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Abstract 

Background: An individual’s social relationships are consistently shown to be associated with 

many aspects of health, especially in the context of healthy ageing. Social isolation of older 

adults is associated with mortality and a range of mental and physical health problems. One 

possible mechanism implicated in the process of social isolation affecting health is chronic 

inflammation, a widespread phenomenon in older people that is a known risk factor for a wide 

range of health conditions.  

Methods: Data from the English Longitudinal Study of Ageing (ELSA) was used to explore the 

associations between social isolation and intrinsic capacity, and whether inflammation was a 

mediator of this relationship. First, a measure of healthy ageing was operationalised based upon 

the intrinsic capacity (IC), which refers to capacity in 5 domains of function: cognition, 

locomotion, sensory, vitality, and psychological. Item response theory was used to generate an IC 

score in three waves of ELSA spanning 8 years. Latent growth curve models tested the 

association between social isolation and intrinsic capacity before cross-lagged panel models 

were used to test the possible mediation effect of inflammation, both using full information 

maximum likelihood to handle missing data. 

Results: The novel IC score was associated with key sociodemographic and health-related 

covariates and predicted subsequent difficulties with ADLs and IADLs, hospital admission and 

mortality. Lower social isolation was associated with higher baseline levels of IC but a steeper 

decline in IC over time. Inflammation was not found to mediate the association between social 

isolation and IC, but a bidirectional relationship between inflammation and IC was uncovered. 

Conclusions: Inflammation is not likely a key mechanism for social isolation to affect healthy 

ageing. Policy to reduce social isolation may not slow declines in health but could give older 

adults a better “starting point” and, therefore, more time in better health.  
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Impact statement 
 

Population ageing is a phenomenon seen in many societies around the world and is a topic of 

high policy and research interest, with 2020-2030 the UN Decade of Healthy Ageing. The impact 

of social isolation on older people has become particularly salient in the context and aftermath of 

the Covid-19 pandemic. Understanding if and how social isolation impacts the health of older 

people is crucial to the directing of interventions aiming to improve healthy ageing. 

In this thesis, I first demonstrate how a new model of healthy ageing, intrinsic capacity, can be 

operationalised in longitudinal population surveys and how the validity of such models can be 

assessed, which has a clear impact on future research intending to measure intrinsic capacity. I 

then show that social isolation has a harmful association with the capacity of older adults in 

England but that being more socially isolated does not speed up the decline of capacity with 

increasing age. This is a novel result in the academic literature and could be helpful to inform 

interventions attempting to prolong the healthy life expectancy of the population. The final 

analysis in this thesis shows that raised inflammation is probably not the mechanism through 

which social isolation damages health but highlights the importance of inflammation to the 

healthy ageing of older adults. This has implications for the academic understanding of social-

biological pathways in health, as well as for policies that aim to promote healthy ageing in a 

population.  

Results from this thesis have been presented at the international conferences of the Society for 

Social Medicine and Population Health (online in 2021 and Exeter in 2022) and the Society for 

Longitudinal and Lifecourse Studies (online in 2020 and Cleveland, USA, in 2022). The 

operationalisation of intrinsic capacity outlined in Chapter 4 has also been published in the 

Journal of Gerontology: Medical Sciences https://doi.org/10.1093/gerona/glac250. 
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Chapter 1: Background 

1.1 Introduction 

As population ageing becomes more commonplace worldwide, it is increasingly important to 

understand healthy ageing and the factors influencing it. Social influences, such as the quantity 

or quality of relationships we have with other people, are increasingly thought to be significant 

factors in maintaining health into older age. The interactions between these social influences and 

the body’s biology are important to explore. This project aims to investigate the association 

between social relationships, in particular social isolation, and healthy ageing, exploring the role 

of inflammation within this relationship. 

This thesis will first describe and review the relevant literature on healthy ageing, social 

relationships, and inflammation and introduce a novel model of healthy ageing termed intrinsic 

capacity (Chapter 1). The aims and objectives of the PhD project will then be outlined (Chapter 2) 

and the sample described (Chapter 3). The following chapters build upon each other, first 

defining and testing a novel measure of intrinsic capacity (Chapter 4), then expanding this to 

longitudinal measurement (Chapter 5), and then testing the association between social isolation 

and intrinsic capacity (Chapter 6), before finally testing the mediating effect of inflammation on 

this relationship (Chapter 7). Each chapter will describe the data source and sample, present the 

methods, analysis, and results of each stage of the project, and finally discuss the findings and 

implications. 

1.2 Healthy ageing 

From a biological perspective, ageing is characterised by many physical changes which are 

common but not homogeneous. There is also much heterogeneity among individuals, with some 

developing many age-related health issues while others live to older ages without any or only 

minor issues. Many different labels have been generated to conceptualise “ageing well”, 

including successful ageing, productive ageing, active ageing, and healthy ageing. Each of these 
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terms has specific definitions reflecting different concepts; however, it can be difficult to fully 

disentangle exactly how each of these is measured as the terms are often used interchangeably. 

The term ‘healthy ageing’ has proved the most popular of the ageing well conceptualisations, 

being the subject in a majority of papers exploring ageing well between 1995-2015 [1]. The term 

is widespread and appears to have gained popularity due to its lesser emphasis on success 

versus failure and broader focus than just a particular subset of the population, which is the case 

with successful ageing, the second most popular term. However, there has not been a seminal 

model for healthy ageing. The definition and/or measurement of healthy ageing is often specific 

to a single paper or study, and there is no overall consensus across the literature [2-4]. 

Most reviews on healthy ageing definitions include studies of successful ageing, highlighting the 

use of these terms interchangeably. An early model of successful ageing, Cummings and Henry’s 

Disengagement theory [5], proposed that successful ageing was the ability to withdraw from 

society and detach from the activities of mid-life in preparation for death [6], but successful 

ageing was also described in a more positive manner by Havighurst’s Activity Theory, which 

defined it as the maintenance of activities and attitudes from mid-life [7]. Later, the MacArthur 

model of successful ageing proposed by Rowe and Kahn became the most prominent model 

distinguishing successful ageing with three criteria: a low probability of disease and disease-

related disability, high cognitive and physical functional capacity, and an active engagement with 

life [8, 9]. This model has been modified and expanded to include broader level factors [10]; 

however, the model still receives criticism for being too narrow and exclusionary to apply to a 

large majority of older people [10]. Depending on the study and measurements used, there is 

considerable variation in the proportion of older adults categorised as “successful”, with most 

studies finding the majority of older people not passing the criteria – specifically the absence of 

disease or chronic conditions [2]. Some have rightly questioned the usefulness and suitability of 

the expectations of a model that excludes the majority of the older population, especially since 

many older individuals live long, independent, and quality lives with chronic conditions [11]. The 

binary nature of successful ageing has also been criticised, with many calling for healthy ageing 
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models to adopt a continuum approach which allows for more information on heterogeneity in 

ageing trajectories and individual changes in components [12-14]. 

Indexes for measuring frailty are also sometimes used in literature to identify healthy ageing as 

the opposing state to frailty. A popular phenotypic approach defines frailty as a clinical syndrome 

[15] characterised by weight loss, exhaustion, weakness, slow walking speed and low physical 

activity. However, frailty is also defined as a multi-dimensional construct which includes physical, 

cognitive, psychological, social and environmental aspects [16-18] and is found to predict 

adverse outcomes in older people [19]. Frailty indexes can be considered measures of deficit 

accumulation [20], indicating an individual’s risk profile for adverse health outcomes [21]. 

As there is no firm consensus on healthy ageing definitions or a seminal model to guide 

conceptualisations, individual studies tend to conceptualise healthy ageing in their own way. 

Therefore, there have been numerous different models of healthy ageing with a wide range of 

indicators. There are two citation networks of healthy ageing, with one focusing on the 

perspectives and experiences of older people with regard to healthy ageing and the other taking 

the perspective of the researcher or clinician and concentrating on measurements of functioning 

[4]. The first of these approaches follows criticisms that successful and healthy ageing definitions 

differ from the lay perspectives of ageing and that they should include more subjective indicators 

and emphasise wellbeing [6]. The second approach focuses more on measurements of physical, 

cognitive and mental health measures, with models often not including the absence/presence of 

disease or chronic conditions as an indicator [3]. 

In a review of papers measuring healthy ageing, Mount et al. [22] found a diverse range of 

indicators with some reports using biomarkers of physiological functions such as cardiovascular 

function, glucose homeostasis, lung function, adiposity, lipid metabolism and inflammation [23], 

and others using indexes covering a wide range of factors, such as education, financial status, 

social activities, cardiovascular disease risk, BMI, depression, physical activity and diet [24]. 

Other indexes of healthy ageing have included, for example, 33 indicators covering physical, 

cognitive and physiological functions alongside psychological and social well-being [25]; 
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components assessing cognitive function and impairment, disability, psychosocial factors, 

medication use, physiological measurements and 40 parameters of frailty [26]; and a 52-item 

health deficit accumulation index encompassing functional impairments, self-rated health, 

mental health and morbidity/health service use [27]. Although no consensus has been reached 

on the specific definition and measurement of healthy ageing, there is a general consensus that 

models should be multi-dimensional, ideally with a mixture of objective and subjective indicators 

[22].  

In an assessment of reviews and meta-analyses on objectively measured biomarkers of healthy 

ageing, Lara et al. (2013) [28] identified five common domains: physiological and metabolic 

health, physical capability, cognitive function, social well-being, and psychological well-being. 

Based on these five domains, the Healthy Ageing Phenotype (HAP) is a relatively new tool being 

developed to fill the role of a single reliable measure of how someone is ageing [28]. The HAP 

attempts to capture an individual’s ability to be socially engaged and to function independently, 

physically and cognitively. It is proposed to include a combination of objective and subjective 

dimensions covering the five domains, and sensorial functions have also been considered [22]. A 

panel of 26 biomarkers that could be used to build the HAP have been proposed, each 

measuring particular features of the identified domains [29]. 

A key consideration for the measurement of health across older age is the issue of age-

specificity. Some measurements of health will mean different things for someone in their 60s 

versus someone in their 90s and may require a different expectation or benchmark of 

“acceptable” or “healthy”. For example, we might expect an individual in their 60s to be able to 

walk upstairs without resting and be concerned if they could not; however, we would not be so 

alarmed if someone in their 90s required a little rest. The age-specificity of measures of health 

and functioning is important for classifying and judging individuals correctly, but also an issue for 

the usefulness of healthy ageing measures across multiple age ranges. A measure that is very 

sensitive to changes in health for the oldest old would probably not give much information about 

the state of health for younger individuals if almost everyone in that lower age range performs 
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well on every indicator, particularly if they are dichotomous indicators. Although this is a big 

conceptual problem, most discussions of healthy ageing models haven’t yet discussed or offered 

solutions for age-specificity and focus on one model that is applied across older age ranges. 

1.2.1 Background and development of intrinsic capacity 

The most influential attempt to define healthy ageing has come from the World Health 

Organisation (WHO). Defined as “the process of developing and maintaining the functional ability 

that enables well-being in older age”, healthy ageing has been the focus of the WHO’s work on 

ageing since 2015, with 2020-2030 deemed the United Nations Decade of Healthy Ageing [30, 

31]. This model attempts to move away from deficit-based models, which focus on clinical 

indicators and treatment of deficits, as well as reactive models, which respond to disease or 

impairment once it has already manifested. The WHO model aligns more with preventative 

models of medicine, aiming to use longitudinal models to generate healthy ageing trajectories for 

individuals, promoting proactive interventions ahead of the manifestation of disease and 

impairment [32]. 

There are different distinct elements to healthy ageing within this framework. Functional ability is 

said to be comprised of the intrinsic capacity of an individual, the environment in which they live, 

and interactions between the individual and their environment (Figure 1.1). Environments include 

all extrinsic world factors that give context to an individual’s life from the micro- to macro-level, 

such as the built environment, relationships with other people, health and social policies, and 

attitudes and values. Intrinsic capacity (IC) is defined as the “composite of all the physical and 

mental capacities of an individual”, which itself is determined by interactions between genetics, 

personal characteristics (e.g., sex, ethnicity, education, occupation) and other health 

characteristics (e.g., physiological risk factors, diseases, injuries). The development of an 

operationalised measure of healthy ageing based on the WHO framework has focused on this 

concept of IC as this is the centre point on which functional ability and healthy ageing depend.  
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Figure 1.1 Diagram of the healthy ageing framework outlined by the World Health Organisation 

(WHO) with intrinsic capacity making up a part of functional ability along with an individual’s 

environment and interactions with the environment. 

Source: WHO (2015) [30, p.28]. 

As a measure of capacity, the WHO framework hypothesises different trajectories of IC over time, 

capturing the heterogeneity of healthy ageing found in prior studies. For example, IC could 

remain high until the end of life, an event could cause a rapid decline in IC before a period of 

recovery, or IC could decline steadily until death. Functional ability is thought to follow a trajectory 

slightly different to IC, as an individual’s environment can provide benefits or barriers to 

functioning beyond an individual’s capacity. 

The first exploration of IC used cross-sectional data from WHO’s Study on Global Ageing and Adult 

Health (SAGE) in 2016 [33]. An IC score was generated from 16 self-report questions (covering 

vision, mobility, self-care, cognition, interpersonal activities, pain, sleep, energy, and affect) and 

objective measures of grip strength, gait speed, and cognitive function (fluency & recall) using 

factor analysis. Results found a gradual decline in IC with increasing age and a wide range of 

capabilities across age groups (Figure 1.2). This pattern of gradual decline and broad 

heterogeneity matches with previous measures of healthy ageing and the hypotheses of the WHO 

framework. 
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Figure 1.2 Range and mean of the intrinsic capacity score of men and women in SAGE 2007-

2010 (wave 1) 

Source: Beard et al. (2016) [33, p.2148] 

Focusing on the structure of IC, theoretical and empirical work in 2018 defined five domains of 

IC: cognition, locomotion (mobility and muscular function), sensory (vision and hearing), vitality 

(balance between energy intake and utilisation) and psychological (mood and capacity for social 

interaction) (see Figure 1.3) [32, 34]. These domains were identified through a non-systematic 

review which pinpointed the functions that are most strongly linked to the maintenance of health 

and functional loss [32], as well as through exploratory and confirmatory factor analysis in a 

background paper for the WHO Clinical Consortium on Healthy Ageing in 2017 by Araujo de 

Carvalho et al. [34]. The factor analyses used data from the English Longitudinal Study of Ageing 

(ELSA). First, they ran exploratory factor analysis on a range of objective biomarkers, revealing a 

seven-factor model with variables clustering into domains termed strength, sensory, 

hypertension, metabolism, inflammation, cognition, and locomotion (Figure 1.4, A). Second-order 

confirmatory factor analysis found a good fit for a model constrained to five factors and one 

general factor (Figure 1.4, B). Three domains (cognition, locomotion and sensory) were identical 

to the data-driven model; however, a psychosocial domain was added as this was deemed a key 
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component of IC but was not seen in the exploratory analysis as only objective markers were 

used. A new vitality domain was a combination of strength, metabolic and endocrine markers 

that were judged to be components of capacity; markers of blood pressure and inflammation 

were excluded from this model as they were seen as drivers of change. The IC score generated 

from both models was found to be associated with subsequent functional loss measured through 

Activities of Daily Living (ADLs) and Instrumental Activities of Daily Living (IADLs), with the paper 

concluding that both data- and theory-driven structures of IC had significant predictive value in 

relation to functional loss and the theory-driven structure did seem to be primarily supported by 

the data.  

 

 

Figure 1.3 The five domains that make up the intrinsic capacity construct.  

Examples of possible subdomains are also provided (in dashed lines). Source: Cesari et al. 

(2018) [32, p.1655]. 
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Figure 1.4 The two models of intrinsic capacity generated by Araujo de Carvalho et al. (2017) 

[34].  

Figure A displays the seven-factor model generated by exploratory factor analysis. Figure B shows 

the second-order five-factor model generated through confirmatory factor analysis. The indicators 

used are shown under their respective domain. 

 

With this five-domain structure, IC is a multidimensional measure of physical, cognitive, and 

mental health which matches with previous models of healthy ageing, including the HAP. IC also 

shares some overlap with measures of frailty, with some proposing that the concepts are “two 

sides of the same coin”, with IC representing an individual’s reserves and frailty, the deficits 

associated with ageing [21]. However, the IC models generated in the Araujo de Carvalho et al. 

report are constrained by the data available. It was argued that all objective biomarkers that were 

measured in wave 4 of ELSA were included in the exploratory analysis, but there are tests of 

functioning and other biomarkers excluded. These include balance tests, other tests of cognitive 

function (orientation, prospective memory, fluid intelligence, letter cancellation, numerical 

ability), and other biomarkers (triglycerides, mean corpuscular haemoglobin, ferritin, white blood 

cell count, fasting lipids, glucose, and glycated haemoglobin). Although some of these biomarkers 
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may not have been relevant to IC, it is still incorrect to argue that all available biomarkers were 

assessed for their contribution to IC. Additionally, the explored biomarkers were ultimately limited 

to those that were chosen to be measured as part of the ELSA survey. Thus, as the ELSA data do 

not include all indicators of health and capacity that have ever been identified, this IC model may 

be missing some elements that are not objectively measured in ELSA, such as gut health and 

bone density, for example. Another criticism of the model generation methods is that there has 

not been discussion regarding whether or how these factor-analysis-generated models might be 

used longitudinally to build a trajectory of IC for an individual, a key element of the IC model and 

strategy. Additionally, although the capacity for social interaction was identified as a potential 

element of the psychological domain and the factor analysis revealed a domain termed 

psychosocial, the IC model generated did not include explicit measures of social functioning. The 

IC concept as a whole also does not include more subjective experiences of ageing that have 

been highlighted in reviews and studies on lay perspectives of healthy ageing [2, 6, 22]. However, 

as a measure of the capacities intrinsic to an individual, it perhaps makes sense that IC does not 

include extrinsic factors such as social functioning and subjective experiences of ageing. It could 

be argued that these more extrinsic factors could be included in the wider definition of healthy 

ageing in the WHO framework but that they do not reflect the intrinsic capacities of an individual. 

Although more psychosocial elements of ageing are important, it is still beneficial to have a 

measure of intrinsic factors more explicitly based on health domains in order to generate risk 

profiles and prevent functional decline. 

The WHO also undertook work to identify the components of capacity within each domain and the 

specific indicators that could be used in a measure of IC. In 2018, the WHO Clinical Consortium 

on Healthy Ageing working groups outlined components of each domain that could capture 

declines in IC over different trajectories and be measured comparably across levels of capacity 

[35]. Multiple components were found for each domain, the most being 12 for vitality (Table 1.1). 

Additional results were reported from a series of rapid systematic reviews on the validity and 

reliability of screening and diagnostic instruments for consideration in an IC assessment tool 

[36]. A particular scale was identified as the recommended measurement for each condition: 
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Mini Nutritional Assessment (MNA) [37] for malnutrition, Mini-Mental State Examination (MMSE) 

[38] for cognitive impairment, Geriatric Depression Scale (GDS) [39] for depressive symptoms, 

Short Physical Performance Battery (SPPB) [40] for mobility impairment, visual acuity test cards 

and portable eye examination kits for visual impairment, and the whispered voice test for hearing 

impairment. However, the paper found limitations to the assessed studies, including challenges 

in interpreting the outcomes of the tests due to selective reporting of cut-off scores and gaps in 

evidence assessing screening tools for subsyndromal conditions (for example, mild cognitive 

impairment).  

Table 1.1 The IC domains and their proposed measurable components, adapted from WHO 

(2018) [35]. 

Domain Components 

Cognition 

• Memory 

• Verbal fluency 

• Letter cancellation 

• Digit span 

• Financial literacy 

• Alternative uses test 

Locomotion 

• Muscle performance (power, 

strength, fatigue) 

• Bone health 

• Balance 

• Walking (capacity, speed, exhaustion) 

• Self-reported outcomes (particularly 

pain, self-perception of mobility) 

Sensory • Vision • Hearing 

Vitality 

• Fatigue, exhaustion, 

motivation, or endurance 

• Psychological resilience 

• Lung function 

• Haemoglobin 

• Weight loss/gain or obesity 

• Metabolic balance 

• Sleep 

• Inflammation 

• Sexual function 

• Muscle function (grip specifically) 

• Oral health 

Psychological 

• Mood 

• Life satisfaction 

• Anxiety 

• Self-esteem 

• Sleep 

• Agency 

• Coping/self-efficacy 

• Loneliness 

• Distress 

• Personality traits 

• Fatigue 

  

1.2.2 Models of intrinsic capacity  

Since the original development of IC, researchers have begun to use IC as a measure of healthy 

ageing.  

A literature search was carried out using publication alerts and keyword searches (see Appendix 

1.1.1) for papers using a measure of IC as a predictor or outcome or using a model of healthy 

ageing based on the concept of IC. The five-domain structure of IC outlined by Cesari et al. [32] 
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was used as a comparison model; however, the exact structure and the number of domains or 

indicators used to represent IC in the models were not constrained. Results from the literature 

search are displayed in Appendix 1.2 in a table showing each models’ authors, the data for which 

the model was derived, the domains measured, and the method for generating a total IC score, 

where possible.  

The following discussion is focused on how IC was measured in these previous studies. Models 

are presented in Appendix 1.2 in chronological order of publication, and each was given a model 

number in this order; these model numbers are used to reference the individual models in this 

section. Some models of IC were used across multiple papers, in which case the model was 

counted once and assigned one model number, and all associated papers were shown in the row 

for that model in Appendix 1.2. In this section, paper citations for the IC models are referenced 

as normal with square brackets in the text. 

A total of 47 unique models/measurements of IC were identified in 57 papers. A majority of 36 of 

the models used pre-existing datasets (models 1-3, 5-14, 16-20, 24, 27-30, 32-36, 38-44, 47), 6 

recruited a sample specifically for the paper/project (models 15, 21, 25, 26, 37, 45) and 5 were 

conceptual or proposed models of IC assessment (models 4, 22, 23, 46). 

A key conceptual model to highlight was defined by the WHO [41] as part of their Integrated care 

for older people (ICOPE) initiative (model 4). This model was a proposed screening tool for IC to 

be used in self-assessments or by community health workers, with the idea that any deficits 

identified in the screening would then be further assessed by a health-care professional in 

primary care. The ICOPE screening tool covered the five domains of IC with 9 tests: 3-word recall 

and orientation in time and space (cognition), chair rise test (locomotion), weight loss and 

appetite loss (vitality), self-reported vision impairments and hearing tests (sensory), and self-

reported depressive symptoms (psychological). Each of these tests was either passed or failed, 

with a “fail” triggering further assessment. Since the screening tool was developed for primary 

care assessment, it focuses on quick assessment using simple indicators, whereas most other 

models of IC, not aimed at primary care assessment, focus on a complete evaluation of IC with 
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in-depth indicators of each domain. Nevertheless, the ICOPE screening tool, or an adaptation of 

it, has been applied in research settings using different existing datasets (model 14 [42], model 

15 [43], model 24 [44], model 26 [45], model 29 [46], model 37 [47], model 39 [48], model 43 

[49], and model 45 [50]) as well as included in protocols for future studies measuring IC (model 

4 [51], model 22 [52], model 23 [53]).  

Domains 

The five-domain structure of IC laid out by Cesari et al. in 2018 [32] was followed by 34 models, 

while 4 models measured 4 domains, 3 measured 3 domains, 2 measured 2 domains, 2 

measured 1 domain, and 2 models measured none of Cesari’s domains. The most commonly 

measured domains were locomotion and vitality, which were included in 41 models each, while 

the cognition and psychological domains were measured in 40 models each. The sensory domain 

was measured in 34 models, with those not including the domain mainly reporting a lack of 

sensory measurements in the chosen datasets. Five models used some indicators that did not 

fall under the five Cesari-defined domains and so were categorised under “other” in Appendix 

1.2. Two models only used “other” indicators and did not include or identify the five Cesari-

defined domains. Model 28 by Gómez, Oscorio-Garciá, Panesso, and Curcio [54] defined IC with 

nine multidimensional indicators but did not reference or mention domains and used IC as a 

general term for the collection of indicators, so the indicators were not categorised into domains. 

Model 11 by Stephens et al. [55] used the number of chronic health conditions as a proxy of IC, 

referencing one of the earlier models by Beard et al. [56] (model 7), which found that health 

conditions were correlated with IC.  

Two models were defined as a measure of healthy ageing based on indicators of both IC and 

functional ability (models 8 and 12). The layout of the indicators amongst the domains was not 

specified in the papers, but manual categorisation of the indicators revealed that they covered 

the five domains of IC along with the additional indicators of functional ability. The two models 

that measured only one domain both focused on the vitality domain – one explored an 

operational definition of vitality (model 10), and one considered an absence of deficits in multiple 
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domains (measured with a frailty index) as vitality (model 18). Cheong et al. [57] (model 42) 

specifically tested how different combinations and numbers of domains affected their IC model’s 

ability to predict mortality and found that a 3-domain index including locomotion, sensory, and 

vitality domains performed as well as a 4- or 5-domain index, indicating that these may be the 

key domains driving IC, although this has not been explored in more detail. 

Total intrinsic capacity score 

With regards to a total IC score, 28 models generated a total score using various methods. The 

most common technique was the summing of domain scores or impairments used in 12 models 

(models 6, 15, 16, 21, 22,24, 26, 29, 44-46). Eight models extracted a factor score representing 

IC using data consolidation methods, including confirmatory factor analysis (CFA) (models 7, 8, 

20, 25, 27), principal component analysis (models 17 and 42), and item response theory (IRT) 

(models 12 and 41). Five models used z-scores to calculate an IC score by taking an average of 

domain-specific z-scores (models 5, 13, 19, 32, 38). One model used a pooled odds ratio to 

generate a total IC score (model 2), and another took a mean of the domain-specific scores 

(model 33). 

Sum scores were the most common total IC scores and the most straightforward method to 

generate a summary score from the IC domains. Additionally, although some of the domain-

specific scores were generated using quantiles, sum scores are the least reliant on the 

distribution of the data and, therefore, may be more useful if comparing across time or 

populations. However, across the IC models, different numbers of domains were measured, and 

varying methods were used to combine the individual indicators of each domain into a domain-

specific score prior to being summed into the total IC score, making sum scores from different 

models not directly comparable. In addition, this simple sum method doesn’t allow for weighting 

the score dependent on the contribution of each domain to the overall IC. 

In comparison, the factor scores extracted from data-driven methods like CFA and IRT consider 

the individual indicator or item loadings onto the latent factor and essentially produce a weighted 

score. This is important as the studies using these methods for IC do find different loadings for 
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different items, indicating some are contributing more to the IC factor than others [56, 58, 59], 

but this has not been explored in enough detail to recommend a specific weighting. Nevertheless, 

due to these methods’ reliance on the data used to create the initial model, making comparisons 

across time points and populations is more complex and requires measurement invariance and 

validity testing for each additional group. 

Longitudinal modelling of intrinsic capacity 

Of the 47 models, 5 were purely theoretical or planned for IC measurement and so were not 

modelled in data (models 4, 22, 23, 31, and 46). Of those that were modelled in data, 32 were 

generated cross-sectionally, 7 longitudinally (models 5, 13, 25, 33, 39, 41, and 47), and 3 both 

cross-sectionally and longitudinally (models 12, 19, and 38). When modelled longitudinally, 

results found that IC tended to decline over time but with substantial heterogeneity between 

people [60, 61] (models 25 and 33). The decline in IC was found to be more pronounced in those 

with low-grade inflammation [62] (model 5) and those who were “socially frail”, defined as those 

who fulfilled at least two of the following criteria: lived alone, required financial support, did not 

participate in social activities, and had irregular contact with others [63] (model 19). In particular, 

declines in performance in the locomotion and psychological domains were found to be 

significantly associated with increased healthcare costs [48] (model 39) and mortality risk [64] 

(model 38). On the other hand, IC scores were shown to be improved by resistance training 

exercise [65] (model 13) and healthy diet interventions [66] (model 47), but only in the short 

term (4 months – 1 year). Using model 12, Moreno-Agostino et al. [67] modelled trajectories of 

their healthy ageing index using growth mixture modelling to identify three latent classes: stable 

low, stable high, and fast decline. In model 41, Salinas-Rodriguez et al. [68] also used growth 

mixture modelling and identified three classes: steeply declining (low baseline and steep 

decline), slightly declining (medium baseline and slight decline), and moderately increasing (high 

baseline and slight increase). These trajectory groups follow the pattern that is observed in all 

measures of healthy ageing and is ultimately why healthy ageing exists as a field of study – some 

individuals experience very little health declines with increasing age whereas others experience 

sharp declines in health and functioning.  
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Comparison with other healthy ageing models 

Two models were compared explicitly against other indicators of health to assess the validity of 

IC. Daskalopoulou et al. (2019) [58] compared their healthy ageing index with self-rated health, 

finding a significant association between the general factor of healthy ageing and the self-rated 

health measure, demonstrating some evidence of validity. Zhao et al. [69] found that impairment 

in IC domains predicted the incidence of disability measured with activities of daily living (ADLs) 

more than a disease-based approach (number of chronic diseases) over a 1-year follow-up, 

showing how a capacity-based approach is more useful in this scenario. 

Predictive validity 

The predictive validity of IC was tested for 15 models out of the 47 identified in the literature 

review. In the first paper to do so, Beard et al. (2019), including collaborators from the WHO [56], 

tested the predictive value of their IC model (model 7 in Appendix 1.2) for subsequent functional 

ability. Using data from ELSA, IC and multi-morbidity were measured in wave 4 (2008-9), and 

limitations experienced with ADLs and instrumental activities of daily living (IADLs) were 

measured 5 years later. The total IC score was produced from the bifactor model generated 

through CFA. Results found that both IC and multi-morbidity were found to independently predict 

incident loss of ADLs, but IC alone predicted loss of IADLs. This is probably because IADLs are 

higher-level tasks requiring more complex cognitive processing compared to ADLs. Reduced 

capacity for this more complex cognition is captured in IC but not by multi-morbidity, as the 

reduction in cognitive processing is likely sub-clinical and not enough to result in a diagnosis of 

cognitive impairment. 

This association between IC and ADLs and IADLs disability was repeated by Beard et al. [70] in a 

sample of older Chinese adults using a bifactor CFA model of IC (model 27). Also, using factor 

scores extracted from a bifactor CFA model (model 8), Daskalopoulou et al. [59] found their 

healthy ageing index (including measures of IC and functional ability) predicted mortality and 

incident care dependence in a population-based study of ageing and dementia in Latin America, 

finding that those with lower healthy ageing scores were more at risk of care dependence and 
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death in the following 3-5 years. Similarly, factor scores from a bifactor CFA model of IC in a Hong 

Kong osteoporosis study (model 20) were found to predict incident IADL limitations after 7 years 

[71] and incident frailty after 4 years [72], while factor scores extracted using principal 

components analysis in a Singaporean population-based sample (model 42) was found to predict 

9-year all-cause mortality [57]. All this evidence indicates that IC factors scores show a good 

predictive validity for mortality which has also been replicated using IC scores generated with 

different methods.  

Using the different data-driven methods of IRT to generate factor scores, Sanchez-Niubo et al. 

(model 12) tested the predictive validity of their healthy ageing (IC and functional ability) index in 

a sample of almost 344,000 individuals aged over 18 from 16 studies covering 38 countries 

[73]. They found that their index showed concurrent validity by corresponding well with 

sociodemographic and health factors, convergent validity by relating to healthy life expectancy 

and GDP within each country, and predictive validity by predicting mortality over a maximum of 

20-year follow-up. 

Predictive validity has also been tested in models that used averages over domains to generate 

an IC score. In a small sample of 481 adults aged 65 and over with sarcopenia [64], an IC score 

generated as an average of domain-specific z-scores (model 38) was found to be associated with 

mortality, with one standard deviation increase in IC associated with a 49% decrease in the risk 

of mortality. A weighted mean of IC domain scores was also found to be associated with 4-year 

all-cause mortality in a sample of 839 Taiwanese adults aged ≥50 years (model 43) [49]. Using 

an unweighted means of IC domain scores (model 33), Stolz et al. [61] found a 1-point reduction 

in IC associated with a 7% increase in the risk of ADL disability, 6% increase in the risk of nursing 

home admission, and 5% increase in mortality in a sample of 754 American adults taking part in 

a health plan. 

