 
Complication 
in 54 505 
Patients 
Initiating Oral 

no 
associatio
n 
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Antidiabetic 
Drugs. HR 0.89 
(0.70-1.13) 

Ferri-
Guerra 

2019 USA communit
y 

FI 763 72.87 
(6.78) 

Diabetes with 
End organ 
damage: 
patients 
diagnosed with 
one or more of 
the following 
diagnosis: 
retinopathy, 
neuropathy and 
nephropathy. 

Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
microvascular 
disease 

Positive 
associatio
n 

Chao 2018 Taiwan communit
y 

FRAIL 560795 56.4 (13.8) aDCSI scores Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
aDCSI scores 

Positive 
associatio
n 

McAlliste
r 

2018 UK communit
y 

eFI 292170 61.7  nephropathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
nephropathy 

Positive 
associatio
n 
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Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) nephropathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
nephropathy 

Positive 
associatio
n 

Adame 
Perez 

2019 Canada outpatien
t 

Edmonton 41 70 (65-74) nephropathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
nephropathy 

Positive 
associatio
n 

Li 2015 China inpatient FRAIL 146 80 (74-84) nephropathy Logistic 
regression (OR 
4.46 (1.24-
15.97) 

Positive 
associatio
n 

Tuttle 2018 USA outpatien
t 

mPPT 95 57 (12)  Peripheral 
neuropathy 

Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
peripheral 
neuropathy 

Positive 
associatio
n 

McAlliste
r 

2018 UK communit
y 

eFI 292170 61.7  neuropathy Chi squared 
test for cross 
sectional 
assocation 

Positive 
associatio
n 
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between 
frailty and 
neuropathy 

Nelson 2007 USA outpatien
t 

VES-13 111 78  neuropathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
neuropathy 

Positive 
associatio
n 

Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) neuropathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
neuropathy 

Positive 
associatio
n 

McAlliste
r 

2018 UK communit
y 

eFI 292170 61.7  retinopathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
retinopathy 

Positive 
associatio
n 

Nelson 2007 USA outpatien
t 

VES-13 111 78  visual 
impairment 

Chi squared 
test for cross 
sectional 
assocation 
between 

Positive 
associatio
n 
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frailty and 
retinopathy 

Pilotto 2014 Italy  Outpatien
t 

CGA 1324 73.3 (5.6) retinopathy Chi squared 
test for cross 
sectional 
assocation 
between 
frailty and 
retinopathy 

Positive 
associatio
n 

Boas 2018 Brazil outpatien
t 

Edmonton 100 NA  foot ulcer Increasing 
frailty severity 
assocaited 
with higher 
proportion of 
participants 
with foot 
ulceration 

Positive 
associatio
n 

 
Disability 

Author Yea
r 

Countr
y 

Setting Frailty 
measur
e 

Numb
er 
with 
diabet
es 

Mean 
or 
medi
an 
age 
(SD 
or 
IQR) 

Disability measure Covariate 
adjustment 

Analysis Outcome 

Li 201
5 

China inpatient FRAIL 146 80 
(74-
84) 

Physical performance was 
assessed by activities of daily 
living (ADLs) and instrumental 

models 
adjusted 
for age, 

logistic 
regression 

cross 
sectional 
associatio
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activities of daily living (IADLs). 
ADLs included 6 items: feeding, 
bowels and bladder control, 
toileting, transfers, dressing and 
bathing. IADLs included 8 items: 
using the telephone, food 
preparation, shopping, managing 
money, house-keeping, laundry, 
getting to places outside of 
walking distance, and taking 
medicine. Each of the items was 
categorized as severely 
dependent, assistant living, and 
completely independent. ADL 
disability and IADL disability were 
defined as requiring any 
assistance in performing at least 1 
of the items, respectively.  

gender, 
MMSE 
points, 
BMI, 
duration of 
diabetes 
and HbA1c 

n (OR 6.58 
(1.66-
26.10) for 
ADL) 
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Chode 201
6 

USA commun
ity 

FRAIL 222 57.43 
(4.4) 

ADLs included seven items 
(bathing, dressing, eating, 
transferring 
bed or chair, walking across a 
room, getting outside, and using 
toilet) (21). IADLs included eight 
items (preparing meals, 
shopping for groceries, managing 
money, making phone calls, 
doing light housework, doing 
heavy housework, getting to 
places outside walking distance, 
and managing medications) 

age, sex linear 
regression 
(number 
of 
ADL/IADL 
impairme
nts) 

cross 
sectional 
associatio
ns 
(number 
of 
impairme
nts) 
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Castro-
Rodrigu
ez 

201
6 

Spain commun
ity 

FI 363 76 
(71.2-
79) 

Functional disability was 
evaluated according to the Katz 
Index 
 
(which ranks dependency 6six 
functions of daily living: bathing, 
dressing, toileting, transferences, 
continence, and feeding) obtained 
from each individual in the 
baseline and follow-up visits.24 
Incident disability was ascertained 
by comparison of the Katz Index. 
People were classified as having 
incident disability when any 
worsening in the Katz Index was 
detected 

none Baseline FI 
compared 
between 
those with 
and 
without 
incident 
disability 

Positive 
associatio
n between 
frailty and 
incident 
disability 
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Liccini 201
6 

USA outpatie
nt 

FRAIL 198 64.9 
(8.7) 

ADLs 
 
included seven items (bathing, 
dressing, eating, transferring 
 
bed or chair, walking across a 
room, getting outside, and using 
 
toilet) (21). IADLs included eight 
items (preparing meals, 
 
shopping for groceries, managing 
money, making phone calls, 
 
doing light housework, doing 
heavy housework, getting to 
 
places outside walking distance, 
and managing medications) 

age, sex, 
education 
and HbA1c 

logistic 
regression 

new 
disability 
(OR for 
frailty 
3.57 
(1.27-
10.04) 
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Thein 201
8 

Singapo
re 

commun
ity 

Fried 486 67.3 
(7.5) 

Dependency on daily living 
activities was measured using self 
reported 
 
difficulty or needing assistance in 
instrumental activities 
 
of daily living (IADL) and activities 
of daily living (ADL), as 
 
previously validated in a local 
cohort 

Adjusted 
for age, 
gender, 
education 
level, 
smoking, 
alcohol 
intake, and 
physical 
exercise, 
diabetes 
duration, 
WC, total 
cholesterol, 
HDL 
cholesterol, 
hypertensi
on, cardiac 
disease, 
stroke, 
arthritis, 
hip 
fracture, 
polypharm
acy, 
 
and 
depression. 

logistic 
regression 

cross 
sectional 
associatio
ns with 
ADL/IADL 
disability 
(OR 20.2 
(7.74–
52.6) 

 
Cognitive impairment 
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Author Year Country Setting Frailty 
measure 

Number 
with 
diabetes 

Mean or 
median 
age (SD 
or IQR) 

Measure Cross 
sectional/ 
prospective 

Analysis Result 

Bello-
Chavolla 

2017 Mexico community Fried 135 77.7 
(5.8) 

MMSE cross 
sectional 

Chi squared positive 
association 

Matsuzawa 2010 Japan inpatient CGA 288 72.8 
(7.7) 

MMSE cross 
sectional 

Chi squared positive 
association 

Cacciatore 2013 Italy community Frailty 
staging 
system 

188 72.8 
(5.8) 

MMSE cross 
sectional 

multivariable 
logistic 
regression 
model for 
frailty 

positive 
association 

 
Quality of Life 

Author Year Country Setting Frailty 
measure 

Number 
with 
diabetes 

Mean or 
median 
age (SD 
or IQR) 

Cross 
sectional/ 
prospective 

Analysis Result 

Adame 
Perez 

2019 Canada outpatient Edmonton 41 70 (65-
74) 

cross 
sectional 

Participants 
with frailty 
scored a 
median 
(range) of 
31 (13 to 
54) points 
lower in 
HRQoL 
scores when 
compared 

positive 
association 
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to nonfrail 
participants 
(p?0.05)  

Matsuzawa 2010 Japan inpatient CGA 288 72.8 
(7.7) 

cross 
sectional 

Chi squared 
test 
comparing 
frail and 
non frailty 
people and 
QOL scores 

positive 
association 

Nguyen 2019 Vietnam community Fried 24 NA  cross 
sectional 

The mean 
EQ-5D-5L 
indexes of 
the non-
frailty, pre-
frailty, and 
frailty 
groups were 
0.70 (SD = 
0.18), 0.70 
(SD = 0.19), 
and 0.58 (SD 
= 0.20), 
respectively. 
The 
differences 
were found 
between 
non-frailty 
and frailty 

positive 
association 
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groups (p < 
0.01), as 
well as the 
pre-frailty 
and frailty 
groups 
(p<0.01). 

 
Depression 

Author Year Country Setting Frailty 
measure 

Number 
with 
diabetes 

Mean or 
median 
age (SD 
or IQR) 

Cross 
sectional/ 
prospective 

Analysis Result  

Almeida 2016 Australia community FRAIL 717 NA  Geriatric 
depression 
scale 

cross 
sectional 

OR for 
current 
depression 
8.92 (7.10, 
11.20) 

positive 
association 

Adame 
Perez 

2019 Canada outpatient Edmonton 41 70 (65-
74) 

Major 
depression 
inventory 

cross 
sectional 

Frail 
participants 
had a 
higher 
incidence 
(83% frail 
vs. 6% non 
frail) of 
depression 
(p=0.005) 
than those 

positive 
association 
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without 
frailty 

Matsuzawa 2010 Japan inpatient CGA 288 72.8 
(7.7) 

Geriatric 
depression 
scale 

cross 
sectional 

No 
significant 
difference 
in mean 
score 

no 
association 
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Assessment of publication bias 
Funnel plot of studies assessing relationship between diabetes status and 
incidence of frailty 

 
No clear evidence of publication bias. However, this should be interpreted with 
caution given the small number of studies included in the plot.  
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Funnel plot of studies assessing hazard ratio of mortality associated with frailty 

 
Some asymmetry in this plot which may include publication bias. However this 
appears to be driven by the higher effect size of the frailty phenotype studies 
rather than true bias towards studies with higher effect sizes. 
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Appendix 4: Supplementary material for Chapter 5: 
An analysis of frailty and multimorbidity in 20,566 
UK Biobank participants with type 2 diabetes 
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Quantification of frailty and multimorbidity 
 

eTable1 Frailty phenotype 

Weight loss Self-reported: “Compared with one year ago, has your 
weight changed?” (response: yes, lost weight=1, other=0) 

Exhaustion Self-reported: “Over the past two weeks, how often have 
you felt tired or had little energy?” 
(response: more than half the days or nearly every day=1, 
other=0) 

Low physical 
activity 

Self-reported: UK Biobank physical activity questionnaire. 
We classified the responses into: none (no physical activity 
in the last 4 weeks), low (light DIY activity [eg, pruning, 
watering the lawn] only in the past 4 weeks), medium 
(heavy DIY activity [eg, weeding, lawn mowing, carpentry 
and digging], walking for pleasure, or other exercises in the 
past 4 weeks), and high (strenuous sports in the past 4 
weeks) 
(response: none or light activity with a frequency of once 
per week or less=1, medium or heavy activity, or light 
activity more than once per week=0) 

Slow walking 
pace 

Self-reported: “How would you describe your usual walking 
pace?” (response: slow=1, other=0) 

Low grip 
strength 

Measured grip strength (sex and body-mass index adjusted 
cutoffs taken from Fried et al) 

  

 
Frailty index deficits were reproduced as per the supplementary material of 
Williams et al (https://doi.org/10.1093/gerona/gly094)  
 

eTable2 ICD-10 codes for Charlson index 

Diagnosis three_character fourth_character 

Congestive heart failure I09 9 

Congestive heart failure I11 0 

Congestive heart failure I13 0 

Congestive heart failure I13 2 

Congestive heart failure I25 5 

Congestive heart failure I42 0 

Congestive heart failure I42 5 

Congestive heart failure I42 6 

Congestive heart failure I42 7 

Congestive heart failure I42 8 

Congestive heart failure I42 9 

Congestive heart failure I43 
 

Congestive heart failure I50 
 

Congestive heart failure P29 0 

Cardiac arrhythmias I44 1 

Cardiac arrhythmias I44 2 

Cardiac arrhythmias I44 3 

Cardiac arrhythmias I45 6 

Cardiac arrhythmias I45 9 

https://doi.org/10.1093/gerona/gly094
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Cardiac arrhythmias I47 
 

Cardiac arrhythmias I48 
 

Cardiac arrhythmias I49 
 

Cardiac arrhythmias R00 0 

Cardiac arrhythmias R00 1 

Cardiac arrhythmias R00 8 

Cardiac arrhythmias T82 1 

Cardiac arrhythmias Z45 0 

Cardiac arrhythmias Z95 0 

Vascular disease A52 0 

Vascular disease I05 
 

Vascular disease I06 
 

Vascular disease I07 
 

Vascular disease I08 
 

Vascular disease I09 1 

Vascular disease I09 8 

Vascular disease I34 
 

Vascular disease I35 
 

Vascular disease I36 
 

Vascular disease I37 
 

Vascular disease I38 
 

Vascular disease I39 
 

Vascular disease Q23 0 

Vascular disease Q23 1 

Vascular disease Q23 2 

Vascular disease Q23 3 

Vascular disease Z95 2 

Vascular disease Z95 3 

Vascular disease Z95 4 

Pulmonary circulation disorders I26 
 

Pulmonary circulation disorders I27 
 

Pulmonary circulation disorders I28 0 

Pulmonary circulation disorders I28 8 

Pulmonary circulation disorders I28 9 

Peripheral vascular disorders I70 
 

Peripheral vascular disorders I71 
 

Peripheral vascular disorders I73 1 

Peripheral vascular disorders I73 8 

Peripheral vascular disorders I73 9 

Peripheral vascular disorders I77 1 

Peripheral vascular disorders I79 0 

Peripheral vascular disorders I79 2 

Peripheral vascular disorders K55 1 

Peripheral vascular disorders K55 8 

Peripheral vascular disorders Z95 8 

Peripheral vascular disorders Z95 9 

Hypertension, uncomplicated I10 
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Hypertension, complicated I11 
 

Hypertension, complicated I12 
 

Hypertension, complicated I13 
 

Hypertension, complicated I15 
 

Paralysis G04 1 

Paralysis G11 4 

Paralysis G80 1 

Paralysis G80 2 

Paralysis G81 
 

Paralysis G82 
 

Paralysis G83 0 

Paralysis G83 1 

Paralysis G83 2 

Paralysis G83 3 

Paralysis G83 4 

Paralysis G83 9 

Other neurological disorders G10 
 

Other neurological disorders G11 
 

Other neurological disorders G12 
 

Other neurological disorders G13 
 

Other neurological disorders G20 
 

Other neurological disorders G21 
 

Other neurological disorders G22 
 

Other neurological disorders G25 4 

Other neurological disorders G25 5 

Other neurological disorders G31 2 

Other neurological disorders G31 8 

Other neurological disorders G31 9 

Other neurological disorders G32 
 

Other neurological disorders G35 
 

Other neurological disorders G36 
 

Other neurological disorders G37 
 

Other neurological disorders G40 
 

Other neurological disorders G41 
 

Other neurological disorders G93 1 

Other neurological disorders G93 4 

Other neurological disorders R47 0 

Other neurological disorders R56 
 

Chronic pulmonary disease I27 8 

Chronic pulmonary disease I27 9 

Chronic pulmonary disease J40 
 

Chronic pulmonary disease J41 
 

Chronic pulmonary disease J42 
 

Chronic pulmonary disease J43 
 

Chronic pulmonary disease J44 
 

Chronic pulmonary disease J45 
 

Chronic pulmonary disease J46 
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Chronic pulmonary disease J47 
 

Chronic pulmonary disease J60 
 

Chronic pulmonary disease J61 
 

Chronic pulmonary disease J62 
 

Chronic pulmonary disease J63 
 

Chronic pulmonary disease J64 
 

Chronic pulmonary disease J65 
 

Chronic pulmonary disease J66 
 

Chronic pulmonary disease J67 
 

Chronic pulmonary disease J68 4 

Chronic pulmonary disease J70 1 

Chronic pulmonary disease J70 3 

Diabetes, uncomplicated E10 0 

Diabetes, uncomplicated E10 1 

Diabetes, uncomplicated E10 9 

Diabetes, uncomplicated E11 0 

Diabetes, uncomplicated E11 1 

Diabetes, uncomplicated E11 9 

Diabetes, uncomplicated E12 0 

Diabetes, uncomplicated E12 1 

Diabetes, uncomplicated E12 9 

Diabetes, uncomplicated E13 0 

Diabetes, uncomplicated E13 1 

Diabetes, uncomplicated E13 9 

Diabetes, uncomplicated E14 0 

Diabetes, uncomplicated E14 1 

Diabetes, uncomplicated E14 9 

Diabetes, complicated E10 2 

Diabetes, complicated E10 3 

Diabetes, complicated E10 4 

Diabetes, complicated E10 5 

Diabetes, complicated E10 6 

Diabetes, complicated E10 7 

Diabetes, complicated E10 8 

Diabetes, complicated E11 2 

Diabetes, complicated E11 3 

Diabetes, complicated E11 4 

Diabetes, complicated E11 5 

Diabetes, complicated E11 6 

Diabetes, complicated E11 7 

Diabetes, complicated E11 8 

Diabetes, complicated E12 2 

Diabetes, complicated E12 3 

Diabetes, complicated E12 4 

Diabetes, complicated E12 5 

Diabetes, complicated E12 6 

Diabetes, complicated E12 7 
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Diabetes, complicated E12 8 