IC scores that represent a sum of domain scores or impairments have also been checked for 

predictive validity. In 329 Chinese adults aged ≥60 years who were temporary inpatients in 

hospitals, Zeng et al. [74] found that higher IC scores were associated with decreased risk of 1-
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year incident ADLs and IADLs limitations and mortality after adjustment for demographic factors, 

education, and chronic diseases (model 21). Similarly, Gonzalez-Bautista et al. [44] found that an 

increased total score, reflecting a higher number of impairments in IC domains, was associated 

with a higher risk of 5-year incident frailty and ADLs and IADLs disability in 759 adults aged 70-

89 who were taking part in a nutrition and cognition clinical trial (model 24). In a sample of 

almost 9,500 Taiwanese adults aged ≥50 years requiring long-term care, Chen, Liu and Chang 

[75] summed binary domain-specific scores (1=good performance in that domain) and found 

lower IC scores to be associated with earlier onset of severe ADLs disability.  

Finally, the predictive value of individual IC domains, without a total IC score, was explored in 3 

models. Charles et al. [76] found that poor function in the locomotion and vitality domains 

predicted 3-year mortality and falls in a small sample of Belgian nursing home residents (model 

9). In a large sample of 13-16,000 adults aged ≥65 years in South and Central America, India 

and China (model 30), Prince et al. [77] found that impairments in one or more domains of IC 

were strongly and independently predictive of incident care dependence and mortality. Focusing 

on particular domains in a sample of 756 community-dwelling Chinese adults aged ≥60 years, Yu 

et al. [47] found that impairments in cognition, locomotion, sensory and psychological domains 

were predictive of incident disability, visual impairment was predictive of falls, cognitive and 

locomotion impairments were predictive of emergency hospital visits, and poor locomotion was 

predictive of poor quality of life. 

The consistent finding that IC can predict negative health outcomes, such as disability and 

mortality, suggests that IC is a relevant and useful measure of healthy ageing. The particular 

association with incident loss of functional ability, e.g., ADLs and IADLs disability, demonstrates 

that IC could indicate changes in capacity, perhaps upstream of loss in everyday functioning in 

older people. This supports the WHO framework of IC forming part of functional ability and 

therefore underlying more everyday-relevant functions and activities rather than directly 

reflecting them. Nevertheless, much of the testing of the predictive validity of IC has been carried 
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out in specific and/or small samples, so further exploration in community-dwelling population-

representative samples would bolster this evidence. 

Indicators and domains of intrinsic capacity 

Across the studies, there was a mixture of different types of indicators, with the majority of 

models using a mix of objective tests, validated scales, and self-report measures. The most 

common self-reported domain was sensory, with 20 models using at least one self-reported 

question on vision or hearing. Two models used both participant and informant-derived 

indicators, with informant answers contributing to the cognitive and sensory domains and 

functional ability indicators in one model (8) and “other” indicators in the other (30). 

Cognition 

Forty-one models measured various domains of cognition, with the most common indicators 

being tests of memory (e.g., word recall), orientation in time and space, and verbal fluency (e.g., 

animal naming). The most used validated scale for measuring cognition was the Mini-Mental 

State Exam (MMSE) [78, 79] which includes tests of memory, executive function, orientation and 

attention and has been identified as the recommended instrument to measure cognition in IC 

[36]. The full or modified scale was used in 13 models, while elements from the MMSE were 

used in a further 3 models. Other validated scales used in the models included the Community 

Screening Instrument for Dementia, the Short Portable Mental Status Questionnaire, the 

Montreal Cognitive Assessment, and the Abbreviated Mental Test. The number of cognitive 

indicators in each paper varied, meaning some models of IC contained more comprehensive 

cognition assessments, but almost all the IC models that included cognition measured the key 

cognitive component of memory. 

Locomotion 

The locomotion domain was measured in 43 models of IC. The most common indicator used was 

the Short Physical Performance Battery (SPPB), which had been identified as the recommended 

tool to measure mobility impairment by the WHO Clinical Consortium [36]. The SPPB measures 

lower extremity function and includes tests of standing balance, walking speed, and chair rising, 
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covering key components of locomotion identified by the WHO [35]. The full SPPB was used in 11 

models, and a further 4 models used the three elements but did not call it the SPPB. Another 12 

models used the chair rise test, and 11 used walking speed as separate indicators, not as part of 

the SPPB. Other validated measures or tests used as indicators of locomotion were the Tinetti 

Performance Orientated Mobility Assessment (POMA) [80] (models 21 and 34) and the Timed Up-

and-Go test (TUG) [81] (models 3, 42 and 47). The POMA assesses sitting and standing balance 

and gait in older adults with 16 items in the most common version (although there are other 

variations) [82] and attempts to replicate moves required during normal daily activities. The TUG 

involves standing from a chair, walking 3 metres and back, and sitting back down in the chair, 

with the time in seconds to complete the task recorded. A commonly used cut-off indicating an 

increased risk of falls is 13.5 seconds, although this ranges from >10 to ≥33 seconds in the 

literature [83]. The SPPB, POMA, and TUG all assess key areas of physical mobility (balance, 

walking, sitting and rising), albeit in different depths, but there are some limitations to consider. 

The SPPB and POMA both use an ordinal scale to score participants, with points for completing 

the tasks; this means they can be subject to ceiling effects when assessing higher-functioning 

older adults, which means the full spectrum of functioning is not captured. Additionally, all three 

measures would be affected by an individual’s cognitive state. It is commonly found that those 

with cognitive impairment take longer or are not able to complete the tasks [84], highlighting the 

difficulty of isolating the physical and cognitive domains for assessment. 

Three models used grip strength as an indicator of locomotion. This is interesting as grip 

strength, in particular, was highlighted as a measurable component of the vitality domain (Table 

1.1), while general muscle performance was identified as a measurable component of 

locomotion. This perhaps highlights the difficulty with defining the vitality domain as well as the 

overlap between the domains, with muscle performance indicating an individual’s ability to be 

mobile as well as their nutrition and metabolic status.  

Three models used the Activities of Daily Living (ADLs) and/or Instrumental Activities of Daily 

Living (IADLs) or other measures of mobility that are relevant to functional ability. Functional 
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ability is theorised to be an outcome of IC and was not included as a key component of 

locomotion; however, some use these measures as indicators of capacity in the locomotion 

domain - this highlights the potential difficulty in disentangling indicators and outcomes of IC and 

the need for clear guidance on indicators.  

Sensory 

Thirty-four models included measurement of the sensory domain, mainly with self-reported vision 

and self-reported hearing which were used in 27 models. Seven models included tests of 

hearing, including the whisper test, audiometry, and the Weber and Rinne tuning fork tests. Eight 

models used eye charts (where letters or symbols are displayed in varying sizes on a chart to 

assess the clarity of vision), and one model used the Frisby stereo test (a test of depth perception 

using symbols printed on plastic plates of varying thickness) [85]. Although objective measures of 

vision and hearing have been recommended as tools to measure this domain, the lack of 

objective tests across the models highlights the fact that many observational studies do not have 

data on these tests and tend to rely on self-reported problems with these senses. 

Vitality 

The vitality domain was measured in 43 models with a range of indicators, which is not surprising 

considering this domain has the highest number of identified components [35]. The most 

common single indicator used in 17 models was grip strength, which has been identified as a key 

component of vitality and considered a marker of various underlying systems, including brain 

health, nutrition, immune function, and hormone status in older people [86-88]. Thirty-two 

models used indicators related to nutrition, such as appetite loss (9 models), weight loss (12 

models), or body mass index (BMI, 6 models) and 11 used the Mini Nutritional Assessment 

(MNA), which was the WHO-recommended tool for measuring malnutrition [35]. Seven models 

measured lung function, including tests of forced vital capacity, forced expiratory volume, peak 

flow, VO2 peak (peak oxygen consumption), and 4 measured feelings of energy – both 

highlighted as components of vitality. 
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One model by Masciocchi et al. (model 10) explored the definition of vitality, looking at physical 

vitality and mental vitality and compared their prediction of functional ability and hospitalisations 

among a sample of 541 French nursing home residents [89]. Physical vitality was assessed with 

grip strength, while mental vitality used three questions from the Geriatric Depression Scale 

(GDS) involving feeling satisfied with life, feeling that life is empty, and feeling full of energy. High 

physical vitality was found to predict fewer functional limitations, measured with ADLs, and lower 

mortality rates; however, high mental vitality predicted increased functional limitations in ADLs in 

the whole sample but not in a sub-sample excluding those with a diagnosis of dementia or 

depression. This result was posited to be due to the GDS questions not adequately capturing the 

mental vitality of those with a diagnosis of dementia and depression. High combined physical and 

mental vitality predicted a reduction in hospitalisation risk. It is interesting to consider different 

definitions of vitality, but it is unclear whether the premise of mental vitality follows the 

theoretical underpinnings of the vitality domain. It was posited more as a reflection of biological 

energy balance than a psychological domain by Cesari et al. (2018) [32], although psychological 

resilience was identified as a possible component of vitality by the WHO Clinical Consortium [35]. 

Nevertheless, it is important to consider the overlap between mental vitality and the 

psychological domain. When measuring mental vitality, Masciocchi et al. (2019) used three items 

from the GDS, which has been identified as a recommended tool to measure depressive 

symptoms under the psychological domain. Therefore, it is probably the case that the capacities 

under mental vitality are captured in the psychological domain, and the vitality domain should 

focus on the physical components of energy balance and nutrition. 

Psychological 

Forty models measured components of the psychological domain. The most common indicator 

was depressive symptoms, measured using the GDS [39] in 17 models, the Center for 

Epidemiologic Studies Depression (CES-D) scale [90] in 7 models, and with an explicit question 

on depressive symptoms in 6 models. The GDS and CES-D are common screening scales with 

excellent properties for screening depression in older adults [91]. Other less frequently used 

measures capturing depressive symptoms were the Composite International Diagnostic Interview 
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[92, 93], the Cornell Scale for Depression in Dementia [94], and the EuroQoL-5D [95]. Four 

models included indicators relating to sleep, and one model used items from the EuroQol-5D 

instrument for measuring health-related quality of life. 

One model included social participation, and another included psychological support from 

relatives as indicators of psychological function. However, these social influences have not been 

identified as components of the psychological domain and, as extrinsic factors, could be 

considered more as an indicator of functional ability or an environmental influence in the WHO 

framework than an element of IC. There were various identified components of the psychological 

domain that were not tested in any model; however, the literature consensus appears to be that 

mood, specifically depression, is the key element of the domain to measure. Sleep was also 

included in some models and is identified as a component of the domain, but it could be argued 

that sleep is not only an indicator of psychological wellbeing as it is linked to many physical and 

mental states [96], such as chronic illness [97], frailty [98], cognition [99], mental health [100] 

and mortality [101].  

1.2.3 Summary 

This review found that IC has been operationalised in many different ways, with no two papers 

using the exact same indicators to measure domains and a mixture of methods used to generate 

a summary score. This reflects the current lack of an operationalised definition of IC for research 

and ambiguity around the same components and structure of the concept.  

Development work has led to IC being composed of five main domains covering cognition, 

mobility, vision and hearing, psychological wellbeing, and energy balance. This five-domain 

structure identified theoretically was followed by the majority of IC models in the literature, with 

those not including certain domains normally due to missing information in datasets. One paper 

found that a 3-domain structure with just the locomotion, sensory and vitality domains performed 

just as well at predicting mortality as 5- and 4-domain models, which suggests that these 

domains are potentially the key elements of IC to measure for this outcome. However, this has 

not been explored further, and the idea of IC capturing capacity in all aspects of an individual and 
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giving a holistic impression of capacity aligns with the overall goal of the WHO healthy ageing 

strategy. This ensures all dimensions of capacity that are very important for individuals’ wellbeing 

and to healthcare systems are captured, e.g., cognition and psychological wellbeing.  

Different types of indicators are used across the domains, and indicators of cognition, mobility 

and vitality were often measured with objective measures or tests of function, while vision and 

hearing and psychological wellbeing tended to rely on self-reported questions and scales.  

Currently, there is no recommended method to generate a summary IC score when using existing 

data, leading to a wide range of methods seen in the literature. There is also a discrepancy 

between the operationalised measures of IC being published by the WHO, the organisation that 

originally proposed and defined the concept. The ICOPE screening tool developed by the WHO is 

composed of simple pass/fail tests focusing on key conditions within each domain [41]. Beard et 

al. and WHO collaborators’ IC model generated with existing data and used to predict health 

outcomes has a wider range of indicators and used factor analysis to develop a more complex 

model demonstrating the structure of the concept and generating summary scores [56]. Due to 

the nature of using existing data, it is impossible to define a model that can be applied on all 

occasions, thus leaving some flexibility in the indicators may be helpful; however, adding clarity to 

the definition of each domain of IC and the exact components that should be captured would 

allow the literature to become more consistent.  

Although the models of IC varied in indicators and methods used, there was consistency in the 

predictive validity of IC, with all papers that tested this finding that IC significantly predicted 

health outcomes for older people. The most common finding was that IC predicted functional 

limitations (measured with ADLs and IADLs) and mortality, with those with poorer total or domain-

specific IC more likely to experience functional limitations and have a higher risk of death in the 

following years. This overall association between IC and health outcomes is key to the IC 

measure being a useful measure of healthy ageing that can indicate those who may require 

intervention to prevent declines in capacity. However, whether interventions targeted based on IC 

status can prevent capacity decline has not yet been tested, and all of the predictive validity tests 
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have been carried out in observational data at a population, rather than individual, level, so the 

utility of IC to identify individuals is still unclear. 

In creating IC, the WHO aimed to take a step away from disease- and impairment-based models 

of healthy ageing towards function-based models. This can be seen in the fact that very few 

models of IC include an illness or chronic condition diagnosis as an indicator; however, it is 

misguided to think IC is not in some way focusing on impairment and decline. IC plays a part in a 

strategy to prevent declines in functioning with age, and in order to do this, it should indicate a 

decline or impairment, as seen with the ICOPE screening tool. Therefore, there will always be a 

“negative” aspect to measuring healthy ageing, and the shift towards function-based models is 

more aimed at changing attitudes and stigma surrounding ageing as opposed to changing all the 

measurements of ageing in practice. 

When measuring healthy ageing and especially creating policy, it is important to consider that 

indicators and scoring systems may not be relevant in or adapt to countries with different 

cultures and political systems [102]. The papers included in the current review measured IC in 

many individual countries around the world, but when investigating IC across countries and 

cultures, it will be important to consider the cultural sensitivity and validity of the measure in 

order to make valid interpretations and comparisons. 

1.3 Social relationships as a determinant of healthy ageing 

Many factors have been found to influence and predict healthy ageing in older adults, ranging 

from individual biology to sociocultural influences. Lifestyle factors and health behaviours are 

found to impact healthy ageing outcomes; the common factors implicated are smoking [103], 

alcohol consumption [104], physical activity [105-107], unhealthy diet, and higher body mass 

index [108, 109]. There are also known inequalities in healthy ageing outcomes, with individuals 

with the most advantage having markedly better health outcomes than those with lower 

advantages [25, 110, 111]. 
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Social factors, such as social relationships and activities, are sometimes included as 

components of healthy ageing [24, 112] but are too considered a determinant of health and 

mortality, with the increased understanding that the social and biographical context of ageing is 

intertwined with biological processes and medical outcomes [113]. Large amounts of evidence 

have indicated that less social integration, poor quality social relationships, isolation and 

loneliness are related to a greater risk of all-cause mortality [114-120] and adverse healthy 

ageing outcomes [121]. 

1.3.1 Defining social relationships 

There are many terms and definitions used to describe different aspects of social relationships 

and interactions, the most common being networks, support, participation, and engagement. In a 

seminal paper, Berkman et al. (2000) [118] outlined definitions for these terms, which are now 

commonly used. 

Social networks and participating in activities are considered structural aspects of social 

relationships, meaning they describe the quantitative aspects and structure of social 

relationships [122]. Networks are described as the web of social relationships surrounding an 

individual and specifically encompass features such as density, duration, dispersion, and 

homogeneity of relationships. Network size is commonly assessed by asking about the number of 

known or close people, sometimes by a particular category, to understand network composition 

[123]. 

Social activities, also termed social participation or engagement, include meeting friends, 

attending events and volunteering, and are generally assessed with questions covering what type 

of activity and how often, where and with whom the activity takes place [124]. 

Social support represents functional aspects of relationships, such as provision and receipt of 

information (informational support), help with tangible needs (instrumental support), love, care 

and sympathy (emotional support) and advice with decisions (appraisal support) [118, 125]. 

Various indexes and scales for measuring social support have been developed, covering aspects 
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such as the type of social support experienced (e.g., “I get help around the house”, “I get love 

and affection”) and satisfaction with the support that is available [126, 127]. 

The concepts of social isolation and loneliness are often used in the literature concerning the 

associations between social relationships and health in order to explore the effects of a lack of 

relationships. Social isolation is an objective measure of an absence of relationships related to 

small network size, little diversity and low frequency of contact, and represents the structural 

aspect of missing relationships [128]. On the other hand, representing the lack of functional 

aspects, loneliness is a subjective measure of negative feelings about missing relationships 

based on the perceived quality of social support and the extent to which social needs are met by 

others [128-130]. These measures are similar but can occur independently of each other; it is 

possible for an individual to be socially isolated without feeling lonely, and vice versa, or both 

isolated and lonely. Loneliness is driven by individual and cultural norms and expectations of 

what constitutes an optimal quantity or quality of social relationships, as an individual’s 

subjective evaluation of their situation will revolve around comparisons with these believed 

norms. The types of relationships that determine loneliness and social isolation are generally 

marital or partner relationships, relationships with family, relationships with non-relatives, e.g. 

friends, colleagues and other people partaking in social activities, and the size and overall 

composition of an individual’s network, with a more extensive and heterogeneous network, the 

more likely social desires are fulfilled [131]. 

1.3.2 Social relationships and healthy ageing 

A large body of evidence has focused on social relationships and individual health outcomes, 

such as cognitive function, cardiovascular health, or mortality. These generally find a positive 

association on health with increased social participation [121, 132-135], larger social networks 

[136, 137], and more social support from others [129, 138-143] and a negative health impact of 

social isolation and loneliness [144-152]. In a meta-analytic review of studies testing the 

association between social relationships and mortality, Holt-Lunstad, Smith and Layton [153] 

found an average effect size of OR=1.5, indicating a 50% increased likelihood of survival for 
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those with stronger social relationships (i.e., more social support, lower feelings of loneliness, 

larger social networks). This effect was comparable to other well-established risk factors for 

mortality, such as smoking and alcohol consumption, and was larger than the influence of risk 

factors, such as physical inactivity and obesity. 

A smaller evidence base has investigated social relationships and multi-dimensional measures of 

healthy ageing, on which this section will focus, and very few have used IC. A literature search 

was carried out to capture papers that explored the association between social relationships and 

specifically multi-dimensional measures of healthy ageing. This search included publication alerts 

and keyword searches (see Appendix 1.1.2) as well as direct searches for papers assessing 

social relationships and intrinsic capacity, in particular. Papers were considered if they included a 

health outcome that measured ≥3 of the following dimensions: physiology or physical health, 

physical capability/function, cognition, psychological wellbeing, sensory function, and social 

functioning. These dimensions loosely followed those identified as part of IC, but also included 

elements of functional ability and social functioning that would not be strictly included in IC but 

have been included in other measures of healthy ageing [22]. A total of 14 papers were identified 

that fit the criteria at the time of the search; these are discussed in the following sections 

organised by the outcome they used. 

Successful ageing 

Nine of the papers identified used a measure of successful ageing as the multi-dimensional 

health outcome. Higher participation in social and leisure activities was found to be associated 

with an increased likelihood of successful ageing in a sample of Taiwanese octogenarians [154], 

where successful ageing was defined as being free of dependency with ADLs, without depressive 

symptoms, without cognitive impairment, and able to give social support to others. In another 

study of the oldest-old adults aged 95-108 years in Hong Kong, those living with family and 

friends and who had fewer barriers to social activities were more likely to have a higher score on 

a successful ageing index [155]. The index was comprised of 8 indicators: self-reported current 

health, ADLs, the Mini-Mental State Exam, the short version of the Geriatric Depression Scale, 
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frequency of social engagement, family emotional support, perceived economic status of the 

household, and financial security. Both these studies found that more social participation and 

interaction were associated with better successful ageing for the oldest old; however, they also 

both included social functioning in their measure of successful ageing, so these results may not 

be surprising. To fully investigate the association between social relationships and healthy 

ageing, it would be more informative not to have social relationships as both a predictor and 

component of healthy ageing. Nevertheless, these results were supported by another study of 

older adults aged ≥65 years in Shanghai, where more frequent participation in social activities 

and being married were associated with a higher likelihood of successful ageing. Those deemed 

to have achieved successful ageing had an MMSE score at least 4 points above the educational-

specific cut-off (those with a higher level of education had a higher cut-off), few difficulties with 

ADLs, a good to excellent self-reported mood, and no physical disabilities, so did not include a 

measure of social functioning. This gives some support to the results seen in the oldest-old; 

however, the studies in Hong Kong and Shanghai reported unadjusted or least-adjusted (only age 

and sex as covariates) associations and correlations, so more robust methods are needed to 

increase confidence in the results. 

With regards to social support, positive effects of social support on multi-dimensional successful 

ageing have been seen across different populations, including Chinese nursing home residents 

aged ≥60 [156], community-dwelling Australians aged >60 [157], New Jersey (USA) residents 

aged 50-74 [158], and community-dwelling Chinese aged ≥65 [159]. All four of these studies 

used indicators of physical health in their successful ageing measure (including chronic 

conditions and self-reported physical health) [156-159], three included functional ability (e.g., 

ADLs and IADLs) [156, 158, 159], three included the MMSE to measure cognition [156, 157, 

159], three measured psychological health (including mental health scales, life satisfaction, and 

diagnosed mental health conditions) [156, 157, 159], two included measures of social 

functioning (frequency of participation in social activities) [156, 159], and one included a 

subjective rating of successful ageing [158]. 
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Conversely, in a longitudinal study of Australian residents aged ≥70 years, elements of social 

connectedness (marital status, the number of individuals living in the household, number of 

relatives visited monthly, number of friends visited without an invitation and number of hours of 

social activity) were not found to predict successful ageing after a median of 11.7 years follow-up 

[160]. In this study, successful ageing was based on the absence of chronic health conditions, 

the absence of major difficulties with physical functioning, and the absence of psychological 

distress. Comparing this result with the number of studies that find a positive association 

between social support and successful ageing indicates that the quality of the relationships 

(support) may be more important for successful ageing than the quantity (connectedness). 

However, the studies focusing on social support were mostly cross-sectional, whereas this study 

was longitudinal, so it may also be that the relationship between social relationships and 

successful ageing is seen at one-time point and does not extend so much over time. More 

longitudinal studies would be needed to understand the temporality of this relationship.  

Health-related quality of life 

As an indicator of an individual’s overall health status, health-related quality of life (HRQL) has 

also been used to assess healthy ageing in older people across multiple domains, including 

physical health, physical functioning, and psychological health. As a measure focusing on the 

quality of life, the measures are mostly self-reported feelings and beliefs about health and ability, 

as opposed to objective tests. 

In a cross-sectional study of Spanish adults aged ≥65, HRQL (measured with ratings of overall 

health, pain, mobility, self-care, daily activities, and mood) was found to be higher among those 

who engaged in cognitively stimulating and group social activities, had lower social isolation, 

increased social support and high social trust, and rated their social life as satisfactory [161]. 

HRQL measured in the same way was also found to be lower among older English adults who 

were deemed socially isolated (those with less than weekly direct contact with friends and 

relatives) compared to the HRQL in age-matched UK population norms [162]. In this cross-

sectional study, social isolation was independently related to self-reported health and HRQL, 
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even when adjusted for depression, physical comorbidity, age, gender, living alone, employment 

status, and accommodation type. However, as a cross-sectional study, the direction of this 

relationship could not be entirely ascertained. 

Also using HRQL, Kim and Lee [163] found that increased social support from significant others 

and friends was associated with lower physical health and higher mental health scores on the 

12-item Short-Form Health Survey in a cross-sectional study of community-dwelling South 

Koreans aged ≥65 years. The negative association between physical health scores (physical 

function, physical limitations, pain, general health, and vitality) and social support was an 

unusual result that goes against previous findings. It was suggested that as half of the sample 

had lived alone for approximately 20 years or more with chronic conditions, these individuals had 

developed the skills to manage their health problems without depending on significant others 

and perhaps rely more on social services and care providers for assistance with daily functions. 

Therefore, social support may not be related to or important for physical health in these 

individuals. However, this could also be culturally specific to South Korea, where these care 

services are commonly provided. Additionally, as a cross-sectional study, it is not possible to 

unpick the direction and temporality of this relationship; it may be that those with poorer physical 

health seek out or receive more social support. 

Frailty indexes 

Finally, one study identified in the search used a multi-dimensional frailty index to assess the 

association between sociodemographic and lifestyle factors and 2-year frailty transitions in a 

sample of Chinese older adults aged ≥60 years [164]. The index included 36 indicators covering 

the presence of chronic diseases, difficulties with ADLs, physical and neurological signs (urinary 

incontinence, impaired hearing, irregular gait pattern, difficulty doing up buttons, a change in 

writing, voice weakening, and facial change), and cognitive and mental symptoms (self-reported 

memory problems, orientation in time, dyscalculia, frequent repeating, impaired judgement, 

difficulty in operating a remote control, and loss of interest). An index score was calculated per 

person as the number of deficits over the total number of indicators; the resulting scores were 
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then categorised into robust (very few deficits), prefrail (some deficits), and frail (more deficits). 

The results showed that more frequent interactions with neighbours and participation in various 

social activities predicted a lower risk of those who were prefrail at baseline becoming frail after 

2 years and a higher chance of improving to robust from a prefrail state. These results show that, 

when taking a deficit-based approach to measuring health in older adults, more frequent social 

interactions and participation shows a positive association with health for those with some 

deficits but not for those with more deficits, who could be considered frail. This could indicate 

that there could be a cut-off to health status, beyond which these social relationship elements do 

not have such a positive impact; however, this would need investigating in further studies.  

Intrinsic capacity 

Two studies so far have explored the relationship between social factors and IC. Huang et al. 

(2021) [63] measured IC over 3 years using five domains and generated a total score using the 

average of domain z-scores (Appendix 1.2, model 19) and tested whether social frailty was 

associated with IC. They used Bunt et al.’s definition, which characterised social frailty as a lack 

of general resources (resources that are beneficial in an indirect way for fulfilling social needs, 

e.g., education or income), reduced social behaviour and activities, insufficient social resources, 

and compromised fulfilment of social needs [165]. Following this definition, using data from the 

Nagoya Longitudinal Study for Healthy Elderly, social frailty was measured with 4 indicators – the 

need for financial support, living alone, participation in social activities, and regular contact with 

others – and resulting scores were categorised into social robustness, social prefrailty, and social 

frailty. Results found that the IC scores of those in the social prefrailty and social frailty groups 

declined more over three years than the socially robust group, especially in the cognition, 

psychological, and vitality domains; socially prefrail/frail men also showed a greater reduction in 

the psychological and cognition domains than women. 

In a more recent study, Leung et al. (2022) [50] found that IC was positively associated with 

social engagement in a cross-sectional analysis. In a recruited sample of 304 community-

dwelling older adults living in Hong Kong, IC was measured in five domains with validated tests 
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(Appendix 1.2, model 45), each with a cut-off indicating impairment, and a total IC score was 

generated by summing the scores across tests and domains – a higher score indicated better IC. 

Social engagement was assessed with the frequency of engagement with leisure activities, 

hobbies, work, volunteering, supporting family, education, or spiritual activities, with the 

categories inactive, less active, and active. A structural equation model found a significant 

positive relationship between IC and social engagement, and a mediating role of IC was found 

between age and social engagement, indicating that age’s influence on social engagement 

depends somewhat on the individual’s IC. It is feasible that an individual’s capacity across the IC 

domains would influence their ability to be engaged with different social activities, as 

impairments in IC domains would make it more difficult to access or enjoy social activities. 

However, being a cross-sectional study, it is difficult to make conclusions about the direction of 

any associations, and it may be the case that the association between IC and social engagement 

is potentially bidirectional. 

1.3.3 Summary 

Although a couple of studies have begun to explore the relationship between IC and social 

relationships and activities, the associations between social isolation and IC, specifically, is yet to 

be explored.  

In analyses using other multi-dimensional measures of healthy ageing, a positive association 

between a higher quantity and quality of social relationships and better health is generally seen, 

although more robust methods and longitudinal analyses would strengthen the evidence base.  

Studies focusing on successful ageing found that more frequent participation in social activities 

and more social interactions through living arrangements or partnerships were associated with 

more “success” in older and oldest-old populations in Asia. However, a more robust methodology 

is needed to further support these results. Additionally, in cross-sectional studies, social support 

has been shown to be positively associated with successful ageing in populations of older adults 

from around the world, but a longitudinal analysis showed that this effect might not extend over 

time.  
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Similarly, HRQL measures, which focus on perceptions of health and ability, were found to be 

higher among those with more frequent social participation and more social support and lower 

among those who were socially isolated. Nevertheless, these studies were again mostly cross-

sectional, and the HRQL outcome is quite different from other healthy ageing measures as it 

focuses on perceptions and not performance. Finally, a study utilising a frailty index found that 

social participation was beneficial for those with prefrailty but not frailty, indicating that there 

may be a health status cut-off beyond which positive social relationship factors may not stabilise 

or improve health. 

In summary, much of the current evidence on the association between social relationships and 

multi-dimensional healthy ageing is cross-sectional, thus, there is a need to expand on these 

results in longitudinal data, which will help explain cause-and-effect and the temporal order of 

the relationship. Additionally, a lot of the previous studies explored the associations between a 

range of predictors and the healthy ageing outcome and did not use more complex analyses than 

multiple regression. As such, more investigation targeted at specific social relationships as 

predictors using more sophisticated methods would be another way to improve understanding.  

In the current literature, it is also difficult to compare results across studies as most measure 

social relationships and healthy ageing in a different way, even if they use the same underlying 

concepts, such as successful ageing or social support. It is also hard to compare these measures 

against IC as they often involve indicators that would not be included in IC, such as functional 

ability, chronic conditions, and social functioning. In future research, it will also be important to 

disentangle social relationships from the health outcome when exploring social relationships as a 

predictor to get truly informative results and understand cause and effect.  

1.4 Inflammation as a mechanism 

As social relationships have been found to affect healthy ageing, it is important to explore the 

reasons and mechanisms for this association. As well as defining terms, Berkman et al. [118] 

laid out a framework by which social relationships could influence health, suggesting a cascading 

model from societal level factors to psycho-biological processes. According to this model, 
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elements at the social-structural level shape the structure and characteristics of social networks, 

which in turn facilitate engagement in social activities and access to social support. These 

psychosocial mechanisms then influence health through various pathways such as healthy 

behaviours, psychological states and traits, and direct physiological pathways like the immune 

and stress systems. For example, the hypothalamic-pituitary-adrenal (HPA) axis is a hormonal 

response system that is activated by stressful events and ultimately results in cortisol being 

excreted from the adrenal gland [166]. Cortisol has many important roles in the body, but when 

there is inadequate or excessive amounts, it can become harmful [166, 167]. There are also 

other hormone axes (the sympathetic-adrenal-medullary and hypothalamic-pituitary-ovarian) and 

pituitary hormones, as well as interactions between the brain and immune system through neuro-

immune pathways, that respond to stress by secreting substances that bind to white blood cells, 

influencing and directing immune responses [168].  