Diabetes, complicated E13 2 

Diabetes, complicated E13 3 

Diabetes, complicated E13 4 

Diabetes, complicated E13 5 

Diabetes, complicated E13 6 

Diabetes, complicated E13 7 

Diabetes, complicated E13 8 

Diabetes, complicated E14 2 

Diabetes, complicated E14 3 

Diabetes, complicated E14 4 

Diabetes, complicated E14 5 

Diabetes, complicated E14 6 

Diabetes, complicated E14 7 

Diabetes, complicated E14 8 

Hypothyroidism E00 
 

Hypothyroidism E01 
 

Hypothyroidism E02 
 

Hypothyroidism E03 
 

Hypothyroidism E89 0 

Renal failure I12 0 

Renal failure I13 1 

Renal failure N18 
 

Renal failure N19 
 

Renal failure N25 0 

Renal failure Z49 0 

Renal failure Z49 1 

Renal failure Z49 2 

Renal failure Z94 0 

Renal failure Z99 2 

Liver disease B18 
 

Liver disease I85 
 

Liver disease I86 4 

Liver disease I98 2 

Liver disease K70 
 

Liver disease K71 1 

Liver disease K71 3 

Liver disease K71 4 

Liver disease K71 5 

Liver disease K71 7 

Liver disease K72 
 

Liver disease K73 
 

Liver disease K74 
 

Liver disease K76 0 

Liver disease K76 2 

Liver disease K76 3 

Liver disease K76 4 
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Liver disease K76 5 

Liver disease K76 6 

Liver disease K76 7 

Liver disease K76 8 

Liver disease K76 9 

Liver disease Z94 4 

Peptic ulcer disease, excluding 
bleeding 

K25 7 

Peptic ulcer disease, excluding 
bleeding 

K25 9 

Peptic ulcer disease, excluding 
bleeding 

K26 7 

Peptic ulcer disease, excluding 
bleeding 

K26 9 

Peptic ulcer disease, excluding 
bleeding 

K27 7 

Peptic ulcer disease, excluding 
bleeding 

K27 9 

Peptic ulcer disease, excluding 
bleeding 

K28 7 

Peptic ulcer disease, excluding 
bleeding 

K28 9 

AIDS/HIV B20 
 

AIDS/HIV B21 
 

AIDS/HIV B22 
 

AIDS/HIV B24 
 

Lymphoma C81 
 

Lymphoma C82 
 

Lymphoma C83 
 

Lymphoma C84 
 

Lymphoma C85 
 

Lymphoma C88 
 

Lymphoma C96 
 

Lymphoma C90 0 

Lymphoma C90 2 

Metastatic cancer C77 
 

Metastatic cancer C78 
 

Metastatic cancer C79 
 

Metastatic cancer C80 
 

Solid tumour without metastasis C00 
 

Solid tumour without metastasis C01 
 

Solid tumour without metastasis C02 
 

Solid tumour without metastasis C03 
 

Solid tumour without metastasis C04 
 

Solid tumour without metastasis C05 
 

Solid tumour without metastasis C06 
 

Solid tumour without metastasis C07 
 

Solid tumour without metastasis C08 
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Solid tumour without metastasis C09 
 

Solid tumour without metastasis C10 
 

Solid tumour without metastasis C11 
 

Solid tumour without metastasis C12 
 

Solid tumour without metastasis C13 
 

Solid tumour without metastasis C14 
 

Solid tumour without metastasis C15 
 

Solid tumour without metastasis C16 
 

Solid tumour without metastasis C17 
 

Solid tumour without metastasis C18 
 

Solid tumour without metastasis C19 
 

Solid tumour without metastasis C20 
 

Solid tumour without metastasis C21 
 

Solid tumour without metastasis C22 
 

Solid tumour without metastasis C23 
 

Solid tumour without metastasis C24 
 

Solid tumour without metastasis C25 
 

Solid tumour without metastasis C26 
 

Solid tumour without metastasis C30 
 

Solid tumour without metastasis C31 
 

Solid tumour without metastasis C32 
 

Solid tumour without metastasis C33 
 

Solid tumour without metastasis C34 
 

Solid tumour without metastasis C37 
 

Solid tumour without metastasis C38 
 

Solid tumour without metastasis C39 
 

Solid tumour without metastasis C40 
 

Solid tumour without metastasis C41 
 

Solid tumour without metastasis C43 
 

Solid tumour without metastasis C45 
 

Solid tumour without metastasis C46 
 

Solid tumour without metastasis C47 
 

Solid tumour without metastasis C48 
 

Solid tumour without metastasis C49 
 

Solid tumour without metastasis C50 
 

Solid tumour without metastasis C51 
 

Solid tumour without metastasis C52 
 

Solid tumour without metastasis C53 
 

Solid tumour without metastasis C54 
 

Solid tumour without metastasis C55 
 

Solid tumour without metastasis C56 
 

Solid tumour without metastasis C57 
 

Solid tumour without metastasis C58 
 

Solid tumour without metastasis C60 
 

Solid tumour without metastasis C61 
 

Solid tumour without metastasis C62 
 

Solid tumour without metastasis C63 
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Solid tumour without metastasis C64 
 

Solid tumour without metastasis C65 
 

Solid tumour without metastasis C66 
 

Solid tumour without metastasis C67 
 

Solid tumour without metastasis C68 
 

Solid tumour without metastasis C69 
 

Solid tumour without metastasis C70 
 

Solid tumour without metastasis C71 
 

Solid tumour without metastasis C72 
 

Solid tumour without metastasis C73 
 

Solid tumour without metastasis C74 
 

Solid tumour without metastasis C75 
 

Solid tumour without metastasis C76 
 

Solid tumour without metastasis C97 
 

Rheumatoid arthritis/collagen 
vascular diseases 

L94 0 

Rheumatoid arthritis/collagen 
vascular diseases 

L94 1 

Rheumatoid arthritis/collagen 
vascular diseases 

L94 3 

Rheumatoid arthritis/collagen 
vascular diseases 

M05 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M06 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M08 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M12 0 

Rheumatoid arthritis/collagen 
vascular diseases 

M12 3 

Rheumatoid arthritis/collagen 
vascular diseases 

M30 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M31 0 

Rheumatoid arthritis/collagen 
vascular diseases 

M31 1 

Rheumatoid arthritis/collagen 
vascular diseases 

M31 2 

Rheumatoid arthritis/collagen 
vascular diseases 

M31 3 

Rheumatoid arthritis/collagen 
vascular diseases 

M32 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M33 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M34 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M35 
 

Rheumatoid arthritis/collagen 
vascular diseases 

M45 
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Rheumatoid arthritis/collagen 
vascular diseases 

M46 1 

Rheumatoid arthritis/collagen 
vascular diseases 

M46 8 

Rheumatoid arthritis/collagen 
vascular diseases 

M46 9 

Coagulopathy D65 
 

Coagulopathy D66 
 

Coagulopathy D67 
 

Coagulopathy D68 
 

Coagulopathy D69 1 

Coagulopathy D69 3 

Coagulopathy D69 4 

Coagulopathy D69 5 

Coagulopathy D69 6 

Obesity E66 
 

Weight loss E40 
 

Weight loss E41 
 

Weight loss E42 
 

Weight loss E43 
 

Weight loss E44 
 

Weight loss E45 
 

Weight loss E46 
 

Weight loss R63 4 

Weight loss R64 
 

Fluid and electrolyte disorders E22 2 

Fluid and electrolyte disorders E86 
 

Fluid and electrolyte disorders E87 
 

Blood loss anaemia D50 0 

Deficiency anaemia D50 8 

Deficiency anaemia D50 9 

Deficiency anaemia D51 
 

Deficiency anaemia D52 
 

Deficiency anaemia D53 
 

Alcohol abuse F10 
 

Alcohol abuse E52 
 

Alcohol abuse G62 1 

Alcohol abuse I42 6 

Alcohol abuse K29 2 

Alcohol abuse K70 0 

Alcohol abuse K70 3 

Alcohol abuse K70 9 

Alcohol abuse T51 
 

Alcohol abuse Z50 2 

Alcohol abuse Z71 4 

Alcohol abuse Z72 1 

Drug abuse F11 
 

Drug abuse F12 
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Drug abuse F13 
 

Drug abuse F14 
 

Drug abuse F15 
 

Drug abuse F16 
 

Drug abuse F18 
 

Drug abuse F19 
 

Drug abuse Z71 5 

Drug abuse Z72 2 

Psychoses F20 
 

Psychoses F22 
 

Psychoses F23 
 

Psychoses F24 
 

Psychoses F25 
 

Psychoses F28 
 

Psychoses F29 
 

Psychoses F30 2 

Psychoses F31 2 

Psychoses F31 5 

Depression F20 4 

Depression F31 3 

Depression F31 4 

Depression F31 5 

Depression F32 
 

Depression F33 
 

Depression F34 1 

Depression F41 2 

Depression F43 2 

 
 

eTable3 LTC count conditions 

Long term condition 
grouping 

Conditions included as 
reported by participants 

ICD-10 codes 

Painful conditions Back pain 
Joint pain 
Back pain 
Joint pain 
Headaches (not migraine) 
Sciatica 
Plantar fasciitis 
Carpal tunnel syndrome 
Fibromyalgia 
Arthritis 
Shingles 
Disc problem 
Prolapsed disc/slipped disc 
Spine arthritis/spondylitis 
Ankylosing spondylitis 
Back problem 
Osteoarthritis 

M50-54 

M25.5 

R51 

M72.2 

G56.0 

M79.7 

M15-M19, M13.9 

G53.0 

M45 

M15-M19 

M10 

G50.0, G50.1 

R52.1 

R52.2 

R52.9 
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Gout 
Cervical spondylosis 
Trigeminal neuralgia 
Disc degeneration 
Trapped nerve/compressed 
nerve 

Hypertension Hypertension 
Essential Hypertension 

 

Depression Depression 
Postnatal Depression 

 

Asthma Asthma J45-46 

Atrial Fibrillation Atrial Fibrillation I48.0, I48.1, I48.2, 

I48.91 

Coronary Heart 
Disease 

Heart attack/Myocardial 
Infarction 
Angina 

I20-25 

Dyspepsia Gastro-oesophageal reflux 
(GORD)/gastric reflux 
Oesophagitis /Barrett's 
oesophagus 
Gastric stomach ulcers 
Gastric erosions/gastritis 
Duodenal ulcer 
Dyspepsia/indigestion 
Hiatus hernia 
Helicobacter pylori 

K20-30 

Diabetes Diabetic nephropathy 
Diabetic neuropathy/ulcers 
Diabetes 
Type 1 diabetes 
Type 2 diabetes 
Diabetic eye disease 

 

 
Thyroid disorders  
 

 

Thyroid problem (not cancer) 
Hyperthyroidism/thyrotoxicosis 
Hypothyroidism/myxoedema 
Grave’s disease 
Thyroid goitre 
Thyroiditis 

E00-E07 

Connective tissue 
disorders 

Myositis/myopathy 
Systemic Lupus Erythematosus 
Connective tissue disorder 
Sjogrens syndrome/sicca 
syndrome 
Dermatopolymyositis 
Scleroderma/systemic sclerosis 
Rheumatoid arthritis 
Psoriatic arthropathy 
Dermatomyositis 
Polymyositis 
Polymyalgia Rheumatica 
Malabsorption/coeliac disease 

M30-M36 

 

M05, 06, 07, 08, 09 
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Chronic Obstructive 
Pulmonary Disease 
(COPD) 

COPD/chronic obstructive 
airways disease 
Emphysema/chronic bronchitis 
Emphysema 

J42, 43, 44 

Anxiety Anxiety/panic attacks 
Nervous breakdown 
Post-traumatic stress disorder 
Obsessive compulsive disorder 
Stress 
Insomnia 
Psychological/psychiatric 
problem 

F40-45 

Irritable bowel 
syndrome 

Irritable bowel syndrome K58 

Alcohol problems Alcohol dependency 
Alcoholic liver 
disease/alcoholic cirrhosis 

 

Other psychoactive 
substance abuse 

Opioid dependency 
Other substance 
abuse/dependency 

 

Treated constipation Constipation K59.0, K45.3 

Stroke/Transient 
Ischaemic Attack 
(TIA) 

Stroke 
TIA 
Subarachnoid haemorrhage 
Brain haemorrhage 
Ischaemic stroke 

I60 61. 62, 63, 64, 69 

G45 

Chronic kidney 
disease 

Polycystic kidney 
Diabetic nephropathy 
Renal/kidney failure 
Renal failure requiring dialysis 
Renal failure not requiring 
dialysis 
Kidney nephropathy 
Immunoglobulin A (IgA) 
nephropathy 

 

Diverticular disease Diverticular disease 
Diverticulitis 

K57 

Peripheral vascular 
disease 

Peripheral vascular disease 
Leg claudication/intermittent 
claudication 

 

Heart failure Cardiomyopathy 
Hypertrophic cardiomyopathy 
Heart failure/pulmonary 
oedema 

 

Prostate disorders Prostate problem (not cancer) 
Enlarged prostate 
Benign prostatic hypertrophy 

N40, 41, 42 

Glaucoma Glaucoma H40, H42 

Epilepsy Epilepsy G40, G41 

Dementia Dementia 
Alzheimer’s disease 
Cognitive impairment 
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Schizophrenia/bipolar 
disorder 

Schizophrenia 
Mania/ 
Bipolar disorder 
Manic depression 

 

Psoriasis/eczema Eczema 
Dermatitis 
Psoriasis 

L40,  

L20, 21, 23, 24, 25, 30 

Inflammatory Bowel 
Disease 

Inflammatory Bowel Disease 
Crohn’s disease 
Ulcerative colitis 

K50 (Crohns), K51 

(UC), K52 (non specific 

colitis) 

Migraine Migraine G43 

Chronic sinusitis Chronic sinusitis J32 

 

Anorexia or bulimia Anorexia 
Bulimia 
Other eating disorders 

F50 (covers all eating 

disorders) 

Bronchiectasis Bronchiectasis J47 

Parkinson’s disease Parkinson’s disease G20 

Multiple Sclerosis Multiple Sclerosis G35 

Viral Hepatitis Infective/viral hepatitis 
Hepatitis B 
Hepatitis C 
Hepatitis D 
Hepatitis E 

B18 (chronic viral 

hepatitis), B19 

Chronic Liver disease Oesophageal varices 
Non infective hepatitis 
Liver failure/cirrhosis 
Primary biliary cirrhosis 

K70-77 

Osteoporosis Osteoporosis M80, M81 

Chronic fatigue 
syndrome 

Chronic fatigue syndrome R53.82 chronic fatigue 

syndrome, G93.3 post 

viral fatigue syndrome 

Endometriosis Endometriosis  N80 Endometriosis 

Meniere’s disease Meniere’s disease H81.0 

Pernicious Anaemia Pernicious Anaemia D51 

Polycystic ovary Polycystic ovary E28.2 

Cancer Lifetime diagnosis  
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Baseline sociodemographic data 
eTable 4: Frailty and baseline characteristics 

 Total 
(n = 20566)  

Frailty Phenotype Frailty Index 

Robust  
(n = 6261) 

Pre-frail 
(n = 11026) 

Frail 
(n = 2505) 

FI <0.1 
(n = 5591) 

FI 0.1-0.15 
(n = 5215)  

FI >0.15-0.2 
(n = 4196)  

FI >0.2 
(n = 5564)  

Age         

Mean (sd) 60.2 (6.5) 60.6 (6.9) 60.1 (6.9) 59.9 (7) 59.9 (6.7) 60.4 (6.7) 60.6 (6.8) 60 (7.2) 

Sex         

Female 7578 (36.8%) 1810 (28.9%) 4191 (38%) 1249 (49.9%) 1625 (29.1%) 1779 (34.1%) 1638 (39%) 2536 (45.6%) 

Male 12988 (63.2%) 4451 (71.1%) 6835 (62%) 1256 (50.1%) 3966 (70.9%) 3436 (65.9%) 2558 (61%) 3028 (54.4%) 

SES         

Quintile 1 (affluent) 2993 (14.6%) 1177 (18.8%) 1543 (14%) 204 (8.1%) 1013 (18.1%) 838 (16.1%) 587 (14%) 555 (10%) 

Quintile 2 3314 (16.1%) 1267 (20.2%) 1724 (15.6%) 248 (9.9%) 1017 (18.2%) 949 (18.2%) 683 (16.3%) 665 (12%) 

Quintile 3 3686 (17.9%) 1251 (20%) 1971 (17.9%) 355 (14.2%) 1103 (19.7%) 971 (18.6%) 733 (17.5%) 879 (15.8%) 

Quintile 4 4333 (21.1%) 1277 (20.4%) 2381 (21.6%) 513 (20.5%) 1128 (20.2%) 1085 (20.8%) 915 (21.8%) 1205 (21.7%) 

Quintile 5 (deprived) 6209 (30.2%) 1283 (20.5%) 3389 (30.7%) 1179 (47.1%) 1324 (23.7%) 1368 (26.2%) 1269 (30.2%) 2248 (40.4%) 

NA's 31 (0.2%) 6 (0.1%) 18 (0.2%) 6 (0.2%) 6 (0.1%) 4 (0.1%) 9 (0.2%) 12 (0.2%) 

Ethnicity         

White 17715 (86.1%) 5667 (90.5%) 9421 (85.4%) 2054 (82%) 4645 (83.1%) 4502 (86.3%) 3677 (87.6%) 4891 (87.9%) 

Asian/Asian British 1404 (6.8%) 270 (4.3%) 808 (7.3%) 237 (9.5%) 460 (8.2%) 340 (6.5%) 260 (6.2%) 344 (6.2%) 

Black/Black British 695 (3.4%) 167 (2.7%) 412 (3.7%) 92 (3.7%) 227 (4.1%) 195 (3.7%) 132 (3.1%) 141 (2.5%) 

Chinese 71 (0.3%) 18 (0.3%) 50 (0.5%) 3 (0.1%) 32 (0.6%) 20 (0.4%) 13 (0.3%) 6 (0.1%) 

Mixed 137 (0.7%) 48 (0.8%) 70 (0.6%) 17 (0.7%) 39 (0.7%) 34 (0.7%) 27 (0.6%) 37 (0.7%) 