These stress processes are a direct way for social relationships to affect health. Social isolation is 

shown to increase stress and vascular resistance, slow wound healing and promote poor sleep in 

young adults [169], and seems to affect multiple organ systems, particularly the cardiovascular, 

neuroendocrine and cognitive systems [170]. It is hypothesised that humans have an instinctive 

need to belong and when this is not satisfied, an internal response system is activated to prevent 

potential adverse outcomes, but this response is taxing on physiological systems and can have 

deleterious effects [171]. Nevertheless, social relationships can also illicit beneficial 

physiological processes. Supportive interactions with others are found to benefit immune, 

endocrine and cardiovascular functions and reduce allostatic load – a marker of physiological 

wear and tear [167, 172, 173]. The beneficial effects of social relationships can be seen across 

the life course, with supportive childhood environments promoting the healthy development of 

physiological systems [174] and social support in adulthood shown to reduce physiological 

responses such as cardiovascular reactivity to both anticipated and existing stressors [175]. 

A specific physiologic pathway identified in the Berkman et al. model is immune system function, 

a key element of which is inflammation. Inflammation is a normal part of the body’s defence 
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system and involves communication molecules, termed cytokines, which can promote 

inflammation as a generalised response to attack a foreign invader, e.g., bacteria or virus, or 

clear away damaged tissue [168]. Inflammation in response to infection or damage to tissues 

normally lasts for a short amount of time (days) and is termed acute inflammation [176]. Of more 

interest to research in ageing is chronic inflammation, which is long-term (lasting months to 

years) and systemic, thus not localised to a site of infection or trauma [177]. Chronic 

inflammation is commonly measured in epidemiological and ageing studies using biomarkers 

present in the blood; the most frequent markers used are C-reactive protein (CRP), fibrinogen 

and interleukin-6 (IL-6) [178]. Chronic inflammation is widespread in older people, with some 

referring to this phenomenon as “inflammageing” [179]. It is a known risk factor for 

cardiovascular and other chronic diseases, frailty, limitations in activities of daily living, impaired 

balance and walking speed, depression, and dementia [180-183].  

1.4.1 Inflammation and social relationships 

As suggested by the Berkman et al. framework, inflammatory processes can be influenced by 

social relationships. In a meta-analysis, social support and social integration were found to be 

significantly related to lower levels of inflammatory markers, indicating that inflammation is one 

important mechanism linking these social factors to the development of disease [184]. Positive 

social support from family, friends, and spouse was found to moderately protect against 

inflammation; however, the negative associations on inflammation from strained relationships 

were more robust than those from positive support [185]. 

Social isolation and loneliness have both been found to be associated with higher levels of 

fibrinogen generally and in response to stress [186-188], indicating that isolation and loneliness 

are psychological experiences with adverse effects on biological stress systems. Social isolation, 

in particular, has been found to be significantly associated with higher levels of IL-6 and CRP in 

older adults taking part in the US National Health and Aging Trends Study, even after adjusting 

for age, gender, race/ethnicity, income, tobacco use, BMI, and chronic conditions [189]. In a 

systematic review and meta-analysis of the association between loneliness and social isolation 
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with inflammation, loneliness was found to be associated with IL-6 in fully-adjusted analyses, 

while isolation was associated with CRP and fibrinogen in least-adjusted analyses but not when 

key confounders had been accounted for [190]. The meta-analysis concluded that social 

isolation and loneliness could be associated with inflammatory markers; however, there were 

large amounts of heterogeneity found in the included studies’ theory and methods which makes 

interpreting the overall picture difficult. It was highlighted that robust methodologies are needed 

to further understand the complex relationship between these social factors and inflammation. 

The meta-analysis also highlighted a possible effect of sex on the relationship between isolation 

and CRP and fibrinogen. Studies from the USA and UK have previously found differences in the 

association between social isolation and inflammation between men and women, with most 

associations only significant for men. In the MacArthur Successful Ageing Study in the US, men 

who were in the lower quartiles of a social network score and therefore deemed more socially 

isolated were over twice as likely to have elevated fibrinogen [191] and elevated CRP and IL6 

[192] compared to those in the highest quartile. No significant associations between social 

isolation and inflammatory markers were found for women. This result was repeated in another 

US study, the Third National Health and Nutrition Examination Survey, where social integration 

was found to be significantly associated with elevated CRP in men aged ≥60 years and women 

aged 20-59 years when adjusted for only age and ethnicity, but this significant association 

remained only for men when fully adjusted for sociodemographic and health-related covariates 

[193]. Similar results have been found in ELSA, where a significant association between isolation 

and CRP was not found in women [194], and the onset of loneliness was only associated with 

increased CRP and fibrinogen in men [195]. The reason for this sex difference is not fully 

understood. One potential explanation is that there are differences in qualitative elements of 

social relationships between men and women that were not captured in the measures of social 

isolation, which focused on quantitative elements. For example, in the MacArthur Successful 

Aging study, a social network score was created from six indicators focusing on quantitative 

elements: the presence of a spouse, number of close relatives and friends, and frequency of 

participation in religious services, activities and clubs. This didn’t capture whether the social 
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relationships in question were supportive or burdensome, or if the respondent was the care-

receiver or care-giver in the relationship, with women more likely to report negative relationships 

and caregiving than men [191-193]. However, the same sex difference has also been seen with 

measures of loneliness that do capture more subjective feelings about relationships, so the 

difference may not be fully down to differences in these qualitative elements of the relationships. 

It could also be differences in the biologic pathways between isolation and inflammatory marker 

as there have also been sex differences reported for the relationship between the environment 

and other biological markers, such as blood pressure [194, 196] and neuroendocrine reactivity 

[197]. 

The observed sex differences highlight how the connection between inflammation and social 

relationships is not straightforward, and it may also be dependent on the type of social 

interaction. Social support from friends was found to be more impactful than that from family or 

neighbours, indicating that support from experientially similar people (friends) may be different 

from the perhaps obligatory support from family or neighbours [198, 199]. Additionally, structural 

and functional aspects of social support are differentially associated with biomarkers of 

inflammation, with structural elements related to lower IL-6 and functional aspects related to 

CRP; there may also be effects of age and gender on this relationship [200]. It is also possible 

that the association is moderated by other factors. The association between perceived social 

support and inflammation was found to be moderated by self-esteem, with social support 

predicting levels of CRP for those with higher self-esteem but not low [201]. 

1.4.2 Inflammation and intrinsic capacity 

Inflammation was originally proposed as a possible indicator of IC, as part of the vitality domain 

[35] or as a separate domain [34]. However, although inflammation appeared as a domain in the 

initial data-driven factor analysis model by Araujo de Carvalho et al. [34], inflammation and blood 

pressure were removed from the later theory-driven model as they were deemed to be drivers of 

change rather than indicators, but it is still unclear whether inflammation is a direct cause or a 

biomarker of biological ageing [179]. There may also be a bidirectional relationship between 
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inflammation and IC, with those with higher IC being able to develop anti-inflammageing 

mechanisms and counterbalance detrimental age-related processes [202]. 

In the first study to explore IC and inflammatory biomarkers, Giudici et al. [62] measured IC in 

1,516 participants of the Multidomain Alzheimer Preventive Trial (MAPT) aged ≥70 years and 

tested whether chronic inflammation was associated with impairments in IC. The MAPT study is a 

prospective observational study set up to investigate the efficacy of omega-3 supplementation 

and intervention in preventing cognitive decline over 3 years; all participants did not have 

dementia but suffered from memory complaints, limitations with at least one instrumental ADL or 

slow walking speed. IC was measured on five occasions over the 5-year follow-up (baseline, 6, 

12, 24, 36, 48 and 60 months) in four domains: cognition, locomotion, vitality and psychological 

(Appendix 1.2). The inflammatory biomarker CRP was measured from blood at baseline, 6 

months, and 12 months follow-up, with chronic inflammation defined as having at least two 

consecutively high CRP readings (3-10mg/L). Another marker of potential inflammation, 

homocysteine, was measured at baseline only, with hyperhomocysteinemia defined as having 

homocysteine concentrations >15µg/L. Total and domain-specific IC scores were found to 

decrease over follow-up in those with and without chronic inflammation, but this decrease was 

more pronounced in those with chronic inflammation in unadjusted analyses; however, this result 

did not reach statistical significance in analyses adjusted for age, sex, education, BMI, MAPT 

group and time interaction. The same pattern of results was observed for homocysteine, except 

decreases in handgrip strength remained significantly worse in the hyperhomocysteinemia 

groups in the adjusted analyses. In those with both chronic inflammation and 

hyperhomocysteinemia, marked declines in total IC score were found in comparison to the 

groups with normal biomarker values, and significant impairment in psychological domain scores 

remained in adjusted analyses. 

In a subsequent study of 283 adults aged 60-97 years from China, Ma et al. [203] found that 

individuals with low IC, measured with the ICOPE screening tool, had higher levels of CRP but did 

not show differences in white blood cells or fibrinogen when compared to those with higher IC. 
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Similarly, in a sample of 130 Chinese adults taking part in the Cardiovascular Health, Cognition 

and Aging Study, Ma et al. [204] also found that higher concentrations of tumour necrosis factor 

receptor 1 (TNF-R1, a pro-inflammatory cytokine [205]), were associated with lower IC but found 

no association between IC and IL-6, insulin-like growth factor-1 (IGF-1, a hormone implicated in 

inflammatory processes [206]), and vaspin (an anti-inflammatory protein [207]). In the most 

recent study to assess IC and inflammatory markers, Meng et al. [49] found that high IL-6, high E-

selectin, low serum albumin, and low folate – all biomarkers of inflammation and endothelial 

(lining of blood vessels) function – were associated with low IC in their sample of 839 individuals 

aged ≥50 years in the Social Environment and Biomarkers of Aging Study in Taiwan. However, 

they did not find significant differences in CRP or fibrinogen between those with low and high IC.  

As inflammatory biomarkers are associated with many adverse outcomes in older age, it is not 

surprising that they are implicated in reduced IC. However, the current evidence gives a mixed 

picture of the relationship between inflammatory markers and IC, with different biomarkers 

implicated in different studies. This may be due to the complex relationship between 

inflammation and the expression of capacity but may also be due to methodological issues – 

most of the samples testing these associations have been relatively small or specialist samples 

that are not necessarily representative of the general population – thus more evidence of the link 

between inflammatory biomarkers and IC is required.  

It is interesting that adjustment for sociodemographic factors accounted for the difference in IC 

between chronic and non-chronic inflammation seen by Giudici et al., indicating that these 

factors may be more important for IC than inflammation. Within the paper, there is a discussion 

of certain behaviours that could elevate inflammation, such as smoking, obesity, sedentary 

lifestyle, and diet, and how biomarker concentrations could be the outcome of these influencing 

factors; it will also be informative to explore the social factors that may be influencing levels of 

inflammation and whether this then influences subsequent levels of IC, following the cascade 

model of social influence on biology and health. 
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1.4.3 Social relationships, inflammation, and healthy ageing 

A wide range of evidence has supported the association between missing or poor-quality social 

relationships and poorer health, the link between social relationships and inflammation, and the 

link between inflammation and health outcomes. However, there is less evidence exploring the 

entire pathway with inflammation as a mediator between social relationships and health, and 

none looking specifically at healthy ageing or IC as the health outcome. 

Penwell and Larkin [208] reviewed the literature linking social support and inflammation in the 

context of cardiovascular disease and cancer patients. They followed the requirements for 

mediation set out by Baron and Kenny [209], which specify the demonstration of three 

relationships between a predictor, mediator and outcome: social support is associated with 

disease outcomes, inflammation of associated with disease outcomes, and social support is 

associated with inflammation; mediation is supported if all (or most) of the variance in the 

relationship between social support and disease outcomes is explained by inflammation. The 

review results gave tentative support to a link between the quality of social relationships and 

inflammation with several well-designed studies finding social support predictive of levels of 

inflammation, but it was deemed premature to conclude that inflammation is the mechanism 

between social support and health. 

A couple of studies have explored the mediating role of inflammation explicitly. Boen et al. [210] 

found that, among cancer patients, higher levels of satisfaction with social support were 

associated with lower levels of the inflammatory markers CRP, IL-6 and TNF-alpha, and these 

inflammatory markers were positively associated with mortality risk. Formal mediation tests 

found that CRP and IL-6 accounted for a large amount of the association between social support 

and mortality risk, but these tests were limited by low power. Yang et al. [211] similarly found 

evidence for the mediating effects of inflammation on the relationship between social isolation 

and all-cause and disease-specific mortality, with inflammation accounting for 12-24% of the 

associations. They concluded that with all other factors remaining equal, inflammation in 

individuals with social isolation greatly increases the likelihood of mortality. 
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1.5 Summary 

Healthy ageing has been conceptualised and operationalised in multiple ways. Since 2015, there 

has been a concerted effort by the WHO to define a framework to direct proactive interventions 

to prevent manifestations of disease and impairment, part of which involves operationalising IC 

as an indicator of healthy ageing. The development work and research using IC have outlined five 

domains of capacity that should be captured in the measure: cognitive health, 

locomotion/mobility, sensory function, vitality/energy balance, and psychological/mental health. 

Different conceptualisations of IC have been shown to predict functional ability, mortality, and 

other health outcomes, which is an important step to assure the validity of a new 

conceptualisation, although not all models of IC have had their validity checked in this manner.  

IC is becoming more established as a valuable tool to measure healthy ageing in a way that 

overcomes some of the weaknesses of previously established deficit-based models. It is able to 

capture the main dimensions relevant to health in older age and currently maintains flexibility in 

the indicators used. This is a positive and negative outcome of the lack of an operationalised 

definition, as it allows for a range of studies with different indicators to measure IC, but it means 

that the comparison of IC across different studies and populations is more difficult if the 

conceptualisation and measurement of IC are different. There are some standard tools and types 

of indicators used across the growing research, but, at present, there is no consensus on the 

method to generate an IC score, with a range of simple to more complex methods used in the 

literature. There is also less exploration of the trajectories of IC, even though this is a central 

element of the WHO framework for IC. 

There is a broad evidence base regarding the positive impact of numerous good-quality social 

relationships and the detrimental impact of poor-quality or a lack of relationships on many health 

outcomes covering cognitive health, physical function, disease risk and mortality. There is 

emerging evidence suggesting inflammation could be a possible mechanism for this effect. While 

there is a wealth of information on social relationships and individual health outcomes, there is 

less evidence of the association between social relationships, particularly social isolation, and 
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multi-dimensional measures of healthy ageing. Social support and participation have been 

associated with successful ageing, health-related quality of life and frailty indexes cross-

sectionally in multiple populations of older adults around the world. However, the association 

over time and for social isolation, specifically, are less well evidenced. 

Inflammation has been identified as a possible mechanism through which social relationships 

impact health, and evidence has found an association between social relationships and 

inflammation, with more frequent contact and supportive social relationships related to lower 

inflammation and vice versa. Inflammation has been theorised to be linked with IC, at first as an 

indicator but more as an underlying driver of IC. Different biomarkers of inflammation have been 

linked to IC, with increased inflammation generally seen in those with low IC. Still, the evidence is 

mixed and limited by small and specialist samples. As it is associated with social relationships 

and IC, inflammation is a candidate for a mediating role between these two factors, but there is 

limited evidence of this relationship. 

As a relatively new model of healthy ageing, there has been increasing use of IC in literature, but 

it has not yet been used to explore the effects of both social relationships and inflammation on 

healthy ageing. This is an important area of research since the IC model forms a central part of 

the healthy ageing policy and intervention frameworks being rolled out worldwide. There is also a 

little exploration of the entire cascade pathway from social relationships to health, with 

inflammation as a mediator, especially with regard to healthy ageing and social isolation.  

Raised inflammation is a notable candidate in the process of biological ageing. However, it is 

important to understand its involvement in the whole cascade from an individual’s everyday life 

to their health if time and resources will be spent on targeting inflammation in a health 

intervention. Similarly, increasing the number of social interactions is a goal of social prescribing 

interventions to improve health, so understanding how social relationships affect health is key to 

being able to direct these interventions to communities and populations who would benefit the 

most. Finding that social relationships impact health through inflammation would mean that 

interventions could focus on social factors upstream of inflammation and avoid the use of direct 
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interventions, such as drugs which would come with side effects and ultimately not address the 

underlying problem.  

Therefore, the current project aims to investigate the association between social isolation and 

healthy ageing, measured by a multi-dimensional measure of intrinsic capacity, and explore the 

mediating effect of inflammation on this relationship in parts and as a full cascade model. 
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Chapter 2: Research aim, objectives, and 

hypotheses 

2.1 Research aim 

The overall aim of this thesis is to investigate the association between social isolation and 

intrinsic capacity (IC) in older adults in England and assess whether inflammation is a mediator 

of this relationship. 

2.2 Objectives and hypotheses 

2.2.1 Objective 1 

To operationalise IC as a measure of healthy ageing (across multiple time points) in an 

observational study of ageing. This will involve checking the validity of the model of IC by testing 

whether it is associated with adverse health and functional outcomes, which are theorised to be 

downstream of IC, and testing the associations between sociodemographic and other health-

related factors and IC. The generation of the score longitudinally will also require testing of the 

score’s measurement invariance over time.  

Hypotheses 

1) The IC score is negatively associated with adverse health and functional outcomes such 

as functional impairment, hospital admissions, and mortality.  

2) The IC score is associated with key sociodemographic factors, such as age, sex, and 

socioeconomic position, and health-related factors, such as subjective health ratings. 

Higher IC scores will be associated with younger, more socioeconomically advantaged, 

and “healthier” individuals.  
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2.2.2 Objective 2 

To examine the association between social isolation and IC and whether social isolation predicts 

IC over time. 

Hypotheses 

1) High social isolation is associated with a lower (worse) IC score, cross-sectionally and 

over time. 

2) Those with low social isolation will experience less decline in IC scores over time than 

those with high isolation. 

 

2.2.3 Objective 3 

To test the direct and indirect associations between social isolation and IC through inflammation. 

Hypotheses 

1) Inflammation predicts IC, with those with raised inflammation experiencing lower IC 

scores at baseline and larger declines in IC scores over time. 

2) Social isolation is associated with inflammation, with those with high social isolation 

more likely to experience raised inflammation.  

3) The association between social isolation and IC will be partially mediated by 

inflammation. 

2.3 Conceptual model 

The conceptual model that provides a general framework for this research is depicted in Figure 

2.1 . The far-right side of the diagram includes a reference to the WHO’s framework for healthy 

ageing, which specifies that IC determines functional ability, along with other environmental 

factors. The model describes a pathway for social isolation to influence IC: directly and through 

stress and inflammation. The pathways investigated in this research have been highlighted with 

black arrows. In the indirect path through inflammation, it is expected that social isolation 

influences stress processes and the maintenance and repair systems of the body. This, in turn, 
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affects the level of inflammation, which then impacts IC; this is the main pathway that will be 

investigated in this research. The model also highlights some key outcomes of IC – functional 

ability, which is outlined by the WHO model, as well as hospital admissions and mortality – which 

will be investigated in this research in order to test the validity of the IC measure. The pathway(s) 

displayed in the figure sets out a temporal order for each stage, but this order may not be that 

simple in reality – for example, changes in the level of inflammation may occur at the same time 

as changes in stress, not necessarily only afterwards. There may also be more complex 

relationships between the outcomes specified in the figure, for example, functional ability itself 

probably determines hospital admission and mortality. This project will not test the temporal 

order within this framework precisely as it will not measure stress and the maintenance of 

physiological systems directly and will not explore the relationship between outcomes.  

There are other pathways included in the conceptual model which are beyond the scope of this 

thesis, for example, those involving health behaviours, genetic predisposition, and other social, 

cultural, and demographic factors. Regarding health behaviours, it is assumed that the level of 

an individual’s social isolation influences the lifestyle behaviours they adopt, which in turn impact 

IC; this pathway will not be directly tested in this research but will be important when considering 

adjustment for covariates. There are some other factors identified in the model that will not be 

possible to measure or adjust for; for example, genetics will play in role in predisposing 

individuals to a certain level of inflammation, as well as functional performance and health 

outcomes as captured by the various domains of IC. 

Regarding social isolation, the model assumes that an individual’s degree of isolation is 

influenced by social, cultural, and demographic factors, such as financial wealth, occupation, 

cultural norms, and expectations, as well as individual factors, such as personality traits, values, 

and interests. It is assumed that these factors can generate conditions that are conducive to 

more or less connection and interaction with others, e.g., higher wealth may allow greater access 

to certain social groups and activities, some cultural norms may encourage more social 

interaction, or certain personality traits may mean individuals do or do not seek out lots of social 
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contacts. In the conceptual model, these factors are also proposed to directly influence stress, 

health behaviours, and IC; this pathway is beyond the scope of this thesis but some of these 

factors will be included as covariates in the analyses. 

There is a feedback loop within this particular framework, presented with the dashed arrows. It is 

assumed that an individual’s functional ability will impact upon their social isolation, health 

behaviours, and broader social, cultural, demographic, and individual factors; for example, an 

individual’s functional ability will determine what social activities they can participate in, the 

wealth they can accrue, or the amount of exercise they can perform. This will also not be directly 

assessed in this thesis but is considered in the conceptualisation of the wider model beyond the 

main pathway being measured.  



62 

 

 

Figure 2.1 Diagram of the conceptual framework for this research. 

Arrows indicate influence but not total causation. The bold lines and coloured boxes represent the main pathway being explored in this research; 

dashed boxes represent factors not being directly measured/focused on; however, some factors will be included in analyses as covariates.
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Chapter 3: Sample 

3.1 Study description 

The English Longitudinal Study of Ageing (ELSA) [212] is a large, ongoing, nationally 

representative prospective cohort study of men and women aged ≥50 years living in England. 

ELSA was established in 2002, using objective and subjective measures to assess the causes 

and consequences of health-related outcomes. The original sample consisted of people born 

before 1 March 1952, drawn from private English households participating in the Health Survey 

for England in 1998, 1999, or 2001 [168]. The sample was selected through multistage 

stratified probability sampling, which first selected postcode sectors and then household 

addresses. Since 2002, there have been 9 waves of data collection biennially. The sample has 

been refreshed at waves 3, 4, 6, 7 and 9 with participants selected from the Healthy Survey for 

England. The same eligibility criteria for new participants has been used since wave 1, with the 

exception of the range of year of birth which changes to include those aged ≥50 years at each 

refreshment [213]. All ELSA participants provided informed consent prior to the study, and 

ethical approval was granted by the London Multi-Centre Research Ethics Committee. Data are 

made available through the UK Data Service. 

3.1.1 Interviews and nurse visits 

In every wave, interviews are carried out face-to-face with an interviewer using computer-assisted 

interviewing (CAPI) alongside self-completion questionnaires filled out with pen and paper. In 

waves 2, 4, 6 and 8/9, nurses also conducted a follow-up visit to perform various physical 

examinations and collect a range of biological measures. All core members who completed the 

main interview themselves (not by proxy) were eligible for a nurse visit, and consent was given 

separately. In waves 8 and 9, the participants were split, with half receiving the nurse visit in 

wave 8 and the other half in wave 9; these waves were combined for the purpose of this study. 
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ELSA also interviews some partners of those recruited as part of the target sample (core 

members), some of whom are aged <50 years. In this study, only core members or ELSA were 

included. 

3.2 Sample selection 

This section will describe the ELSA sample that was eligible for the generation of an intrinsic 

capacity score. The precise sample used in each analysis in further chapters may be different 

due to missing data or exclusions due to other reasons, such as death. The sampling process can 

be seen in the flowchart in Figure 3.1. 

As objective measures of performance are important to capture IC in a well-rounded manner, the 

main waves of interest for the generation of intrinsic capacity are the waves of ELSA, including a 

nurse visit: waves 2, 4, 6, and 8/9. Wave 2 was used as the baseline for this study.  

In wave 2, a total of 9,432 respondents were interviewed between June 2004 and July 2005; two 

were excluded at this point due to errors (age decreasing over time and an interview after the 

reported date of death). Of the remaining respondents, 8,778 were core members, while 652 

were partners and were excluded from this study. Of the core members, 7,665 consented to a 

nurse visit which took place in a separate visit after the main interview between July 2004 and 

August 2005. 

Within each nurse visit, ELSA also included an age limit of ≥60 years for some performance tests 

[214], so those aged under 60 were also excluded. This left a sample of 5,343 in wave 2 who 

were eligible for the generation of an intrinsic capacity score and formed the baseline sample for 

this thesis. Throughout this thesis, the precise sample and missing data on the analysis variables 

for each analysis will be outlined in the methods section of each separate chapter. 
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Figure 3.1 Flowchart showing the sample selection process at baseline (Wave 2). 

 

3.3 Covariates 

A common set of covariates will be used throughout the different sections of this research project 

to control for potential confounders. These will cover key demographic, socioeconomic and 

health-related factors that are known to be associated with social isolation, inflammation, and/or 

health in older age.  

3.3.1 Age 

Chronological age is inextricably linked to healthy ageing. Although the health experiences of 

individuals as they age are heterogenous, generally, with increasing age, the gradual 

accumulation of molecular and cellular damage at the biological level leads to a decrease in 

physiological reserves, an increased risk of chronic diseases, and a decline in capacity [30]. The 

biological changes with age also impact inflammatory processes throughout the body, with 

chronic inflammation increasingly seen with older age [179]. Therefore, chronological age will be 

very closely linked to an individual’s IC and their level of inflammation. Age is also associated 

with isolation. Many of the changes experienced with increasing age can impact how connected 
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an individual is with other people, for example, the loss of a spouse, children and family 

members moving away, or a reduction in mobility, and it has been found that levels of isolation 

generally increase over the life course [215]. Age in the ELSA data is measured with the 

chronological age of the respondent in years on the date of the interview; those aged ≥90 years 

are top-coded at 90 years. 

3.3.2 Sex 

Sex is important to include as a covariate as there may be differences in health, inflammation, 

and social isolation between men and women. Women tend to live longer than men but also 

experience worse health in older age on average [216], and differences in immune function 

[217] and inflammation have also been observed between sexes [191-195]. The level of social 

isolation has also been found to differ between men and women, with results indicating that men 

tend to be more isolated over the life course than women [215]. In ELSA, sex is ascertained by 

asking the respondent if they are “Male” or “Female” at each wave. 

3.3.3 Marital status 

Marital status is a key demographic and social variable to include as a covariate due to its known 

links to health in older age, although the very close relationship between marital status and 

social isolation makes its use as a covariate a little more complex. 

Marital status is found to be associated with health outcomes in older adults, including disability 

and mortality [218]; however, there are different patterns seen in men versus women. For 

example, married men have a lower risk of adverse outcomes than unmarried men, particularly 

those widowed or divorced, but this difference is smaller or not seen for women [219, 220]. It is 

also important to distinguish between unmarried groups as they can show different health 

patterns [221]. For example, while being a widow(er) is associated with poorer health, single 

women are more likely to have better health outcomes than married women, and those who were 

never married may have better health outcomes than those who were previously married [218]. 
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Marital status is clearly linked to social isolation as having a spouse or partner provides a key 

social contact. Not being married may also have a knock-on effect on wider social networks; for 

example, a married individual may gain contacts and social activities through their partner, or on 

the other hand, a single individual may partake in more social activities with friends or their 

community in order the get social interaction in the absence of a spouse. However, it is important 

to consider whether marital status is included in or too close to measures of social isolation when 

using it as a covariate (this will be discussed further in Section 6.2.1).  

A marital status variable was derived in ELSA at baseline and further waves from a question 

asking the respondent their current legal marital status at the time of the interview. Four 

categories were generated: “Never married”, “Married”, “Separated/Divorced”, and “Widowed”. 

The categories included those who reported being previously in a civil partnership. 

3.3.4 Highest educational qualification 

Inequalities in health outcomes are seen between people with different levels of education, with 

those with less formal education often experiencing worse health [222]. Particularly with regards 

to healthy ageing, lower levels of education are associated with lower baseline levels of healthy 

ageing in older adults from around the world [223]. An individual’s level of education may also 

impact their social behaviours and whether they experience social isolation. A study of German 

adults found that the more disadvantaged a person with regard to education and other 

socioeconomic factors, the more likely they were to be socially isolated, and this effect was more 

pronounced with increasing age [224]. The causal pathways between education and health or 

social isolation are not fully known and are likely complex and varied with many indirect 

pathways. 

In ELSA, individuals are asked about the highest educational qualification that they have 

obtained, covering different types of qualifications available in England, such as General 

Certificate of Education (GCE), Ordinary and Advanced levels (O and A-Levels), National 

Vocational Qualifications (NVQs), and Certificate of Secondary Education (CSE). The variable was 

recoded into four categories: “Degree” (NVQ4/NVQ5/Degree or higher), “A-Level” (Higher 
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Education below Degree-level, NVQ3/GCE A-Level or equivalent), “O-Level or Other qualification” 

(NVQ2/GCE O-Level or equivalent, NVQ1/CSE or equivalent, Foreign/other qualifications), and 

“No qualifications”. 

3.3.5 Total net wealth 

As another measure of socioeconomic position, wealth is similar to education in that it is 

associated with both healthy ageing and social isolation. Wealthier individuals tend to experience 

better health and healthy ageing [223, 225] as well as less social isolation [224]. Wealth is a 

more accurate measure of financial circumstances in later life than income. Many older people 

are retired and/or receiving an income that does not reflect their financial resources from other 

sources, such as savings or housing. 

Wealth is measured in varying ways in the ELSA data, with variables including different elements 

of wealth, e.g., savings, investments, and property. For this study, the variable used represented 

total net wealth at the benefit unit level (a single adult or a couple living as married and any 

dependent children) and included the sum of savings, investments, physical wealth, and housing 

wealth after the financial debt had been subtracted. The variable was derived and split into 

quartiles by ELSA and available in the downloaded data. Quartiles were used instead of the 

continuous variable as continuous values of wealth showed positive skew with a small number of 

people with a large amount of wealth. 

3.3.6 Employment status 

Employment status is important to include as a covariate as an individual’s occupation can 

impact their health through mechanisms such as health behaviours and stress processes, and 

also their level of social isolation through exposure to other people. The type of occupation a 

person carries out is important for health; however, in the ELSA sample, a large number of the 

sample participants are no longer working due to retirement or other age-associated reasons, so 

it is more appropriate to measure the employment status as opposed to occupation type. 

Employment status for this sample is linked closely to health, with those with poorer health more 
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likely to cease working, and socioeconomic position, with those working past state pension age 

tending to be the most advantaged individuals [226]. 

In each wave of ELSA, the respondents were asked what best described their employment status 

at the time of the interview from a range of 7 options. These were condensed into 4 categories 

for this study: “Retired/Semi-retired”, “Employed” (including self-employed), “Permanently unable 

to work” (due to sickness or disability), “Looking after home or family or unemployed”. The group 

of respondents who were retired/semi-retired or permanently unable to work for health reasons 

were kept separate from the other non-working group as they were all deemed to have had quite 

different employment and health experiences.  

3.3.7 Alcohol consumption 

Alcohol consumption is an important health behaviour to account for in this study’s analyses as it 

has been found to have a complex relationship with healthy ageing, social isolation, and 

inflammation. Moderate alcohol is often found to have beneficial effects on the health of older 

people. In a meta-analysis of longitudinal studies, light to moderate alcohol consumption was 

found to be beneficial to healthy ageing, compared to those who never drank, but the overall 

findings were judged to be ambiguous and could be influenced by the measurement of alcohol 

and unmeasured confounders [227]. The relationship between alcohol and social isolation is 

also mixed. Some cross-sectional studies report an association between greater isolation from 

others and heavy drinking or alcohol abuse in American adults [228, 229], while in a study using 

ELSA data, no association was found between social isolation and daily alcohol consumption over 

a 10-year period [230]. Others also propose a quadratic relationship, with those most and least 

isolated potentially consuming more alcohol than those in the middle of the scale [231]. A similar 

U-shaped relationship is seen between alcohol consumption and markers of systemic 

inflammation, with non-drinkers and heavy drinkers showing high inflammatory marker 

concentrations [232]. Moderate drinking of red wine, in particular, has been seen to potentially 

have anti-inflammatory effects [233, 234], although the existence of health benefits with any 

level of alcohol consumption has recently been disputed [235]. 
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Alcohol consumption has been assessed in ELSA at every wave by asking respondents how often 

they have had an alcoholic drink of any kind over the previous 12 months, with the categories 

“Almost every day”, “Five or six days a week”, “Three or four days a week”, “Once or twice a 

week”, “Once or twice a month”, “Once every couple of months”, “Once or twice a year”, and “Not 

at all in the last 12 months”. For the purposes of this study, these were reduced to two 

categories “Five or more times per week” and “Less than five times per week”.  