Other ethnic group 364 (1.8%) 66 (1.1%) 207 (1.9%) 78 (3.1%) 96 (1.7%) 95 (1.8%) 70 (1.7%) 103 (1.9%) 

NA's 180 (0.9%) 25 (0.4%) 58 (0.5%) 24 (1%) 92 (1.6%) 29 (0.6%) 17 (0.4%) 42 (0.8%) 

BMI         

<18.5 16 (0.1%) 6 (0.1%) 5 (0%) 2 (0.1%) 5 (0.1%) 4 (0.1%) 3 (0.1%) 4 (0.1%) 

18.5-24.9 1802 (8.8%) 722 (11.5%) 911 (8.3%) 125 (5%) 695 (12.4%) 505 (9.7%) 316 (7.5%) 286 (5.1%) 

25-29.9 6931 (33.7%) 2526 (40.3%) 3642 (33%) 579 (23.1%) 2297 (41.1%) 1854 (35.6%) 1387 (33.1%) 1393 (25%) 
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>=30 11038 (53.7%) 2932 (46.8%) 6135 (55.6%) 1606 (64.1%) 2490 (44.5%) 2710 (52%) 2324 (55.4%) 3514 (63.2%) 

NA's 779 (3.8%) 75 (1.2%) 333 (3%) 193 (7.7%) 104 (1.9%) 142 (2.7%) 166 (4%) 367 (6.6%) 

Smoking         

Never 9148 (44.5%) 2726 (43.5%) 5004 (45.4%) 1092 (43.6%) 2780 (49.7%) 2393 (45.9%) 1787 (42.6%) 2188 (39.3%) 

Previous 8998 (43.8%) 2995 (47.8%) 4739 (43%) 1001 (40%) 2226 (39.8%) 2298 (44.1%) 1941 (46.3%) 2533 (45.5%) 

Current 2197 (10.7%) 501 (8%) 1204 (10.9%) 383 (15.3%) 480 (8.6%) 478 (9.2%) 441 (10.5%) 798 (14.3%) 

NA's 223 (1.1%) 39 (0.6%) 79 (0.7%) 29 (1.2%) 105 (1.9%) 46 (0.9%) 27 (0.6%) 45 (0.8%) 

Alcohol         

Never or special 
occasions only 

7151 (34.8%) 1509 (24.1%) 3935 (35.7%) 1342 (53.6%) 1635 (29.2%) 1571 (30.1%) 1453 (34.6%) 2492 (44.8%) 

1-4 times/week 7851 (38.2%) 2799 (44.7%) 4182 (37.9%) 665 (26.5%) 2347 (42%) 2215 (42.5%) 1562 (37.2%) 1727 (31%) 

1-3 times/month 2521 (12.3%) 708 (11.3%) 1447 (13.1%) 292 (11.7%) 645 (11.5%) 606 (11.6%) 561 (13.4%) 709 (12.7%) 

Daily/almost daily 2946 (14.3%) 1242 (19.8%) 1446 (13.1%) 198 (7.9%) 899 (16.1%) 810 (15.5%) 615 (14.7%) 622 (11.2%) 

NA's 97 (0.5%) 3 (0%) 16 (0.1%) 8 (0.3%) 65 (1.2%) 13 (0.2%) 5 (0.1%) 14 (0.3%) 

HbA1c         

Mean (sd) 51.3 (11.3) 50.7 (13) 51.3 (14.5) 52.3 (12.6) 51.1 (12.6) 51.1 (12.6) 51.2 (13.3) 51.5 (13.3) 

HbA1c categories         

< 42 4142 (20.1%) 1237 (19.8%) 2297 (20.8%) 487 (19.4%) 1155 (20.7%) 1038 (19.9%) 832 (19.8%) 1117 (20.1%) 

42-48 4662 (22.7%) 1432 (22.9%) 2558 (23.2%) 540 (21.6%) 1263 (22.6%) 1186 (22.7%) 961 (22.9%) 1252 (22.5%) 

48-60 6656 (32.4%) 2170 (34.7%) 3539 (32.1%) 767 (30.6%) 1784 (31.9%) 1713 (32.8%) 1393 (33.2%) 1766 (31.7%) 

>60 3512 (17.1%) 1011 (16.1%) 1898 (17.2%) 489 (19.5%) 965 (17.3%) 871 (16.7%) 688 (16.4%) 988 (17.8%) 

NA's 1594 (7.8%) 411 (6.6%) 734 (6.7%) 222 (8.9%) 424 (7.6%) 407 (7.8%) 322 (7.7%) 441 (7.9%) 

 
 

eTable 5: Multimorbidity and baseline characteristics 

 Total 
(n = 20566) 

Multimorbidity count Charlson comorbidity index 

0-1 LTCs 
(n = 7549)  

2 LTCs 
(n = 5115)  

3 LTCs 
(n = 3524)  

4 or more LTCs 
(n = 4378)  

CCI = 0 
(n = 12058) 

CCI = 1 
(n = 5042)  

CCI ≥2 
(n = 3466)  

Age         

Mean (sd) 60.2 (6.5) 58.8 (6.6) 60.6 (6.4) 61.1 (6.3) 61.4 (7.1) 59.6 (6.4) 60.3 (5.9) 62.2 (6.5) 
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Sex         

Female 7578 (36.8%) 2485 (32.9%) 1890 (37%) 1369 (38.8%) 1834 (41.9%) 4430 (36.7%) 1841 (36.5%) 1307 (37.7%) 

Male 12988 (63.2%) 5064 (67.1%) 3225 (63%) 2155 (61.2%) 2544 (58.1%) 7628 (63.3%) 3201 (63.5%) 2159 (62.3%) 

SES         

Quintile 1 (affluent) 2993 (14.6%) 1223 (16.2%) 793 (15.5%) 477 (13.5%) 500 (11.4%) 1825 (15.1%) 701 (13.9%) 467 (13.5%) 

Quintile 2 3314 (16.1%) 1307 (17.3%) 862 (16.9%) 571 (16.2%) 574 (13.1%) 2040 (16.9%) 731 (14.5%) 543 (15.7%) 

Quintile 3 3686 (17.9%) 1407 (18.6%) 963 (18.8%) 634 (18%) 682 (15.6%) 2227 (18.5%) 884 (17.5%) 575 (16.6%) 

Quintile 4 4333 (21.1%) 1536 (20.3%) 1076 (21%) 739 (21%) 982 (22.4%) 2499 (20.7%) 1110 (22%) 724 (20.9%) 

Quintile 5 (deprived) 6209 (30.2%) 2064 (27.3%) 1414 (27.6%) 1098 (31.2%) 1633 (37.3%) 3448 (28.6%) 1606 (31.9%) 1155 (33.3%) 

NA's 31 (0.2%) 12 (0.2%) 7 (0.1%) 5 (0.1%) 7 (0.2%) 19 (0.2%) 10 (0.2%) 2 (0.1%) 

Ethnicity         

White 17715 (86.1%) 6230 (82.5%) 4439 (86.8%) 3108 (88.2%) 3938 (89.9%) 10220 (84.8%) 4382 (86.9%) 3113 (89.8%) 

Asian/Asian British 1404 (6.8%) 654 (8.7%) 333 (6.5%) 198 (5.6%) 219 (5%) 902 (7.5%) 346 (6.9%) 156 (4.5%) 

Black/Black British 695 (3.4%) 347 (4.6%) 167 (3.3%) 101 (2.9%) 80 (1.8%) 463 (3.8%) 141 (2.8%) 91 (2.6%) 

Chinese 71 (0.3%) 38 (0.5%) 19 (0.4%) 9 (0.3%) 5 (0.1%) 51 (0.4%) 16 (0.3%) 4 (0.1%) 

Mixed 137 (0.7%) 54 (0.7%) 24 (0.5%) 31 (0.9%) 28 (0.6%) 87 (0.7%) 32 (0.6%) 18 (0.5%) 

Other ethnic group 364 (1.8%) 159 (2.1%) 90 (1.8%) 51 (1.4%) 64 (1.5%) 231 (1.9%) 80 (1.6%) 53 (1.5%) 

NA's 180 (0.9%) 67 (0.9%) 43 (0.8%) 26 (0.7%) 44 (1%) 104 (0.9%) 45 (0.9%) 31 (0.9%) 

BMI         

<18.5 16 (0.1%) 9 (0.1%) 2 (0%) 0 (0%) 5 (0.1%) 10 (0.1%) 3 (0.1%) 3 (0.1%) 

18.5-24.9 1802 (8.8%) 869 (11.5%) 409 (8%) 238 (6.8%) 286 (6.5%) 1100 (9.1%) 380 (7.5%) 322 (9.3%) 

25-29.9 6931 (33.7%) 2864 (37.9%) 1790 (35%) 1133 (32.2%) 1144 (26.1%) 4224 (35%) 1619 (32.1%) 1088 (31.4%) 

>=30 11038 (53.7%) 3624 (48%) 2728 (53.3%) 2008 (57%) 2678 (61.2%) 6336 (52.5%) 2814 (55.8%) 1888 (54.5%) 

NA's 779 (3.8%) 183 (2.4%) 186 (3.6%) 145 (4.1%) 265 (6.1%) 388 (3.2%) 226 (4.5%) 165 (4.8%) 

Smoking         

Never 9148 (44.5%) 3732 (49.4%) 2340 (45.7%) 1447 (41.1%) 1629 (37.2%) 5825 (48.3%) 2042 (40.5%) 1281 (37%) 

Previous 8998 (43.8%) 2955 (39.1%) 2225 (43.5%) 1665 (47.2%) 2153 (49.2%) 4927 (40.9%) 2354 (46.7%) 1717 (49.5%) 

Current 2197 (10.7%) 775 (10.3%) 500 (9.8%) 382 (10.8%) 540 (12.3%) 1177 (9.8%) 594 (11.8%) 426 (12.3%) 

NA's 223 (1.1%) 87 (1.2%) 50 (1%) 30 (0.9%) 56 (1.3%) 129 (1.1%) 52 (1%) 42 (1.2%) 
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Alcohol         

Never or special 
occasions only 

7151 (34.8%) 2347 (31.1%) 1650 (32.3%) 1289 (36.6%) 1865 (42.6%) 4046 (33.6%) 1769 (35.1%) 1336 (38.5%) 

1-4 times/week 7851 (38.2%) 3095 (41%) 2042 (39.9%) 1302 (36.9%) 1412 (32.3%) 4724 (39.2%) 1888 (37.4%) 1239 (35.7%) 

1-3 times/month 2521 (12.3%) 912 (12.1%) 653 (12.8%) 439 (12.5%) 517 (11.8%) 1474 (12.2%) 645 (12.8%) 402 (11.6%) 

Daily/almost daily 2946 (14.3%) 1156 (15.3%) 749 (14.6%) 480 (13.6%) 561 (12.8%) 1761 (14.6%) 711 (14.1%) 474 (13.7%) 

NA's 97 (0.5%) 39 (0.5%) 21 (0.4%) 14 (0.4%) 23 (0.5%) 53 (0.4%) 29 (0.6%) 15 (0.4%) 

HbA1c         

Mean (sd) 51.3 (11.3) 52.1 (12.5) 50.9 (12.8) 51 (12.2) 50.4 (12.9) 51.5 (12.9) 51.1 (12.2) 50.5 (11.3) 

HbA1c categories         

< 42 4142 (20.1%) 1426 (18.9%) 1054 (20.6%) 704 (20%) 958 (21.9%) 2345 (19.4%) 1032 (20.5%) 765 (22.1%) 

42-48 4662 (22.7%) 1600 (21.2%) 1193 (23.3%) 852 (24.2%) 1017 (23.2%) 2753 (22.8%) 1168 (23.2%) 741 (21.4%) 

48-60 6656 (32.4%) 2509 (33.2%) 1667 (32.6%) 1126 (32%) 1354 (30.9%) 3927 (32.6%) 1600 (31.7%) 1129 (32.6%) 

>60 3512 (17.1%) 1416 (18.8%) 827 (16.2%) 585 (16.6%) 684 (15.6%) 2125 (17.6%) 840 (16.7%) 547 (15.8%) 

NA's 1594 (7.8%) 598 (7.9%) 374 (7.3%) 257 (7.3%) 365 (8.3%) 908 (7.5%) 402 (8%) 284 (8.2%) 
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Relationship between frailty/multimorbidity and age 

eTable 6 Frailty index 

Frailty 
index 
value 

Age 40-
50 

Age 50-
60 

Age 60-
72 

0-0.05 163 
(8.8%) 

345 
(5.8%) 

665 
(5.2%) 

0.05-0.1 415 
(22.3%) 

1264 
(21.2%) 

2739 
(21.5%) 

0.1-0.15 422 
(22.7%) 

1463 
(24.6%) 

3330 
(26.1%) 

0.15-0.2 361 
(19.4%) 

1152 
(19.4%) 

2683 
(21%) 

>0.2 497 
(26.7%) 

1729 
(29%) 

3338 
(26.2%) 

 
 

eTable 7 Frailty phenotype 

Frailty 
phenotype 

Age 40-
50 

Age 50-
60 

Age 60-
72 

Robust 474 
(25.5%) 

1713 
(28.8%) 

4074 
(31.9%) 

Pre-frail 1082 
(58.2%) 

3180 
(53.4%) 

6764 
(53%) 

Frail 235 
(12.6%) 

797 
(13.4%) 

1473 
(11.5%) 

NA 67 (3.6%) 263 
(4.4%) 

444 
(3.5%) 

Individual components 

Weight loss 672 
(36.2%) 

1935 
(32.5%) 

3455 
(27.1%) 

Low grip 
strength 

370 
(19.9%) 

1531 
(25.7%) 

4070 
(31.9%) 

Low physical 
activity 

379 
(20.4%) 

1160 
(19.5%) 

1968 
(15.4%) 

Exhaustion 543 
(29.2%) 

1482 
(24.9%) 

2051 
(16.1%) 

Slow walking 
pace 

366 
(19.7%) 

1313 
(22.1%) 

3055 
(24.0%) 

 
 

eTable 8 Charlson Index 

Value Age 40-
50 

Age 50-
60 

Age 60-
72 

0 1335 
(71.9%) 

3897 
(65.5%) 

6826 
(53.5%) 

1 380 
(20.5%) 

1365 
(22.9%) 

3297 
(25.8%) 

2-13 143 
(7.7%) 

691 
(11.6%) 

2632 
(20.6%) 
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eTable 9 LTC count 

Count Age 40-
50 

Age 50-
60 

Age 60-
72 

0 381 
(20.5%) 

761 
(12.8%) 

950 
(7.4%) 

1 600 
(32.3%) 

1726 
(29%) 

3131 
(24.5%) 

2 380 
(20.5%) 

1454 
(24.4%) 

3281 
(25.7%) 

3 234 
(12.6%) 

903 
(15.2%) 

2387 
(18.7%) 

4 or 
more 

263 
(14.2%) 

1109 
(18.6%) 

3006 
(23.6%) 
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Relationship between frailty/multmorbidity, age, sex, and risk of adverse events 
 eTable 10 – All-cause mortality 

 Level Predicted 5-year risk of event 

Males Females 

45 years 55 years 65 years 45 years 55 years 65 years 
C
h
a
rl

so
n
 I
n
d
e
x
 

0 1.02% 
(0.86-1.2) 

2.09% (1.88-
2.37) 

4.31% (3.95-
4.72) 

0.6% (0.5-
0.71) 

1.23% 
(1.08-1.42) 

2.53% (2.25-
2.88) 

1 1.53% 
(1.32-1.78) 

3.15% (2.84-
3.5) 

6.48% (5.96-
7.06) 

0.9% (0.77-
1.06) 

1.85% 
(1.63-2.11) 

3.8% (3.39-
4.31) 

2 2.09% 
(1.76-2.46) 

4.3% (3.87-
4.82) 

8.85% (8.15-
9.7) 

1.23% 
(1.03-1.49) 

2.53% 
(2.24-2.9) 

5.2% (4.65-
5.85) 

3 2.72% 
(2.32-3.22) 

5.6% (5-6.32) 11.53% 
(10.51-12.78) 

1.6% (1.32-
1.92) 

3.29% 
(2.86-3.76) 

6.77% (6.01-
7.68) 

4 3.43% 
(2.86-4.07) 

7.06% (6.28-
8.03) 

14.54% 
(13.14-16.21) 

2.01% 
(1.69-2.48) 

4.15% 
(3.58-4.85) 

8.54% (7.47-
9.81) 

5 4.23% 
(3.55-5.13) 

8.71% (7.64-
9.94) 

17.94% 
(15.93-20.2) 

2.48% 
(2.01-3.06) 

5.12% 
(4.39-6) 

10.53% (9.2-
12.18) 

6 5.13% 
(4.22-6.25) 

10.57% (9.23-
12.19) 

21.76% (19-
24.75) 

3.01% 
(2.49-3.69) 

6.2% (5.29-
7.36) 

12.78% 
(10.89-14.77) 

7 6.14% 
(5.04-7.49) 

12.65% 
(10.73-14.91) 

26.04% 
(22.51-29.7) 

3.61% 
(2.94-4.48) 

7.43% 
(6.25-8.86) 

15.29% 
(13.13-18.07) 

F
ra

il
ty

 i
n
d
e
x
 

0 0.8% (0.68-
0.96) 

1.79% (1.6-
2.05) 

4% (3.57-
4.48) 

0.46% 
(0.38-0.55) 

1.02% 
(0.86-1.19) 

2.27% (1.97-
2.59) 

0.05 0.92% 
(0.78-1.1) 

2.05% (1.83-
2.31) 

4.58% (4.19-
5.06) 

0.52% 
(0.43-0.64) 

1.17% 
(1.01-1.35) 

2.6% (2.29-
2.98) 

0.1 1.06% (0.9-
1.25) 

2.35% (2.12-
2.63) 

5.25% (4.79-
5.76) 

0.6% (0.5-
0.71) 

1.34% 
(1.18-1.51) 

2.98% (2.66-
3.34) 

0.15 1.21% 
(1.04-1.42) 

2.7% (2.43-
3.01) 

6.02% (5.55-
6.63) 

0.69% 
(0.58-0.81) 

1.53% 
(1.34-1.75) 

3.41% (3.04-
3.84) 

0.2 1.39% (1.2-
1.62) 

3.09% (2.8-
3.42) 

6.9% (6.34-
7.54) 

0.79% 
(0.67-0.94) 

1.75% 
(1.55-2) 

3.91% (3.49-
4.37) 

0.25 1.59% 
(1.34-1.88) 

3.55% (3.19-
3.96) 

7.9% (7.24-
8.64) 

0.9% (0.77-
1.08) 

2.01% 
(1.76-2.32) 

4.48% (3.99-
5.07) 

0.3 1.82% 
(1.53-2.15) 

4.06% (3.58-
4.6) 

9.06% (8.23-
10.13) 

1.03% 
(0.88-1.23) 

2.31% 
(1.98-2.69) 

5.14% (4.54-
5.87) 

0.35 2.09% 
(1.75-2.52) 

4.66% (4.08-
5.38) 

10.39% (9.26-
11.69) 

1.19% 
(0.98-1.43) 

2.64% 
(2.29-3.08) 

5.89% (5.14-
6.88) 

0.4 2.4% (1.98-
2.94) 

5.34% (4.6-
6.23) 

11.9% (10.33-
13.71) 

1.36% 
(1.11-1.66) 

3.03% 
(2.56-3.65) 

6.75% (5.79-
7.91) 

0.45 2.75% 
(2.27-3.37) 

6.12% (5.23-
7.18) 

13.64% 
(11.72-16.06) 

1.56% 
(1.26-1.9) 

3.47% 
(2.94-4.22) 

7.74% (6.66-
9.06) 

0.5 3.15% (2.5-
3.93) 

7.02% (5.91-
8.42) 

15.64% 
(13.09-18.65) 

1.79% 
(1.46-2.26) 

3.98% 
(3.25-4.82) 

8.87% (7.4-
10.72) 

F
ra

il
ty

 

p
h
e
n
o
ty

p
e
 

Robust 0.92% 
(0.78-1.08) 

2.08% (1.84-
2.34) 

4.72% (4.21-
5.25) 

0.51% 
(0.42-0.62) 

1.16% 
(1.01-1.35) 

2.64% (2.31-
3.07) 

Pre-frail 1.21% 
(1.04-1.42) 

2.73% (2.45-
3.05) 

6.2% (5.69-
6.8) 

0.67% 
(0.55-0.81) 

1.53% 
(1.33-1.75) 

3.46% (3.08-
3.94) 

Frail 1.92% (1.6-
2.32) 

4.36% (3.8-
4.98) 

9.87% (8.71-
11.24) 

1.07% 
(0.89-1.31) 

2.43% 
(2.06-2.84) 

5.52% (4.81-
6.33) 

L
T
C
 c

o
u
n
t 

0 0.85% 
(0.73-1) 

1.75% (1.57-
1.97) 

3.61% (3.26-
3.99) 

0.48% 
(0.41-0.58) 

1% (0.87-
1.13) 

2.06% (1.81-
2.34) 

1 1.03% 
(0.88-1.2) 

2.12% (1.9-
2.37) 

4.38% (4.01-
4.81) 

0.59% (0.5-
0.7) 

1.21% 
(1.06-1.37) 

2.5% (2.21-
2.85) 

2 1.25% 
(1.08-1.47) 

2.58% (2.32-
2.85) 

5.31% (4.89-
5.83) 

0.71% 
(0.61-0.84) 

1.47% 
(1.31-1.69) 

3.03% (2.71-
3.43) 

3 1.52% 
(1.31-1.77) 

3.13% (2.83-
3.49) 

6.44% (5.93-
7.02) 

0.87% 
(0.73-1.03) 

1.78% 
(1.56-2.03) 

3.68% (3.28-
4.15) 

4 1.84% 
(1.57-2.15) 

3.79% (3.42-
4.24) 

7.81% (7.22-
8.5) 

1.05% 
(0.89-1.25) 

2.16% 
(1.91-2.47) 

4.46% (3.99-
5.04) 

5 2.23% 
(1.92-2.66) 

4.6% (4.12-
5.13) 

9.48% (8.69-
10.39) 

1.27% 
(1.08-1.53) 

2.62% (2.3-
3.01) 

5.41% (4.8-
6.1) 

6 2.71% (2.3-
3.18) 

5.58% (5-
6.31) 

11.5% (10.49-
12.7) 

1.54% 
(1.27-1.85) 

3.18% 
(2.77-3.66) 

6.56% (5.85-
7.4) 

7 3.28% 
(2.72-3.92) 

6.77% (5.97-
7.73) 

13.95% 
(12.52-15.61) 

1.87% 
(1.56-2.29) 

3.86% 
(3.36-4.55) 

7.96% (6.97-
9.17) 
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8 3.98% 
(3.32-4.82) 

8.21% (7.21-
9.6) 

16.92% 
(15.04-19.2) 

2.27% 
(1.87-2.75) 

4.68% 
(4.04-5.51) 

9.66% (8.42-
11.1) 

9 4.83% 
(3.92-6.02) 

9.96% (8.6-
11.61) 

20.52% 
(18.12-23.67) 

2.76% 
(2.25-3.42) 

5.68% 
(4.77-6.78) 

11.71% 
(10.05-13.7) 

10 5.86% 
(4.78-7.2) 

12.08% 
(10.25-14.18) 

24.89% 
(21.55-28.92) 

3.34% 
(2.71-4.23) 

6.89% 
(5.72-8.23) 

14.21% 
(12.17-17.03) 
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 eTable 11 – Cardiovascular mortality 

 Level Predicted 5-year risk of event 

Males Females 

45 years 55 years 65 years 45 years 55 years 65 years 

C
h
a
rl

so
n
 I
n
d
e
x
 

0 0.27% 
(0.21-0.36) 

0.59% (0.48-
0.73) 

1.25% (1.07-
1.49) 

0.11% 
(0.08-0.16) 

0.24% 
(0.19-0.32) 

0.52% (0.42-
0.66) 

1 0.51% 
(0.39-0.68) 

1.1% (0.91-
1.35) 

2.35% (2.06-
2.74) 

0.21% 
(0.16-0.3) 

0.46% 
(0.36-0.59) 

0.98% (0.78-
1.23) 

2 0.68% (0.5-
0.9) 

1.45% (1.18-
1.8) 

3.1% (2.65-
3.69) 

0.28% (0.2-
0.4) 

0.6% (0.47-
0.79) 

1.29% (1.04-
1.63) 

3 0.8% (0.58-
1.09) 

1.71% (1.41-
2.15) 

3.66% (3.1-
4.41) 

0.33% 
(0.24-0.47) 

0.71% 
(0.55-0.92) 

1.52% (1.2-
1.99) 

4 0.89% 
(0.67-1.26) 

1.91% (1.58-
2.43) 

4.1% (3.47-5) 0.37% 
(0.27-0.53) 

0.8% (0.6-
1.04) 

1.71% (1.35-
2.19) 

5 0.97% 
(0.72-1.34) 

2.08% (1.65-
2.6) 

4.45% (3.71-
5.4) 

0.4% (0.28-
0.59) 

0.87% 
(0.66-1.15) 

1.86% (1.48-
2.44) 

6 1.04% 
(0.78-1.44) 

2.22% (1.74-
2.84) 

4.75% (3.94-
5.93) 

0.43% (0.3-
0.61) 

0.92% (0.7-
1.24) 

1.98% (1.55-
2.57) 

7 1.09% (0.8-
1.48) 

2.34% (1.86-
2.98) 

5.01% (4.18-
6.2) 

0.45% 
(0.32-0.68) 

0.97% 
(0.74-1.29) 

2.09% (1.65-
2.7) 

F
ra

il
ty

 i
n
d
e
x
 

0 0.22% 
(0.16-0.3) 

0.52% (0.42-
0.66) 

1.21% (1-
1.49) 

0.09% 
(0.06-0.13) 

0.21% 
(0.16-0.28) 

0.48% (0.37-
0.64) 

0.05 0.26% (0.2-
0.35) 

0.6% (0.49-
0.76) 

1.41% (1.18-
1.68) 

0.1% (0.07-
0.14) 

0.24% 
(0.19-0.32) 

0.56% (0.44-
0.71) 

0.1 0.3% (0.22-
0.42) 

0.7% (0.59-
0.87) 

1.64% (1.39-
1.93) 

0.12% 
(0.09-0.17) 

0.28% 
(0.22-0.37) 

0.66% (0.52-
0.83) 

0.15 0.35% 
(0.27-0.47) 

0.82% (0.68-
1) 

1.91% (1.66-
2.24) 

0.14% (0.1-
0.2) 

0.33% 
(0.26-0.42) 

0.76% (0.63-
0.95) 

0.2 0.41% (0.3-
0.55) 

0.95% (0.8-
1.18) 

2.23% (1.92-
2.64) 

0.16% 
(0.12-0.23) 

0.38% (0.3-
0.5) 

0.89% (0.73-
1.12) 

0.25 0.48% 
(0.35-0.64) 

1.11% (0.93-
1.38) 

2.59% (2.23-
3.1) 

0.19% 
(0.13-0.27) 

0.44% 
(0.34-0.58) 

1.04% (0.83-
1.32) 

0.3 0.56% 
(0.41-0.76) 

1.3% (1.06-
1.63) 

3.02% (2.55-
3.63) 

0.22% 
(0.16-0.32) 

0.52% 
(0.39-0.68) 

1.21% (0.98-
1.56) 

0.35 0.65% 
(0.47-0.89) 

1.51% (1.18-
1.94) 

3.52% (2.89-
4.4) 

0.26% 
(0.18-0.37) 

0.6% (0.45-
0.81) 

1.41% (1.1-
1.81) 

0.4 0.75% 
(0.55-1.07) 

1.76% (1.37-
2.33) 

4.1% (3.2-
5.26) 

0.3% (0.21-
0.45) 

0.7% (0.53-
0.95) 

1.64% (1.23-
2.16) 

0.45 0.88% 
(0.62-1.26) 

2.05% (1.55-
2.83) 

4.78% (3.59-
6.28) 

0.35% 
(0.24-0.53) 

0.82% 
(0.59-1.15) 

1.91% (1.41-
2.58) 

0.5 1.02% 
(0.68-1.53) 

2.39% (1.72-
3.3) 

5.57% (4.18-
7.57) 

0.41% 
(0.28-0.65) 

0.96% 
(0.67-1.39) 

2.23% (1.54-
3.14) 

F
ra

il
ty

 

p
h
e
n
o
ty

p
e
 

Robust 0.26% 
(0.19-0.36) 

0.6% (0.48-
0.76) 

1.4% (1.17-
1.73) 

0.11% 
(0.07-0.15) 

0.25% 
(0.18-0.33) 

0.57% (0.45-
0.73) 

Pre-frail 0.36% 
(0.27-0.5) 

0.85% (0.69-
1.04) 

1.97% (1.69-
2.33) 

0.15% 
(0.11-0.21) 

0.34% 
(0.27-0.45) 

0.8% (0.64-
1.02) 

Frail 0.63% 
(0.45-0.91) 

1.46% (1.15-
1.9) 

3.39% (2.78-
4.2) 

0.26% 
(0.18-0.37) 

0.59% 
(0.44-0.81) 

1.38% (1.06-
1.81) 

L
T
C
 c

o
u
n
t 

0 0.18% 
(0.13-0.25) 

0.38% (0.3-
0.48) 

0.78% (0.63-
0.97) 

0.07% 
(0.05-0.1) 

0.15% 
(0.12-0.2) 

0.31% (0.25-
0.41) 

1 0.27% 
(0.21-0.37) 

0.57% (0.48-
0.7) 

1.19% (1-
1.43) 

0.11% 
(0.08-0.15) 

0.23% 
(0.18-0.3) 

0.48% (0.38-
0.62) 

2 0.38% 
(0.29-0.51) 

0.79% (0.65-
0.96) 

1.64% (1.41-
1.93) 

0.15% 
(0.11-0.21) 

0.32% 
(0.25-0.42) 

0.66% (0.53-
0.82) 

3 0.5% (0.38-
0.66) 

1.03% (0.86-
1.26) 

2.16% (1.87-
2.53) 

0.2% (0.14-
0.28) 

0.41% 
(0.33-0.53) 

0.86% (0.69-
1.09) 

4 0.63% 
(0.48-0.85) 

1.31% (1.09-
1.62) 

2.74% (2.39-
3.26) 

0.25% 
(0.18-0.35) 

0.53% 
(0.41-0.68) 

1.1% (0.89-
1.38) 

5 0.78% 
(0.59-1.04) 

1.63% (1.33-
2.04) 

3.4% (2.93-
4.05) 

0.31% 
(0.22-0.45) 

0.65% 
(0.52-0.85) 

1.36% (1.1-
1.71) 

6 0.95% 
(0.71-1.34) 

1.99% (1.64-
2.5) 

4.15% (3.54-
5.04) 

0.38% 
(0.28-0.56) 

0.8% (0.61-
1.05) 

1.66% (1.33-
2.1) 

7 1.15% 
(0.84-1.61) 

2.39% (1.9-
3.1) 

4.99% (4.2-
6.07) 

0.46% 
(0.32-0.66) 

0.96% 
(0.73-1.28) 

2% (1.6-2.57) 

8 1.36% (1-
1.94) 

2.85% (2.24-
3.68) 

5.94% (4.87-
7.44) 

0.55% 
(0.38-0.78) 

1.14% 
(0.85-1.53) 

2.38% (1.87-
3.16) 
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9 1.61% 
(1.16-2.31) 

3.36% (2.62-
4.47) 

7% (5.56-9) 0.64% 
(0.44-0.95) 

1.34% 
(0.99-1.84) 

2.8% (2.19-
3.75) 

10 1.88% 
(1.28-2.69) 

3.92% (2.97-
5.26) 

8.19% (6.61-
10.49) 

0.75% 
(0.51-1.13) 

1.57% 
(1.16-2.21) 

3.28% (2.46-
4.36) 
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 eTable 12 – Cancer mortality 

 Level Predicted 5-year risk of event 

Males Females 

45 years 55 years 65 years 45 years 55 years 65 years 

C
h
a
rl

so
n
 I
n
d
e
x
 

0 0.47% 
(0.37-0.6) 

0.95% (0.8-
1.11) 

1.92% (1.68-
2.21) 

0.35% 
(0.28-0.47) 

0.72% 
(0.58-0.88) 

1.45% (1.24-
1.74) 

1 0.64% 
(0.51-0.82) 

1.3% (1.13-
1.53) 

2.64% (2.32-
3.01) 

0.49% 
(0.38-0.65) 

0.99% 
(0.82-1.24) 

2% (1.7-2.4) 

2 0.88% (0.7-
1.13) 

1.79% (1.52-
2.12) 

3.63% (3.25-
4.2) 

0.67% 
(0.51-0.88) 

1.36% 
(1.13-1.66) 

2.75% (2.34-
3.29) 

3 1.22% 
(0.95-1.56) 

2.47% (2.07-
2.93) 

4.99% (4.34-
5.77) 

0.92% (0.7-
1.24) 

1.87% (1.5-
2.27) 

3.79% (3.21-
4.51) 

4 1.68% 
(1.31-2.19) 

3.39% (2.85-
4.07) 

6.87% (5.96-
8.14) 

1.27% 
(0.96-1.68) 

2.57% 
(2.06-3.2) 

5.21% (4.29-
6.32) 

5 2.31% 
(1.75-3.08) 

4.67% (3.81-
5.69) 

9.45% (7.94-
11.31) 

1.75% 
(1.28-2.39) 

3.54% 
(2.82-4.46) 

7.17% (5.97-
8.85) 

6 3.17% 
(2.35-4.45) 

6.42% (5.16-
7.97) 

13.01% 
(10.72-16.02) 

2.41% 
(1.77-3.32) 

4.88% 
(3.79-6.29) 

9.87% (7.95-
12.29) 

7 4.37% 
(3.17-5.99) 

8.84% (6.77-
11.5) 

17.9% (14.2-
22.76) 

3.31% 
(2.41-4.69) 

6.71% 
(5.06-8.74) 

13.59% 
(10.72-17.38) 

F
ra

il
ty

 i
n
d
e
x
 

0 0.4% (0.31-
0.53) 

0.87% (0.73-
1.07) 

1.9% (1.59-
2.3) 

0.29% 
(0.22-0.41) 

0.65% 
(0.51-0.8) 

1.41% (1.16-
1.77) 

0.05 0.44% 
(0.35-0.57) 

0.97% (0.82-
1.18) 

2.13% (1.84-
2.51) 

0.33% 
(0.24-0.44) 

0.72% 
(0.59-0.9) 

1.58% (1.3-
1.95) 

0.1 0.5% (0.39-
0.63) 

1.08% (0.92-
1.3) 

2.37% (2.09-
2.77) 

0.37% 
(0.28-0.49) 

0.81% 
(0.66-1) 

1.76% (1.49-
2.13) 

0.15 0.55% 
(0.44-0.7) 

1.21% (1.04-
1.44) 

2.65% (2.33-
3.03) 

0.41% 
(0.31-0.53) 

0.9% (0.76-
1.09) 

1.97% (1.65-
2.33) 

0.2 0.62% 
(0.48-0.78) 

1.35% (1.15-
1.58) 

2.96% (2.6-
3.38) 

0.46% 
(0.36-0.6) 

1% (0.83-
1.23) 

2.2% (1.87-
2.62) 

0.25 0.69% 
(0.53-0.89) 

1.51% (1.29-
1.81) 

3.31% (2.89-
3.86) 

0.51% (0.4-
0.67) 

1.12% 
(0.92-1.4) 

2.45% (2.06-
2.94) 

0.3 0.77% (0.6-
1.03) 