3.3.8 Smoking status 

Consistent evidence shows the detrimental effect of smoking on health and health in older age 

[236, 237]. A meta-analysis of longitudinal studies found that being a non-smoker or an ex-

smoker considerably increases the odds of healthy ageing, with those who have never smoked 

having double the odds of healthy ageing compared to current smokers and 30% more odds than 

ex-smokers [227]. Social isolation has been linked to smoking behaviour in ELSA, with those, 

particularly men, who are more isolated, being more likely to smoke [194]. In the same study, 

smokers were also found to have higher levels of inflammatory markers, which has been backed 

up by other population-based studies finding low-grade systemic inflammation in those who 

smoke [238], making controlling for smoking particularly important when investigating 

inflammation. 

Smoking in ELSA was captured by a variable derived by the Institute of Fiscal Studies, which was 

based on 8 ELSA variables asking whether the respondent has ever smoked and used 

information from past and present waves. The derivation process is outlined in the ELSA 

documentation. The categories were “Never smoked”, “Ex-smoker”, and “Current smoker”. 

3.3.9 Physical activity 

Evidence shows that taking part in regular physical activity is beneficial for a wide range of health 

outcomes for older people, including reducing the risks of major diseases, falls, and cognitive 

impairments [239]. Physical activity is also related to social isolation, with sports and physical 

activities being one-way older people can connect with others, with studies finding positive 

effects of physical activity on social isolation [240]. However, the direction of causation is not 
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clear, and it may be bidirectional, with more physical activity leading to less social isolation or 

more social isolation leading to withdrawal and less physical activity [241]. The relationship 

between physical activity and inflammation has also been explored. Strenuous physical activity is 

shown to promote a short-term inflammatory response with raised inflammatory biomarkers but 

in the long term, regular physical activity demonstrates an anti-inflammatory effect [242, 243]. 

Adipose tissue (body fat) is a production site for many inflammatory markers and, as such, the 

reduction of adipose tissue through exercise is one way that physical activity may lower 

inflammation [244], although independent effects of physical activity on inflammatory 

biomarkers have been found [242] so there must be other mechanisms involved. Other 

mechanisms that have been implicated include regular physical activity reducing the cytokines 

released by other tissues such as muscle, blood vessel cells, and blood cells, as well as 

improving blood vessel function and insulin sensitivity [243]. 

Obesity is associated with chronic low-grade inflammation, so it is hypothesised that physical 

activity may reduce inflammation, although it is not known whether any anti-inflammatory effects 

would be directly caused by the level of exercise itself or the body composition changes 

associated with it  

Physical activity was measured in ELSA using a derived variable based on the level of physical 

activity from a respondent’s occupation and recreational activities. The survey questions included 

a description of the type of work carried out in the respondent’s main job and whether they 

participate in sports or activities with different energy levels. The full derivation process is 

outlined in the ELSA documentation. The resulting variable had the categories: “Sedentary”, 

“Low”, “Moderate”, and “High”. 

3.3.10 Number of health conditions 

The number of health conditions has previously been used in measures of healthy ageing, 

particularly successful ageing [8, 9]. The incidence of many diseases increases with age, but 

there is heterogeneity among individuals about the type and quantity of disease diagnoses in 

later life [30, 245]; therefore, health conditions are an indicator that can distinguish “successful” 



72 

 

and “usual” ageing. However, health conditions have been removed as indicators of healthy 

ageing in more recent conceptualisations, including that by the WHO, as a diagnosis of a disease 

does not give much information about the impact that condition has on the individual’s life and 

might be well-managed and not impact the individual’s functioning [30, 246]. 

Therefore, it was decided to include the number of health conditions as a covariate to explore the 

utility of an IC score over that of the number of health conditions. Health conditions may also be 

associated with social isolation and inflammation in a different way from IC, so it is useful to 

account for this. 

As part of the ELSA interview, respondents are asked about any new health conditions they have 

been diagnosed with since the last wave and whether they confirm any diagnoses from previous 

waves. The variable used in this study was a count of all diagnosed conditions from a set list of 

18 conditions based on any disclosures of a new diagnosis at that wave and disclosures at 

previous waves. The conditions included are Alzheimer’s disease, angina, arrhythmia, arthritis, 

asthma, cancer, chronic lung disease, coronary heart failure, dementia, diabetes, heart murmur, 

high blood pressure, high cholesterol, myocardial infarction, osteoporosis, Parkinson’s disease, 

psychiatric problems, and stroke. 

3.3.11 Self-rated health 

Self-rated health is a general measure of subjective health that is very commonly used in 

surveys. It is normally assessed with one question asking respondents to rate their health on a 

scale, but due to the vagueness of the question, respondents may interpret and base their 

ratings on different things, making it very subjective and diverse [247]. Self-rated health was 

chosen as a covariate for the same reasons as the number of health conditions – to explore IC as 

a measure of healthy ageing above other measures of health that may not capture the entire 

picture. 

In ELSA, self-rated health is assessed with one question asking the respondent to judge their 

health as “Excellent”, “Very good”, “Good”, “Fair” or “Poor”.  
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Chapter 4: Operationalising intrinsic 

capacity 

4.1 Introduction 

The literature review in Chapter 1 identified 47 models of IC that have been generated, with most 

based upon the five domain structure outlined by Cesari et al. [32]: cognition, locomotion 

(mobility and muscular function), sensory (vision and hearing), vitality (energy balance and 

nutrition), and psychological mood. Although there is no consensus on a standard index of IC [42, 

248], the indicators used generally capture this five-domain structure. As well as differences in 

the indicators used to measure IC, there is also no agreement on generating a total score of IC, 

with many models only producing domain-specific scores [42].  

In an early model of IC using data from ELSA, Beard et al. [56] used confirmatory factor analysis 

(CFA) to generate a bifactor model of IC and extract a score for the general IC factor (Appendix 

1.2, model 7). Item-response theory (IRT) is another data-driven method used to assess latent 

factors in a similar way to CFA [249] and has been used by two existing models of IC (Appendix 

1.2, models 12 and 41). IRT is increasingly used in a wide range of disciplines [250] and has 

applications in patient-reported outcomes and clinical assessment [251, 252]. The IRT method 

links item responses to a latent trait, assuming that the respondent’s natural position on the 

latent trait influences their probability of a certain response category on the item. IRT can provide 

information about how the included items capture information across the range of a latent 

construct and how well the scale operates at all levels of the latent trait [250]. As a data-driven 

method, IRT suffers from some of the same limitations of CFA but its focus on items means it is 

more suited to examining individual item characteristics or estimating scores for respondents, 

while CFA is more appropriate when focusing on the structural makeup of a scale.  
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A 2-parameter IRT model was successfully employed by Sanchez-Niubo et al. (2020) and the 

Ageing Trajectories of Health-Longitudinal Opportunities and Synergies (ATHLOS) project to 

generate a healthy ageing index, including measures of functional ability and IC [73]. The ATHLOS 

project has produced a harmonised dataset of 17 international cohorts relating to health and 

ageing across 38 countries [253]: 10/66 Dementia Research Group Population-based Cohort 

Study, the Australian Longitudinal Study of Aging (ALSA), the ATTICA study, the China Health and 

Retirement Longitudinal Study (CHARLS), Collaborative Research on Ageing in Europe 

(COURAGE), the English Longitudinal Study of Ageing (ELSA), the Study on Cardiovascular Health, 

Nutrition and Frailty in Older Adults in Spain (ENRICA), the Health, Alcohol and Psychosocial 

factors in Eastern Europe Study (HAPIEE), the Health 2000-2011 survey (H2000/11), the Health 

and Retirement Survey (HRS), the Japanese Study of Aging and Retirement (JSTAR), the Korean 

Longitudinal Study of Ageing (KLOSA), the Mexican Health and Aging Study (MHAS), WHO Study 

on Global Ageing and Health (SAGE), the Survey of Health, Ageing and Retirement in Europe 

(SHARE), the Irish Longitudinal Study of Ageing (TILDA), and the Uppsala Birth Cohort 

Multigenerational Study (UBCOS). 

In 2020, Sanchez-Niubo et al. used 16 cohorts to generate a healthy ageing index (Appendix 1.2, 

model 12), including all the studies listed above apart from the ATTICA study and UBCOS and 

instead including the Longitudinal Aging Study in India (LASI). A list of 41 items (healthy ageing 

index indicators), which were each harmonised in at least three studies, was agreed and each 

item was dichotomised based on the presence or absence of difficulties. Using a 2-parameter IRT 

model, the probability of a certain response to an item was modelled as a function of the item 

discrimination and difficulty, as well as a person parameter, which was completed using full 

information maximum likelihood (FIML) to account for missing data. A score for each individual's 

latent factor (healthy ageing) was estimated using expected a-posteriori estimation and then 

standardised across the sample to a mean of 0 and standard deviation of 1. This healthy ageing 

score was then found to correspond well with functional health status and was also a predictor of 

mortality.  
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IRT was also used by Salinas- Rodríguez, González-Bautista, Rivera-Almaraz and Manrique-

Espinoza [68] to create a model of IC (Appendix 1.2, model 41) in three waves of the WHO SAGE 

in Mexico (2009, 2014, and 2017). They estimated a graded response model where the item (IC 

indicator) responses were categorical, ordered, and defined in terms of cumulative probabilities. 

They then extracted a factor score for the latent trait of IC, which was transformed into a scale 

from 0-100, with better scores indicating better IC. Using growth mixture modelling on the 

resulting IC scores, three classes of IC trajectory were identified – low baseline IC with a steep 

decline, medium baseline IC with a slight decline, and high baseline IC with moderate increase – 

and those with the increasing trajectory were found to have a higher quality of life and fewer 

limitations in activity and daily-life participation. 

So far, IRT has seen limited application to the generation of IC and has yet to be applied to ELSA 

for a measure of only IC.  

4.1.1 Chapter objectives 

This chapter explores Objective 1: To operationalise IC as a measure of healthy ageing in an 

observational study of ageing and test whether this model of IC is associated with adverse health 

outcomes and key sociodemographic factors. 

Therefore, the aim of this chapter is to operationalise IC (using the WHO definition) in one wave 

of ELSA using IRT methodology. This model is intended to be simple enough to be replicated in 

other studies of ageing and to allow for the possibility of modelling IC over time. The predictive 

validity of the measure will be assessed through its association with subsequent functional 

ability, hospital admissions and mortality. The validity will also be evaluated by testing that the 

well-validated associations between sociodemographic and health-related factors and IC are 

replicated with this IC measure. This work in this chapter has been published in Campbell, Cadar, 

McMunn and Zaninotto (2022) [254], but the writing in this section has been adapted from and 

expanded on that included in the published article.  
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Hypotheses 

1) The IC score is negatively associated with adverse health and functional outcomes such 

as functional impairment, hospital admissions, and mortality.  

2) The IC score is associated with key sociodemographic factors, such as age, sex, and 

socioeconomic position, and health-related factors, such as subjective health ratings. 

Higher IC scores will be associated with younger, more socioeconomically advantaged, 

and “healthier” individuals.  

4.2 Methods 

4.2.1 Sample 

Wave 2 (2004-5) was taken as the baseline for this analysis, as performance assessments 

included in the nurse visit allowed for the generation of intrinsic capacity. Of those with a nurse 

visit, 5,343 members aged ≥60 were eligible for a walking speed test and so were used as the 

analytical sample for generating an intrinsic capacity score. A description of the sample based on 

the covariates can be found in Table 4.3, and the full sample selection flowchart can be seen in 

Figure 4.1 after the discussion of the covariates. 

4.2.2 Intrinsic capacity 

This section will discuss the selected indicators for each domain of IC, covering the theoretical 

justification but also any constraints on this decision from the ELSA data. As the aim of this 

model of IC is to indicate the risk of functional ability decline and adverse outcomes, each 

indicator’s relationship with these outcomes will be highlighted. Each indicator will be 

dichotomised into “No difficulty” and “Difficulty”, with the latter representing performance at a 

level shown to indicate risk of adverse outcomes, where such specific cut-off is possible. A 

summary of the indicators and their cut-offs can be found in Table 4.1, and the waves of ELSA 

that they have been measured in are displayed in Table 4.2. 
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Cognition 

In the development of IC [35], six components of the cognition domain that could be assessed 

were identified: memory, verbal fluency, letter cancellation, digit span, financial literacy, and the 

alternative uses test. A commonly used indicator of the cognitive domain in previous models of IC 

was the Mini-Mental State Examination (MMSE) [38], which is the most well-known cognitive 

screen in the world [255] and was the recommended tool to assess the cognition domain by the 

WHO’s rapid systematic reviews of screening tools [36]. However, the final WHO ICOPE screening 

tool assesses cognition with two tests of memory (a three-word list learning test and orientation 

in time and space), which are simpler, quicker and cheaper than a comprehensive cognitive 

assessment when carried out in the field [35]. 

When measuring cognition in the context of ageing, the focus is placed on the fluid elements of 

intelligence (memory, executive function, processing speed) as these seem to be affected more 

by the ageing process in comparison to crystallised elements (general knowledge, vocabulary, 

number skills) which tend to endure with age [256]. Fluid mental abilities are also considered 

necessary for carrying out everyday activities, living independently and leading a fulfilling life 

[257]. Although executive function and processing speed are fluid abilities, data on these 

abilities are not available in ELSA at wave 6 and therefore impede the inclusion of many of these 

cognition tests. Nevertheless, given the importance of memory in age-related cognitive 

impairment, a focus on memory ability is not out of place and enables comparisons across 

waves. Memory is also very commonly assessed in other studies of ageing thus the opportunities 

for comparison across studies are also still high. 

At all waves of ELSA (Table 4.2), memory has been assessed with a word-list learning task with 

immediate and delayed recall. Ten words are presented verbally, and the participant recalls as 

many words as they can immediately and after a short delay. Word learning is included in the IC 

screening tool with a list of 3 words, but typically 10+ words are used in observational studies of 

ageing [258, 259]. Wordlist learning has been found to be predictive of functioning [260, 261], 

cognitive impairment [262] and decline [263]; however, there are no accepted cut-offs for word-
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list learning that indicate a current or increased risk of cognitive impairment; therefore a tertile 

method was used, with the lowest tertile indicating poor performance and categorised as 

“Difficulty”. 

Orientation in time is a simple but effective test of memory and forms part of the MMSE 

assessment [38], with poor orientation being significantly associated with a decline in global 

MMSE score over time in elderly individuals aged >85 years of age [264]. In ELSA, orientation in 

time is assessed with the identification of the weekday, day of the month, month, and year at 

every wave (Table 4.2). The failure criterion in the IC screening tool is any mistake in the 

orientation questions. This corresponds to research finding very low rates of temporal 

disorientation in older adults (aged >50) [265]; most errors are made when identifying the day of 

the month, and these increase with age [266]. Therefore, a cut-off for “No difficulty” on the 

orientation questions was set at no incorrect answers. 

Locomotion 

The WHO Clinical Consortium recommended the Short Physical Performance Battery (SPPB) [40] 

as an appropriate marker for risk stratification for mobility impairment in the locomotion domain 

[36]. The SPPB consists of tests of standing balance, chair rises and walking speed, each given a 

score of 0-4, resulting in a total SPPB score ranging from 0-12 [40]. Score on the SPPB has been 

found to be associated with many health outcomes in older people, including subsequent 

functional ability [267], risk of mobility impairment [268, 269], falls [270] and mortality [271]. 

The SPPB and its components were the most popular assessments of locomotion in other models 

of IC, being used in 38 models (Appendix 1.2). Some also used estimates of functional ability 

(ADLs/IADLs) and prevalence of falls or sarcopenia, although these could be considered the 

outcomes that IC is aiming to predict as opposed to indicators.  

All the components of SPPB have been measured in ELSA but are only evaluated in those aged 

≥60 years. Walking speed has been assessed as part of the main survey at every wave (Table 

4.2) and is measured as the time taken to walk 2.44 metres (8 feet), which corresponds with the 

SPPB protocol [40]. Walking aids are allowed, but the assistance of another person is not. 
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Walking speed has been associated with frailty [272], mortality [273], disability, cognitive 

impairment, institutionalisation and falls [274] and has been proposed as a vital indicator of 

survival [273]. When compared to four other components of the frailty phenotype (weight loss, 

exhaustion, low grip strength and low physical activity), slow walking speed was found to be the 

most informative component and seemed to be the key indicator of frailty [275]. Some set the 

cut-off indicating slow walking speed and subsequent risk of adverse outcomes, at <1 m/s [273, 

276]; others, including the European consensus on sarcopenia, establish a cut-off at <0.8 m/s 

[274, 277], which was used in this study. 

Three tests of standing balance and chair rises have been assessed in those aged ≥60 years in 

ELSA at the nurse waves 2, 4 and 6, but were not included in waves 8 and 9. The balance tests 

evaluate the ability to hold three separate stands for 10 seconds each: side-by-side (feet together 

side by side), semi-tandem (the side of one heel touching the big toe of the other foot), and full 

tandem (the heel of one foot touching the toes of the other foot). In ELSA, the test begins with the 

simplest test (side-by-side) and then progresses to the more difficult tasks if the participant 

completes the simpler task. In the original SPPB specification, the test begins with the semi-

tandem task and those unable to complete this task move onto the side-by-side test, while those 

able to complete the task move onto the tandem test [40]. The three trials of balance are 

considered hierarchical in difficulty and scored 0-4: 0 if unable to complete the side-by-side or 

semi-tandem tests; 1 if the side-by-side is completed, but the semi-tandem is failed; 2 if the semi-

tandem is completed, but the full tandem is failed (held for less than 2 seconds); 3 if the semi-

tandem is completed, but the full tandem is only held for 3-9 seconds; 4 if the semi-tandem is 

completed and the full tandem is held for 10 seconds. The distribution of scores on the SPPB 

balance test tends to show ceiling effects, with a majority of people being able to pass the full 

tandem test, even at older ages [40, 278-280]. With this in mind, the cut-off used to indicate “no 

difficulty” was set as the successful completion of all the stances.  

The chair rise element of the SPPB assesses the time taken to complete five rises from a chair 

without using assistance from arms, with the maximum time limit set at 1 minute. In 
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assessments of the predictive value of the SPPB and its components, poor chair rise 

performance (defined as rises completed in ≥16.7 seconds) predicted the risk of injurious falls, 

while the total SPPB score did not [281]. The cut-off of 16.7 seconds is based on the lowest 

quartile of chair rise performance from original explorations of the SPPB [40, 269]; this cut-off 

was used in the current model. 

Measures of lower and upper mobility have been assessed in ELSA at every wave. Mobility 

impairments in older people are associated with falls, loss of independence, institutionalisation, 

and mortality [282-285]. Although measures of mobility could be argued to be functional ability, 

as opposed to IC, the measures of mobility in ELSA were judged to be more explicitly mobility and 

locomotion based than measures of functional ability like ADLs and IADLs and allow for a 

comprehensive assessment of an individual’s locomotion capacity in their upper and lower body. 

Lower mobility was assessed in ELSA with self-reported difficulties with walking 100 yards, sitting 

for two hours, getting up from a chair after a long period of sitting, climbing several flights of 

stairs without resting, and stooping/kneeling/crouching. Upper mobility was assessed with self-

reported difficulties with reaching/extending arms above shoulder level, pulling or pushing large 

objects, lifting/carrying weights over 10 pounds (~4.5kg), and picking up a 5-pence coin from a 

table. For both mobility items, a rating of “No difficulty” was set as reporting no problems.  

Sensory 

Vision and hearing were identified as components of the sensory domain in the development of 

IC [32, 35]. The whispered voice test (WVT) [286] was identified as the recommended screening 

tool for hearing impairment in the IC screening tool [36]; however, both the WVT and perceived 

hearing loss appeared to be nearly as accurate as more detailed hearing loss questionnaires and 

audiometric devices. In ELSA, an objective hearing assessment test took place only in wave 8, 

but self-rated hearing (using a hearing aid if one is usually worn) was measured at every wave 

(Table 4.2) with the ratings excellent, very good, good, fair, or poor. A poor self-rated hearing has 

been found to be associated with poor self-rated health and depressive symptoms [287], 
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reduced functional ability [288] and frailty [289]; thus, while objective measures are not 

available, perceived hearing appears to be a good predictor of later health outcomes.  

Objective measures, such as the Portable Eye Examination Kit [290] and visual acuity test cards, 

were recommended by the WHO’s review for the measurement of vision impairment [36]. 

However, no objective test of eyesight has been carried out in ELSA, which has instead collected 

self-rated eyesight using glasses or contact lenses, if these are usually worn, at each wave with 

the same scale as hearing (excellent to poor). Similarly to hearing, self-rated eyesight is 

associated with self-rated health and depressive symptoms [287], frailty [291], functional ability, 

social activities, hospital admissions, and mortality [292]. 

As both hearing and eyesight were judged on the same five-point scale, the same cut-off was 

used. A rating of excellent, very good or good was categorised as “No difficulty”, while fair or poor 

(or legally blind) was categorised as “Difficulty”. 

Vitality 

In the initial identification of the five domains of IC, vitality was defined as the balance between 

energy intake and expenditure and focused on the body functions devoted to metabolising 

dietary intake [32]. Vitality is seen as different from the other domains in the respect that it 

represents elements of biological systems that underlie capacity, compared to the other 

domains, which are overt expressions of capacity [56]. 

As more apparent manifestations of energy balance, diet and malnutrition are often referenced 

or measured under vitality. Indicators of malnutrition such as nutrition status, weight loss and 

BMI have been used in 32 operationalised models of IC’s vitality domain (Appendix 1.2), with BMI 

(body weight in kilograms divided by squared height in metres) a widely available measure used 

to classify body mass in population-based studies [293]. Although nutrition is not an indicator of 

capacity, malnutrition (specifically underweight) is associated with mortality and adverse clinical 

outcomes in older people [294, 295], and it has been identified as a target for intervention when 

preventing functional decline [296]. On the other hand, overnutrition resulting in overweight and 

obesity is known to increase the risk of a large number of conditions, including diabetes, arthritis, 
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respiratory conditions, and dementia [297, 298]. However, meta-analyses have demonstrated 

that the threshold value of BMI indicating an increased risk of mortality and morbidity is higher in 

older adults at > 30kg/m2 [299]; therefore, it is suggested that intervention efforts to reduce the 

risk of adverse outcomes from overnutrition in older adults should focus on obese individuals. An 

additional consideration when using BMI to define weight characteristics is that BMI is a poor 

measure of body fat mass as it cannot capture the distribution of fat mass around the body or 

distinguish between fat mass and muscle mass, all of which are important factors with different 

effects on health and patterns of change across age [293]. In ELSA, BMI is derived from height 

and weight measured during the nurse visits in every other wave (Table 4.2). Considering the 

higher BMI threshold value in older adults and the caveats with using BMI as a measurement, a 

cut-off for the “No difficulty” category was set at the more extreme ends of BMI values: <18.5 

(indicating underweight) and ≥30 (indicating obesity).  

Combining BMI and measures of waist circumference can reduce some of the limitations of BMI. 

Waist circumference is a better marker of abdominal adiposity, which is particularly detrimental 

to health and is strongly associated with all-cause and cardiovascular mortality [300-302]. It is 

recommended to use both BMI and waist circumference when identifying obesity, as both 

measures together are much more effective than BMI alone [303]. Waist circumference was 

measured as part of the nurse visit in waves 2, 4, and 6 of ELSA. “No difficulty” for waist 

circumference was based on the International Diabetes Federation guidance for European men 

and women and set at <94cm for men and <80cm for women [304].  

The most common indicator of vitality in previous models of IC was grip strength, which was 

included in 17 models, either alone or in combination with other indicators (Appendix 1.2). Grip 

strength is a marker of muscle strength in the upper extremities and is the most frequently used 

tool to assess muscle function for clinical purposes [86]. Some propose that grip strength can be 

considered a marker of nutrition due to muscle function’s close relationship with diet, protein 

intake, and body mass, with reduced muscle function being an outcome of malnutrition [86]. 

Others suggest grip strength could serve as a broader vital sign of health due to its strong 
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prediction of important health outcomes [305], including increased risk of mortality, functional 

limitations, disability and more extended hospital stays [86, 305]; it may even be an indicator of 

neurological function and brain health [88]. Grip strength has also been linked to every other 

domain of IC except hearing impairment [79], demonstrating the idea that indicators of vitality 

could be more reflective of systems underlying capacity than of capacity itself. 

In ELSA, grip strength is measured during the nurse visit, with three measurements obtained for 

each hand using a Smedley dynamometer; in the current model, the maximum value (from either 

the dominant or non-dominant hand) is taken for each individual. Cut-offs were based on values 

defining low grip strength and sarcopenia that were identified by the European Working Group on 

Sarcopenia in Older People: <30kg for men and <20kg for women [277].  

Psychological wellbeing 

The psychological domain included the Center for Epidemiological Studies Depression scale 

(CES-D) [90] and the Satisfaction with Life Scale (SWLS) [306]. “No difficulty” was defined as a 

score of <4 on the CES-D, indicating no depressive symptoms [307], and ≥20 on the SWLS, 

indicating slight to extreme satisfaction [306]. 

A range of different measurable components was proposed for the psychological domain in the 

initial development of IC: mood, life satisfaction, anxiety, self-esteem, sleep, agency, coping/self-

efficacy, loneliness, distress, personality traits and fatigue [35]. The Geriatric Depression Scale 

(GDS) [39] and the Center for Epidemiological Studies Depression scale (CES-D) scale [90] were 

the most common instruments used to measure the psychological domain in previous models of 

IC. The GDS was also found to be the most frequently used and examined tool in the WHO’s 

review of screening tools and was the recommended instrument for measuring depressive 

symptoms [36]. 

Depressive symptoms in ELSA are assessed at every wave with the 8-item CES-D depression 

scale (Table 4.2), which was found to be a valid and reliable instrument for measuring 

depression in older adults [308]. Each item asks whether the participant has experienced a 

specified feeling much of the time during the past week, scoring 1 for yes and 0 for no. The items 
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cover feeling depressed, feeling that everything was an effort, having restless sleep, happiness, 

loneliness, enjoyment of life, sadness, and feelings of not being able to get going. Positive items 

referencing enjoyment with life and feeling happy are reversed, and all responses are summed 

into a total score ranging from 0-8. A cut-off of a score ≥4 is commonly used to indicate 

depressive symptoms and is found to be equivalent to the 16-symptom cut-off used in the 

validated 20-item CES-D scale [307]; this cut-off was used in the current model. 

The IC screening tool and other previous IC models illustrate the focus on depressive symptoms 

and, thus, the mental health element of the psychological domain. It would be useful to broaden 

this to include broader aspects of wellbeing, such as subjective wellbeing, which is defined as an 

individual’s evaluations of their life [309], which would capture another component of IC as 

outlined by the WHO Clinical Consortium [35]. Subjective wellbeing includes three elements: life 

satisfaction, which refers to cognitive and global evaluations of one’s life as a whole [310], and 

positive and negative affect, which refers to the emotional aspects of the construct [306]. 

Life satisfaction has been assessed in ELSA using the Satisfaction with Life Scale (SWLS) [306] 

in every wave since wave 2 (Table 4.2). The SWLS measures global life satisfaction and includes 

five statements which are rated on a 7-point Likert scale ranging from 1 (strongly disagree) to 7 

(strongly agree); the scores from each item are summed to generate a total score ranging from 5 

to 35 [306]. A score of 20 represents the neutral point on the scale, with below this indicating 

slight to extreme dissatisfaction and above indicating slight to extreme satisfaction [311]. There 

is little evidence exploring the use of a cut-off in the SWLS and the risk of adverse health 

outcomes; however, it has been shown that general dissatisfaction with life is related to poor 

mental and physical health [312]. In line with this, the cut-off for the SWLS for the “No difficulty” 

category was set at ≥20 points. 
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Table 4.1 Intrinsic capacity indicators, cut-offs, and proportions in each category or missing at 

baseline (wave 2) in the IC eligible sample (N=5,343).  

Results for underlying items, e.g., individual mobility tests, can be viewed in Appendix 4.1.  

Table adapted from Campbell et al. (2022, Suppl. eTable 1) [254] 

Variable “No difficulty” “Difficulty” Missing 

Word recall (20 words, 

immediate & delayed 

recall) 

Top 2 tertiles 
3,275 

61.3% 
Bottom tertile 

2,051 

38.4% 

17 

0.3% 

Orientation (day of the 

week, day, month, year) 

All questions 

correct 

4,104 

76.8% 

≥1 incorrect 

answer 

1,227 

23.0% 

12 

0.2% 

Balance (side-by-side, 

semi-tandem and full 

tandem tests) 

Score of 4 
3,614 

67.6% 
Score > 4 

1,681 

31.5% 

48 

0.9% 

Chair rise test 
5 rises within 

16.7s 

3,708 

69.4% 

5 rises in 

>16.7s 

568 

10.6% 

1,067 

20.0% 

Walking speed ≥0.8 m/s 
2,870 

53.7% 
<0.8 m/s 

2,015 

37.7% 

458 

8.6% 

Upper mobility: self-

reported difficulties with 4 

actions 

No difficulties 
3,368 

63.0% 
≥1 difficulties 

1,974 

37.0% 

1 

0.0% 

Lower mobility: self-

reported difficulties with 6 

actions 

No difficulties 
2,025 

37.9% 
≥1 difficulties 

3,317 

62.1% 

1 

0.0% 

Self-reported eyesight 
Rated good-

excellent 

4,519 

84.6% 

Rated fair-

poor 

824 

15.4% 

0 

0% 

Self-reported hearing 
Rated good-

excellent 

4,015 

75.2% 

Rated fair-

poor 

1,328 

24.9% 

0 

0% 

Grip strength 
≥30kg (men) or 

≥20kg (women) 

4,003 

74.9% 

<30kg (men) 

or <20kg 

(women) 

1,247 

23.3% 

93 

1.7% 

Body Mass Index ≥18.5 and <30 
3,536 

66.2% 
<18.5 or ≥30 

1,447 

27.1% 

360 

6.7% 

Waist circumference 

<94cm (men) 

or <80cm 

(women) 

1,083 

20.3% 

≥94cm (men) 

or ≥80cm 

(women) 

4,053 

75.9% 

207 

3.9% 

Center for Epidemiology 

Studies – Depression scale 
Score < 4 

4,476 

83.8% 
Score ≥ 4 

802 

15.0% 

65 

1.2% 

Satisfaction With Life Scale Score ≥ 20 
4,109 

76.9% 
Score < 20 

705 

13.2% 

529 

9.9% 

* Reaching/extending arms above shoulder level, pulling or pushing large objects, lifting/carrying weights 

over 10 pounds (~4.5kg), and picking up a 5-pence coin from a table. ** Walking 100 yards, sitting for two 
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hours, getting up from a chair after a long period of sitting, climbing several flights of stairs without resting, 

and stooping/kneeling/crouching. 

 

Table 4.2 The waves of ELSA in which each indicator has been measured.  

Indicator 1 2* 3 4* 5 6* 7 8* 9* 

Cognition          

Word list learning ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Orientation in time ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Locomotion          

Balance  ✓  ✓  ✓    

Chair rise test  ✓  ✓  ✓    

Walking speed ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Upper mobility  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Lower mobility  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Sensory          

Self-rated eyesight ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Self-rated hearing ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Vitality          

Grip strength  ✓  ✓  ✓  ✓ ✓ 

BMI  ✓  ✓  ✓  ✓ ✓ 

Waist circumference  ✓  ✓  ✓    

Psychological wellbeing          

Center for Epidemiological 

Studies - Depression scale 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Satisfaction with Life 

Scale 
 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

* indicates a wave including a nurse visit; in waves 8 and 9; in waves 8 and 9, the nurse visits were split 

with half the participants having a nurse visit in wave 8 and the other half in wave 9. 

 

Intrinsic capacity in ELSA 

It was decided to generate IC in waves 2, 4, and 6 of ELSA as these waves contained a nurse visit 

and thus measured the key locomotion indicators, balance and chair rise, and the vitality 

indicators grip strength, BMI, and waist circumference. It was decided not to use waves 8 and 9 

due to the lack of balance, chair rise, and waist circumference measurements in these waves 

and to focus on a richer measurement of IC at three waves than a sparser measurement at 4 
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waves (as waves 8 and 9 would have to be combined due to the sample being split for the nurse 

visit). 