1.69% (1.41-
2.03) 

3.69% (3.18-
4.33) 

0.57% 
(0.43-0.75) 

1.25% 
(1.02-1.55) 

2.74% (2.29-
3.29) 

0.35 0.86% 
(0.66-1.15) 

1.88% (1.53-
2.31) 

4.12% (3.44-
5.04) 

0.64% 
(0.48-0.87) 

1.4% (1.12-
1.79) 

3.06% (2.5-
3.79) 

0.4 0.96% 
(0.73-1.29) 

2.1% (1.68-
2.71) 

4.61% (3.74-
5.78) 

0.71% 
(0.52-0.99) 

1.56% 
(1.21-2.02) 

3.42% (2.75-
4.36) 

0.45 1.07% 
(0.78-1.5) 

2.35% (1.83-
3.19) 

5.14% (3.99-
6.58) 

0.8% (0.57-
1.13) 

1.74% 
(1.37-2.33) 

3.82% (3.02-
4.94) 

0.5 1.2% (0.85-
1.71) 

2.62% (1.92-
3.44) 

5.74% (4.38-
7.51) 

0.89% 
(0.62-1.3) 

1.95% 
(1.43-2.71) 

4.26% (3.2-
5.72) 

F
ra

il
ty

 

p
h
e
n
o
ty

p
e
 

Robust 0.48% 
(0.36-0.63) 

1.06% (0.89-
1.3) 

2.34% (2.01-
2.79) 

0.35% 
(0.26-0.47) 

0.78% 
(0.62-0.98) 

1.72% (1.42-
2.13) 

Pre-frail 0.56% 
(0.43-0.71) 

1.23% (1.05-
1.48) 

2.73% (2.39-
3.15) 

0.41% 
(0.31-0.55) 

0.9% (0.74-
1.12) 

2% (1.67-
2.41) 

Frail 0.72% 
(0.53-0.98) 

1.6% (1.28-
2.02) 

3.54% (2.9-
4.34) 

0.53% 
(0.39-0.73) 

1.17% 
(0.91-1.5) 

2.6% (2.11-
3.29) 

L
T
C
 c

o
u
n
t 

0 0.44% 
(0.34-0.57) 

0.91% (0.77-
1.1) 

1.88% (1.62-
2.21) 

0.33% 
(0.25-0.44) 

0.68% 
(0.55-0.84) 

1.41% (1.18-
1.73) 

1 0.5% (0.4-
0.64) 

1.04% (0.89-
1.23) 

2.15% (1.9-
2.51) 

0.37% 
(0.29-0.51) 

0.78% 
(0.64-0.94) 

1.61% (1.36-
1.96) 

2 0.57% 
(0.46-0.73) 

1.19% (1.02-
1.4) 

2.46% (2.17-
2.83) 

0.43% 
(0.34-0.57) 

0.89% 
(0.74-1.1) 

1.85% (1.55-
2.19) 

3 0.65% 
(0.52-0.85) 

1.36% (1.16-
1.6) 

2.82% (2.51-
3.22) 

0.49% 
(0.37-0.64) 

1.02% 
(0.84-1.25) 

2.11% (1.79-
2.53) 

4 0.75% 
(0.59-0.96) 

1.55% (1.32-
1.84) 

3.22% (2.84-
3.71) 

0.56% 
(0.44-0.75) 

1.16% 
(0.96-1.42) 

2.41% (2.06-
2.86) 

5 0.85% 
(0.66-1.14) 

1.77% (1.5-
2.16) 

3.68% (3.25-
4.26) 

0.64% 
(0.49-0.85) 

1.33% 
(1.08-1.64) 

2.76% (2.32-
3.32) 

6 0.98% 
(0.75-1.28) 

2.03% (1.67-
2.46) 

4.21% (3.58-
4.98) 

0.73% 
(0.55-0.98) 

1.52% 
(1.22-1.89) 

3.16% (2.63-
3.85) 

7 1.12% 
(0.85-1.51) 

2.32% (1.86-
2.91) 

4.82% (4.1-
5.84) 

0.84% 
(0.62-1.14) 

1.74% (1.4-
2.21) 

3.61% (2.92-
4.5) 

8 1.28% 
(0.93-1.74) 

2.65% (2.11-
3.35) 

5.51% (4.51-
6.74) 

0.96% 
(0.71-1.33) 

1.99% 
(1.55-2.58) 

4.13% (3.33-
5.28) 
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9 1.46% 
(1.05-2.02) 

3.03% (2.36-
3.98) 

6.3% (4.97-
7.79) 

1.09% 
(0.79-1.53) 

2.27% 
(1.75-3.08) 

4.72% (3.66-
6.06) 

10 1.67% (1.2-
2.32) 

3.47% (2.63-
4.55) 

7.2% (5.63-
9.44) 

1.25% 
(0.89-1.78) 

2.6% (1.94-
3.55) 

5.4% (4.14-
7.22) 
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 eTable 13 – MACE 

 Level Predicted 5-year risk of event 

Males Females 

45 years 55 years 65 years 45 years 55 years 65 years 

C
h
a
rl

so
n
 I
n
d
e
x
 

0 0.93% 
(0.73-1.18) 

1.76% (1.5-
2.05) 

3.35% (2.92-
3.86) 

0.44% 
(0.33-0.59) 

0.83% 
(0.68-1.04) 

1.59% (1.31-
1.92) 

1 1.3% (1.03-
1.63) 

2.46% (2.12-
2.92) 

4.68% (4.13-
5.34) 

0.61% 
(0.46-0.83) 

1.17% 
(0.95-1.45) 

2.21% (1.84-
2.65) 

2 1.58% 
(1.23-2.06) 

2.99% (2.52-
3.57) 

5.69% (5.06-
6.48) 

0.75% 
(0.55-1) 

1.42% 
(1.14-1.75) 

2.69% (2.24-
3.29) 

3 1.81% 
(1.39-2.32) 

3.44% (2.86-
4.18) 

6.54% (5.56-
7.68) 

0.86% 
(0.62-1.2) 

1.63% 
(1.29-2.04) 

3.09% (2.52-
3.85) 

4 2.02% 
(1.53-2.66) 

3.83% (3.15-
4.7) 

7.28% (6.15-
8.7) 

0.95% (0.7-
1.33) 

1.81% (1.4-
2.3) 

3.45% (2.78-
4.23) 

5 2.2% (1.64-
2.97) 

4.18% (3.41-
5.19) 

7.95% (6.6-
9.57) 

1.04% 
(0.75-1.42) 

1.98% 
(1.51-2.61) 

3.76% (3.07-
4.81) 

6 2.37% 
(1.75-3.16) 

4.51% (3.55-
5.68) 

8.56% (7.07-
10.58) 

1.12% 
(0.79-1.58) 

2.13% 
(1.63-2.76) 

4.05% (3.19-
5.11) 

7 2.53% 
(1.84-3.45) 

4.81% (3.75-
6.11) 

9.13% (7.18-
11.36) 

1.2% (0.86-
1.67) 

2.27% 
(1.71-2.97) 

4.32% (3.35-
5.57) 

F
ra

il
ty

 i
n
d
e
x
 

0 0.69% 
(0.53-0.91) 

1.38% (1.14-
1.68) 

2.75% (2.32-
3.24) 

0.32% 
(0.23-0.44) 

0.63% 
(0.49-0.82) 

1.25% (0.99-
1.58) 

0.05 0.8% (0.61-
1.04) 

1.59% (1.33-
1.91) 

3.16% (2.73-
3.69) 

0.36% 
(0.27-0.49) 

0.72% 
(0.56-0.91) 

1.43% (1.17-
1.75) 

0.1 0.92% 
(0.73-1.19) 

1.82% (1.54-
2.14) 

3.62% (3.17-
4.13) 

0.42% 
(0.31-0.56) 

0.83% 
(0.66-1.04) 

1.64% (1.35-
1.99) 

0.15 1.05% 
(0.83-1.34) 

2.09% (1.78-
2.46) 

4.16% (3.7-
4.75) 

0.48% 
(0.36-0.62) 

0.95% 
(0.76-1.18) 

1.89% (1.56-
2.28) 

0.2 1.21% 
(0.95-1.55) 

2.4% (2.07-
2.81) 

4.77% (4.18-
5.41) 

0.55% 
(0.42-0.72) 

1.09% 
(0.89-1.35) 

2.17% (1.77-
2.59) 

0.25 1.38% 
(1.08-1.76) 

2.75% (2.34-
3.32) 

5.48% (4.75-
6.3) 

0.63% 
(0.47-0.85) 

1.25% 
(1.01-1.56) 

2.49% (2.05-
3.05) 

0.3 1.59% 
(1.22-2.08) 

3.16% (2.63-
3.79) 

6.29% (5.36-
7.4) 

0.72% 
(0.54-0.97) 

1.43% 
(1.15-1.82) 

2.85% (2.38-
3.57) 

0.35 1.82% 
(1.39-2.41) 

3.63% (2.92-
4.54) 

7.22% (6.05-
8.8) 

0.83% 
(0.61-1.13) 

1.65% 
(1.29-2.11) 

3.28% (2.65-
4.15) 

0.4 2.09% 
(1.55-2.81) 

4.16% (3.27-
5.26) 

8.29% (6.71-
10.34) 

0.95% (0.7-
1.35) 

1.89% 
(1.43-2.46) 

3.76% (2.96-
4.78) 

0.45 2.4% (1.74-
3.38) 

4.78% (3.71-
6.24) 

9.51% (7.41-
11.99) 

1.09% 
(0.77-1.58) 

2.17% 
(1.64-2.85) 

4.32% (3.33-
5.66) 

0.5 2.76% 
(1.94-4.1) 

5.49% (4.18-
7.6) 

10.92% (8.42-
14.76) 

1.25% 
(0.87-1.86) 

2.49% 
(1.77-3.43) 

4.95% (3.67-
6.65) 

F
ra

il
ty

 

p
h
e
n
o
ty

p
e
 

Robust 0.89% 
(0.68-1.16) 

1.74% (1.45-
2.09) 

3.41% (2.91-
3.98) 

0.41% (0.3-
0.57) 

0.8% (0.64-
1.03) 

1.56% (1.26-
1.96) 

Pre-frail 1.19% 
(0.94-1.55) 

2.33% (1.97-
2.75) 

4.56% (3.98-
5.24) 

0.54% (0.4-
0.73) 

1.06% 
(0.86-1.31) 

2.08% (1.71-
2.53) 

Frail 1.7% (1.28-
2.29) 

3.32% (2.69-
4.13) 

6.5% (5.31-
7.98) 

0.77% 
(0.57-1.07) 

1.52% 
(1.16-1.97) 

2.97% (2.35-
3.82) 

L
T
C
 c

o
u
n
t 

0 0.79% 
(0.62-1.01) 

1.47% (1.23-
1.77) 

2.73% (2.35-
3.19) 

0.36% 
(0.27-0.49) 

0.68% 
(0.54-0.84) 

1.26% (1.02-
1.55) 

1 0.93% 
(0.73-1.2) 

1.73% (1.47-
2.04) 

3.22% (2.81-
3.68) 

0.43% 
(0.33-0.57) 

0.8% (0.65-
0.99) 

1.48% (1.22-
1.8) 

2 1.1% (0.87-
1.38) 

2.04% (1.76-
2.38) 

3.79% (3.36-
4.34) 

0.5% (0.38-
0.69) 

0.94% 
(0.76-1.17) 

1.75% (1.45-
2.13) 

3 1.29% 
(1.01-1.64) 

2.4% (2.06-
2.82) 

4.47% (4-5.1) 0.59% 
(0.44-0.78) 

1.11% (0.9-
1.38) 

2.06% (1.73-
2.45) 

4 1.52% 
(1.19-1.98) 

2.83% (2.43-
3.31) 

5.27% (4.63-
6.07) 

0.7% (0.53-
0.93) 

1.3% (1.05-
1.6) 

2.43% (2.03-
2.95) 

5 1.79% 
(1.43-2.29) 

3.34% (2.84-
4) 

6.21% (5.47-
7.15) 

0.83% 
(0.62-1.11) 

1.54% 
(1.23-1.94) 

2.86% (2.36-
3.48) 

6 2.12% 
(1.63-2.75) 

3.94% (3.3-
4.79) 

7.33% (6.32-
8.57) 

0.97% 
(0.74-1.33) 

1.81% 
(1.44-2.28) 

3.37% (2.71-
4.13) 

7 2.49% 
(1.92-3.33) 

4.64% (3.72-
5.65) 

8.64% (7.24-
10.36) 

1.15% 
(0.82-1.63) 

2.14% 
(1.68-2.77) 

3.97% (3.19-
4.89) 

8 2.94% (2.2-
4.04) 

5.47% (4.29-
6.85) 

10.18% (8.37-
12.45) 

1.35% 
(0.98-1.87) 

2.52% 
(1.93-3.33) 

4.69% (3.77-
5.95) 
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9 3.47% 
(2.48-4.91) 

6.45% (5.02-
8.23) 

12% (9.55-
15.37) 

1.6% (1.09-
2.25) 

2.97% 
(2.18-3.89) 

5.52% (4.29-
7.16) 

10 4.09% 
(2.87-5.77) 

7.6% (5.69-
10.08) 

14.15% 
(10.98-18.4) 

1.88% 
(1.29-2.7) 

3.5% (2.58-
4.8) 

6.51% (4.91-
8.47) 
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 eTable 14 – Hospitalisation with hypoglycaemia 

 Level Predicted 5-year risk of event 

Males Females 

45 years 55 years 65 years 45 years 55 years 65 years 

C
h
a
rl

so
n
 I
n
d
e
x
 

0 0.27% 
(0.19-0.4) 

0.46% (0.36-
0.61) 

0.78% (0.62-
0.99) 

0.19% 
(0.12-0.29) 

0.31% 
(0.22-0.44) 

0.53% (0.4-
0.74) 

1 0.37% 
(0.26-0.54) 

0.62% (0.48-
0.8) 

1.05% (0.86-
1.32) 

0.25% 
(0.17-0.39) 

0.42% 
(0.31-0.58) 

0.71% (0.55-
0.97) 

2 0.5% (0.34-
0.73) 

0.84% (0.66-
1.1) 

1.42% (1.14-
1.79) 

0.34% 
(0.22-0.53) 

0.57% 
(0.41-0.79) 

0.96% (0.72-
1.3) 

3 0.67% 
(0.45-1) 

1.13% (0.85-
1.52) 

1.91% (1.53-
2.47) 

0.45% 
(0.28-0.7) 

0.77% 
(0.55-1.09) 

1.3% (0.96-
1.78) 

4 0.9% (0.59-
1.41) 

1.52% (1.13-
2.16) 

2.57% (1.95-
3.38) 

0.61% 
(0.38-0.99) 

1.04% 
(0.73-1.49) 

1.75% (1.28-
2.41) 

5 1.22% 
(0.79-1.94) 

2.05% (1.48-
2.94) 

3.47% (2.6-
4.69) 

0.83% 
(0.51-1.32) 

1.4% (0.93-
2.08) 

2.36% (1.64-
3.5) 

6 1.64% 
(1.01-2.75) 

2.77% (1.89-
4.2) 

4.68% (3.37-
6.54) 

1.11% 
(0.67-1.93) 

1.88% 
(1.22-2.91) 

3.18% (2.17-
4.82) 

7 2.21% 
(1.29-3.74) 

3.73% (2.37-
5.9) 

6.31% (4.34-
9.45) 

1.5% (0.84-
2.69) 

2.54% 
(1.58-4.14) 

4.29% (2.77-
6.89) 

F
ra

il
ty

 i
n
d
e
x
 

0 0.16% 
(0.11-0.26) 

0.3% (0.21-
0.42) 

0.53% (0.4-
0.73) 

0.1% (0.06-
0.18) 

0.19% 
(0.13-0.28) 

0.34% (0.24-
0.5) 

0.05 0.2% (0.14-
0.31) 

0.36% (0.28-
0.5) 

0.66% (0.51-
0.86) 

0.13% 
(0.08-0.21) 

0.23% 
(0.16-0.35) 

0.42% (0.31-
0.61) 

0.1 0.25% 
(0.17-0.38) 

0.45% (0.35-
0.61) 

0.81% (0.64-
1.04) 

0.16% (0.1-
0.25) 

0.29% (0.2-
0.41) 

0.52% (0.38-
0.72) 

0.15 0.31% 
(0.22-0.44) 

0.55% (0.43-
0.74) 

1% (0.82-
1.25) 

0.2% (0.13-
0.31) 

0.35% 
(0.25-0.49) 

0.64% (0.48-
0.87) 

0.2 0.38% 
(0.26-0.56) 

0.68% (0.54-
0.9) 

1.24% (1.02-
1.55) 

0.24% 
(0.16-0.38) 

0.44% 
(0.32-0.62) 

0.79% (0.6-
1.07) 

0.25 0.47% 
(0.33-0.69) 

0.84% (0.65-
1.12) 

1.53% (1.21-
1.98) 

0.3% (0.19-
0.48) 

0.54% 
(0.39-0.76) 

0.98% (0.73-
1.33) 

0.3 0.58% 
(0.37-0.84) 

1.04% (0.78-
1.38) 

1.88% (1.45-
2.5) 

0.37% 
(0.24-0.59) 

0.67% 
(0.48-0.97) 

1.2% (0.87-
1.67) 

0.35 0.71% 
(0.46-1.11) 

1.28% (0.93-
1.8) 

2.32% (1.7-
3.15) 

0.45% 
(0.29-0.74) 

0.82% 
(0.58-1.22) 

1.48% (1.06-
2.12) 

0.4 0.87% 
(0.55-1.42) 

1.58% (1.07-
2.26) 

2.86% (2.05-
4.13) 

0.56% 
(0.35-0.96) 

1.01% 
(0.67-1.58) 

1.83% (1.28-
2.68) 

0.45 1.08% 
(0.66-1.74) 

1.95% (1.29-
3.05) 

3.53% (2.43-
5.18) 