4.2.3 Outcome measures in ELSA 

Subsequent functional ability was measured by difficulties with activities of daily living (ADLs) and 

instrumental activities of daily living (IADLs) at wave 4 (2008-9) and at wave 6 (2012-13). ADLs 

include difficulties with dressing, walking across a room, bathing or showering, eating or cutting 

up food, getting in and out of bed, and using the toilet. IADLs include difficulties with using a 

map, preparing a hot meal, grocery shopping, making telephone calls, taking medications, doing 

house or garden work, and managing money. In waves 4-9 of ELSA, two extra IADLs – recognising 

when in danger and communication – were measured, but these were not included in this study. 

A total number of difficulties was calculated for ADLs and IADLs separately, with scores ranging 

from 0-6 and 0-7, respectively, at each wave. Mortality and first hospital admission were 

calculated from the respondent’s wave 2 interview covering the period 2004 to 2018. Mortality 

up to April 2018 was determined from linked mortality register data. Hospital admissions up to 

January 2018 were gathered using electronic health records and linked to ELSA survey members. 

The sample selection for this analysis, including the sample size for each outcome can be seen in 

Figure 4.1.  

4.2.4 Covariates 

Covariates measured at baseline (wave 2) included age, sex, marital status, highest educational 

qualification, total net wealth, occupation, alcohol consumption, smoking, level of physical 

activity, number of health conditions, and self-rated health. The proportion of the sample in each 

covariate category can be found in Table 4.3 and the sample selection, including those excluded 

due to missing covariates, can be seen in Figure 4.1. 
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Table 4.3 Description of the sample (N=5,343) used for the generation of IC at baseline (wave 2)  

Covariate Categories N 
Mean (SD) / 

Proportion (%) 

Sex 
Male 2,388 44.69% 

Female 2,955 55.31% 

Age 5,343 71.26 (8.20) 

Marital status 

Married 3,347 62.64% 

Never married 244 4.57% 

Separated/Divorced 444 8.31% 

Widowed 1,307 24.46% 

Missing 1 0.02% 

Education 

Degree 537 10.05% 

A-Level 869 16.26% 

O-Level or other 1,591 29.78% 

None 2,346 43.91% 

Wealth quintile 

1 - Lowest 964 18.04% 

2 1,055 19.75% 

3 1,077 20.16% 

4 1,084 20.29% 

5 - Highest 1,109 20.76% 

Missing 54 1.01% 

Employment status 

Retired/Semi-retired 3,946 73.85% 

Employed 647 12.11% 

Permanently unable to work 172 3.22% 

Looking after home or family or unemployed 567 10.61% 

Missing 11 0.21% 

Current smoker 

Never smoked 1,925 36.03% 

Ex-smoker 2,757 51.6% 

Current smoker 657 12.3% 

Missing 4 0.07% 

Alcohol consumption 

5+ days a week 1,111 20.79% 

<5 days a week 3,609 67.55% 

Missing 623 11.66% 

Physical activity 

Sedentary 392 7.34% 

Low 1,455 27.23% 

Moderate 2,649 49.58% 

High 844 15.80% 

Missing 3 0.06% 

Health conditions ⴕ 

Mean (SD) 5,343 1.17 (1.24) 

0 1,966 36.8% 

1 1,668 31.22% 

2 966 18.08% 

3 449 8.40% 

4 200 3.74% 

5 57 1.07% 

6 33 0.62% 

7 3 0.06% 

8 1 0.02% 

Self-rated health 

Excellent 591 11.06% 

Very good 1,397 26.15% 

Good 1,768 33.09% 

Fair 1,177 22.03% 

Poor 405 7.58% 

Missing 5 0.09% 
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ⴕ Count of diagnosed conditions: Alzheimer’s disease, angina, arrhythmia, arthritis, asthma, cancer, 

chronic lung disease, coronary heart failure, dementia, diabetes, heart murmur, high blood pressure, high 

cholesterol, myocardial infarction, osteoporosis, Parkinson’s disease, psychiatric problems, stroke. 

 

 

Figure 4.1 Flowchart showing the sample selection process for the predictive validity analysis of 

intrinsic capacity in wave 2 of ELSA. 

4.3 Statistical Analysis 

The method for generating the IC score was based on the IRT model used by Sanchez-Niubo et al. 

for their healthy ageing index in the ATHLOS consortium studies [73]. The IC score was generated 

using a two-parameter logistic item response theory (IRT) model where the probability of 

Valid IC score at wave 2 

N=5,343 

Agreed to hospital & 

mortality data linkage 

N=5,193 

ADL & IADL wave 4 

N=3,055 

No missing data on 

sociodemographic and 

health-related variables at 

wave 2 

N=4,662 

ADL & IADL wave 6 

N=2,348 

Hospital admission 

analysis 

N=4,489 

Mortality analysis 

N=4,545 

Cohort members at wave 

2 who had a nurse visit at 

wave 2 and were aged 

≥60 

N=5,343 
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experiencing “no difficulty” on an indicator was modelled as a function of two item parameters 

(discrimination and difficulty) and a person parameter.  

The item parameters can be best understood with a visualisation called an item characteristic 

curve (ICC), such as in Figure 4.2, where the range of the trait level (theta) is plotted against the 

range of probability of endorsing a certain response. The discrimination parameter is a gauge of 

measurement precision and refers to the item’s ability to discriminate against people with similar 

levels of the underlying trait [313]. It is also called the slope parameter as it determines the 

slope of the ICC, as demonstrated by Items A and C in Figure 4.2, which have the same difficulty 

but different discrimination. For items with high discrimination, a small change in the trait level 

results in big changes in the probability of a certain response, for example, Item C in Figure 4.2. 

The difficulty parameter refers to the difficulty of achieving a 0.5 probability of a response for an 

item given an individual’s latent trait level [313]; the more difficult it is for an individual to 

achieve a 50% chance of the response (e.g., a correct answer), the higher the level on latent trait 

needed to achieve the response. Some have suggested the term ‘location parameter’ as more 

relevant for health research, as an item’s difficulty determines the ICC position along the theta 

range; this can be seen with Items A and B in Figure 4.2. which both have the same 

discrimination (slope) but different difficulties.  

The IRT framework has some key assumptions about the items and data: unidimensionality, local 

independence, monotonicity, and item invariance [314]. The assumption of unidimensionality 

means that the observed responses on items reflect a single underlying trait, i.e., they have just 

one thing in common. It is possible to carry out multidimensional IRT models, but the current 

analysis specified a unidimensional model. Local independence assumes that, conditional on the 

latent trait, responses to the items are statistically independent of each other. The assumption of 

monotonicity means that the probability of endorsing (correctly answering) an item increases as 

an individual’s latent trait level increases. Item invariance means that estimated item 

parameters are constant across different populations, so an item is measuring the latent trait in 
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the same way across populations; this assumption is tested in the following chapter (Chapter 5). 

 

 

Figure 4.2 Diagram of example item characteristic curves (ICCs) demonstrating different 

discrimination and difficulty parameters. 

Items A and B have the same discrimination (slope) but different difficulty (location). Items A and 

C have the same difficulty (location) but different discrimination (slope). Source: Figure adapted 

from diagrams by Cook (2013) [315].

 

Estimation of the latent trait score followed the common two-stage approach [316]. In the first 

stage, full information maximum likelihood (FIML) was used to estimate the item and person 

parameters, which allowed for the parameters to be estimated even when item responses were 

missing. FIML uses all available data to calculate the parameter estimates, so does not exclude 

cases based in missing data (like listwise deletion) or impute values for missing values (like 
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multiple imputation). In the second stage, expected a posteriori (EAP) estimation was used to 

calculate an IC score for each individual. EAP estimation is based on Bayesian statistical 

principles. It calculates an expected value of the latent trait score (IC score) using a posterior 

probability distribution of the latent trait scores, which is a predicted distribution of scores for a 

specific individual based on their response pattern and the estimated model parameters (which 

were calculated in the first stage with FIML).  

The IRT model fit was assessed with the Root Mean Square Error of Approximation (RMSEA), the 

Comparative Fit Index (CFI), and the Tucker-Lewis index (TLI). To assess the model fit, missing 

values on the IC indicators were imputed 10 times based on the latent trait value and item 

parameters of the estimated IRT model; the average model fit statistic from the imputations was 

reported. The resulting factor scores from the IRT model were extracted and standardised to 

have a mean of 50 and a standard deviation of 10. 

Linear regression was then used to test the association between the IC scores and 

sociodemographic and health-related variables at wave 2 (2004). Logistic regression models 

were performed to test the association between IC scores at baseline and the presence of 

difficulties with ADLs or IADLs at wave 4 (4 years from baseline) and at wave 6 (8 years from 

baseline). Cox proportional hazard models with hazard ratios (HR) were performed to test the 

association between the IC scores and mortality during the 14-year follow-up. Competing-risk 

regression analysis with subdistribution hazard ratios (SHR) was used for the association 

between IC scores and hospital admission, using a version of the Fine and Gray method [317]. A 

competing risk is an event that may occur during the follow-up instead of the event – in this case, 

death was considered as the potential competing risk to hospital admission. In a sensitivity 

analysis, Cox proportional hazard models were used to explore if there was a difference to the 

competing-risk analysis. Survival times were measured from the wave 2 interview date to the 

adverse incident. For study members with no hospital admissions or death, the follow-up time 

was the end of the mortality/hospital information period (April and January 2018, respectively). 
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IC was generated in 5,343 individuals, but consent for data linkage with hospital and mortality 

records was given by 5,193 individuals (Figure 4.1). Of these, a total of 4,537 had no missing 

data on covariates at baseline and thus were used as the base sample for analyses in this 

chapter. A total of 3,337 individuals also had information on ADLs and IADLs at wave 4, while 

2,645 had this information at wave 6. Among the 4,537 individuals in the main sample, 4,481 

were included in the competing risk analysis as they experienced admission to hospital or death 

following their wave 2 interview or reached the censoring point.  

All analyses were carried out in Stata SE v16.1, and R. The R package mirt [318] was used to 

generate the item response theory model. R syntax shared by Sanchez-Niubo et al. [73] was used 

as a template for the IRT model. 

4.4 Results 

An intrinsic capacity score was generated for 5,343 cohort members, Of these, 67.7% had no 

missing data on any of the individual IC indicators, 19.8% were missing one indicator, 7.4% were 

missing two, and 5.1% were missing three or more. The IRT model converged successfully with a 

good fit (RMSEA = 0.06, TLI = 0.90, CFI = 0.91) (Table 4.4). The item parameters (Table 4.5) 

revealed that locomotion items had the highest discrimination, meaning they could identify 

individuals at different levels of the latent trait range the best, while orientation and waist 

circumference had the lowest discrimination. Orientation was found to have the lowest difficulty, 

while waist circumference had the highest, meaning that a low level of IC (the latent trait) was 

required to answer all the orientation questions correctly, while a high level of IC was required to 

have a waist circumference under the cut-off (<94cm for men and <80cm for women). The IC 

factor scores ranged from 20.8 to 66.7, with a mean of 50.00 (SD 10), and were left-skewed. 

 

Table 4.4 Fit statistics for the item response theory model in wave 2.  

Fit statistics from the 10 imputed models and the average are shown. 

 RMSEA TLI CFI 

1 0.055 0.896 0.912 
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2 0.055 0.896 0.912 

3 0.056 0.893 0.910 

4 0.055 0.895 0.911 

5 0.056 0.896 0.912 

6 0.056 0.896 0.912 

7 0.055 0.896 0.912 

8 0.055 0.896 0.912 

9 0.056 0.893 0.909 

10 0.056 0.894 0.910 

Average 0.056 0.895 0.911 

RMSEA = Root Mean Square Error Approximation; TLI = Tucker-Lewis Index; CFI = Comparative Fit Index 

 

Table 4.5 Parameter estimates for the intrinsic capacity indicators from the item response theory 

model in wave 2 

Table adapted from Campbell et al. (2022, Suppl. eTable 3) [254] 

 

Of the 5,343 respondents with a valid IC score at wave 2, 4,662 were included in the analysis 

with sociodemographic and health-related factors; 55% were female, and the mean age was 

70.8 years (SD 7.94). In this reduced sample, the mean IC score was 50.69 (SD 9.79) and 

ranged from 20.8 to 66.7. In the fully adjusted linear regression model, a significant association 

was found between IC scores and most covariates (Figure 4.3 for standardised coefficients, 

Appendix 4.2 for unstandardised coefficients and unadjusted results). Lower IC scores were 

associated with older age (B=-0.32, 95% CI -0.35– -0.29), women (B=-2.89, 95% CI -3.28– -

2.43), those in lower wealth quintiles (lowest quintile B=-3.13, 95% CI -3.85– -2.42), not being in 

employment (retired B=-0.87, 95% CI -1.49– -0.25), lower physical activity levels (sedentary B=-

Domain Indicator Parameters (Standard Error) 

  Discrimination Difficulty 

Cognition Word recall 0.690 (0.040) -0.748 (0.058) 

Orientation 0.373 (0.040) -3.336 (0.347) 

Locomotion Chair rises 1.432 (0.088) -1.478 (0.075) 

Balance test 1.325 (0.058) -0.759 (0.036) 

Walking speed 1.826 (0.082) -0.235 (0.025) 

Lower mobility 1.956 (0.090) 0.412 (0.025) 

Upper mobility 2.255 (0.100) -0.417 (0.023) 

Sensory Eyesight 1.071 (0.058) -1.915 (0.084) 

Hearing 0.576 (0.041) -2.059 (0.141) 

Vitality Grip strength 1.469 (0.066) -1.077 (0.041) 

BMI 0.462 (0.041) -1.967 (0.178) 

Waist circumference 0.323 (0.043) 4.210 (0.544) 

Psychological 

wellbeing 

CES-D 1.182 (0.062) -1.802 (0.074) 

Satisfaction With Life Scale 0.854 (0.057) -2.280 (0.134) 
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5.19, 95% CI -6.08– -4.29), more health conditions (B=-0.37, 95% CI -0.54– -0.21), and lower 

self-ratings of health (poor B=-12.45, 95% CI -13.47– -11.44).  

Baseline IC score was significantly negatively associated with experiencing one or more 

difficulties with ADLs and IADLs at wave 4 and wave 6 when adjusting for previous difficulties 

with ADL/IADLs and covariates (Figure 4.4). Those with a higher IC score at baseline were 7-9% 

less likely to experience difficulties with ADLs and IADLs 4 and 8 years later. See Appendix 4.3 for 

full results.  

Among the 4,545 individuals in the analytical sample for mortality, 40.2% died within the follow-

up period. The mean survival time was 11.03 years. Higher IC scores were significantly 

associated with a lower risk of mortality (Figure 4.4), with a one-unit increase in IC score 

decreasing the probability of death within 14 years by 2% (HR=0.98, 95% CI 0.98–0.99) in the 

fully adjusted analysis. See Appendix 4.4 for full results. 

For the 4,489 individuals in the hospital admission sample, the follow-up time between the 

interview and the first admission or competing event ranged between 0.08-13.55 years, with a 

mean of 3.85 years for those who were admitted to the hospital, 6.64 years for those who died, 

and 13.17 years for those who experienced neither event. By the end of the follow-up period, 

3,784 admissions to the hospital were recorded, and 184 deaths were considered a competing 

event. Competing risk analysis revealed that a higher IC score was associated with a reduced risk 

of hospital admission, even when adjusted for covariates (Figure 4.4). In fully-adjusted analyses, 

a one-unit increase in IC score was associated with a 1% reduction (SHR=0.99, 95% CI 0.98-

0.99) in the probability of hospital admission within 14 years. See Appendix 4.4 for full results. 

Sensitivity analyses using Cox proportional hazard models revealed similar patterns (Appendix 

4.5). 

When the IC score is split into quartiles, as in Figure 4.5 and Figure 4.6, those scoring in the 

lowest quartile of IC were at the most risk of death and hospital admission, with those scoring in 

the highest quartile at the least risk. Full results of the mortality and hospital admission analyses 

by IC quartile can be found in Appendix 4.4.  
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Figure 4.3 Forest plot for the fully-adjusted linear regression between intrinsic capacity scores 

and sociodemographic and health-related covariates at baseline (N=4,662).  

Standardised beta coefficients are presented; all variables are mutually adjusted for each other. 

Figure adapted from Campbell et al. (2022, Figure 1) [254]. 
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Figure 4.4 Forest plot for the association between baseline intrinsic capacity scores and future 

outcomes: ADLs and IADLs at 4 years later (N=3,055) and 8 years later (N=2,348), and hospital 

admission (N=4,489) and mortality (N=4,545) during the 14 years follow-up.  

Odds ratio (OR, ■), subhazard ratio (SHR, ♦) or hazard ratio (HR, ▲) are presented depending on 

the analysis. Figure adapted from Campbell et al. (2022, Figure 2) [254] 
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Figure 4.5 Cumulative incidence of death over the 14-year follow-up by quartile of IC score 
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Figure 4.6 Cumulative incidence of hospital admission over the 14-year follow-up by quartile of IC 

score 

 

4.5 Discussion 

The WHO model has laid out a framework for measuring healthy ageing revolving around the 

concept of IC. Following this model, this study computed an IC score in a representative sample 

of adults aged ≥60 years from private households in England. This model, based on 14 indicators 

and an item response theory model, showed a good fit to the data, and the IC score was 

associated with sociodemographic and health-related factors. This supported the second 

hypothesis of this chapter that the IC score would be associated with key sociodemographic 

factors, such as age, sex, and socioeconomic position, and health-related factors, such as 

subjective health ratings. Results supported the hypothesis that higher IC scores would be 

associated with younger, more socioeconomically advantaged, and healthier individuals. 
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Importantly, the IC score was found to significantly predict subsequent functional ability, hospital 

admission and mortality over a period of up to 14 years, even when adjusted for other health 

conditions. This supports the first hypothesis of the chapter, which stated that the IC score would 

be negatively associated with adverse health and functional outcomes, and demonstrates the 

score’s utility as a measure of risk for future adverse outcomes in older people, potentially above 

that indicated by health conditions. However, although statistically significant, the magnitude of 

the associations to health outcomes was modest, so the exact clinical relevance of the IC score 

still requires exploring in more depth. 

The finding that the IC score has the predictive ability for objective health outcomes is consistent 

with previous similar studies. The ATHLOS consortium found their healthy ageing index, also 

generated with an IRT model, was associated with sociodemographic and health factors as well 

as predicted mortality, although the magnitude of this prediction was not tested [73]. A study of 

community-dwelling older adults aged ≥70 years in the USA found a one-unit reduction in IC 

score was associated with a 7% increased risk for ADL disability, as well as a 6% increased risk 

for nursing home admission and 5% increased risk of mortality over 21 years [61]. This is an 

equivalent increase in the risk of ADL disability to this study but a slightly larger effect for 

mortality than found in this data (2%). A larger effect for mortality was also described by Loquet 

et al. [64], who found a 49% decrease in mortality risk with a unit increase in their composite IC 

score, generated as an average of four domain-specific z-scores in a Belgian sample of 

community-dwelling participants. They also found the locomotion and psychological domains, in 

particular, were associated with reduced mortality risk of 55% and 44%, respectively. These 

variations in the magnitude of the effect may be due to differences between the samples used, 

with the American and Belgian samples (n=754 and n=481, respectively) being substantially 

smaller than the ELSA sample, as well as the American participants all taking part in a health 

plan and Belgian participants recruited mainly from an outpatient clinic and so potentially more 

health conscious. It could also be due to variations in the IC score used. Both papers generated 

their score by calculating a score for each domain and then taking an average of the domain-

specific scores for total IC, although Stolz et al. [61] did compare this to factors scores generated 
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through confirmatory factor analysis and found a high correlation between the two, this may be 

another reason for different results to this study as one unit of IC might reflect a different amount 

of capacity. 

With regards to hospital admission, Yu et al. focused on individual domains of IC and found the 

cognition and locomotion domains were predictive of visits to emergency departments in a 

Chinese community-dwelling sample aged ≥60 years but did not find any domains associated 

with incident hospitalisation in a one-year follow-up [47]. They found a large increase in odds for 

emergency department visits with cognitive impairment based on the Short Portable Mental 

Status Questionnaire (167% increase) and limited mobility measured with the chair rise test 

(322% increase), which are substantially larger than the magnitude of the effect found in this 

study. Nevertheless, visits to the emergency department are a different outcome to hospital 

admissions, as shown in this study, with admissions often reflecting a more serious or ongoing 

problem that requires more medical intervention. The Yu et al. study also has other 

methodological differences from the current study, with a smaller sample (N=756) as well as IC 

measured as individual domain scores based on one indicator binarised to impaired or not 

impaired. These differences make it difficult to directly compare the results, but it is clear from 

the current and previous studies that IC, measured using different methods, can predict objective 

health outcomes in populations around the world, with the cognition and locomotion domains 

potentially being of key importance, although more evidence would be needed to untangle this 

relationship. 

A key potential difference between the current study and others assessing objective health 

outcomes is that the mortality and hospital admission information in ELSA is obtained through 

data linkage for all those who consented to the linkage. This means that ELSA has information on 

these outcomes even for people who may have later dropped out of the study due to poor health 

or any other reason, and thus may capture information from people who may not have been 

included in other studies.  
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The range of IC models and indicators in the current literature measuring IC with existing data or 

research studies provides some evidence that the general domains of IC are the important 

aspect when measuring IC to explore patterns in a population, as opposed to particular tests or 

indicators. From this study, the item discrimination parameters identified all the locomotion 

domain indicators and the vitality domain indicator of grip strength as having the highest 

discrimination and, thus, best-mapped individuals along the IC trait continuum. The locomotion 

domain has been identified in previous research as a predictor of hospital visits as well as 

mortality, with cognition and psychological domains also showing significant associations with 

adverse outcomes, suggesting these may be key domains to focus on if all domains cannot be 

measured. However, differences between the domains were not explicitly tested in this study, 

with the focus being on testing a total measure of IC that captured the domains of IC and 

measured all the physical and mental capacities of an individual, as per the WHO framework. 

The main strengths of this analysis include the use of a large nationally representative survey of 

community-dwelling older adults in England. The ELSA data linkage to health and mortality 

records allows for objective health outcomes to be examined, with the longitudinal nature of the 

data meaning an almost 20-year follow-up, which is longer than most other studies of IC’s 

predictive value. The ELSA survey data also provides rich and comprehensive information on the 

variables of interest and key covariates. 

However, there are limitations to this analysis. ELSA only represents community-dwelling older 

adults in England; therefore, different results might be found among those in long-term hospital 

or nursing home care. Concerning the IC score, the dichotomous indicators are sensitive to the 

cut-offs; thus, choosing different cut-offs may lead to different results. There are also some 

limitations to the IC indicators. Hearing and vision measurements would be more accurate if 

assessed with objective tests as opposed to self-reported function. The same could be said for 

indicators of mobility; however, the inclusion of objective tests of physical function (balance, 

walking speed, chair rises and grip strength) in addition to the self-reports of mobility mean that 

physical function was assessed in a more comprehensive manner. Concerning the cognition 
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domain, it would have also been preferable to have a global index of cognitive capacity that 

captures functioning in fluid elements of cognition, such as memory, executive function, 

processing speed, as well as crystallised elements, such as general knowledge and vocabulary, 

in order to capture a comprehensive screenshot of the individual’s cognition at that time. 

4.6 Conclusion 

To conclude, this analysis finds a novel IRT model of intrinsic capacity to be significantly 

associated with subsequent functional ability, hospital admissions and mortality, even when 

adjusted for socioeconomic and health-related covariates. These results suggest that IC can 

effectively predict adverse outcomes and potentially identify individuals at risk of functional 

decline, hospitalisation, and death. This has implications for the measurement and monitoring of 

overall health across multiple domains in older people and the targeting of interventions ahead 

of potential adverse health outcomes, supporting the WHO’s focus on IC to promote healthy 

ageing and reduce disability and care dependence. 
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Chapter 5: Longitudinal analyses of intrinsic 

capacity 

5.1 Introduction 

In the previous chapter, an intrinsic capacity (IC) score was generated using an item response 

theory (IRT) model in Wave 2 of the English Longitudinal Study of Ageing (ELSA). This chapter will 

expand the generation of an IC score to multiple waves of ELSA and test the measurement 

invariance of the score over the three time points. 

Longitudinal assessment of IC is central to the WHO healthy ageing framework, as measuring IC 

over time allows for monitoring of any decreases in capacity, and interventions can be targeted 

prior to a major decline in physical or cognitive function and/or quality of life. To date, only a 

minority of IC models have been explored longitudinally, but most find that, on average, IC scores 

decline over time, although there is great heterogeneity between individuals [60, 61]. Different 

types of trajectories of IC have been identified in a couple of studies which fall into three main 

groups: those whose IC declines rapidly, those who have medium IC that declines slightly, and 

those who have IC with little decline over time [67, 68]. 

Measurement invariance is important to test when using a scale at different time points or 

across different groups. The presence of measurement invariance in a scale for a particular 

construct means that the scale measures the construct of interest differently across different 

time points or groups of individuals. IRT provides a useful approach to measurement invariance 

[319], which is tested through differential item functioning (DIF). If DIF is present in an IRT model, 

it means the items included in the scale measure the latent trait differently across members of 

separate groups [320]. In terms of longitudinal analysis, DIF indicates if the scale items are 

assessing equivalent levels of the latent trait across different time points. 
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5.1.1 Chapter objectives  

This chapter explores the longitudinal element of Objective 1: To operationalise IC as a measure 

of healthy ageing (across multiple time points) in an observational study of ageing and test the 

score’s measurement invariance over time. 

The specific aim of this chapter is to generate IC in waves 2, 4, and 6 of ELSA and test the 

measurement invariance using IRT methodology. 

5.2 Methods 

Three waves of ELSA spaced 4 years apart were used in this analysis – wave 2 (2004-05), wave 

4 (2008-09) and wave 6 (2012-13) – resulting in a total period of 8 years. 

5.2.1 Intrinsic capacity 

The IRT model used to generate an IC score in the baseline wave (wave 2) outlined in the 

previous chapter was applied to wave 4 and wave 6 in R using the mirt function.  

This model included the 14 indicators covering 5 domains of IC used in Chapter 4, with 

performance on each categorised into “No difficulty” and “Difficulty” (Table 4.1). The indicators 

were: word recall and orientation in time (cognition); balance test, chair rise test, walking speed, 

lower mobility, and upper mobility (locomotion); self-rated eyesight and hearing (sensory); grip 

strength, BMI, and waist circumference (vitality); CES-D scale and Satisfaction With Life Scale 

(psychological). 

5.2.2 Covariates 

Socioeconomic and health-related covariates were included in the descriptive analysis. These 

were baseline age, sex, marital status, highest educational qualification, total net wealth, 

employment status, alcohol consumption (days per week), current smoking status, physical 

activity, number of chronic health conditions, and self-rated health. The measurement of these 

variables is described in the previous chapter.  
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All variables apart from baseline age, sex, and educational attainment were time-varying over the 

3 waves. Educational attainment was time invariant and was collected at either wave 2 or wave 

4.   

5.2.3 Sample 

The sample was restricted to those who had joined ELSA at or prior to wave 2. An IC score was 

generated in all cohort members aged ≥60 years who consented to a nurse visit at that wave, 

resulting in IC scores for 7,690 individuals with 14,823 observations over 3 waves.  

 

Figure 5.1 Flowchart of the sample selection process for the generation of an intrinsic capacity 

score in waves 2, 4, and 6 of ELSA. 

 

5.3 Statistical analysis 

5.3.1 Measurement invariance 

Differential Item Functioning (DIF) was detected using logistic ordinal regression differential item 

functioning (LORDIF) using a graded response model. Although a 2-parameter logistic model was 

used for the IC generation, the specific type of model specified for LORDIF is not that important 

as the objective is to obtain trait estimates to serve as the matching criterion for DIF and that 

Cohort members at wave 2 

 N=8,778 

Nurse visit at wave 2 

 N=7,665 

Aged ≥60 

 N=5,343 

Nurse visit at wave 4 

 N=5,625 

Nurse visit at wave 6 

 N=4,767 

Aged ≥60 

 N=4,847 

Aged ≥60 

 N=4,633 

Valid IC score at wave 2  

 N=5,343 

Valid IC score at wave 4  

 N=4,847 

Valid IC score at wave 6  

 N=4,633 
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trait estimates for the same data based on different IRT models are virtually interchangeable 

[320].  

Testing of DIF was completed in R using the lordif package [320]. This implements OLR with IRT-

based trait scores that have been estimated from DIF-free “anchor” items as the conditioning 

variable. First, a model where all parameters are constrained to be equal across time points was 

tested against a model with one parameter free to be calculated per time point. Once anchor 

items have been identified, three nested OLR models were estimated for each item and 

compared to identify DIF. Model 1 included the intercept and an estimate of the trait; Model 2 

added a group variable, in this case, the time point; Model 3 then added an interaction of the 

trait and group variable. The detection criterion for DIF was set as a 10% difference between the 

beta coefficients of the nested models [320, 321]. For each item, the function returned whether 

DIF was present or not. Detailed information about the lordif package algorithm is outlined in 

Choi, Gibbons and Crane (2011, p7-8) [320]. 

5.4 Results 

5.4.1 Sample description 

Of the 7,690 individuals in the sample, 2,962 (38.52%) had 1 measurement of IC, 2,323 

(30.21%) had 2 measurements, and 2,405 (31.27%) had 3 measurements.  

The mean and standard deviation of the standardised IC score remained 50 and 10, respectively 

and were negatively skewed (Figure 5.2). 
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Figure 5.2 Distribution of the IC score in each wave plotted against a normal curve 

 

Table 5.1 Mean and standard deviation of intrinsic capacity scores in wave 2, 4 and 6 

Wave N Mean SD 

2 5,343 50.00 10 

4 4,847 50.00 10 

6 4,633 50.00 10 
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Table 5.2 Description of the IC score sample in waves 2, 4, and 6, and the mean IC score for covariate categories.  

 
Proportions (%) in each category 

/ Mean [SD] 
Mean IC score [SD] 

 
Wave 2 

N=5,343 

Wave 4 

N=4,847 

Wave 6 

N=4,633 

Wave 2 

N=5,343 

Wave 4 

N=4,847 

Wave 6 

N=4,633 

Age (Mean [SD]) 71.26 [8.20] 71.19 [8.59] 71.28 [7.48]    

60 47.93 47.82 47.66 53.55 [9.06] 53.72 [8.76] 53.39 [8.87] 

70 34.98 34.89 35.61 49.18 [9.30] 49.14 [9.47] 49.18 [9.49] 

80 15.59 15.45 16.73 42.16 [8.57] 42.01 [8.49] 42.09 [9.24] 

90+ 1.5 1.84 0 37.13 [6.57] 36.68 [6.89] n/a 

Sex       

Male 44.69 44.13 44.42 52.11 [9.39] 52.15 [9.35] 51.85 [9.66] 

Female 55.31 55.87 55.58 48.30 [10.15] 48.30 [10.17] 48.52 [10.02] 

Marital status       

Never married 4.57 4.48 4.58 48.86 [9.68] 48.13 [10.20] 49.09 [10.06] 

Married 62.64 62.64 64.26 51.95 [9.39] 52.21 [9.25] 51.78 [9.38] 

Separated/Divorced 8.31 9.92 11.31 49.61 [10.10] 49.44 [9.94] 49.11 [9.94] 

Widowed 24.46 22.96 19.81 45.36 [9.98] 44.57 [9.77] 44.94 [10.18] 

Missing 0.02 0 0.04 49.09 [0.00] n/a 57.95 [7.77] 

Highest educational level*       

Degree 10.05 14.09 15.45 55.26 [8.53] 55.21 [8.43] 54.34 [8.52] 

A-Level 16.26 19.64 20.57 53.16 [9.41] 52.60 [9.30] 51.87 [9.40] 

O-Level or other 29.78 30.66 29.59 51.07 [9.44] 50.64 [9.43] 49.69 [9.61] 

None 43.91 35.61 28.10 46.90 [9.88] 45.95 [9.86] 45.40 [9.79] 

Missing 0 0 6.28 n/a n/a 55.23 [8.99] 

Wealth quintiles       

Poorest 18.04 17.10 15.11 43.98 [9.33] 43.96 [9.25] 43.69 [9.40] 

2 19.75 18.75 18.02 47.26 [9.82] 47.32 [9.80] 47.00 [9.95] 

3 20.16 20.28 21.71 50.50 [9.39] 50.27 [9.55] 49.76 [9.64] 

4 20.29 20.80 21.99 51.97 [9.41] 52.05 [9.17] 51.92 [9.03] 

Richest 20.76 20.90 21.71 55.23 [8.31] 54.87 [8.62] 54.98 [8.46] 
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Proportions (%) in each category 

/ Mean [SD] 
Mean IC score [SD] 

 
Wave 2 

N=5,343 

Wave 4 

N=4,847 

Wave 6 

N=4,633 

Wave 2 

N=5,343 

Wave 4 

N=4,847 

Wave 6 

N=4,633 

Missing 1.01 2.17 1.45 53.81 [7.22] 51.65 [10.73] 52.88 [9.29] 

Employment status       

Retired/Semi-retired 73.85 74.93 78.85 49.34 [9.87] 49.04 [9.95] 49.16 [9.94] 

Employed 12.11 15.76 14.40 57.36 [6.60] 56.76 [6.66] 56.57 [6.83] 

Permanently unable to work 3.22 3.03 2.09 38.97 [7.62] 39.22 [8.03] 36.90 [6.96] 

Looking after home/family or 

unemployed 

10.61 6.25 4.55 49.43 [9.69] 49.73 [9.35] 49.70 [9.30] 

Missing 0.21 0.02 0.11 54.79 [9.28] 51.45 [0.00] 53.35 [13.12] 

Smoking       

Never smoked 36.03 37.40 35.44 50.96 [10.09] 50.85 [10.07] 51.07 [9.73] 

Ex-smoker 51.60 50.96 55.04 49.68 [9.88] 49.88 [9.91] 49.57 [9.99] 

Current smoker 12.30 10.77 9.52 48.49 [9.98] 48.03 [9.78] 48.53 [10.70] 

Missing 0.07 0.87 0 53.87 [7.19] 44.66 [9.66] n/a 

Alcohol       

5+ days a week 20.79 21.15 19.45 53.15 [9.29] 53.47 [8.80] 53.15 [9.15] 

<5 days a week 67.55 67.15 71.55 49.98 [9.80] 49.86 [9.84] 49.83 [9.83] 

Missing 11.66 11.70 9.00 44.48 [9.98] 44.51 [10.33] 44.55 [10.51] 

Physical activity       

Sedentary 7.34 8.15 6.13 37.71 [7.94] 38.91 [8.92] 37.44 [9.12] 

Low 27.23 25.93 26.74 45.07 [9.09] 44.29 [8.77] 44.09 [9.01] 

Moderate 49.58 48.22 48.72 52.40 [8.51] 52.39 [8.52] 52.34 [8.32] 

High 15.80 17.68 18.39 56.67 [7.71] 56.96 [7.07] 56.58 [7.32] 

Missing 0.06 0.02 0.02 50.57 [3.33] 51.45 [0.00] 45.91 [0.00] 

Health conditionsⴕ (Mean [SD]) 1.17 [1.24] 0.83 [0.85] 0.74 [0.79]    

0 36.80 40.68 43.04 52.81 [9.51] 52.82 [9.48] 52.82 [9.35] 

1 31.22 40.87 42.97 50.15 [9.73] 48.86 [9.89] 48.63 [9.94] 

2 18.08 14.42 11.33 48.53 [9.84] 47.01 [9.56] 45.77 [9.59] 

3 8.40 3.36 2.14 45.40 [9.40] 44.14 [9.59] 44.95 [9.92] 

4 3.74 0.58 0.47 42.62 [8.51] 42.16 [9.69] 42.26 [8.28] 

5 1.07 0.08 0.02 41.27 [7.97] 41.30 [9.45] 52.63 [0.00] 
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Proportions (%) in each category 

/ Mean [SD] 
Mean IC score [SD] 

 
Wave 2 

N=5,343 

Wave 4 

N=4,847 

Wave 6 

N=4,633 

Wave 2 

N=5,343 

Wave 4 

N=4,847 

Wave 6 

N=4,633 

6 0.62 0 0 40.96 [8.25] n/a n/a 

7 0.06 0 0.02 49.22 [12.42] n/a 35.55 [0.00] 

8 0.02 0 0 40.82 [0.00] n/a n/a 

SRH       

Excellent 11.06 9.72 9.24 58.27 [6.81] 58.01 [6.79] 58.60 [6.47] 

Very good 26.15 27.96 28.51 54.80 [8.16] 55.14 [7.86] 55.09 [7.68] 

Good 33.09 33.65 33.11 50.23 [8.65] 50.45 [8.67] 50.41 [8.50] 

Fair 22.03 21.48 21.52 43.83 [8.51] 43.31 [8.07] 43.63 [8.18] 

Poor 7.58 7.18 7.58 38.36 [7.68] 37.07 [7.15] 36.69 [7.75] 

Missing 0.09 0.02 0.04 44.27 [7.17] 47.24 [0.00] 40.28 [4.89] 
*Education in wave 6 is derived from the maximum value per participant from waves 1-5. 

ⴕ Count of diagnosed conditions: Alzheimer’s disease, angina, arrhythmia, arthritis, asthma, cancer, chronic lung disease, coronary heart failure, dementia, diabetes, 

heart murmur, high blood pressure, high cholesterol, myocardial infarction, osteoporosis, Parkinson’s disease, psychiatric problems, stroke. 
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The mean age of the sample remained 71 years in wave 2, wave 4, and wave 6 (Table 5.2). The 

proportions in each category of the descriptive variables remained relatively similar over each 

wave. There was a relatively even split between men and women, with 44-45% women at each 

wave. Approximately 63-64% of the sample were married, 10-15% were educated to a degree 

level, and the majority (74-79%) were retired. There was an uneven split across wealth quintiles, 

with 15-18% in the lowest quintile and 21-22% in the highest. About half of the sample were ex-

smokers (51-55%), with only 10-12% current smokers and the majority of the sample consumed 

alcohol less than 5 days per week (67-72%). Most people took part in moderate physical activity 

(~50%), while only ~6-8% were sedentary. The mean number of health conditions remained 

around 1 condition, and the majority (~71%) rated their health as “good” or better. 

The mean IC score in each category of the descriptive variables also remained similar over each 

wave (Table 5.2). Mean IC score tended to be lower in older individuals, women, those with lower 

education, and those who were unmarried, in the lower wealth quintiles, not currently employed, 

current smokers, consuming alcohol less frequently, sedentary, and diagnosed with a greater 

number of chronic health conditions, as well as those who rated their health as poor. 

5.4.2 Measurement invariance 

Testing for DIF using the LORDIF approach identified no items with differential functioning across 

the three waves. The proportionate change in the beta coefficients of the nested models was 

below the critical value of 0.1 for all indicators (Table 5.3). 

Table 5.3 Proportional change in the beta coefficients of the nested models used to identify 

Differential Item Functioning using the LORDIF approach 

Indicators 
Proportional change in the beta 

coefficient  

 Wave 2* 
Wave 

4** 

Wave 

6*** 

Word recall 0.0062 0.0002 0.0035 

Orientation 0.0062 0.0007 0.0041 

Chair rise 0.0013 0.0003 0.0004 

Balance 0.0008 0.0001 0.0007 

Walking speed 0.0000 0.0003 0.0001 

Lower mobility 0.0002 0.0006 0.0004 

Upper mobility 0.0019 0.0003 0.0012 

Self-rated vision 0.0006 0.0001 0.0008 

Self-rated hearing 0.0010 0.0004 0.0009 
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Grip strength 0.0025 0.0000 0.0027 

BMI 0.0082 0.0001 0.0093 

Waist circumference 0.0130 0.0003 0.0007 

CES-D 0.0015 0.0001 0.0007 

Life satisfaction 0.0090 0.0000 0.0116 
*wave 2 vs. wave 4 & wave 6; ** wave 4 vs. wave 2 & wave 6; *** wave 6 vs. wave 2 & wave 4 

 

5.5 Discussion 

This chapter expanded the investigation of the IC model over two more waves of ELSA, covering a 

total of 8 years follow-up period. IRT methodology was used to generate the score in the 

additional waves in the same way as in the baseline wave, and tests found no differential item 

functioning in the scale across the different time points. This indicates that the model is 

measuring the trait of IC in the same way at each time point, therefore displaying measurement 

invariance.  

None of the 10 studies identified in the literature review as modelling IC longitudinally (Section 

1.2.2) described the testing of measurement invariance for their IC scale over time. More 

detailed research into how IC scales behave over time would be useful; however, with almost 

every study having a unique measurement of IC, this statistical exploration is difficult. A couple of 

previous studies that defined a healthy ageing scale, including measurements of IC did explore 

measurement invariance of scales across different groups but not over time.  

Sanchez-Niubo et al. (2020) used the same LORDIF process as this study to detect DIF across 

different studies [73]. They used IRT to generate their healthy ageing scale from 41 items 

incorporating intrinsic capacity and functional ability (model 12 in Appendix 1.2) in 16 studies 

and tested DIF to establish the homogeneity of the scale across the studies. Of the 16 studies, 

13 had at least 1 item displaying DIF, with the Australian Longitudinal Study of Ageing, and the 

Study on Global Ageing and Adult Health having the most items with DIF at 8 each. Nevertheless, 

there was a lot of variation in the items displaying DIF across the studies; most individual items 

that displayed DIF did so in a maximum of 3 studies, apart from one item on “energy” that 

presented DIF in 6 studies. The results from the DIF testing were used to inform an equating 
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procedure for studies that exhibited DIF, which introduced cohort-specific parameters that 

rescaled scores to the main scale.  

As this previous study found quite a few instances of DIF among the items, it may be surprising 

that no DIF was found in the current results. However, this previous study measured a different 

range of items, some reflecting IC but others reflecting functional ability, as well as testing DIF 

across countries instead of over time. Nevertheless, it does suggest that there are more 

differences in the functioning of IC/healthy ageing scales across different populations than over 

time. This makes sense as there are many reasons for a single scale to be used across groups of 

people from different cultures and backgrounds to be measuring a latent trait in a different way; 

for example, language, interpretation or understanding of the item, and cultural norms. Thus, it 

would be expected to see more DIF across different countries than you would expect to see when 

using the same scale on the same people across time. 

Measurement invariance was also explicitly tested by Daskalopoulou et al. (2019) for their 

healthy ageing index generated using the 10/66 Dementia Research Group survey [58], which 

collects data from 6 countries/territories in Latin America (Cuba, Dominican Republic, Peru, 

Venezuela, Mexico, and Puerto Rico). Confirmatory factor analysis (CFA) was carried out on 26 

indicators of functional ability and intrinsic capacity (model 8 in Appendix 1.2), and measurement 

invariance across the 6 countries and between men and women were tested with multi-group 

CFA using nested models with increasing parameter constraints. In this method, different 

parameters were set to be equal or not across the groups (country or sex), and the statistical fit 

of the models was examined. Configural invariance – whether the pattern of factor loadings is 

the same across groups [322] – was tested by allowing all the factor loadings and thresholds to 

be estimated freely across the groups. Scalar invariance – whether the item intercepts or 

thresholds are equivalent across groups [322] – was tested by constraining all the factor 

loadings and thresholds to be equal across groups. The change in comparative fit index (CFI) and 

the root mean square error of approximation (RMSEA) was examined, with a change in values of 

≤0.010 for CFI and ≤0.015 for RMSEA, indicating measurement invariance. The testing revealed 
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the same pattern of factor loadings and equal item thresholds across countries and sex, 

therefore, the index demonstrated both configural and scalar invariance. It was noted that metric 

invariance – the equivalence of factor loadings across groups [322] – could not be assessed as 

loadings and thresholds cannot be tested separately for ordinal items [323]. 

Both of these studies found measurement invariance of a healthy ageing score using different 

methods, suggesting that these combinations of IC and functional ability indicators are 

measuring healthy ageing in the same way across different countries and between men and 

women. However, although both include indicators of IC, neither is a model of purely IC, so there 

is no prior evidence of measurement invariance across groups of IC specifically. Also, neither 

study explored longitudinal invariance, where the invariance was tested across different time 

points. Of the other 8 models of IC that were explored longitudinally, none tested the 

measurement invariance of IC over time. Most of these models generated an overall IC score 

using methods that are less conducive to measurement invariance testing, such as average z-

scores and sum scores, so this could not be interrogated; but some using more advanced 

techniques such as CFA or IRT also did not explore invariance over time. The finding from the 

current study that IC showed measurement invariance over time is, therefore, novel and the first 

step in examining the methodological properties of IC over time. 

Strengths of this chapter include the use of IRT methodology, which has been identified as a 

good method for testing longitudinal measurement invariance [319]. Limitations of this chapter 

include the restriction of measurement invariance testing to only across time. Further testing of 

measurement invariance of the IC model across different groups, such as sex or age groups, was 

beyond the scope of this project but would have interrogated the measurement properties of the 

IC model more thoroughly. Also, the use of IRT methodology doesn’t allow for the same 

exploration of the different levels of invariance as with factor analysis, for example, configural, 

metric and scalar invariance. Further research could expand on the current work by testing for 

measurement invariance of the IC model across men and women and also across age groups, for 
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example, in pre-retirement populations aged 40-59 years, older adults aged 60-79 years, and the 

oldest old aged ≥80 years.  

5.6 Conclusion 

Testing for measurement invariance is fundamental to establish whether the scale items are 

assessing equivalent levels of the latent trait across different time points. IRT methodology was a 

valuable tool for generating the IC score in all waves, consistent with the baseline wave. Testing 

of measurement invariance showed no differential item functioning in the IC scale across the 

different time points. Therefore, the same latent trait of interest was identified longitudinally.  
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Chapter 6: Social isolation and intrinsic 

capacity 

6.1 Introduction 

In the previous chapter, a novel model of intrinsic capacity (IC) was created using item response 

theory (IRT) and extended to multiple waves of the ELSA dataset. In this chapter, this model will 

be used to test if social isolation predicts intrinsic capacity.  

Social isolation is a measure of the absence of social relationships. As seen in the literature 

review, social isolation is associated with a greater risk of all-cause mortality [152], hospital 

admission [324] and adverse physical and mental health in older age [121, 144, 325]. 

Only two studies were identified in the literature review that explored the relationship between 

social relationships and IC. Huang et al. (2021) [63] (Appendix 1.2, model 19) tested whether 

social frailty was associated with trajectories of IC, with social frailty determined by requiring 

financial support, living alone, not participating in social activities, and having irregular contact 

with others.  This measure of social frailty was derived from the definition outlined by Bunt et al. 

(2017), which characterised social frailty as a lack of general resources (including financial 

situation, employment, housing and neighbourhood factors, and childhood circumstances), 

reduced social behaviour and activities (e.g., reduced social participation and not maintaining 

close relationships), and insufficient social resources (lack of close contacts, e.g., family and 

friends, and small social network), which result in a compromised fulfilment of social needs (e.g., 

social cohesion, sense of belonging, social and emotional support) [165]. The concept of social 

frailty arose from the biopsychosocial perspective of frailty, which posits that frailty increases with 

the accumulation of physical, psychological, and social deficits. Huang et al. measured social 

frailty in 663 respondents of the Nagoya Longitudinal Study for Healthy Elderly with 4 indicators; 

each scored 1 point – whether the respondent had a need for financial support, if they lived 
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alone, if they did not participate in social activities, and if they did not have regular contact with 

others. The amount of participation or frequency of contact that was counted as participation or 

regular contact was not specified. The resulting scores (0-4) were categorised into social 

robustness (0 points), social prefrailty (1 point), and social frailty (2-4 points). Results found that 

the IC scores of those in the social prefrailty and social frailty groups declined more over time 

than the socially robust group, especially in the cognition, psychological, and vitality domains; 

socially prefrail/frail men also showed a greater reduction in the psychological and cognition 

domains than women. Although social frailty is a different concept from social isolation, it 

focuses on structural elements (participation, frequency of contact) of social relationships in a 

similar way to social isolation and not functional aspects like feelings about relationships 

captured by social support and loneliness.  

The other study to explore social relationships and IC focused on social engagement and 

loneliness in a cross-sectional analysis. Leung et al. (2022) [50] recruited a sample of 304 

community-dwelling adults aged ≥60 years living in Hong Kong and generated an IC score by 

summing domain scores (Appendix 1.2, model 45). Loneliness was assessed with one question 

asking if the respondents felt lonely, with the responses “not lonely”, “a bit lonely”, and “very 

lonely”. Social engagement was assessed with one item, which asked the respondents about the 

extent of their engagement with leisure activities, hobbies, work, volunteering, supporting family, 

education, or spiritual activities. A 3-point Likert scale was used to determine the level of 

engagement, with the categories “inactive”, “less active”, and “active”. For the analysis, a 

structural equation model (SEM) was used to test the associations between IC and the other 

study variables – self-care capacity, social engagement, loneliness, marital status, and 

hypertension – with the covariates age, sex, and education. Descriptive analyses found that 

those who needed some support with self-care, felt a bit or very lonely, or were less socially 

engaged had significantly lower IC scores than those who required no care, were not lonely or 

were socially engaged. The SEM found that younger respondents with higher education and no 

hypertension were more likely to have better IC, and those who had better IC were more likely to 

not require self-care assistance and be more socially engaged – the relationship with loneliness 
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does not seem to have been tested here or was not found to be significant and therefore not 

included. A mediating role of IC between age and social engagement and education and self-care 

were also identified. This indicated that the association between age and education with self-care 

capacity and social engagement somewhat depends on an individual’s IC. Focusing on social 

engagement, it is feasible that an individual’s capacity across the IC domains would influence 

their ability to be engaged with different social activities, as impairments in IC domains would 

make it more difficult to access or enjoy social activities. However, being a cross-sectional study, 

it is difficult to make conclusions about the direction of any associations, and it is unclear 

whether associations in the opposite direction were assessed in this study. It may be the case 

that the association between IC and social engagement is predominantly in the other direction or 

potentially bidirectional, with each affecting the other. 

At the time of writing, only two papers have explored the relationships between structural 

elements of social relationships and IC, with the findings suggesting that less engagement in 

activities and contact with others is potentially a predictor and outcome of worse IC. 

Nevertheless, this evidence was found in relatively small samples with unclear or unspecific 

measurements of social relationships. Further evidence on the link between structural elements 

of social relationships, e.g., social isolation and IC, is required, including clear measurements of 

social factors and robust methods. Longitudinal evidence will be particularly helpful in helping to 

understand the directionality of the associations.  

6.1.1 Chapter objectives 

This chapter explores Objective 2, which is to examine the association between social isolation 

and IC and whether social isolation predicts IC over time. 

This chapter will generate a social isolation index and use cross-sectional and longitudinal 

analysis to test whether social isolation is associated with IC score and whether social isolation 

predicts the baseline level and change of IC over time. 
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Hypotheses  

1) High social isolation is associated with a lower (worse) IC score, cross-sectionally and 

over time. 

2) Those with low social isolation will experience less decline in IC scores over time than 

those with high isolation. 

6.2 Methods 

6.2.1 Measuring social isolation 

Isolation is often examined in the context of wider social relationships and connectedness 

alongside other concepts such as social networks, social support, and social engagement. When 

deciding how to measure isolation, the first consideration is the definition of isolation and the key 

dimensions to capture before then identifying items that can measure these dimensions.  

In 1998, House, Umberson and Landis [326] defined social integration/isolation as “the 

existence or quantity of social ties or relationships, which may, in turn, be distinguished as to 

type (e.g. marital, kin/non-kin) and frequency of contact” (p.302). Through this definition, an 

individual’s level of isolation is only determined by the number of relationships they have or the 

frequency of interaction and specifically does not involve the structure of those relationships or 

their functional content. Isolation was defined similarly by De Jong Gierveld and Havens simply as 

an objective measure of the absence of relationships with other people and shortcomings in the 

size of social networks [131]. However, more complex definitions outline multiple dimensions. 

They include feelings toward the absence of contacts, such as Nicholson’s [327] definition of 

isolation as “a state in which the individual lacks a sense of belonging socially, lacks engagement 

with others, has a minimal number of social contacts, and they are deficient in fulfilling and 

quality relationships” (p.1346).  

The varied definitions of isolation are reflected when looking at measures of isolation across 

research and the dimensions they capture. Wang et al. [328] reviewed measurement tools for 

social relationships from a mental health perspective and found that models of isolation include 
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both objective measures of social network quantity and structure and subjective measures of the 

perceived quality of relationships, which would reflect functional content. In a different review of 

social relationship measures used in epidemiological studies, Valtorta, Kanaan, Gilbody and 

Hanratty [122] outlined two sets of dimensions that captured: structure vs function and objective 

vs subjective. Measures of structure capture the number and type of people interacted with, 

frequency of contact, and diversity, density, and reciprocity of a person’s social network, while 

functional measures focus on the qualitative and behavioural characteristics of interactions and 

the purpose or nature of relationships. Structural and functional measures also sit on a scale of 

subjectivity. Some capture more subjective aspects of relationships, such as perceived 

availability and feelings about relationships, and others measure objective features by 

quantifying the number of relationships and frequency of interactions. In line with this 

dimensional framework, Zavaleta, Samuel and Mills [329] distinguished between external and 

internal social isolation when outlining potential indicators of isolation. External social isolation 

measures include frequency of social contact, social network support, the presence of a 

discussion partner and reciprocity and volunteering, reflecting a more objective approach to 

mainly structural elements of relationships. Internal social isolation measures focus on feelings 

of satisfaction with relationships, the need for relatedness, feelings of belonging, loneliness, and 

trust, clearly reflecting the subjective, functional aspects of relationships. According to this 

specification, the definition of social isolation by House, Umberson and Landis only refers to 

external isolation. 

In summary, original specifications of social isolation focused on objective elements of 

relationships like the presence and/or quantity of relationships and frequency of contact but 

have since expanded to also include subjective aspects like the perceived quality of relationships 

and feelings about relationships. However, feelings around the quality of and satisfaction with 

relationships would be more relevant for measures of loneliness, which are defined to represent 

the subjective negative feelings about missing relationships [131]. As such, in this thesis, the 

simple definitions outlined by House et al. and De Jong Gierveld and Havens will be used to direct 

the measurement of social isolation in order to not conflate structural and functional aspects of 
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social relationship deficit. The index will focus on external isolation, measuring objective 

quantities or frequencies, and thus capture information on the structure of relationships rather 

than the function. 

After outlining the two dimensions that social isolation measures captured, Valtorta et al. ranked 

existing measures/scales on these dimensions [122]. The most objective measures that focused 

on structural elements of relationships were the Wenger Support Network Typology [330], the 

Litwin Support Network Type [331] and the Berkman-Syme Social Network Index (SNI) [332]. The 

first two identify different social network profiles or types based on the accessibility of family 

members, the frequency of face-to-face contact with family, friends and neighbours, and 

involvement in community and religious groups. They do not identify social isolation or isolated 

individuals, but there are profiles that have minimal contact with others and the community who 

would fall under the definition of being socially isolated. The Berkman-Syme SNI aims to 

categorise individuals into four levels of social connection, from socially integrated to socially 

isolated. This index uses items on marital status, the number and frequency of contact with 

children, family and friends, participation in community organisations, and also questions on 

perceived closeness in order to capture not only the number of social ties but also their relative 

importance [332]. All three of these measures capture interaction with close social networks and 

participation in community groups, but none capture interactions through employment which 

could make up a large portion of an individual’s contact with other people. Additionally, the 

Berkman-Syme SNI does not solely focus on the structural elements of relationships. The 

perceived closeness elements of the index include questions about the availability of a person 

who can give advice, love and affection, or be confided in, which capture elements of social 

support e.g., informational, emotional, and appraisal support (see Section 1.3.1), and therefore 

functional aspects of relationships. 

Another standard measure of isolation is Cohen’s Social Network Index [333], which collects 

information about 12 types of social relationships or social participation. It asks about 

relationships with a spouse, parents, parents-in-law, children, other family members, neighbours, 
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friends, colleagues, and school friends and also asks about volunteering, non-religious group 

membership, and religious group membership. For each type of relationship, a reported 

interaction (in person or by phone) with someone at least once every two weeks is scored one 

point. Respondents can then be categorised as having low (1-3 points), moderate (4-5 points) or 

high (≥6 points) social network diversity, which could also feasibly be interpreted as high, 

moderate, and low social isolation. This index provides a comprehensive assessment of contact 

with others and participation in social groups, incorporating close contacts as well as the wider 

social network, including colleagues, to capture social contact through employment.  

It is clear from these indexes that the common structural elements captured in these measures 

of (external) social isolation are frequency of contact with friends and relatives and participation 

in community groups. Nevertheless, some do include functional measures alongside structural 

which would make it more difficult to determine social isolation status without conflating with 

feelings of loneliness. Each of the indexes uses multiple indicators of social isolation as opposed 

to one indicator, such as living alone, which is important as it’s been shown that complex 

measures of social integration show the strongest association between social relationships and 

mortality [153]. Although the aim of this study and others may not be to predict mortality, this 

finding indicates that it is the combination of social elements that impacts health outcomes the 

most, so capturing only one element is not that useful if exploring social relationships in a health 

context. 

Social isolation measurement in ELSA 

Focusing on previous measures of social isolation using ELSA, Shankar, McMunn, Banks and 

Steptoe [194] generated a social isolation index where respondents were given one point for 

each of five items: not married or cohabiting with a partner, less than monthly contact (in-person, 

telephone, written or email) with children, family and friends (each scored one) and not 

participating in any organisations, religious groups or committees. Bu, Zaninotto and Fancourt 

(2022) [334] adapted Shankar and colleagues’ method for another study using ELSA data, 

considering only in-person meetings and telephone calls, finding that writing and emailing had 
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low factor loadings when tested with factor analysis. They also included employment and 

volunteering to capture social interactions with colleagues, meaning the score ranged from 0 to 

7. 

This study followed the method used by Bu, Zaninotto and Fancourt [334], generating an index of 

social isolation using seven indicators, each worth 1 point:  

     

Living alone 

(1) 

Less than monthly (in-

person or telephone) 

contact with children 

(1), family (1), or 

friends (1) 

Not being a 

member of any 

organisations 

(1) 

Not working (1) Not volunteering 

(1) 

 

The scores range from 0-7 with higher scores on the index indicate more social isolation. Those 

who specified that they did not have children, family, or friends were classed as having less than 

monthly contact. Only contact through in-person meetings and telephone calls was considered; 

respondents needed less than monthly contact with both types to be classed as having less than 

monthly contact overall. The organisations included in the question on group membership were: 

political parties, trade unions or environmental groups; tenants or residents’ groups or 

neighbourhood watch; church or other religious groups; charitable associations; education, arts 

or music groups or evening classes; social clubs; sports clubs, gym, or exercise class; and other. 

Not working included those who responded that they were not employed, self-employed or semi-

retired, and those classed as not volunteering were those who responded with “never” when 

asked how often they did any voluntary work.  
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Marital status was not included in the index as living alone was used to capture the daily living 

arrangement of the respondent and the associated social interactions. Living alone was found to 

be significantly associated with marital status in each wave, with those not married about 6 times 

more likely to be living alone, so the measures are closely related. Living alone may also capture 

more information about daily social interaction than marital status alone, as some people who 

are married do not live together, plus some who are not married do not live alone. Interactions 

with a spouse that are not captured in the living alone indicator would also hopefully be picked 

up by the contact with family and friends’ indicator.  

In a simple manner, this index captures the objective quantity of relationships and also the 

frequency of contact with close friends and family. It does not attain information on the quality of 

the relationships or feelings about the relationships, which are the subjective, functional aspects 

of social isolation. Social isolation score was generated using this index in three waves of ELSA 

(waves 2, 4, and 6).  

6.2.2 Intrinsic capacity 

As outlined in the previous section, an IC score was generated using an item response theory 

model in three waves of ELSA (waves 2, 4 and 6), which covered a total of 8-years follow-up. This 

score showed measurement invariance over time, as discussed in the previous chapter (Section 

5.4.2). 

The model included 14 indicators covering 5 domains of IC, with performance on each 

categorised into “No difficulty” and “Difficulty” (Table 4.1). The indicators were: word recall and 

orientation in time (cognition); balance test, chair rise test, walking speed, lower mobility, and 

upper mobility (locomotion); self-rated eyesight and hearing (sensory); grip strength, BMI, and 

waist circumference (vitality); CES-D scale and Satisfaction with Life Scale (psychological).  

6.2.3 Covariates 

Socioeconomic and health-related covariates were included in the analysis to account for 

potential confounding factors and provide a more comprehensive understanding of the 
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relationship between social isolation and IC. The included covariates were baseline age, sex, 

highest educational qualification, wealth quintile, alcohol consumption per week, current 

smoking status, physical activity, number of chronic health conditions, and self-rated health. 

Baseline age, sex, and highest educational qualification were time-invariant; all the other 

included covariates were time-varying. 

Age was included to account for potential age-related differences in the relationship between 

isolation and IC. Baseline age was generated from each participant’s baseline wave and centred 

around the mean. Sex was similarly included to control for sex-differences in the relationship, as 

sex is known to influence social interactions and health. Highest educational attainment and 

wealth quintile were included to account for socioeconomic position, which influences the health 

and social resources and experiences of older people. Highest educational attainment was not 

measured in wave 6, so the highest educational attainment from wave 2 or 4 was applied to 

wave 6. The number of chronic health conditions and self-rated health were included as they 

reflect the overall health status of the individuals in an objective and subjective manner, 

respectively, but capture elements of health not really assessed in IC. There were included as 

covariates to see whether isolation was associated with IC only due to these other health 

measurements or if there was a specific association with IC. 

Employment status was not included in the analysis as the social isolation index included 

whether the respondent was working or not. As discussed in Section 6.2.1, marital status is 

significantly associated with living alone, thus, marital status was not included as a covariate in 

these analyses as living alone was also a part of the social isolation index.  

6.2.4 Sample 

The follow-up period ranged from the beginning of wave 2 interviews in June 2004 until the end 

of wave 6 interviews in May 2013. The analytical sample included only those participants who 

had joined ELSA at wave 2 or earlier and had a valid IC score. Of the 10,341 eligible participants, 

2,534 who did not have an IC score at all or some of the waves were removed, leaving a sample 

of 7,690. In the sample, 2,405 (31.27%) individuals had three waves of measurement, 2,323 
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(30.21%) had two and 2,962 (38.52%) had one. The total number of observations across all 

waves was 14,823. The sample selection process can be seen in Figure 6.1.  

 

 

Figure 6.1 Flowchart of the sample selection process, including the number of participants with 

intrinsic capacity and social isolation scores at waves 2, 4, and 6 of ELSA.  

The sample size was restricted to those with intrinsic capacity scores, not the social isolation 

scores (in dashed boxes). 

 

The first wave of data for each participant was treated as their baseline and used for the 

descriptive statistics (Table 6.1). A social isolation score was generated in at least one wave for 

5,821 individuals (76% of the sample) using the index of 7 indicators, with a higher score 

indicating more isolation. The social isolation indicators regarding contact with family and friends 

and being a member of organisations or clubs all had 13-16% missing. This was most likely due 

to these measures being collected in a self-completion questionnaire that was sent to the 

Cohort members at wave 2 

 N=8,778 

Nurse visit at wave 2 

 N=7,665 

Aged ≥60 

 N=5,343 

Nurse visit at wave 4 

 N=5,625 

Nurse visit at wave 6 

 N=4,767 

Aged ≥60 

 N=4,847 

Aged ≥60 

 N=4,633 

Valid IC score at wave 2  

 N=5,343 

Valid IC score at wave 4  

 N=4,847 

Valid IC score at wave 6  

 N=4,633 

Social isolation score at 

wave 2 

N=3,969 

Social isolation score at 

wave 4 

N=3,764 

Social isolation score at 

wave 6 

N=3,776 
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respondents and had to be posted back to the study, which was affected by a higher non-

response rate. The sample was 55% female, with an average age of 69.03 years (SD 8.27). Over 

one third of the sample had no formal qualifications, while 12.5% had a degree. Almost 18% 

were in the lowest wealth quintile, while 22% were in the highest. The majority were not current 

smokers (87%) and consumed alcohol <5 days per week (68%). Half (50%) of the sample 

partook in moderate physical activity, while 25% reported low physical activity and 18% high; only 

7% reported being sedentary. The number of health conditions reported ranged from 0-7, with a 

mean of 1.03 (SD 1.15); 73% reported zero or one condition, with very few reporting more than 

4. The most common self-rating of health was “good” (33%), while 12% rated their health as 

“excellent” and 7% as “poor”. 