0.69% (0.4-
1.2) 

1.25% 
(0.81-1.99) 

2.26% (1.48-
3.47) 

0.5 1.33% 
(0.75-2.33) 

2.41% (1.51-
3.94) 

4.35% (2.78-
6.79) 

0.85% 
(0.45-1.58) 

1.54% 
(0.93-2.59) 

2.79% (1.76-
4.55) 

F
ra

il
ty

 

p
h
e
n
o
ty

p
e
 

Robust 0.19% 
(0.13-0.32) 

0.35% (0.24-
0.49) 

0.62% (0.46-
0.88) 

0.12% 
(0.07-0.21) 

0.22% 
(0.15-0.33) 

0.4% (0.28-
0.57) 

Pre-frail 0.36% 
(0.24-0.54) 

0.64% (0.49-
0.85) 

1.14% (0.9-
1.46) 

0.23% 
(0.15-0.36) 

0.41% (0.3-
0.58) 

0.73% (0.54-
0.99) 

Frail 0.62% 
(0.41-0.99) 

1.12% (0.79-
1.64) 

2% (1.49-
2.79) 

0.4% (0.25-
0.68) 

0.71% 
(0.46-1.05) 

1.27% (0.9-
1.86) 

L
T
C
 c

o
u
n
t 

0 0.19% 
(0.13-0.29) 

0.32% (0.24-
0.43) 

0.52% (0.4-
0.68) 

0.13% 
(0.08-0.19) 

0.21% 
(0.14-0.3) 

0.34% (0.24-
0.47) 

1 0.25% 
(0.17-0.37) 

0.41% (0.31-
0.54) 

0.66% (0.52-
0.85) 

0.16% (0.1-
0.25) 

0.26% 
(0.19-0.38) 

0.43% (0.32-
0.59) 

2 0.32% 
(0.22-0.47) 

0.52% (0.41-
0.68) 

0.85% (0.7-
1.08) 

0.21% 
(0.14-0.32) 

0.34% 
(0.24-0.47) 

0.56% (0.42-
0.75) 

3 0.41% 
(0.29-0.6) 

0.67% (0.52-
0.87) 

1.1% (0.9-
1.37) 

0.27% 
(0.17-0.4) 

0.44% 
(0.32-0.62) 

0.71% (0.53-
0.97) 

4 0.53% 
(0.36-0.75) 

0.86% (0.67-
1.13) 

1.41% (1.16-
1.82) 

0.34% 
(0.22-0.54) 

0.56% 
(0.42-0.78) 

0.92% (0.71-
1.26) 

5 0.67% 
(0.46-0.98) 

1.11% (0.86-
1.48) 

1.81% (1.46-
2.27) 

0.44% 
(0.27-0.7) 

0.72% 
(0.52-1.05) 

1.18% (0.86-
1.59) 

6 0.87% 
(0.58-1.32) 

1.42% (1.09-
1.94) 

2.33% (1.83-
3.02) 

0.56% 
(0.36-0.89) 

0.93% 
(0.67-1.34) 

1.52% (1.14-
2.1) 

7 1.11% 
(0.71-1.75) 

1.83% (1.33-
2.51) 

3% (2.31-
3.96) 

0.73% 
(0.45-1.18) 

1.19% 
(0.83-1.77) 

1.95% (1.4-
2.7) 

8 1.43% 
(0.91-2.27) 

2.35% (1.65-
3.41) 

3.85% (2.91-
5.32) 

0.93% 
(0.57-1.56) 

1.53% (1-
2.28) 

2.51% (1.76-
3.66) 
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9 1.84% 
(1.13-3.17) 

3.02% (2.07-
4.52) 

4.95% (3.55-
6.97) 

1.2% (0.71-
1.97) 

1.96% 
(1.29-2.97) 

3.22% (2.27-
4.8) 

10 2.37% 
(1.43-3.96) 

3.88% (2.55-
5.98) 

6.36% (4.48-
9.51) 

1.54% 
(0.88-2.71) 

2.52% 
(1.59-4.03) 

4.14% (2.83-
6.62) 
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 eTable 15 – Hospitalisation with fall or fracture 

 Level Predicted 5-year risk of event 

Males Females 

45 years 55 years 65 years 45 years 55 years 65 years 

C
h
a
rl

so
n
 I
n
d
e
x
 

0 1.3% (1.06-
1.61) 

1.91% (1.65-
2.21) 

2.8% (2.45-
3.22) 

1.6% (1.28-
2) 

2.35% 
(1.97-2.8) 

3.44% (2.96-
4.02) 

1 1.81% 
(1.48-2.23) 

2.65% (2.32-
3.06) 

3.88% (3.44-
4.4) 

2.22% 
(1.76-2.75) 

3.26% 
(2.77-3.86) 

4.78% (4.16-
5.56) 

2 2.19% 
(1.75-2.72) 

3.21% (2.76-
3.75) 

4.7% (4.14-
5.41) 

2.69% 
(2.08-3.41) 

3.95% (3.3-
4.68) 

5.79% (4.98-
6.74) 

3 2.51% 
(1.97-3.11) 

3.68% (3.15-
4.34) 

5.39% (4.65-
6.31) 

3.08% 
(2.44-3.98) 

4.52% 
(3.71-5.5) 

6.63% (5.56-
7.93) 

4 2.79% 
(2.16-3.53) 

4.08% (3.44-
4.97) 

5.99% (5.15-
7.05) 

3.43% (2.7-
4.53) 

5.03% 
(4.12-6.14) 

7.37% (6.1-
8.78) 

5 3.04% 
(2.33-3.96) 

4.45% (3.65-
5.5) 

6.53% (5.46-
7.81) 

3.74% 
(2.85-4.86) 

5.48% 
(4.43-6.84) 

8.03% (6.65-
9.83) 

6 3.27% 
(2.51-4.2) 

4.79% (3.91-
5.93) 

7.02% (5.9-
8.49) 

4.02% 
(3.08-5.37) 

5.89% 
(4.73-7.4) 

8.64% (7.17-
10.61) 

7 3.48% 
(2.69-4.56) 

5.1% (4.18-
6.46) 

7.48% (6.17-
9.13) 

4.28% 
(3.23-5.69) 

6.28% 
(4.93-7.99) 

9.2% (7.52-
11.66) 

F
ra

il
ty

 i
n
d
e
x
 

0 0.81% 
(0.65-1.03) 

1.23% (1.03-
1.48) 

1.87% (1.57-
2.21) 

0.94% 
(0.74-1.23) 

1.43% 
(1.16-1.76) 

2.18% (1.79-
2.65) 

0.05 0.99% (0.8-
1.23) 

1.5% (1.28-
1.75) 

2.28% (1.98-
2.62) 

1.15% (0.9-
1.45) 

1.74% 
(1.44-2.07) 

2.65% (2.23-
3.13) 

0.1 1.2% (0.98-
1.49) 

1.82% (1.59-
2.12) 

2.77% (2.45-
3.18) 

1.39% 
(1.11-1.79) 

2.12% 
(1.78-2.52) 

3.22% (2.73-
3.76) 

0.15 1.46% (1.2-
1.82) 

2.22% (1.94-
2.55) 

3.37% (3-
3.83) 

1.7% (1.35-
2.13) 

2.58% 
(2.17-3.04) 

3.92% (3.35-
4.57) 

0.2 1.78% 
(1.45-2.18) 

2.7% (2.35-
3.1) 

4.1% (3.63-
4.63) 

2.06% 
(1.65-2.61) 

3.14% 
(2.67-3.72) 

4.77% (4.11-
5.61) 

0.25 2.16% 
(1.75-2.66) 

3.28% (2.8-
3.79) 

4.99% (4.42-
5.73) 

2.51% 
(2.02-3.19) 

3.81% 
(3.26-4.5) 

5.8% (4.97-
6.79) 

0.3 2.63% 
(2.08-3.31) 

4% (3.41-
4.69) 

6.07% (5.24-
7) 

3.05% 
(2.39-3.92) 

4.64% (3.9-
5.6) 

7.06% (6.02-
8.36) 

0.35 3.2% (2.5-
4.15) 

4.86% (4.05-
5.87) 

7.39% (6.27-
8.8) 

3.71% 
(2.88-4.79) 

5.65% 
(4.61-6.82) 

8.59% (7.24-
10.28) 

0.4 3.89% 
(2.97-5.02) 

5.91% (4.81-
7.39) 

8.99% (7.47-
10.88) 

4.52% 
(3.49-5.89) 

6.87% 
(5.61-8.64) 

10.45% (8.6-
12.78) 

0.45 4.73% 
(3.64-6.3) 

7.2% (5.65-
9.13) 

10.94% (8.7-
13.57) 

5.5% (4.18-
7.14) 

8.36% 
(6.61-10.9) 

12.71% 
(10.03-16.1) 

0.5 5.76% 
(4.34-7.74) 

8.75% (6.76-
11.38) 

13.31% 
(10.52-16.94) 

6.69% 
(5.01-9.35) 

10.17% 
(7.8-13.59) 

15.46% 
(12.09-19.9) 

F
ra

il
ty

 

p
h
e
n
o
ty

p
e
 

Robust 1.13% 
(0.91-1.44) 

1.73% (1.46-
2.07) 

2.66% (2.27-
3.13) 

1.39% 
(1.07-1.8) 

2.13% 
(1.76-2.58) 

3.27% (2.73-
3.97) 

Pre-frail 1.54% 
(1.24-1.9) 

2.36% (2.04-
2.77) 

3.62% (3.17-
4.15) 

1.9% (1.51-
2.41) 

2.91% 
(2.45-3.46) 

4.45% (3.79-
5.2) 

Frail 2.46% 
(1.92-3.14) 

3.77% (3.14-
4.65) 

5.79% (4.88-
6.95) 

3.03% 
(2.35-3.95) 

4.65% (3.8-
5.71) 

7.12% (5.95-
8.6) 

L
T
C
 c

o
u
n
t 

0 1% (0.82-
1.24) 

1.41% (1.22-
1.65) 

1.98% (1.71-
2.29) 

1.2% (0.95-
1.52) 

1.68% (1.4-
2.03) 

2.35% (1.99-
2.78) 

1 1.24% 
(1.02-1.55) 

1.74% (1.51-
2.01) 

2.44% (2.13-
2.79) 

1.47% 
(1.17-1.84) 

2.07% 
(1.75-2.45) 

2.9% (2.49-
3.39) 

2 1.53% 
(1.26-1.88) 

2.14% (1.87-
2.45) 

3% (2.64-
3.39) 

1.82% 
(1.47-2.28) 

2.55% 
(2.14-3.02) 

3.58% (3.12-
4.15) 

3 1.88% 
(1.51-2.3) 

2.64% (2.32-
3.02) 

3.7% (3.26-
4.19) 

2.24% 
(1.77-2.85) 

3.14% 
(2.65-3.71) 

4.41% (3.81-
5.09) 

4 2.32% 
(1.88-2.82) 

3.25% (2.86-
3.79) 

4.57% (4-
5.13) 

2.76% 
(2.22-3.47) 

3.88% 
(3.34-4.54) 

5.44% (4.74-
6.35) 

5 2.86% 
(2.26-3.58) 

4.01% (3.43-
4.7) 

5.63% (4.93-
6.46) 

3.41% 
(2.75-4.36) 

4.78% 
(4.03-5.72) 

6.7% (5.75-
7.82) 

6 3.53% 
(2.83-4.47) 

4.95% (4.15-
5.83) 

6.94% (6.03-
7.99) 

4.2% (3.27-
5.38) 

5.89% 
(4.87-7.06) 

8.26% (6.99-
9.74) 

7 4.35% (3.4-
5.41) 

6.1% (5.09-
7.29) 

8.56% (7.33-
10.02) 

5.18% 
(4.07-6.69) 

7.26% 
(5.97-8.93) 

10.19% (8.51-
12.12) 

8 5.36% 
(4.16-7.03) 

7.52% (6.1-
9.04) 

10.55% (8.73-
12.6) 

6.38% 
(4.87-8.55) 

8.95% 
(7.15-
11.18) 

12.56% 
(10.36-15.3) 
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9 6.61% 
(4.96-8.76) 

9.27% (7.4-
11.73) 

13% (10.66-
16) 

7.87% 
(5.96-
10.65) 

11.04% 
(8.84-
14.06) 

15.48% 
(12.48-19.06) 

10 8.15% (6-
10.85) 

11.43% (9.05-
14.51) 

16.03% 
(13.05-19.99) 

9.7% (7.2-
13.04) 

13.61% 
(10.69-
17.64) 

19.09% 
(15.13-24.55) 
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Relationship between HbA1c and mortality, stratified by baseline use of insulin 
or sulphonylurea 
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Appendix 5:Supplementary material for chapter 7: 
Frailty in rheumatoid arthritis and its relationship 
with disease activity, hospitalisation and mortality: 
a longitudinal analysis of the Scottish Early 
Rheumatoid Arthritis cohort and UK Biobank   
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SERA frailty index deficits 

Deficit Source Coding 

Alcohol problems Medical history Present = 1, absent = 0 

Anxiety Medical history Present = 1, absent = 0 

Asthma Medical history Present = 1, absent = 0 

Atrial fibrillation Medical history Present = 1, absent = 0 

Bronchiectasis Medical history Present = 1, absent = 0 

Cancer Medical history Present = 1, absent = 0 

Coronary heart disease Medical history Present = 1, absent = 0 

Chronic kidney disease Medical history Present = 1, absent = 0 

Chronic liver disease Medical history Present = 1, absent = 0 

COPD Medical history Present = 1, absent = 0 

Depression Medical history Present = 1, absent = 0 

Diabetes Medical history Present = 1, absent = 0 

Diverticular disease Medical history Present = 1, absent = 0 

Dyspepsia Medical history Present = 1, absent = 0 

Epilepsy Medical history Present = 1, absent = 0 

Glaucoma Medical history Present = 1, absent = 0 

Heart failure Medical history Present = 1, absent = 0 

Hypertension Medical history Present = 1, absent = 0 

Osteoporosis Medical history Present = 1, absent = 0 

Chronic pain Medical history Present = 1, absent = 0 

Parkinson’s disease Medical history Present = 1, absent = 0 

Pernicious anaemia Medical history Present = 1, absent = 0 

Peripheral vascular disease Medical history Present = 1, absent = 0 

Schizophrenia Medical history Present = 1, absent = 0 

Stroke or TIA Medical history Present = 1, absent = 0 

Thyroid disease Medical history Present = 1, absent = 0 

Difficulty getting out of bed HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with household 
chores 

HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty climbing stairs HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with shopping 
(groceries) 

HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficult standing HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with toilet HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 
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Limited mobility EQ5D-1 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with self-care EQ5D-2 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Limited in usual activities EQ5D-3 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Pain EQ5D-4 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Anxiety EQ5D-5 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoblobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 

Platelets baseline laboratory 
measures 

<150 = 1, >150 = 0 

 
UK Biobank frailty index deficits 

Deficit Coding 

Glaucoma  Categorised 0/1 

Cataracts  Categorised 0/1 

Hearing difficulty Categorised 0/1  

Migraine  Categorised 0/1 

Dental problems Categorised 0/1 for none vs. any 

Self-rated health 0 – excellent; 0.25 – good; 0.5 - fair, 1 - 
poor 

Fatigue: frequency of tiredness / 
lethargy in last two weeks 

0, 0.25, 0.5, 1, respectively 

Sleep: experience of 
sleeplessness/insomnia 

Categorised 0, 0.5, 1, respectively 

Depressed feelings: frequency in 
last two weeks 

0 – not at all, 0.5 – several days, 0.75 --  
more than half, 1 – nearly every day 

Self-described nervous 
personality 

Categorised 0/1 

Severe anxiety/ panic attacks  Categorised 0/1 

Common to feel loneliness Categorised 0/1 

Sense of misery (ever/never) Categorised 0/1 

Infirmity: long-standing illness or 
disability 

Categorised 0/1 

Falls in last year 0 - no fall, 0.5 - one fall, 1 - more than one 
fall 

Fractures/broken bones in last 
five years 

Categorised 0/1 

Diabetes  Categorised 0/1 
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Myocardial infarction  Categorised 0/1 

Angina  Categorised 0/1 

Stroke  Categorised 0/1 

High blood pressure  Categorised 0/1 

Hypothyroidism  Categorised 0/1 

Deep-vein thrombosis  Categorised 0/1 

High cholesterol  Categorised 0/1 

Breathing: wheeze in last year Categorised 0/1 

Pneumonia  Categorised 0/1 

Chronic bronchitis/emphysema  Categorised 0/1 

Asthma  Categorised 0/1 

Rheumatoid arthritis  Categorised 0/1 

Osteoarthritis  Categorised 0/1 

Gout  Categorised 0/1 

Osteoporosis  Categorised 0/1 

Hayfever, allergic rhinitis or 
eczema  

Categorised 0/1 

Psoriasis  Categorised 0/1 

Any cancer diagnosis  Categorised 0/1 

Multiple cancers diagnosed 
(number reported) 

Categorised 0/1 

Chest pain Categorised 0/1 

Head and/or neck pain Categorised 0/1 

Back pain Categorised 0/1 

Stomach/abdominal pain Categorised 0/1 

Hip pain Categorised 0/1 

Knee pain Categorised 0/1 

Whole-body pain Categorised 0/1 

Facial pain Categorised 0/1 

Sciatica  Categorised 0/1 

Gastric reflux  Categorised 0/1 

Hiatus hernia  Categorised 0/1 

Gall stones  Categorised 0/1 

Diverticulitis  Categorised 0/1 
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UK Biobank frailty phenotype – comparison of participants with and without 
missing data 
 

 Complete data (frailty 
phenotype) 

Missing data (frailty 
phenotype) 

Total 3344 262 

Mean age (sd) 59.4 (7.1) 60.4 (6.7) 

Male (%) 998 (29.8%) 65 (24.8%) 

Female (%) 2346 (70.2%) 196 (74.8%) 

Mean frailty index (sd) 0.18 (0.08) 0.20 (0.08) 
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Appendix 6: Supplementary material for Chapter 9: 
Frailty in COPD: an analysis of prevalence and 
clinical impact using UK Biobank 
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UK Biobank: Comparison of participants with linked GP data versus those without 
GP data available 

 Whole cohort 
(n=502,533) 

GP data 
available 
(n=211,597) 

No GP data 
available 
(n=290,936) 

Mean age (sd) 56.5 (8.1) 56.5 (8.1) 56.5 (8.1) 

Sex (%)    

  Male 229,132 (45.6%) 96,060 (45.4%) 133,072 (45.7%) 

  Female 273,401 (54.4%) 115,537 (54.6%) 157,864 (54.3%) 

Socioeconomic status    

  Quintile 1 (most 
affluent) 

100,663 (20.1%) 42,155 (20.0%) 58,508 (20.1%) 

  2 100,096 (19.9%) 41,628 (19.7%) 58,468 (20.1%) 

  3 100,398 (20.0%) 43,378 (20.5%) 57,020 (19.6%) 

  4 100,375 (20.0%) 42,531 (20.1%) 57,844 (19.9%) 

  Quintile 5 (most 
deprived) 

100,378 (20.0%) 41,581 (19.7%) 58,797 (20.2%) 

Self-reported LTC 
count* 

   

  0 172,565 (34.5%) 71,572 (34.0%) 100,993 (34.8%) 

  1 163,680 (32.7%) 68,987 (32.7%) 94,693 (32.7%) 

  2 95,211 (19.0%) 40,353 (19.1%) 54,858 (18.9%) 

  3 43,113 (8.6%) 18,702 (8.9%) 24,411 (8.4%) 

  4 16,732 (3.3%) 7,175 (3.4%) 9,557 (3.3%) 

  5 6,056 (1.2%) 2,580 (1.2%) 3,476 (1.2%) 

  6 or more 3,331 (0.7%) 1,428 (0.7%) 1,903 (0.7%) 

Note that the LTC count displayed here is based on baseline assessment centre 
self-report of LTCs, with conditions based on the original list of conditions 
used in the main analysis, adapted for UK Biobank baseline self-reported data. 
These definitions were not used in the main analysis as equivalent (self-
reported) data are not available for SAIL. 