 

Table 6.1 Sample description at each participant’s baseline wave, including IC score, social 

isolation score, social isolation indicators, and covariates (N=7,690). 

Variable/Covariate  N Mean (SD) / % Missing (N & %) 

IC score  7,690 50.94 (9.90) 0 0% 

Social isolation score 5,821 2.54 (1.27) 1,869 24.3% 

Social isolation score indicators     

Living alone 
Living alone 2,173 28.3% 

0 0% 
Not living alone 5,517 71.7% 

Contact with children 
Less than monthly 984 12.8% 

1,084 14.1% 
More than monthly 5,622 73.1% 

Contact with family 
Less than monthly 1,821 23.7% 

1,053 13.7% 
More than monthly 4,816 62.6% 

Contact with friends 
Less than monthly 908 11.8% 

992 12.9% 
More than monthly 5,790 75.3% 

Organisations & clubs 
Not a member 1,690 22.0% 

1,207 15.7% 
A member 4,793 62.3% 

Working 
Not working 6,094 79.3% 

11 0.1% 
Working 1,585 20.6% 

Volunteering 
Not volunteering 5,529 71.9% 

4 0.1% 
Volunteering 2,157 28.1% 

Covariates      

Sex 
Male 3,458 45.0% 

0 0% 
Female 4,232 55.0% 

Age 7,690 
69.03 years 

(8.27) 
0 0% 

Education Degree 960 12.5% 291 3.8% 
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Variable/Covariate  N Mean (SD) / % Missing (N & %) 

A-Level 1,378 17.9% 

O-Level or other 2,193 28.5% 

None 2,868 37.3% 

Wealth quintile 

1 - Lowest 1,344 17.5% 

124 1.6% 

2 1,478 19.2% 

3 1,507 19.6% 

4 1,579 20.5% 

5 - Highest 1,658 21.6% 

Current smoker 

Never smoked 2,774 36.1% 

8 0.1% Ex-smoker 3,911 50.9% 

Current smoker 997 13.0% 

Alcohol consumption 
5+ days a week 1,599 20.8% 

889 11.6% 
<5 days a week 5,202 67.7% 

Physical activity 

Sedentary 498 6.5% 

3 0% 
Low 1,950 25.4% 

Moderate 3,844 50.0% 

High 1,395 18.1% 

Health conditions ⴕ 

Mean (SD) 7,690 1.03 (1.15) 

0 0% 

0 3,100 40.3% 

1 2,540 33.0% 

2 1,223 15.9% 

3 515 6.7% 

4 216 2.8% 

5 59 0.8% 

6 33 0.4% 

7 3 0.0% 

8 1 0.0% 

Self-rated health 

Excellent 892 11.6% 

6 0.1% 

Very good 2,102 27.3% 

Good 2,528 32.9% 

Fair 1,614 21.0% 

Poor 548 7.1% 

ⴕ Count of diagnosed conditions: Alzheimer’s disease, angina, arrhythmia, arthritis, asthma, cancer, 

chronic lung disease, coronary heart failure, dementia, diabetes, heart murmur, high blood pressure, high 

cholesterol, myocardial infarction, osteoporosis, Parkinson’s disease, psychiatric problems, stroke. 

 

6.3 Statistical Analysis 

Cross-sectional associations between social isolation score and IC score were tested with linear 

regression, with IC score as the dependent variable and isolation as the predictor. No missing 

data techniques were used, so the sample was a complete case based on the main variables and 
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covariates in that wave, resulting in a different sample size per wave. Sequential linear 

regression models were run with covariates in blocks. The base model (1) included social 

isolation score, baseline age, and sex. The socioeconomic model (2) added the highest 

educational qualification and wealth quintile to the base model. The health behaviours model (3) 

added smoking status, alcohol consumption and physical activity to the base model. For these 

analyses, the non-smoker and ex-smoker categories were combined in order to make a 

dichotomous smoking variable, as convergence was not achieved with the three categories. The 

health model (4) added the number of health conditions and self-rated health to the base model. 

The fully-adjusted model (5) included the base model and all other covariates. 

A latent growth curve model (LGCM) using a structural equation model (SEM) framework was 

used to model the trajectory of IC score over the 3 waves and test whether social isolation 

significantly predicted the baseline level (intercept) and rate of change (slope) of IC score. Latent 

factors representing the intercept and the slope were extracted from the three observations of IC 

score (at wave 2, wave 4, and wave 6). Factor loadings of the latent intercept component to all 

three observations were fixed to 1, and the linear slope component was defined by fixing the 

parameters to 0 (wave 2, baseline), 4 (wave 4), and 8 (wave 6), corresponding to the number of 

years from baseline. Under the SEM framework, to fix the parameters for the linear slope as 

equal to the observation time, the timing of each measurement or the space between 

measurements is required to be the same for each individual [335]. Although the data collection 

within one wave of ELSA spans multiple months, this requirement was assumed to be met as the 

measurements took place within the same data collection period and the space between each 

measurement was roughly 4 years for each individual. By fixing the slope parameters in this way, 

this model also assumes a linear growth pattern or trajectory of IC over time.  

The LGCM with social isolation and covariates can be expressed as: 

𝑦𝑗𝑡 = 𝑎𝐼𝑗 + 𝑎𝑆𝑗𝑡𝑗𝑡 + 𝛿𝑡𝑧𝑗𝑡 + ∑ 𝛽𝑗𝑘𝑥𝑗𝑘

3

𝑘=1

+ ∑ 𝛾𝑡𝑔𝑥𝑗𝑡𝑔

6

𝑔=1

+ 𝜀𝑗𝑡  (1) 
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where 𝑦𝑗𝑡 represents the IC score for individual 𝑗 at time 𝑡; 𝑎𝐼𝑗 represents the intercept for 

individual 𝑗; 𝑎𝑆𝑗 are individual slopes, 𝑡𝑗𝑡 represents the time score for individual 𝑗 at time 𝑡. 𝑧𝑗𝑡 

represents the social isolation score for individual 𝑗 at time 𝑡 (time-variant), 𝑥𝑗𝑘 are time-invariant 

covariates (age at baseline, sex, highest educational qualification), 𝛽𝑗𝑘 represents the coefficient 

for individual 𝑗 and covariate 𝑘; 𝑥𝑗𝑡𝑔 are time-varying covariates (wealth quintile, smoking status, 

alcohol consumption, physical activity, number of health conditions, self-rated health) and 𝛾𝑡𝑔 

represents the coefficient for covariate 𝑔 at time 𝑡. 𝜀𝑗𝑡 represents the time- and individual-

specific residual. The intercept and slopes are functions of individual random deviations 𝑢𝐼𝑗 and 

𝑢𝑆𝑗. For ease of interpretation, age at baseline was centred to the mean value of 69.03. 

Latent growth curve models estimate between-person differences (inter-individual variability) in 

within-person change (intra-individual variability) [336]. In the model outlined above, the within-

person change is the change in IC over time for one individual; the between-individual change is 

the difference or variability in the intercepts and slopes of IC between different individuals. To 

capture these levels of change, latent growth curve models include both fixed and random 

effects. In the current model, the fixed effects are estimates of the mean intercept and mean 

slope that define the underlying IC trajectory of the whole sample. Random effects are estimates 

of the variance of individual trajectories around the group means, so, in this model, are estimates 

of the variability in the intercepts and slopes of IC between different individuals. Smaller random 

effects mean that the intercepts and slopes of the IC trajectories between different people are 

similar, so the group mean intercept and slope parameters model the trajectories from different 

individuals relatively well. Larger random effects imply that the trajectory parameters (intercept 

and slope) are very different between different people, so some individuals report very high or 

low intercepts, or very shallow or steep slopes, compared to other individuals. In the latent 

growth curve model specified in equation (1), the random intercepts and slopes are represented 

by 𝑎𝐼𝑗  and 𝑎𝑆𝑗 respectively. 
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The time-invariant predictors (age at baseline, sex, highest educational qualification) directly 

predict the latent growth factors, and thus the model tests whether these covariates are 

predictive of higher or lower intercepts and steeper or shallower rates of change [336]. These 

time-invariant predictors capture differences between people (inter-individual variability) [337] 

and cannot capture within-person differences as they do not change over time for an individual. 

The time-varying predictors (social isolation, wealth quintile, smoking status, alcohol 

consumption, physical activity, number of health conditions, self-rated health) predict the 

repeated measures of IC while controlling for the influence of the growth factors (intercept and 

slope). This means that, in this model, IC at one time point is jointly determined by the underlying 

growth factors and the impact of the time-varying predictor at that time point [336]. Time-varying 

predictors may explain within-person change (intra-individual variability) whilst also explaining 

between-person differences [337]; they are included in the model to control for possible sources 

of variance at the individual level. In this model, the slope represents changes in IC after 

adjusting for the effects of social isolation and covariates at each time point.  

Including this comprehensive suite of covariates covering socioeconomic, lifestyle, and health 

factors allows the LGCM to provide a more accurate estimation of the relationship between social 

isolation and IC, independent of these other factors.  

Sequentially adjusted LGCMs were run to test the association when controlled for the covariates 

in blocks identical to those described above for the cross-sectional analyses. Full information 

maximum likelihood (FIML) estimation was utilised to compute parameter estimates using all 

available data for each individual, even if they had missing data on social isolation and/or 

covariates.  

Cross-sectional analyses were carried out in Stata v.17, while the LGCM analysis was carried out 

using Mplus v.8.  
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6.4 Results 

The IC score ranged from 19.2 to 66.5, with a mean of 50, and showed a negative skew at every 

wave (as seen in Figure 5.2). The mean social isolation score remained around 2.6 (Table 6.2) 

and had a slight positive skew (Figure 6.2). Table 6.3 shows the proportion fulfilling the criteria 

for each of the social isolation indicators over each wave. Not working and not volunteering were 

the most common, with over 80% and over 65% of the sample, respectively. Less than monthly 

contact with children and friends was the least common, with only 12-15% of the sample 

reporting this. Proportions for each indicator remained similar over the three waves. 

 

Table 6.2 Means and standard deviations of the IC score and social isolation score at waves 2, 4 

and 6. 

 Intrinsic capacity score  Social isolation score 

Wave N Mean SD  N Mean SD 

2 5,343 50.00 10  3,969 2.64 1.24 

4 4,847 50.00 10  3,764 2.61 1.27 

6 4,633 50.00 10  3,776 2.61 1.27 

 

Table 6.3 The proportion scoring a point on each social isolation indicator at waves 2, 4, and 6. 

Indicator 

Wave 2  

N=3,969 

 Wave 4  

N=3,764 

 Wave 6  

N=3,776 

N %  N %  N % 

Living alone 1,178 29.7%  1,095 29.1%  1,035 27.4% 

Less than monthly contact 

with 

…children 

557 14.5%  558 14.8%  580 15.4% 

…family 1,121 28.2%  1,060 28.2%  1,061 28.1% 

…friends 504 12.7%  446 11.9%  545 14.4% 

Not a member of 

organisations 

952 24.0%  990 26.3%  965 25.6% 

Not working 3,416 86.1%  3,127 83.1%  3,201 84.8% 

Not volunteering 2,745 69.2%  2,541 67.5%  2,468 65.4% 
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Figure 6.2 Histograms of social isolation score at waves 2, 4 and 6, with a normal distribution 

line overlayed.  

 

6.4.2 Cross-sectional associations 

Linear regressions in each wave revealed a significant negative association between social 

isolation score and IC score (Table 6.4), with those with higher isolation scores more likely to 

have poorer IC. This association was significant in all models of covariate blocks and remained in 

the fully-adjusted model with all covariates, although reduced in magnitude. Full results are 

presented in Appendix 6.1. 

 

Table 6.4 Results from the cross-sectional linear regressions between social isolation score and 

IC score at wave 2, 4, and 6.  

  Social isolation score – Coefficient [95% CIs] 
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N 
(1)  

Age & Sex 

(2) Model 1 + 

Socioeconomic 

(3) Model 1 + 

H. behaviours 

(4) Model 1 + 

Health 

(5)  

All 

Wave 2 3,864 
-1.66** 

[-1.88, -1.44] 

-1.06** 

[-1.28, -0.83] 

-1.05**  

[-1.26, -0.84] 

-0.86**  

[-1.05, -0.67] 

-0.45**  

[-0.63, -0.26] 

Wave 4 3,585 
-1.81** 

[-2.03, -1.58] 

-1.18** 

[-1.40, -0.96] 

-1.15** 

[-1.35, -0.94] 

-0.93** 

[-1.12, -0.75] 

-0.49** 

[-0.68, -0.31] 

Wave 6 3,433 
-1.67** 

[-1.90, -1.44] 

-1.02** 

[-1.25, -0.79] 

-1.05** 

[-1.27, -0.84] 

-0.83** 

[-1.03, -0.64] 

-0.43** 

[-0.62, -0.24] 
* p<0.05 ** p<0.001 

H. behaviours = health behaviours. Covariates included in the models: (1) age, sex; (2) age, sex, highest 

educational qualification, wealth; (3) age, sex, smoking status, alcohol consumption, physical activity; (4) 

age, sex, number of health conditions, self-rated health; (5) all covariates. 

 

6.4.3 Longitudinal associations 

The main results from the LGCMs are presented in Table 6.5. The model fit indices suggested 

that models (1) and (2) fit the data the best. The models with covariates on health and health 

behaviours had the worst fit, but the fully adjusted model had a reasonable fit.  

The intercept value of 62.30 (SE 0.41) for the fully-adjusted model (5) in Table 6.5 refers to the 

mean IC score for a man aged 69.03 years at baseline (wave 2) with a social isolation score of 0 

who was in the reference category for each covariate and had no health conditions. When fully-

adjusted, IC score decreased at an average rate of 0.34 (SE 0.07) points every 4 years (the time 

between each nurse wave of the study), so 0.085 points per year. The estimated variance of the 

intercept growth factor was 21.81 (SE 1.36), and the slope growth factor was 0.19 (SE 0.05), 

which indicated that there was heterogeneity for individuals around the overall group mean for 

baseline IC score and the rate of change in IC score over time. The variance of the intercept and 

slope were the lowest in the fully-adjusted model, compared to the least-adjusted model 

indicating that the socioeconomic and health-related factors explained more of the variability in 

baseline levels of IC score and change over time. Full results of the models, including the 

covariates, can be found in Appendix 6.2. 

Social isolation was found the be significantly negatively associated with the intercept of IC score 

in all models at all waves and was also positively associated with the rate of change (slope), 

demonstrating how social isolation played a role in explaining both between- and within-person 
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variation in IC. Individuals with higher social isolation scores had lower IC scores at baseline, 

representing the between-person effect, but had a shallower rate of change over time in their IC 

compared to those with lower social isolation, representing the within-person effect. The decline 

in IC was more pronounced (steeper slope) over time in those with lower social isolation.  

Most of the covariates did not significantly influence the rate of change in IC, with the exception 

of age, but most were associated with the intercept (level) of IC. Baseline age was negatively 

associated with the level of IC and rate of change, with older adults experiencing a lower level of 

IC and a steeper decline. Sex was significantly associated with the level of IC, with women 

experiencing lower IC scores. Having no educational qualifications or O-Level or other were 

significantly associated with a lower level of IC, while having A-level qualifications showed no 

difference in IC score intercept compared to those with a degree; no categories of education 

showed a significant association with the slope of IC. Significant associations with time-varying 

covariates indicated that the covariate was influencing the value of IC at that specific time point 

beyond the changes explained by the growth modelling. Wealth quintile, physical activity, number 

of health conditions, and self-rated health all showed significant associations with IC within every 

wave, with those in lower wealth quintiles, doing less physical activity, with more health 

conditions and poorer self-rated health having a lower IC score in that wave than that predicted 

by the growth modelling (the intercept and slope in the null model). Consuming alcohol more 

than 5 times per week was associated with a lower IC score in all waves, while being a current 

smoker was significantly associated with a lower IC score in waves 2 and 4, but not in wave 6. 
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Table 6.5 Main results from sequential growth curve models of the association between social isolation score and IC score. 

Estimates with associated standard errors and p-values are presented. N=7,690. Full results including covariates can be found in Appendix 6.1. 

 
(1) Age & Sex 

(2) Model 1 + 

Socioeconomic 

(3) Model 1 + Health 

behaviours 
(4) Model 1 + Health (5) Fully-adjusted 

 Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value 

Growth parameters           

Intercept 58.32 (0.31) <0.001 6.21 (0.39) <0.001 59.37 (0.33) <0.001 61.57 (0.33) <0.001 62.30 (0.41) <0.001 

Intercept variance 50.06 (1.78)  43.36 (1.65)  37.43 (1.65)  27.18 (1.47)  21.81 (1.36)  

Slope -0.54 (0.05) <0.001 -0.47 (0.06) <0.001 -0.50 (0.05) <0.001 -0.35 (0.06) <0.001 -0.34 (0.07) <0.001 

Slope variance 0.25 (0.05)  0.24 (0.05)  0.22 (0.05)  0.22 (0.05)  0.19 (0.05)  

Intercept           

Social isolation -1.92 (0.10) <0.001 -1.27 (0.10) <0.001 -1.51 (0.10) <0.001 -1.18 (0.09) <0.001 -0.65 (0.09) <0.001 

Slope           

Social isolation 0.10 (0.02) <0.001 0.09 (0.02) <0.001 0.08 (0.02) <0.001 0.06 (0.02) 0.001 0.05 (0.02) 0.008 

Model fit           

Chi-square 99.21  184.40  1265.78  1263.21  1274.52  

CFI 0.99  0.99  0.90  0.91  0.92  

TLI 0.98  0.97  0.83  0.86  0.88  

RMSEA 0.04  0.02  0.07  0.07  0.04  

SRMR 0.02  0.01  0.04  0.04  0.02  

 

Est = estimate; SE = standard error; CFI = comparative fit index; TLI = Tucker-Lewis index; RMSEA = root mean square error of approximation; SRMR = standardised 

root mean square residual 
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6.5 Discussion 

Results of cross-sectional and longitudinal analyses showed that social isolation was significantly 

negatively associated with baseline levels of IC score in a representative sample of adults aged 

≥60 in England and was positively associated with the rate of change over time. Those 

experiencing less isolation tended to experience a higher (better) level of intrinsic capacity but 

saw a steeper decline in IC over 8 years than those experiencing more social isolation. This 

association remained when adjusted for demographic, socioeconomic, and health-related 

factors, although it did reduce in magnitude. This supports this chapter’s first hypothesis that 

high social isolation will be associated with a worse IC score but does not support the second 

hypothesis that those with less social isolation will experience less decline in IC scores over time.  

The significant association between isolation at baseline and IC score is in line with previous 

research that finds a negative association between isolation and health outcomes for older 

people. Previous research specifically looking at IC has not focused on isolation but has used 

other structural components of social relationships and found that less contact with others and 

less participation in social activities is associated with worse IC [50, 63]. Only one previous study 

tested the association between social relationships and longitudinal IC and found that those with 

social frailty at baseline had steeper declines in IC over 3 years [63]. This finding contrasts with 

the current study, which found the opposite association between social isolation on the slope or 

rate of change in IC over 8 years. This difference in results could be down to the samples used, 

as the previous study was based on a Japanese sample of adults from the specific city of Nagoya, 

while the current study used data from ELSA, which is representative of the English population. 

There may be a differential effect of social connectedness and isolation in these two countries 

and cultures, which would require specific cross-country comparisons to identify. The differences 

could also be methodological as the social frailty measure included different measures, 

especially the indicator of financial support, to the social isolation index used in this study; it was 

also unclear in the Nagoya study what was counted as low or infrequent contact and 

participation. IC was also measured differently in each study, with the Nagoya study using 
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cognitive tests, walking speed, self-reported vision and hearing, the Mini Nutritional Assessment, 

grip strength and the Geriatric Depression Scale as indicators for the domains of IC, each 

transformed into a z-score. These z-scores were averaged over the indicators for each domain 

and then averaged over the domains to create a total IC score. This could also be a reason for 

different results if the IC scores are measuring different things, although similar patterns of 

results are often found across models of IC that use different methods, so it may be unlikely that 

IC methods are the driving force of these differences. 

The other previous study focusing on social relationships and IC found that worse IC was 

associated with less social engagement [50], proposing a different direction of association than 

what was found in this study. Nevertheless, the previous study was cross-sectional, so it could 

not fully explore the direction of the association, as the finding that IC was predictive of social 

engagement in the cross-sectional data can only highlight an association between the two but 

not a direction of causation. Using longitudinal data, as in this study, can help give an idea of 

temporal ordering, i.e., that one event happens prior to another, but observational data can also 

not demonstrate causality. Both social isolation and IC were measured over time in this analysis, 

but because each was measured at the same time point, it is possible that the association seen 

between the two in the results goes in a different direction than proposed. Different statistical 

methods can be used to explore the direction of associations and any bidirectional associations 

using observational data, one of which will be adopted and discussed in the next chapter. 

Interestingly, in this study, those with higher social isolation scores were found to have more 

shallow declines in IC over time than those who were less isolated, which is an opposite result to 

the one hypothesised and seen in previous research. One previous study by Huang et al. (2021) 

[63] explored the association between structural elements of social relationships and the rate of 

change in IC, finding that Japanese older adults who were socially prefrail or frail saw greater 

declines in IC over time than those who were socially robust. The difference in results between 

the current study and this previous study could be due to various reasons. Although focusing on 

structural elements of social relationships, such as participation and frequency of contact, Huang 
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et al. also included a measure of needing financial support in their social frailty index, which was 

not included in the social isolation index in this study and is strictly not a social relationship 

measure. The model of IC was also different, with Huang et al. generating a total IC score by 

taking the average of domain-specific z-scores from the five IC domains (Appendix 1.2, model 

19). These methodological differences could have given rise to different results. Additionally, 

Huang et al. used data from a sample of 663 older adults aged 60-89 years from Nagoya, a city 

in central Japan, who were recruited from a community centre to take part in a longitudinal study 

of diet, nutrition, and oral function. This sample is quite different to ELSA, which is a nationally 

representative survey of older adults across all regions of England who were recruited using 

probability sampling. The effect of a lack of social connection could be different between these 

two samples due to differences between English and Japanese older adults or potentially due to 

specific circumstances for older adults in Nagoya, which aren’t reflective of the wider population. 

Although it may seem surprising that, in this study, those who were more isolated showed a 

shallower decline in IC over time, as higher isolation is associated with a lower level of IC at 

baseline, the shallow slopes may be because isolated individuals started with a lower level of IC 

at baseline. It is unlikely that being less isolated is likely to cause a steeper decline in IC but that 

the change over time is more a reflection of the IC state of those with different levels of isolation. 

Isolated individuals may have “less to lose” and stay at a consistently lower level of IC than non-

isolated individuals who start with a higher level of IC and show a steeper decline over time.   

There are other possible explanations for this association being in the opposite direction than 

expected. The measure of social isolation generated in the current study only captured the 

frequency of interactions with different groups of people but did not give any information about 

the type or quality of those relationships. Negative interactions with others have been found to be 

more detrimental to health than positive interactions are beneficial to health [338] and 

relationship stress is thought to undermine health throughout the life course [339]. Relationship 

strain with a spouse is particularly detrimental to health and this becomes greater as individuals 

get older [340]. Those scoring lower scores on the social isolation index could be experiencing a 
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greater number of, or more intense, negative interactions with others which means they are 

unable to maintain their IC over time.  

As well as negative quality relationships, having and maintaining larger social networks may also 

require effort and result in stress. Activities involving social interactions, such as working 

(potentially past retirement age), participating in community activities, and caregiving, could 

become overwhelming physically and mentally for certain individuals. Caregiving in particular is 

found to involve costs to personal health [339] and be associated with psychological distress for 

women [341]. Caring for a spouse is also associated with negative health outcomes, including 

increased physical and mental illness, weakened immune response, and unhealthy behaviours 

[342]. To achieve the lowest score on the social isolation measure in this study, an individual 

would need to be living with others, interacting with children, family, and friends at least once a 

month each, be a member of at least one organisation, be working, and be volunteering. While 

this results in more social interactions, this amount of activity could also be overwhelming or 

stressful to maintain and ultimately have negative effects on health that outweigh the benefits of 

the social interactions. In modelling the linear relationship between social isolation and IC, the 

current analysis cannot identify any potential non-linear associations, for example, a U-shaped 

relationship where extremes of social isolation scores are associated with decreasing IC and the 

middle scores are associated with the maintenance of IC.  

Those who are least isolated will also be spending more time in the company of other people 

meaning they potentially have increased exposure to contagious illnesses, such as flu, colds, and 

pneumonia. This mechanism has been identified as a possible pathway through which social 

relationships influence health [343] and it is clear that being exposed to and suffering from 

illness would take a toll on the immune system and negatively impact health.  

Strengths of the analysis in this chapter include the strong methodology and longitudinal nature 

of the investigation as well as the use of a nationally representative sample of the older English 

population. Another strength was the inclusion of rich covariates on sociodemographic and 

health-related factors. The association between social isolation and IC remained even with the 
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inclusion of these covariates, demonstrating an association between isolation and IC beyond that 

explained by health conditions, health behaviours, and socioeconomic factors. The previous 

study by Huang et al. [63] also found the association between social frailty and IC also remained 

after adjustment for age, sex, education, BMI, multimorbidity, and physical activity. These results 

from the previous and current work give support to the idea that being socially connected or 

isolated has an association with healthy ageing that is equivalent to or stronger than 

socioeconomic factors, health behaviours, health conditions, and other well-established risk 

factors [153]. 

The main strengths of this analysis are the longitudinal nature of the data, meaning the 

association can be explored over more than one time point. The richness of the ELSA data also 

allowed for a range of important covariates to be included. However, there are limitations to the 

study. As ELSA is an observational study, a causal relationship between isolation and intrinsic 

capacity cannot be claimed; however, the temporality of social isolation in relation to the change 

in IC over time ensures a stronger longitudinal design for this association. ELSA also only 

represents community-dwelling older adults in England and cannot represent older adults outside 

these parameters. There is also a limitation with the way the time-varying covariates, including 

social isolation, were included in the model. The variables are composed of between- and within-

person change and this should ideally be separated to avoid biases in the time-specific effects of 

the variable on the outcome, otherwise the estimates are a compound of both the within- and 

between-person effects [337].  

The finding that social isolation was associated with an individual’s level of IC when controlling 

for other socioeconomic and health-related factors has implications for healthy ageing policy 

strategies. In order to maintain healthy ageing in a population, these results suggest policy 

should consider promoting social connectedness and reducing social isolation, alongside the 

focus on socioeconomic circumstances and healthy behaviours, in order to increase the level of 

IC. Nevertheless, being less isolated doesn’t seem to reduce the decline in IC over time, with non-

isolated individuals at baseline starting with a higher IC score but then declining over the 8-year 



143 

 

follow-up to an IC level closer to those who were very isolated at baseline. Although not able to 

halt the decline in capacity, non-isolated individuals would still enjoy more years of life with 

higher capacity than those who were isolated. Therefore, interventions that aim to improve IC 

could focus on promoting social connectedness to improve an individual’s “starting point” level of 

IC so they can maintain a higher level of IC over time, even with inevitable declines.  

Future research should focus on understanding the direction of the associations between social 

isolation and IC, as the current evidence cannot give clear indications of this. There is also no 

evidence on the association between changing levels of social connectedness or social isolation 

and IC and whether worsening isolation over time or isolation at different points in the life course 

has different impacts on IC. This analysis did include longitudinal measures of social isolation, 

which were taken at the same time as the IC, so any changes in social isolation were controlled 

for in this analysis but not explored explicitly. Future analyses could also explore potential gender 

differences in the association between social isolation and IC, which was beyond the scope of 

this thesis. Previous research has indicated that men tend to be more isolated over the life 

course than women [215] and may experience the effects of isolation differently from women 

[219, 220]. A clear gap in the literature also relates to the processes that link social isolation to 

health outcomes and what social-biological processes are occurring to embed the effect of social 

isolation into the body. Identifying plausible mechanisms for this relationship will also help 

support the case for a causal path from isolation to IC.  

6.6 Conclusion 

In conclusion, the work in this chapter focused on the computation of an index of social isolation 

using 7 indicators of structural relationships. The social isolation index was negatively associated 

with the baseline level of IC and positively associated with the rate of change over time. This 

association remained when adjusted for socioeconomic variables, health behaviours, and other 

measures of health, suggesting that isolation is as important a factor for healthy ageing as other 

key risk factors.  
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Chapter 7: Inflammation as a mediator 

7.1 Introduction 

The previous chapter found that social isolation significantly predicted baseline IC scores, with 

higher levels of isolation predicting lower IC scores, but did not predict the rate of change in IC 

over time. This chapter expands on this relationship to explore the mediatory role of inflammation 

between social isolation and IC.  

7.1.1 Inflammation, social isolation, and intrinsic capacity 

As outlined in the introduction and literature review, inflammation has been identified as a 

potential mechanism for social factors influencing health. Evidence has found links between poor 

social relationships and raised inflammation [186-188], as well as between raised inflammation 

and IC [49, 62, 203, 204]. There has been some evidence of inflammation as a mediator 

between social relationships and healthy ageing outcomes [210, 211], although this hasn’t yet 

been explored in the context of IC. There is also a lack of evidence using longitudinal data to test 

the mediating effect of inflammation. 

The evidence linking inflammation to IC is mixed (Section 1.4.2), with different biomarkers of 

inflammation implicated in different studies. Giudici et al. (2019) found a greater decline in IC in 

those with raised inflammation, measured with CRP and homocysteine, but this association was 

rendered non-significant when adjusted for age, sex, education, BMI, intervention group, and 

time interaction [62]. This indicates that these other factors may be more important for IC than 

inflammation. However, this study was carried out using a sample of older adults taking part in a 

cognitive decline intervention study who reported memory complaints, had limitations with ≥1 

ADLs or had slow walking speed, therefore may not be generalisable to the general population or 

other samples of older adults.  

In other studies, the inflammatory biomarkers C-reactive protein (CRP), tumour necrosis factor 

receptor 1 (TNF-R1), interleukin-6 (IL-6), E-selectin, serum albumin, and folate were found to be 
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associated with IC [49, 203, 204]. However, the same studies found no association with IC for 

the inflammatory biomarkers white blood cells, CRP, fibrinogen, IL-6, insulin-like growth factor-1 

(IGF-1), and vaspin. Even across these three studies, results for CRP and IL-6 were mixed, 

demonstrating how inconclusive the current evidence is for these markers. However, these 

previous studies have some methodological limitations, including small and specialist (non-

representative) samples, so further testing is required in larger population-representative 

samples.  

The mediating role of inflammation between social relationships and health outcomes has been 

tested in a couple of studies but not yet in relation to IC specifically. Boen et al. [210] found that 

higher levels of satisfaction with social support were associated with lower levels of the 

inflammatory markers CRP, IL-6 and TNF-alpha in a sample of cancer patients and that these 

inflammatory markers were positively associated with mortality risk. Formal tests of mediation 

revealed that CRP and IL-6 accounted for much of the association between social support and 

mortality risk, but these tests were limited by low power. Another study found that inflammation 

mediated the relationship between social isolation and all-cause and disease-specific mortality, 

accounting for 12-24% of the associations [211]. This indicated that with all other factors 

remaining equal, inflammation in individuals with social isolation greatly increases the likelihood 

of mortality. As a mediating role of inflammation has been found in the relationship between 

social relationships and mortality, it is possible that a similar mediating effect of inflammation 

would be found between social relationships and IC. Mortality is the final outcome of declines in 

IC, so finding a mediating role for mortality may mean there is a mediating role of inflammation 

earlier on for outcomes that occur ahead of mortality, such as changes in IC.  