 
 
Quantification of frailty index 
Frailty index deficits taken from Williams DM, Jylhävä J, Pedersen NL, Hägg S. A frailty 

index for UK Biobank participants. The Journals of Gerontology: Series A. 2019 Mar 14;74(4):582-
7.  

https://doi.org/10.1093/gerona/gly094 

Deficit Coding 

Glaucoma * Categorised 0/1 

Cataracts * Categorised 0/1 

Hearing difficulty Categorised 0/1  

Migraine * Categorised 0/1 

Dental problems Categorised 0/1 for none vs. any 

Self-rated health 0 – excellent; 0.25 – good; 0.5 - fair, 1 - 
poor 

Fatigue: frequency of tiredness / 
lethargy in last two weeks 

0, 0.25, 0.5, 1, respectively 

Sleep: experience of 
sleeplessness/insomnia 

Categorised 0, 0.5, 1, respectively 
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Depressed feelings: frequency in 
last two weeks 

0 – not at all, 0.5 – several days, 0.75 --  
more than half, 1 – nearly every day 

Self-described nervous 
personality 

Categorised 0/1 

Severe anxiety/ panic attacks * Categorised 0/1 

Common to feel loneliness Categorised 0/1 

Sense of misery (ever/never) Categorised 0/1 

Infirmity: long-standing illness or 
disability 

Categorised 0/1 

Falls in last year 0 - no fall, 0.5 - one fall, 1 - more than one 
fall 

Fractures/broken bones in last 
five years 

Categorised 0/1 

Diabetes * Categorised 0/1 

Myocardial infarction * Categorised 0/1 

Angina * Categorised 0/1 

Stroke * Categorised 0/1 

High blood pressure * Categorised 0/1 

Hypothyroidism * Categorised 0/1 

Deep-vein thrombosis * Categorised 0/1 

High cholesterol * Categorised 0/1 

Breathing: wheeze in last year Categorised 0/1 

Pneumonia * Categorised 0/1 

Chronic bronchitis/emphysema * Categorised 0/1 

Asthma * Categorised 0/1 

Rheumatoid arthritis * Categorised 0/1 

Osteoarthritis * Categorised 0/1 

Gout * Categorised 0/1 

Osteoporosis * Categorised 0/1 

Hayfever, allergic rhinitis or 
eczema * 

Categorised 0/1 

Psoriasis * Categorised 0/1 

Any cancer diagnosis * Categorised 0/1 

Multiple cancers diagnosed 
(number reported) 

Categorised 0/1 

Chest pain Categorised 0/1 

Head and/or neck pain Categorised 0/1 

Back pain Categorised 0/1 

Stomach/abdominal pain Categorised 0/1 

Hip pain Categorised 0/1 

Knee pain Categorised 0/1 

Whole-body pain Categorised 0/1 

Facial pain Categorised 0/1 

Sciatica * Categorised 0/1 

Gastric reflux * Categorised 0/1 

Hiatus hernia * Categorised 0/1 

Gall stones * Categorised 0/1 

Diverticulitis * Categorised 0/1 
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Quantification of the frailty phenotype 
Taken from Hanlon P, Nicholl BI, Jani BD, Lee D, McQueenie R, Mair FS. Frailty and pre-frailty 

in middle-aged and older adults and its association with multimorbidity and mortality: a prospective 
analysis of 493 737 UK Biobank participants. The Lancet Public Health. 2018 Jul 1;3(7):e323-32. 

https://doi.org/10.1016/S2468-2667(18)30091-4 

Frailty phenotype variable definitions adapted for UK Biobank 

Weight loss Self-reported: “Compared with one year ago, has your 
weight changed?” (response: yes, lost weight=1, other=0) 

Exhaustion Self-reported: “Over the past two weeks, how often have 
you felt tired or had little energy?” 
(response: more than half the days or nearly every day=1, 
other=0) 

Low physical 
activity 

Self-reported: UK Biobank physical activity questionnaire. 
We classified the responses into: none (no physical activity 
in the last 4 weeks), low (light DIY activity [eg, pruning, 
watering the lawn] only in the past 4 weeks), medium 
(heavy DIY activity [eg, weeding, lawn mowing, carpentry 
and digging], walking for pleasure, or other exercises in the 
past 4 weeks), and high (strenuous sports in the past 4 
weeks) 
(response: none or light activity with a frequency of once 
per week or less=1, medium or heavy activity, or light 
activity more than once per week=0) 

Slow walking 
pace 

Self-reported: “How would you describe your usual walking 
pace?” (response: slow=1, other=0) 

Low grip 
strength 

Measured grip strength (sex and body-mass index adjusted 
cutoffs taken from Fried et al) 
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Comparison of frailty prevalence with full cohort 

 COPD No COPD 

Total 3132 215439 

Frailty phenotype   

 Robust 979 (31.3%) 125207 (58.1%) 

 Pre-frail 1518 (48.5%) 79484 (36.9%) 

 Frail 514 (16.4%) 7319 (3.4%) 

 Missing 121 3429 

Frailty index   

 Robust 467 (14.9%) 112289 (52.1%) 

 Mild 1671 (53.4%) 88142 (40.9%) 

 Moderate 872 (27.9%) 13919 (6.5%) 

 Severe 121 (3.9%) 1089 (0.5%) 

 Missing 1 349 

Prevalence of domains of frailty phenotype 

Domain Total with deficit (%) Total missing 

Low grip strength 870 (28.3%) 55 

Weight loss 547 (17.5%) 9 

Exhaustion 748 (23.9%) 8 

Slow walking speed 1098 (35.8%) 62 

Low physical activity 709 (23.2%) 71 
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Scatter plot of frailty index (numerical values) and percent predicted FEV1 
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Comparing distribution of airflow limitation using primary care spirometry and 
UK Biobank spirometry 
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Relationship between frailty and clinical outcomes, adjusting for primary care 
spirometry only 

 
Relationship between frailty and clinical outcomes, adjusting for UK Biobank 
spirometry only 
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Relationship between frailty, FEV1 and outcomes, comparing main analysis to UK 
Biobank spirometry only 
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Appendix 7: Supplementary material for Chapter 
10: Identifying frailty in trials: an analysis of 
individual participant data from trials of novel 
pharmacological interventions 
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Deficits included in frailty index for each condition 

Diabetes trials frailty index deficits 

Deficit Source Coding 

Acid-related disorders Concomitant medications Present = 1, absent = 0 

Diabetes mellitus Concomitant medications Present = 1, absent = 0 

Thromboemolic disease/AF Concomitant medications Present = 1, absent = 0 

Cardiovascular disease Concomitant medications Present = 1, absent = 0 

Urinary tract 
disorder/incontinence 

Concomitant medications Present = 1, absent = 0 

Glaucoma Concomitant medications Present = 1, absent = 0 

Arthritis and arthralgia Concomitant medications Present = 1, absent = 0 

Osteoporosis Concomitant medications Present = 1, absent = 0 

Gout Concomitant medications Present = 1, absent = 0 

Inflammatory conditions 
(arthopathies, IBD, 
connective tissue diseases) 

Concomitant medications Present = 1, absent = 0 

Migraine Concomitant medications Present = 1, absent = 0 

Chronic pain Concomitant medications Present = 1, absent = 0 

Schizophrenia and 
delusional dosirders 

Concomitant medications Present = 1, absent = 0 

Affective disorders/sleep 
disorders 

Concomitant medications Present = 1, absent = 0 

Epilepsy Concomitant medications Present = 1, absent = 0 

Parkinson's 
disease/parksinsonism 

Concomitant medications Present = 1, absent = 0 

Dementia Concomitant medications Present = 1, absent = 0 

Chronic lower respiratory 
disease 

Concomitant medications Present = 1, absent = 0 

Thyroid disorders Concomitant medications Present = 1, absent = 0 

Skin disorders  Concomitant medications Present = 1, absent = 0 

Difficulty picking up objects IWQOL1 Present = 1, absent = 0 

Difficulty getting up from 
chairs 

IWQOL3 Present = 1, absent = 0 

Trouble with stairs IWQOL4 Present = 1, absent = 0 

Difficulty dressing IWQOL5 Present = 1, absent = 0 

Difficulty with mobility IWQOL6 Present = 1, absent = 0 

Short of breath on mild 
exertion 

IWQOL8 Present = 1, absent = 0 

Self-rated health EQ5D/SF36-1 ((Total out of 100)-
100)/100 

Limited mobility/difficulty 
walking several blocks 

EQ5D-1/SF36-10 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 
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Rheumatoid arthritis trials frailty index deficits 

Deficit Source Coding 

Acid-related disorders Concomitant medications Present = 1, absent = 0 

Diabetes mellitus Concomitant medications Present = 1, absent = 0 

Thromboemolic disease/AF Concomitant medications Present = 1, absent = 0 

Cardiovascular disease Concomitant medications Present = 1, absent = 0 

Urinary tract 
disorder/incontinence 

Concomitant medications Present = 1, absent = 0 

Glaucoma Concomitant medications Present = 1, absent = 0 

Osteoporosis Concomitant medications Present = 1, absent = 0 

Gout Concomitant medications Present = 1, absent = 0 

Inflammatory conditions 
(arthopathies, IBD, 
connective tissue diseases) 

Concomitant medications Present = 1, absent = 0 

Migraine Concomitant medications Present = 1, absent = 0 

Chronic pain Concomitant medications Present = 1, absent = 0 

Schizophrenia and 
delusional dosirders 

Concomitant medications Present = 1, absent = 0 

Affective disorders/sleep 
disorders 

Concomitant medications Present = 1, absent = 0 

Difficulty with self-care EQ5D-2/SF36-12 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Limited in usual activities EQ5D-3/SF25-32 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Pain EQ5D-4/SF36-21 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Anxiety or Down in dumps EQ5D-5/SF36-25 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoblobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 

Fib4 baseline laboratory 
measures 

>2.67 = 1, >2 = 0.5, <2 = 0 

Sodium baseline laboratory 
measures 

<133 = 1 

Calcium baseline laboratory 
measures 

>2.7 mmol/L = 1, <2.7 = 0 

Cholesterol baseline laboratory 
measures 

>6.2 mmol/L = 1, <6.2 = 0 

Systolic blood pressure baseline assessment >150 = 1 

Body mass index baseline assessment <18.5 or >30 = 1, >25 = 0.5, 
18.5-25 = 0 
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Epilepsy Concomitant medications Present = 1, absent = 0 

Parkinson's 
disease/parksinsonism 

Concomitant medications Present = 1, absent = 0 

Dementia Concomitant medications Present = 1, absent = 0 

Chronic lower respiratory 
disease 

Concomitant medications Present = 1, absent = 0 

Thyroid disorders Concomitant medications Present = 1, absent = 0 

Skin disorders  Concomitant medications Present = 1, absent = 0 

Difficulty getting out of bed HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with household 
chores 

HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty climbing stairs HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with shopping 
(groceries) 

HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficult standing HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with toilet HAQ-DI Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Self-rated health EQ5D/SF36-1 ((Total out of 100)-
100)/100 

Limited mobility EQ5D-1/SF36-10 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Difficulty with self-care EQ5D-2/SF36-12 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Limited in usual activities EQ5D-3/SF25-32 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Pain EQ5D-4/SF36-21 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

Anxiety EQ5D-5/SF36-25 Severe difficulty/unable = 
1, some difficulty = 0.5, no 
difficulty = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoblobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 

Fib4 baseline laboratory 
measures 

>2.67 = 1, >2 = 0.5, <2 = 0 
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Sodium baseline laboratory 
measures 

<133 = 1 

Calcium baseline laboratory 
measures 

>2.7 mmol/L = 1, <2.7 = 0 

Glucose baseline laboratory 
measures 

>11 mmol/L = 1, >7 = 0.5, 
<7 = 0 

Cholesterol baseline laboratory 
measures 

>6.2 mmol/L = 1, <6.2 = 0 

Systolic blood pressure baseline assessment >150 = 1 

Body mass index baseline assessment <18.5 or >30 = 1, >25 = 0.5, 
18.5-25 = 0 

 
 

COPD trials frailty index deficits 

Deficit Source Coding 

Acid-related disorders Concomitant medications Present = 1, absent = 0 

Diabetes mellitus Concomitant medications Present = 1, absent = 0 

Thromboemolic disease/AF Concomitant medications Present = 1, absent = 0 

Cardiovascular disease Concomitant medications Present = 1, absent = 0 

Urinary tract 
disorder/incontinence 

Concomitant medications Present = 1, absent = 0 

Glaucoma Concomitant medications Present = 1, absent = 0 

Arthritis and arthralgia Concomitant medications Present = 1, absent = 0 

Osteoporosis Concomitant medications Present = 1, absent = 0 

Gout Concomitant medications Present = 1, absent = 0 

Inflammatory conditions 
(arthopathies, IBD, 
connective tissue diseases) 

Concomitant medications Present = 1, absent = 0 

Migraine Concomitant medications Present = 1, absent = 0 

Chronic pain Concomitant medications Present = 1, absent = 0 

Schizophrenia and 
delusional dosirders 

Concomitant medications Present = 1, absent = 0 

Affective disorders/sleep 
disorders 

Concomitant medications Present = 1, absent = 0 

Epilepsy Concomitant medications Present = 1, absent = 0 

Parkinson's 
disease/parksinsonism 

Concomitant medications Present = 1, absent = 0 

Dementia Concomitant medications Present = 1, absent = 0 

Chronic lower respiratory 
disease 

Concomitant medications Present = 1, absent = 0 

Thyroid disorders Concomitant medications Present = 1, absent = 0 

Skin disorders  Concomitant medications Present = 1, absent = 0 

Difficulty with Stairs SGRQ Present = 1, absent = 0 

Difficulty with Dressing SGRQ Present = 1, absent = 0 

Difficulty with Housework SGRQ Present = 1, absent = 0 

Difficulty with Shopping SGRQ Present = 1, absent = 0 

Difficulty with Sports SGRQ Present = 1, absent = 0 

Bath/shower long time SGRQ Present = 1, absent = 0 



495 
 

 

Everything too much effort SGRQ Present = 1, absent = 0 

Feel that exercise not safe 
for me 

SGRQ Present = 1, absent = 0 

Feel frail because of chest SGRQ Present = 1, absent = 0 

Panic SGRQ Present = 1, absent = 0 

Exhausted easily SGRQ Present = 1, absent = 0 

eGFR baseline laboratory 
measures 

<30 = 1, <60 = 0.5, >60 = 0 

Haemoglobin baseline laboratory 
measures 

<115 = 1 (men), <110 = 1 
(women) 

Fib4 baseline laboratory 
measures 

>2.67 = 1, >2 = 0.5, <2 = 0 

Sodium baseline laboratory 
measures 

<133 = 1 

Calcium baseline laboratory 
measures 

>2.7 mmol/L = 1, <2.7 = 0 

Glucose baseline laboratory 
measures 

>11 mmol/L = 1, >7 = 0.5, 
<7 = 0 

Systolic BP baseline assessment >150 = 1 

Body mass index baseline assessment <18.5 or >30 = 1, >25 = 0.5, 
18.5-25 = 0 
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Parameters for the distributions of the frailty index for each trial 
 
 
Generalised gamma distribution. P-value for fit (Kolmogorov Smirnov test) – 
p>0.05 indicated good fit. 

Trial Mu Sigma Q P-value 

NCT00734474 -2.1384099 0.5184630 0.2126836 0.6536614 

NCT01064687 -1.8686473 0.4334530 -0.0911457 0.3841132 

NCT01075282 -1.9262997 0.4534190 -0.0070541 0.1537916 

NCT01191268 -1.7281470 0.4233779 0.2312597 0.1205054 

NCT01624259 -1.9900970 0.4453075 -0.2423449 0.3977397 

NCT01106625 -1.7845810 0.4249601 0.6854553 0.7535057 

NCT01106677 -1.8141929 0.4008267 0.4329018 0.0994761 

NCT00106535 -1.3622950 0.3178938 1.2024470 0.1125004 

NCT01007435 -1.4211607 0.3644020 1.3289993 0.1304014 

NCT01119859 -1.3239383 0.3311765 0.9893788 0.6863576 

NCT01232569 -1.3903390 0.3191592 1.0485768 0.5766842 

NCT00236028 -1.2671025 0.2418719 0.9600227 0.2527657 

NCT00264537 -1.1828921 0.2272744 0.8935029 0.7031388 

NCT00264550 -1.2542247 0.2725728 0.7223240 0.0897029 

NCT00361335 -1.2060284 0.2486708 0.8211526 0.4014494 

NCT01316900 -1.5972347 0.3817339 1.1277266 0.1655973 

NCT01316913 -1.5434427 0.3536005 1.2548760 0.0574210 

NCT01957163 -1.7122818 0.4290410 0.7032241 0.0350085 

NCT02119286 -1.6826762 0.4197403 1.0602738 0.2451722 

 
 
  



497 
 

 

Generalised gamma model coefficients and variance covariance matrices 

Each of these describes a generalised gamma model for FI values on age (centred 

at 60 years), sex (male = 1, female = 0) and disease severity 

NCT00734474: generalised gamma model coefficients 

Mu -1.99992 

Sigma -0.70364 

Q 0.203893 

Age 0.007928 

Sex -0.21326 

HbA1c 0.023292 

 

NCT00734474: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.000813 -9.8E-05 0.001435 1.13E-05 -0.00039 -4.4E-05 

Sigma -9.8E-05 0.000439 -0.00031 3E-07 4E-07 3.9E-06 

Q 0.001435 -0.00031 0.005856 -4.9E-06 -5.8E-06 -5.7E-05 

Age 1.13E-05 3E-07 -4.9E-06 2.1E-06 0 -2E-07 

Sex -0.00039 4E-07 -5.8E-06 0 0.000823 1.31E-05 

HbA1c -4.4E-05 3.9E-06 -5.7E-05 -2E-07 1.31E-05 0.000176 

 
 

NCT01064687: generalised gamma model coefficients 

Mu -1.73457 

Sigma -0.86705 

Q -0.0698 

Age 0.007821 

Sex -0.16049 

HbA1c 0.000813 

 

NCT01064687: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.000826 3.61E-05 0.001552 8.5E-06 -0.00049 1.77E-05 

Sigma 3.61E-05 0.000514 0.000127 -1E-07 -4E-06 6E-07 

Q 0.001552 0.000127 0.006997 -3.9E-06 -0.00017 2.45E-05 

Age 8.5E-06 -1E-07 -3.9E-06 1.9E-06 -1.9E-06 1E-07 

Sex -0.00049 -4E-06 -0.00017 -1.9E-06 0.00076 -3.5E-05 

HbA1c 1.77E-05 6E-07 2.45E-05 1E-07 -3.5E-05 0.000106 

 
 

NCT01075282: generalised gamma model coefficients 

Mu -1.74062 

Sigma -0.86522 

Q 0.080101 

Age 0.011933 

Sex -0.25352 
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HbA1c 0.024706 

 

NCT01075282: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.00093 -5.3E-05 0.002002 8.1E-06 -0.00051 -4.3E-05 

Sigma -5.3E-05 0.000608 -0.00019 2E-07 8.4E-06 0.000002 

Q 0.002002 -0.00019 0.008797 -6.1E-06 -0.00031 -7.6E-05 

Age 8.1E-06 2E-07 -6.1E-06 2.4E-06 -2.2E-06 3E-07 

Sex -0.00051 8.4E-06 -0.00031 -2.2E-06 0.000869 -4.6E-06 

HbA1c -4.3E-05 0.000002 -7.6E-05 3E-07 -4.6E-06 0.000217 

 
 

NCT01191268: generalised gamma model coefficients 

Mu -1.63563 

Sigma -0.9037 

Q 0.163278 

Age 0.009778 

Sex -0.19765 

HbA1c 0.008889 

 

NCT01191268: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.000747 -8.7E-05 0.001595 -2.2E-06 -0.00037 -9E-05 

Sigma -8.7E-05 0.00058 -0.00035 0.000001 -6.9E-06 2.7E-06 

Q 0.001595 -0.00035 0.008136 -1.9E-05 0.000126 -5E-05 

Age -2.2E-06 0.000001 -1.9E-05 2.3E-06 -2E-06 0.000002 

Sex -0.00037 -6.9E-06 0.000126 -2E-06 0.000743 4.9E-06 

HbA1c -9E-05 2.7E-06 -5E-05 0.000002 4.9E-06 0.00017 

 
 

NCT01624259: generalised gamma model coefficients 

Mu -1.87022 

Sigma -0.83679 

Q -0.09601 

Age 0.01037 

Sex -0.10408 

HbA1c -0.03629 

 

NCT01624259: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.001502 0.000112 0.003486 2.07E-05 -0.00075 -4.4E-05 

Sigma 0.000112 0.000847 0.000372 1.2E-06 -1.9E-05 -3.5E-06 

Q 0.003486 0.000372 0.014139 3.75E-05 -0.0006 -0.00011 

Age 2.07E-05 1.2E-06 3.75E-05 3.5E-06 -2.2E-06 5.5E-06 

Sex -0.00075 -1.9E-05 -0.0006 -2.2E-06 0.001282 2.58E-05 

HbA1c -4.4E-05 -3.5E-06 -0.00011 5.5E-06 2.58E-05 0.000502 

 
 



499 
 

 

NCT01106625: generalised gamma model coefficients 

Mu -1.80232 

Sigma -1.1759 

Q -0.37176 

Age -0.00021 

Sex -0.1019 

HbA1c 0.023065 

 

NCT01106625: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.001582 0.000589 0.004772 0.000024 -0.00083 -1.9E-05 

Sigma 0.000589 0.00194 0.002561 0.000007 -0.00013 -1.7E-05 

Q 0.004772 0.002561 0.025632 5.71E-05 -0.00103 -0.00014 

Age 0.000024 0.000007 5.71E-05 3.6E-06 -3.3E-06 3.1E-06 

Sex -0.00083 -0.00013 -0.00103 -3.3E-06 0.001296 -7.4E-05 

HbA1c -1.9E-05 -1.7E-05 -0.00014 3.1E-06 -7.4E-05 0.000379 

 
 

NCT01106677: generalised gamma model coefficients 

Mu -1.84125 

Sigma -1.12867 

Q -0.34734 

Age -0.00236 

Sex -0.10274 

HbA1c 0.015572 

 

NCT01106677: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  HbA1c 

Mu 0.000447 0.000154 0.001337 5.9E-06 -0.00021 1.56E-05 

Sigma 0.000154 0.000584 0.000738 4E-07 -8.4E-06 -5.2E-06 

Q 0.001337 0.000738 0.007892 3.3E-06 -7.3E-05 -4.5E-05 

Age 5.9E-06 4E-07 3.3E-06 1.2E-06 -1E-07 1.1E-06 

Sex -0.00021 -8.4E-06 -7.3E-05 -1E-07 0.000425 -2.1E-05 

HbA1c 1.56E-05 -5.2E-06 -4.5E-05 1.1E-06 -2.1E-05 0.000134 

 
 

NCT00106535: generalised gamma model coefficients 

Mu -1.7998 

Sigma -1.17989 

Q 1.089106 

Age 0.004992 

Sex -0.10346 

DAS-28 0.072516 

 

NCT00106535: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.002681 -0.00057 0.001884 2.3E-06 -0.00017 -0.00035 

Sigma -0.00057 0.000838 -0.00132 2.3E-06 -4.7E-05 4.99E-05 
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Q 0.001884 -0.00132 0.005923 -7.5E-06 0.000156 -0.00016 

Age 2.3E-06 2.3E-06 -7.5E-06 6E-07 6E-07 2E-07 

Sex -0.00017 -4.7E-05 0.000156 6E-07 0.000606 1.64E-05 

DAS-28 -0.00035 4.99E-05 -0.00016 2E-07 1.64E-05 5.11E-05 

 
 

NCT01007435: generalised gamma model coefficients 

Mu -2.74094 

Sigma -1.05458 

Q 0.839224 

Age 0.002688 

Sex -0.06333 

DAS-28 0.193328 

 

NCT01007435: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.004236 -0.00081 0.003118 1.6E-06 -4.6E-05 -0.00056 

Sigma -0.00081 0.000639 -0.00109 1.9E-06 -2.4E-05 9.16E-05 

Q 0.003118 -0.00109 0.00537 -7.2E-06 9.28E-05 -0.00035 

Age 1.6E-06 1.9E-06 -7.2E-06 5E-07 -8E-07 4E-07 

Sex -4.6E-05 -2.4E-05 9.28E-05 -8E-07 0.000529 -8.8E-06 

DAS-28 -0.00056 9.16E-05 -0.00035 4E-07 -8.8E-06 0.000079 

 
 

NCT01119859: generalised gamma model coefficients 

Mu -2.15833 

Sigma -1.18086 

Q 0.958357 

Age 0.004792 

Sex -0.05208 

DAS-28 0.125889 

 

NCT01119859: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.018213 -0.00252 0.008921 -1.2E-05 -0.00068 -0.00243 

Sigma -0.00252 0.003155 -0.00572 8E-07 -0.00028 0.000212 

Q 0.008921 -0.00572 0.025457 -2.7E-06 0.000997 -0.00075 

Age -1.2E-05 8E-07 -2.7E-06 1.9E-06 -6.3E-06 3.6E-06 

Sex -0.00068 -0.00028 0.000997 -6.3E-06 0.001953 6.36E-05 

DAS-28 -0.00243 0.000212 -0.00075 3.6E-06 6.36E-05 0.000343 

 
 

NCT01232569: generalised gamma model coefficients 

Mu -2.22043 

Sigma -1.23044 

Q 0.982978 

Age 0.005164 

Sex -0.11025 

DAS-28 0.128846 
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NCT01232569: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.007379 -0.00117 0.004063 -2.4E-06 7.23E-05 -0.00099 

Sigma -0.00117 0.001415 -0.00225 5.4E-06 -0.00006 0.000115 

Q 0.004063 -0.00225 0.010483 -1.9E-05 0.000209 -0.0004 

Age -2.4E-06 5.4E-06 -1.9E-05 1.2E-06 -2.6E-06 1.4E-06 

Sex 7.23E-05 -0.00006 0.000209 -2.6E-06 0.001021 -3.2E-05 

DAS-28 -0.00099 0.000115 -0.0004 1.4E-06 -3.2E-05 0.000142 

 
 

NCT00236028: generalised gamma model coefficients 

Mu -1.94368 

Sigma -1.51325 

Q 0.804074 

Age 0.00327 

Sex -0.0831 

DAS-28 0.096618 

 

NCT00236028: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.002321 -0.00046 0.001825 -9E-07 -2.5E-05 -0.00028 

Sigma -0.00046 0.000828 -0.0013 1.6E-06 -3.3E-05 3.97E-05 

Q 0.001825 -0.0013 0.006823 -6.5E-06 0.000132 -0.00016 

Age -9E-07 1.6E-06 -6.5E-06 3E-07 -1.4E-06 5E-07 

Sex -2.5E-05 -3.3E-05 0.000132 -1.4E-06 0.000246 -6E-06 

DAS-28 -0.00028 3.97E-05 -0.00016 5E-07 -6E-06 3.75E-05 

 
 

NCT00264537: generalised gamma model coefficients 

Mu -1.57697 

Sigma -1.51704 

Q 0.556751 

Age 0.003795 

Sex -0.06288 

DAS-28 0.062217 

 

NCT00264537: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.003785 -0.00067 0.003663 4.2E-06 -0.00011 -0.00049 

Sigma -0.00067 0.00129 -0.00189 3.3E-06 -3.9E-05 0.000066 

Q 0.003663 -0.00189 0.013283 -1.8E-05 0.000212 -0.00036 

Age 4.2E-06 3.3E-06 -1.8E-05 6E-07 -1E-06 0 

Sex -0.00011 -3.9E-05 0.000212 -1E-06 0.000638 1.8E-06 

DAS-28 -0.00049 0.000066 -0.00036 0 1.8E-06 6.75E-05 

 
 

NCT00264550: generalised gamma model coefficients 
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Mu -1.89756 

Sigma -1.39654 

Q 0.526478 

Age 0.004579 

Sex -0.05166 

DAS-28 0.096635 

 

NCT00264550: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.00744 -0.00102 0.005915 1.41E-05 -0.00038 -0.00091 

Sigma -0.00102 0.001821 -0.00304 -2.2E-06 -4.3E-05 7.78E-05 

Q 0.005915 -0.00304 0.021535 1.25E-05 0.000245 -0.00045 

Age 1.41E-05 -2.2E-06 1.25E-05 1.3E-06 -4E-06 0 

Sex -0.00038 -4.3E-05 0.000245 -4E-06 0.001009 2.46E-05 

DAS-28 -0.00091 7.78E-05 -0.00045 0 2.46E-05 0.000123 

 
 

NCT00361335: generalised gamma model coefficients 

Mu -2.02391 

Sigma -1.46475 

Q 0.602766 

Age 0.004842 

Sex -0.07576 

DAS-28 0.085114 

 

NCT00361335: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  DAS-28 

Mu 0.006429 -0.00076 0.00388 -3.6E-05 1.24E-05 -0.00061 

Sigma -0.00076 0.001408 -0.00239 -3.3E-06 -2.4E-05 8.55E-05 

Q 0.00388 -0.00239 0.015101 1.57E-05 0.000134 -0.00043 

Age -3.6E-05 -3.3E-06 1.57E-05 8E-07 -2.6E-06 0 

Sex 1.24E-05 -2.4E-05 0.000134 -2.6E-06 0.00064 5E-07 

DAS-28 -0.00061 8.55E-05 -0.00043 0 5E-07 8.38E-05 

 
 

NCT01316900: generalised gamma model coefficients 

Mu -1.38005 

Sigma -0.95181 

Q 1.148042 

Age -0.00065 

Sex -0.13994 

FEV1 (% predicted) -0.00288 

 

NCT01316900: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  FEV1 (% 
predicted) 

Mu 0.003355 -0.00033 0.001079 -9E-07 -0.00078 -5.1E-05 

Sigma -0.00033 0.00128 -0.0022 1.6E-06 -8.6E-05 -3.9E-06 

Q 0.001079 -0.0022 0.009302 -5.5E-06 0.000276 1.22E-05 
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Age -9E-07 1.6E-06 -5.5E-06 2.2E-06 -6.1E-06 -1E-07 

Sex -0.00078 -8.6E-05 0.000276 -6.1E-06 0.000878 5.2E-06 

FEV1 (% 
predicted) 

-5.1E-05 -3.9E-06 1.22E-05 -1E-07 5.2E-06 0.000001 

 
 

NCT01316913: generalised gamma model coefficients 

Mu -1.35748 

Sigma -1.05067 

Q 1.255863 

Age -0.00199 

Sex -0.12404 

FEV1 (% predicted) -0.00219 

 

NCT01316913: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  FEV1 (% 
predicted) 

Mu 0.002384 -0.00023 0.000707 -6.3E-06 -0.00051 -3.7E-05 

Sigma -0.00023 0.001323 -0.00233 -9E-07 -5.4E-05 -5.8E-06 

Q 0.000707 -0.00233 0.009506 2.6E-06 0.000171 1.81E-05 

Age -6.3E-06 -9E-07 2.6E-06 0.000002 -3.7E-06 0 

Sex -0.00051 -5.4E-05 0.000171 -3.7E-06 0.000663 2.4E-06 

FEV1 (% 
predicted) 

-3.7E-05 -5.8E-06 1.81E-05 0 2.4E-06 8E-07 

 
 

NCT01957163: generalised gamma model coefficients 

Mu -1.49634 

Sigma -0.86352 

Q 0.71645 

Age -0.00257 

Sex -0.11424 

FEV1 (% predicted) -0.00284 

 

NCT01957163: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  FEV1 (% 
predicted) 

Mu 0.004403 -0.00033 0.001445 -1.2E-05 -0.00084 -7E-05 

Sigma -0.00033 0.001269 -0.00201 0.000004 -7.8E-06 -5.5E-06 

Q 0.001445 -0.00201 0.011348 -1.8E-05 3.84E-05 2.38E-05 

Age -1.2E-05 0.000004 -1.8E-05 4.6E-06 -1.9E-06 -3E-07 

Sex -0.00084 -7.8E-06 3.84E-05 -1.9E-06 0.001276 4E-07 

FEV1 (% 
predicted) 

-7E-05 -5.5E-06 2.38E-05 -3E-07 4E-07 1.7E-06 

 
 

NCT02119286: generalised gamma model coefficients 

Mu -1.49243 

Sigma -0.88122 

Q 1.07303 

Age -0.00321 
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Sex -0.04148 

FEV1 (% predicted) -0.00326 

 

NCT02119286: variance covariance matrix from generalised gamma model 

 Mu sigma Q Age 
(centred) 

Sex  FEV1 (% 
predicted) 

Mu 0.00484 -0.00051 0.001709 -2.2E-06 -0.0009 -7.6E-05 

Sigma -0.00051 0.001849 -0.00346 2.8E-06 2.91E-05 -9.5E-06 

Q 0.001709 -0.00346 0.014391 -9.2E-06 -9.6E-05 3.13E-05 

Age -2.2E-06 2.8E-06 -9.2E-06 0.000004 -8.6E-06 -1E-07 

Sex -0.0009 2.91E-05 -9.6E-05 -8.6E-06 0.001214 2.8E-06 

FEV1 (% 
predicted) 

-7.6E-05 -9.5E-06 3.13E-05 -1E-07 2.8E-06 1.7E-06 
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