7.1.2 Mediation models 

Mediation models identify and test a process or mechanism underlying an observed relationship 

between two variables. At the most basic level, mediation requires three variables, an 

independent variable (X), a dependent variable (Y), and an intermediary variable, the mediator 

(M), which is proposed to convey some or all of the causal effect of X to Y [344]. In their seminal 
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1986 paper describing mediation, Baron and Kenny specified three relationships between X, M, 

and Y that are a requirement of mediation: (1) X must be a significant predictor of Y, (2) X must 

be a significant predictor of M, (3) M must be a significant predictor of Y and the strength of the 

association between X and Y must approach zero with the inclusion of M [209].  

The effects in a simple mediation model are split into direct and indirect. The direct effect is the 

association between the independent variable X and dependent variable Y (path c in Figure 7.1), 

while the indirect impact is the product of the path coefficients between the predictor X and 

mediator M, and mediator M and outcome Y (paths a & b in Figure 7.1). When full mediation 

takes place, the relationship between the predictor and outcome (path c) reduces to zero; with 

partial mediation, the relationship is reduced, but some direct relationship remains. 

 

 

Figure 7.1 Diagram of a simple mediation model 

 

Mediation can be tested in cross-sectional data; however, it is difficult to identify the direction of 

association when all the elements have been measured at the same time point. Using 

longitudinal data is beneficial because it allows for the fundamental requirement of 

understanding the direction of association – a cause must precede an outcome in time [345].   

Structural equation modelling (SEM) approaches can test mediation in longitudinal data by 

examining the structural relationships between repeatedly measured variables [346]. One such 

model is termed a cross-lagged panel model (CLPM), sometimes also referred to as a linear 
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panel model, and autoregressive cross-lagged model [346] – an example is shown in Figure 7.3. 

A CLPM can be used with different numbers of repeated measurements, but at least three 

measurements are required for a full mediation model, and it can be used with observed 

variables or latent constructs [347]. A CLPM is composed of two parts: autoregressive and cross-

lagged. In the autoregressive part, the repeatedly measured predictor, mediator, and outcome at 

a certain time point are regressed on their previous time point (all d, e, and f paths in Figure 7.3). 

The ability to test for mediation comes from the cross-lagged part, where dependent variables are 

regressed on predictors from the previous time points. In a CLPM with 3 time points, for example, 

the indirect effect is the product of the path coefficient between the predictor at time t and 

mediator at time t+1 (path a in Figure 7.3) and the path coefficient between the mediator at time 

t+1 and outcome at time t+2 (path b in Figure 7.3). A direct effect from the predictor at time t 

and the outcome at time t+2 can also be specified (path c in Figure 7.3).  

CLPMs are a popular model for mediation analysis with longitudinal panel data [348] and have 

several advantages over mediation models using cross-sectional data, such as the traditional 

three-variable mediation model in Figure 7.1. The first advantage is that they allow for the 

exposure to precede the mediator in time, which is rarely possible in cross-sectional mediation 

models. Second, they reduce the bias in estimation parameters because they include repeated 

measures of the exposure and outcome [349]. Third, CLPMs allow for the estimation and testing 

of overall indirect effects (i.e., via the mediator) while also testing for paths in the reverse 

direction, thus supporting stronger inference about the direction of the associations [347].  

Latent growth curve models (LGCM) are another SEM model that can test mediation in 

longitudinal data. They model longitudinal data by representing intercepts and slopes as latent 

variables that are allowed to vary across individuals [347]. Proponents of LGCMs argue that they 

are better suited to test longitudinal mediation as they specify how individuals are expected to 

change and identify correlates of intraindividual change [347, 350], which are not captured by 

CLPMs, which focus on interindividual differences over time. Others argue that LGCMs are 

models of mean structure change and are not sensitive to covariation patterns across time 
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between the variables and argue that CLPMs are well suited for research questions focusing on 

the pattern of influence, as opposed to the direction of change [346]. 

7.1.3 Chapter objectives 

This chapter explores Objective 3: To test the direct and indirect associations between social 

isolation and IC through inflammation. 

The specific aim is to test whether social isolation predicts inflammation and whether 

inflammation predicts IC score before testing whether inflammation is a mediator of the 

relationship between social isolation and IC. This will be carried out using longitudinal data with 

an SEM approach.  

Hypotheses 

1) Inflammation predicts IC, with those with raised inflammation experiencing lower IC 

scores at baseline and larger declines in IC scores over time. 

2) Social isolation is associated with inflammation, with those with high social isolation 

more likely to experience raised inflammation. 

3) The association between social isolation and IC will be partially mediated by 

inflammation. 

7.2 Methods 

7.2.1 Sample 

Three waves of ELSA spaced 4 years apart were used in this analysis – wave 2 (baseline, 2004-

5), wave 4 (2008-9) and wave 6 (2012-13) – with a maximum follow-up time of 9 years.  

The sample for cross-sectional analyses was restricted to participants aged ≥60 years who joined 

the study at or prior to wave 2, with no missing data on main variables (social isolation score, 

CRP measurement, and IC score) and covariates within that wave. This resulted in a sample of 

2,728 for wave 2, 2,489 for wave 4, and 1,310 for wave 6. 
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The analytical sample for the mediation analysis was restricted to participants aged ≥60 years 

who joined the study at or prior to wave 2 and had a valid IC score at any wave. Full information 

maximum likelihood was implemented to use all available information from the participants. This 

resulted in a full sample of 7,690 individuals. 

Sensitivity analyses carried out the same analysis on a sample excluding those who died during 

the follow-up period, defined as the period from the first interview of wave 2 (June 2004) to the 

final interview of wave 6 (May 2013).  

 

 

Cohort members at wave 2 

 N=8,778 

Nurse visit at wave 2 

 N=7,665 

Aged ≥60 

 N=5,343 

Nurse visit at wave 4 

 N=5,625 

Nurse visit at wave 6 

 N=4,767 

Aged ≥60 

 N=4,847 

Aged ≥60 

 N=4,633 

Valid IC score at wave 2  

 N=5,343 

Valid IC score at wave 4  

 N=4,847 

Valid IC score at wave 6  

 N=4,633 

Social isolation score at 

wave 2 

N=3,969 

Social isolation score at 

wave 4 

N=3,764 

Social isolation score at 

wave 6 

N=3,776 

CRP value at wave 2 

N=3,673 

CRP value at wave 4 

N=3,292 

CRP value at wave 6 

N=3,251 
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Figure 7.2 Flowchart of the sample selection process, including the number of respondents with 

intrinsic capacity scores, social isolation scores, and a CRP concentration at wave 2, 4, and 6 of 

ELSA.  

The sample was restricted to those with intrinsic capacity scores, not the social isolation scores 

or CRP concentrations (in dashed boxes). 

 

7.2.2 Measures 

The measures of IC, social isolation, and inflammation were each measured at all three waves 

(wave 2, 4, and 6). 

The IC score was generated with a 2-parameter logistic item response theory (IRT) model using 

14 indicators of capacity (Table 7.1), as described in Chapter 4. An individual’s performance on 

each indicator was categorised into “difficulty” or “no difficulty” based on previously defined cut-

offs, where available. The IRT model generated a total IC score per person at each time point, 

which was standardised to a mean of 50 and a standard deviation of 10.  

The social isolation score was constructed as the sum of seven indicators as described in 

Chapter 6, each worth one point: living alone, less than monthly in-person or telephone contact 

with children, family, or friends, not being a member of any organisations, not working, and not 

volunteering. 

Systemic inflammation was measured using high-sensitivity C-reactive protein (CRP; mg/L). This 

was measured from a blood sample drawn during the nurse visit; those with clotting or bleeding 

disorders did not give a blood sample. CRP was measured using the N Latex CRP mono 

immunoassay on the Behring Nephelometer II analyser at the Royal Victoria Infirmary laboratory 

in Newcastle upon Tyne, UK. CRP values above 10mg/L were excluded from the analysis as they 

may indicate the presence of a current infection. CRP was chosen as the inflammatory biomarker 

of interest as it has been shown to be a more stable marker of inflammation than fibrinogen 

[351] – another inflammatory biomarker measured from blood in ELSA. Fibrinogen shows a 
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greater dependence on an individual’s cardiovascular risk profile [352], and it is suggested that it 

represents a different aspect of inflammation to CRP [353]. Another biomarker of inflammation, 

white blood cell count, was only measured at nurse waves from wave 4, so it was not included in 

this study. 

Table 7.1 The indicators used to generate the intrinsic capacity score and their cut-off values. 

Domain Indicator “No difficulty” “Difficulty” 

Cognitive 
Word recall Score in top two tertiles Score in lowest tertile 

Orientation in time All questions correct ≥1 question incorrect 

Locomotion 

Balance test 
Successful completion 

of three stances 
≥1 stance failed 

Chair rise test 
Five rises in ≤16.7 

seconds 

Five or fewer rises in 

≥16.7 seconds 

Walking speed ≥0.8 m/s <0.8 m/s 

Lower mobility (5 items) No problems reported ≥1 problem reported 

Upper mobility (4 items) No problems reported ≥1 problem reported 

Sensory 

Self-rated eyesight 
Rated good, very good, 

or excellent 
Rated fair or poor 

Self-rated hearing 
Rated good, very good, 

or excellent 
Rated fair or poor 

Vitality 

Grip strength 
≥30kg (men) or  

≥20kg (women) 

<30kg (men) or  

<20kg (women) 

Body mass index (BMI) 
≥18.5kg/m2 and 

<30kg/m2 

<18.5kg/m2 or 

≥30kg/m2 

Waist circumference 
<94cm (men) or  

<80cm (women) 

≥94cm (men) or 

≥80cm (women) 

Psychological 

Center for Epidemiological 

Studies Depression scale (CES-D) 
Score <4 Score ≥4 

Satisfaction With Life Scale Score ≥20 Score <20 

 

7.2.3 Covariates 

A selection of covariates was included to account for potential confounding factors that might 

influence the relationship between social isolation and IC and the mediating role of inflammation. 

These included age, sex, highest educational attainment, wealth quintiles, smoking status, 

alcohol consumption, physical activity, number of health conditions, and self-rated health. Age 

and sex were included to account for age- and sex-related confounding of the relationships 

between isolation, inflammation, and IC, as both these characteristics are known to be 

associated with the key variables of interest. Highest educational attainment and wealth quintile 

were included to account for the socioeconomic position of individuals, as there are known 

socioeconomic gradients in the key variables which could introduce confounding. Alcohol 
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consumption, smoking, and physical activity are all health behaviours that have all been found to 

be associated with inflammation and health, with mixed associations with social isolation (see 

Section 3.3). Including these as covariates helps to control for their potential confounding effects 

on the mediation pathway and allows for a more accurate assessment of the specific role of 

inflammation as a mediator. Similarly, number of health conditions and self-rated health were 

included as covariates to isolate the analysis to specific relationships between social isolation, 

inflammation, and IC, and see whether these relationships remained when other measures of 

health were controlled for.  

Employment status and marital status were not included in the cross-sectional or longitudinal 

analyses, as they were captured in the social isolation score.  

All the specified covariates were available in waves 2, 4 and 6; however, different waves were 

used across the analyses in this chapter. The specific waves from which the covariates were 

used will be outlined in the following section for each analysis. 

7.3 Statistical analysis 

7.3.1 Cross-sectional analysis 

First, the cross-sectional associations between social isolation, CRP, and IC were tested 

separately at waves 2, 4 and 6 using linear regression, with (1) CRP as the dependent variable 

and isolation as the predictor and (2) IC as the dependent variable and CRP as the predictor. This 

was adjusted for age and sex, and then a fully-adjusted model included the covariates: age, sex, 

highest educational qualification, wealth quintile, current smoking, alcohol consumption, physical 

activity, number of health conditions, and self-rated health. Each analysis was carried out only 

using variables within that wave, including the covariates.  

7.3.2 Mediation analysis 

As this analysis was focused on the pattern of influence, as opposed to the direction of change, a 

CLPM was used to examine the direct effects of social isolation (Iso), indirect effects mediated by 

inflammation (CRP), and total effects on intrinsic capacity (IC) (Figure 7.3). Paths are plotted in 
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the hypothesised “causal” direction, in this case, from social isolation to intrinsic capacity, via 

inflammation.  

In this analysis, the direct effect is the association between social isolation at wave 2 and IC at 

wave 6 (path c). The indirect impact is the product (path a * path b) of the coefficient of social 

isolation at wave 2 on the mediator CRP at wave 4 (path a) and the coefficient of the mediator 

CRP at wave 4 on IC at wave 6 (path b). The total effect is the sum of the direct effects and the 

indirect effects. Paths in the reverse direction were also added to test reverse associations 

between the variables (all g and h paths). The remaining paths (d, e, and f) all represent the 

autoregressive paths where the variable is regressed on its previous time point.  

CLPMs make several assumptions about the data and relationships being modelled [354]. 

Synchronicity assumes that all the measurements at each time point happened at the exact 

same time. This is important as variables that are measured closer together in time tend to be 

correlated more highly than those measured further apart in time, so different amounts of lag 

between the predictor, mediator, and outcome in the CLPM could bias the associations [355]. All 

three main variables (isolation, CRP, and IC) were measured in the same wave at each time 

point; however, practicalities of data collection means that they were not measured at exactly the 

same time across cohort members as data collection for each wave was spread out over a year 

(the maximum was 14 months at wave 4). There was also a time difference in the indicators 

being measured for each individual. The social isolation variables and some of the IC indicators 

were measured in the main interview and self-completion questionnaire and then blood was 

drawn (CRP) and the other IC indicators were measured in the following nurse visit – the majority 

of nurse visits in waves 2, 4, and 6 were carried out within 2 months of the main interview but 

the maximum amount of time between the main interview and nurse visit for an individual was 

14 months (1.2 years, in wave 4). The minimum time difference for an individual’s 

measurements between subsequent waves was 33 months (2.75 years, between wave 4 and 

wave 6) and the mean time difference ranged between 45 to 48 months (3.75 to 4 years). 

Therefore, the time difference between measurements within the same wave was not equal or 
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greater than the difference between measurements from subsequent waves so the within-wave 

measurements should still be more correlated with each other than those across-wave, meaning 

the results shouldn’t be biased by this difference. 

Another key assumption is that of stationarity, or that the primary causal structure remains the 

same over time. This was tested using a model adjusted for baseline age and sex by fixing 

equivalent paths (e.g., a and a’) to be equal in sequential models and using a 2 difference test 

and the change in the model fit statistics to examine if the model fit was negatively impacted. 

Equivalent paths are displayed using the same letter and colour in Figure 7.3. 

CLPMs also assume that the included variables have no measurement error, which can lead to 

misleading results, particularly in models with only two time points, as the changes due to error in 

the measurement can be mistakenly identified as real change in the variables [354]. The 

variables in the current analysis most likely contain measurement error, but this was not explicitly 

tested. Another assumption of CLPMs is that model effects are fixed across individuals [356] so 

an individual’s values fluctuate around a group mean of each of the involved variables over time, 

so the model does not capture between-person differences in these variables [357]. CLPMs also 

don’t consider that the average level of a variable across time is higher than for some individuals 

that others. This means that if between-person differences are present, they are included in the 

autoregressive and cross-lagged paths, which again can lead to misleading results.  

The current analysis tested the assumption of stationarity but the other assumptions of 

synchronicity, measurement error, and fixed effects were not empirically tested in the model – 

the implications of this on the results will be discussed in Section 7.5.  

Model fit was evaluated using the comparative fit index (CFI), Tucker-Lewis index (TLI), root mean 

square error of approximation (RMSEA) and standardised root mean squared residual (SRMR). 

Criteria of CFI >0.9, TLI>0.9, RMSEA<0.08 and SRMR<0.8 were used to indicate adequate 

model fit [358-360]. 
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For the model estimation, a maximum likelihood (ML) estimator was used. This obtains 

parameter estimates by maximising the likelihood function derived from the multivariate normal 

distribution and calculates standard errors based on the covariance matrix obtained by inverting 

the information matrix [361]. Full information maximum likelihood (FIML) was implemented to 

use all available data for each participant. Bootstrapped confidence intervals were calculated 

using 1,000 iterations. 

The least-adjusted model included age and sex at baseline as covariates. Adjustment for 

covariates was carried out in blocks, adding covariates onto the base model with age and sex. 

The time-invariant covariates were fixed at their baseline value, while the time-varying covariates 

were allowed to vary across the three time-points. The socioeconomic model added the highest 

educational qualification (time-invariant) and wealth quintile (time-varying). The health behaviour 

model added current smoking status, alcohol consumption, and physical activity (all time-

varying). As in the previous chapter, the non-smoker and ex-smoker categories were combined 

for these analyses in order to make a dichotomous smoking variable, as convergence was not 

achieved with the three categories. The health model added the number of health conditions and 

self-rated health (both time-varying). The fully-adjusted model included all the covariates. All 

model variables and covariates at wave 2 (baseline) were allowed to covary with each other. 

Data preparation and cross-sectional analyses were carried out in Stata v16, while the CLPM was 

carried out in Mplus v8.4. 
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Figure 7.3 The specification of the cross-lagged panel model of the relationship between social 

isolation (Iso), C-reactive protein (CRP) and intrinsic capacity (IC) using SEM notation.  

Equivalent paths labelled with the same letter and displayed in the same colour are all fixed to 

be equal. Wave 2 variables have covariances displayed by the curved arrows. Paths of residual 

covariances are omitted from the figure. Paths: a & a’ (red) = isolation association with 

subsequent CRP; b & b’ (pink) = CRP association with subsequent IC; c (dark blue) = direct path 

from isolation to IC; d & d’ (yellow), e & e’ (green), f & f’ (light blue) = autocorrelation paths 

between isolation, CRP, and IC, respectively; g & g’ (turquoise)= CRP association with subsequent 

isolation (reverse path); h & h’ (orange) = IC association with subsequent CRP (reverse path). 
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7.4 Results 

7.4.1 Data description  

The mean social isolation score remained around 2.5 across each wave (Table 7.2). The mean 

CRP level reduced from 2.61 in wave 2 to 2.18 in wave 6, while the IC score reduced from 50.0 

to 49.62. CRP was positively skewed (Figure 7.4), while IC scores were negatively skewed. The 

sample was the same as used in Chapter 6, so the description at baseline was the same as 

reported in Table 6.1. The mean baseline age of the full sample (N=7,690) was 69.03 years 

(SD=8.27), and 55.03% of the sample was female. 

 

 

Figure 7.4 Distribution of C-reactive protein concentrations in each wave plotted against a 

normal curve. 
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Table 7.2 Means and standard deviations (SD) of social isolation score, C-reactive protein (CRP) 

level and intrinsic capacity (IC) score across the 3 waves. 

 
Social isolation score  CRP (mg/L)  IC score 

N Mean (SD)  N Mean (SD)  N Mean (SD) 

Wave 2 3,969 2.64 (1.24)  3,673 2.61 (2.18)  5,343 50.00 (10) 

Wave 4 3,764 2.61 (1.27)  3,292 2.51 (2.15)  4,847 50.00 (10) 

Wave 6 3,776 2.61 (1.27)  3,251 2.18 (1.94)  4,633 50.00 (10) 

 

7.4.2 Cross-sectional associations 

The results of the linear regressions between (1) social isolation and CRP and (2) CRP and IC 

score within each wave are presented in Table 7.3. Social isolation was a significant predictor of 

CRP in waves 2 and 6 when only adjusted for age and sex, but this effect was attenuated in the 

fully-adjusted model, apart from at wave 6. The isolation score was not found to be a predictor of 

CRP at wave 4. CRP was found to be a significant predictor of IC score at every wave in the least- 

and full-adjusted models. Full results for the cross-sectional analyses are shown in Appendix 7.1. 

 

Table 7.3 The cross-sectional associations between (1) isolation score and CRP, and (2) CRP and 

intrinsic capacity score at waves 2, 4, and 6 in models adjusted for age, sex, and all covariates. 

Wave N  
Age & Sex adjusted model  Fully-adjusted* model 

b 95% CIs p-value  b 95% CIs p-value 

(1) Isolation score predicting CRP   

Wave 2 2,733  0.17 0.10 0.24 <0.001  0.05 -0.02 0.12 0.148 

Wave 4 2,494  0.07 -0.00 0.13 0.063  -0.04 -0.11 0.03 0.275 

Wave 6 2,461  0.12 0.06 0.19 <0.001  0.04 -0.02 0.10 0.222 

(2) CRP predicting IC score   

Wave 2 2,733  -0.70 -0.84 -0.56 <0.001  -0.26 -0.38 -0.14 <0.001 

Wave 4 2,494  -0.78 -0.93 -0.64 <0.001  -0.37 -0.48 -0.25 <0.001 

Wave 6 2,461  -0.97 -1.14 -0.80 <0.001  -0.44 -0.58 -0.30 <0.001 

 

*Included covariates: age; sex; highest educational qualification; wealth quintile; current smoking; alcohol 

consumption; physical activity; number of health conditions; self-rated health. 

b = unstandardised coefficient; CIs = confidence intervals; IC = intrinsic capacity 
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7.4.3 Mediation analysis 

Fixing equivalent paths (denoted by the same letter and colour in Figure 7.3) to be equal in 

sequential models was found to not significantly negatively affect model fit; thus, the assumption 

of stationarity was observed (Table 7.4). Fixing the autoregressive paths for the mediator CRP 

(paths e and e’) and outcome IC (paths f and f’) each showed a significant change in the chi-

squared statistic, but the other model fit indicators remained the same, so the model was 

accepted. 

The main results of the mediation analysis for each CLPM model (adjusted for different blocks of 

covariates) are presented in Table 7.5. Estimation results for the paths in each CLPM are 

presented in Appendix 7.2, while full results for the covariates in each model are presented in 

Appendix 7.3. 

 

Table 7.4 Model fit results from sequential models with fixed paths.  

Model 2 (df) 
2 (df) 

change 
p-value CFI TLI RMSEA SRMR 

All paths free 1075.46 (18) - - 0.932 0.797 0.087 0.082 

Fixed autoregressive 

paths d & d’ (Iso) 
1075.50 (19) 0.04 (1) 0.843 0.932 0.808 0.085 0.082 

+ Fixed autoregressive 

paths e and e’ (CRP) 
1082.62 (20) 7.12 (1) 0.008 0.932 0.816 0.083 0.082 

+ Fixed autoregressive 

paths f and f’ (IC) 
1090.43 (21) 7.81 (1) 0.005 0.932 0.824 0.081 0.083 

+ Fixed paths a & a’ (Iso -

> CRP) 
1093.44 (22) 3.02 (1) 0.082 0.931 0.832 0.080 0.083 

+ Fixed paths g & g’ (CRP 

-> Iso) 
1095.80 (23) 2.36 (1) 0.124 0.931 0.839 0.078 0.083 

+ Fixed paths b & b’ (CRP 

-> IC) 
1095.95 (24) 0.15 (1) 0.698 0.931 0.846 0.076 0.083 

+ Fixed paths h & h’ (IC -

> CRP) 
1097.75 (25) 1.80 (1) 0.180 0.931 0.852 0.075 0.083 

The path labels and colours correspond to the paths in Figure 7.3. The “2 (df) change” refers to the 

difference in the chi2 statistic in the current model from the previous model (in the row above). The p-value 

is the probability associated with the test statistic “2 (df) change”. 
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2 = chi squared statistic; df = degrees of freedom; CFI = comparative fit index; RMSEA = root mean 

squared error of approximation; SRMR = standardised root mean squared residual 

 

Least-adjusted model 

For the least-adjusted model that was only adjusted for age and sex, model fit indices showed 

adequate fit to the data (CFI=0.93; TLI=0.85; RMSEA=0.08; SRMR=0.08). Direct effects showed 

social isolation score at wave 2 was significantly associated with the intrinsic capacity score at 

wave 6 (b=-0.436, 95% CIs= -0.647, -0.233). There was no evidence of an indirect effect on 

intrinsic capacity mediated by CRP at wave 4 (b=-0.005, 95% CIs= -0.020, 0.008).  

Estimated path coefficients in the least-adjusted CLPM are shown in Table 7.6. Figure 7.5 shows 

the CLPM with only significant path coefficients plotted, along with residual variances. Results 

showed significant associations for all the autoregressive paths – the direct effect of each 

variable on itself over time. CRP and IC were found to predict each other over time; higher CRP 

predicted later lower IC, and higher IC predicted later lower CRP, although the association from 

CRP to subsequent IC was larger in magnitude than the opposite direction. Social isolation did 

not significantly predict later CRP, but CRP was significantly positively associated with later social 

isolation, with higher CRP values predicting higher social isolation scores. 

The associations between the model variables and the covariates (baseline age and sex) are 

displayed in Appendix 7.3. 
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Table 7.5 Estimation results of the total, direct and indirect effects of social isolation in Wave 2 (2004/5) on intrinsic capacity in Wave 6 (2012/13) in 

each model. Model fit statistics are also reported. 

Model  β b SE 
Lower 

95% CI 

Upper 

95% CI 
p-value 2 (df) CFI TLI RMSEA SRMR 

(1)  

Age & sex 

Total -0.049 -0.436 0.106 -0.647 -0.233 0.000 
1097.75 

(25) 
0.931 0.852 0.075 0.083 Direct -0.049 -0.431 0.106 -0.639 -0.224 0.000 

Indirect -0.001 -0.005 0.007 -0.020 0.008 0.482 

(2)  

Socio-

economic 

Total -0.027 -0.237 0.112 -0.460 -0.028 0.034 
807.18 

(97) 
0.959 0.920 0.031 0.024 Direct -0.027 -0.236 0.111 -0.460 -0.033 0.034 

Indirect 0.000 -0.001 0.006 -0.013 0.010 0.892 

(3)  

Health 

behaviours 

Total -0.035 -0.304 0.104 -0.058 -0.011 0.004 
1467.60 

(115) 
0.928 0.882 0.039 0.034 Direct -0.035 -0.302 0.104 -0.058 -0.011 0.004 

Indirect 0.000 -0.002 0.005 -0.001 0.001 0.758 

(4)  

Health 

Total -0.027 -0.234 0.093 -0.422 -0.052 0.012 
1120.84 

(115) 
0.951 0.920 0.034 0.029 Direct -0.027 -0.232 0.093 -0.420 -0.050 0.012 

Indirect 0.000 -0.002 0.005 -0.013 0.006 0.656 

(5)  

Fully-

adjusted 

Total -0.011 -0.098 0.098 -0.288 0.097 0.317 
1135.65 

(277) 
0.962 0.937 0.020 0.012 Direct -0.011 -0.098 0.098 -0.287 0.098 0.315 

Indirect 0.000 0.000 0.004 -0.007 0.007 0.976 

Bold text indicates statistically significant results (p<0.05). Covariates included in each model: (1) age, sex; (2) highest educational, wealth quintile; (3) 

physical activity, smoking status, alcohol consumption; (4) number of health conditions, self-rated health; (5) all covariates. 

β = standardised regression coefficient; b = regression coefficient; SE = standard error; CI = confidence interval. 
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Table 7.6 Estimation results for the least-adjusted cross-lagged panel model (adjusted for 

baseline age and sex) (n=7,690). 

Path β b SE 
Lower 

95% CI 

Upper 

95% CI 
p-value 

d Iso2 -> Iso4 0.702 0.727 0.009 0.709 0.746 0.000 

d’ Iso4 -> Iso6 0.721 0.727 0.009 0.709 0.746 0.000 

e CRP2 -> CRP4 0.527 0.520 0.016 0.490 0.552 0.000 

e’ CRP4 -> CRP6 0.566 0.520 0.016 0.490 0.552 0.000 

f IC2 -> IC4 0.668 0.707 0.009 0.688 0.723 0.000 

f’ IC4 -> IC6 0.667 0.707 0.009 0.688 0.723 0.000 

a Iso2 -> CRP4 0.008 0.014 0.019 -0.021 0.055 0.478 

a’ Iso4 -> CRP6 0.009 0.014 0.019 -0.021 0.055 0.478 

g CRP2 -> Iso4 0.037 0.022 0.006 0.009 0.034 0.000 

g’ CRP4 -> Iso6 0.036 0.022 0.006 0.009 0.034 0.000 

b’ CRP2 -> IC4 -0.075 -0.365 0.038 -0.444 -0.295 0.000 

b CRP4 -> IC6 -0.070 -0.365 0.038 -0.444 -0.295 0.000 

h IC2 - > CRP4 -0.099 -0.021 0.003 -0.027 -0.016 0.000 

h’ IC4 -> CRP6 -0.114 -0.021 0.003 -0.027 -0.016 0.000 

c Iso2 -> IC6 -0.049 -0.431 0.106 -0.704 -0.224 0.000 

 

Path letters and colours correspond to the paths in Figure 7.3. Bold text indicates statistically 

significant results (p<0.05). 

β = standardised regression coefficient; b = regression coefficient; SE = standard error; CI = 

confidence interval. 

 



163 

 

 

Figure 7.5 The least-adjusted cross-lagged panel model (adjusted for age and sex) with only 

unstandardised significant (p<0.05) path coefficients shown.  

The baseline covariates age and sex have been omitted from the figure. Residual variances are 

displayed in the balloons with their standard error in brackets. Paths are labelled as in Figure 

7.3: b & b’ = CRP association with subsequent IC; c = direct path from isolation to IC; d & d’, e & 

e’, f & f’ = autocorrelation paths between isolation, CRP, and IC, respectively; g & g’ = CRP 

association with subsequent isolation (reverse path); h & h’ = IC association with subsequent 

CRP (reverse path).  
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Partially adjusted models 

The model fit statistics remained adequate or improved in models with socioeconomic, health 

behaviour, and health covariates (Table 7.5).  

No indirect effects between social isolation and IC were significant in the model adjusted for the 

socioeconomic covariates (education and wealth). Significant total and direct effects between 

social isolation and IC were found in the models adjusted for health behaviours (smoking, alcohol 

consumption, physical activity) and health (health conditions and self-rated health), but the 

indirect effect of social isolation on IC via inflammation was not significant.  

Full estimation results for the adjusted models, including path coefficients and associations with 

covariates, can be found in Appendix 7.2 and Appendix 7.3. Autocorrelation paths for all main 

variables remained significant in all adjusted models. The bidirectional paths between social 

isolation and CRP (paths a and g in Figure 7.3) were non-significant in all three partially-adjusted 

models. The bidirectional paths between CRP and IC (paths b and h in Figure 7.3) remained 

significant in all the partially-adjusted models.  

Fully-adjusted model 

The main results of the fully adjusted model are presented in Table 7.5. Model fit indices showed 

adequate fit to the data (CFI=0.96; TLI=0.94; RMSEA=0.02; SRMR=0.01). When fully adjusted, 

there was no evidence of a direct effect of social isolation at wave 2 on intrinsic capacity at wave 

6 (b=-0.098, 95% CIs= -0.288, 0.098) or an indirect effect on intrinsic capacity mediated by CRP 

at wave 4 (b=0.000, 95% CIs=-0.007, 0.007).  

Estimates of the path coefficients were similar to those in the base model (Table 7.7). All 

autocorrelation paths remained significant, with isolation, CRP, and IC significantly positively 

predicting themselves at the next wave, i.e., higher isolation at wave 2 predicted higher isolation 

at wave 4, and so on. However, in the fully adjusted model, social isolation and CRP were not 

found to be significantly associated with each other in either direction (Figure 7.6). Social 

isolation did not significantly predict CRP, and vice versa. However, the significant bidirectional 

relationship between CRP and IC remained, with CRP and IC found to predict each other over 
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time; higher CRP predicted later lower IC, and higher IC predicted later lower CRP, but the latter 

association was smaller in magnitude. 

The associations between the model variables and the covariates are displayed in Appendix 7.3. 

 

Table 7.7 Estimation results for the fully adjusted cross-lagged panel model (n=7,690). 

Path β b SE 
Lower 

95% CI 

Upper 

95% CI 
p-value 

d Iso2 -> Iso4 0.654 0.682 0.010 0.662 0.702 0.000 

d’ Iso4 -> Iso6 0.678 0.682 0.010 0.662 0.702 0.000 

e CRP2 -> CRP4 0.517 0.512 0.016 0.481 0.543 0.000 

e’ CRP4 -> CRP6 0.562 0.512 0.016 0.481 0.543 0.000 

f IC2 -> IC4 0.471 0.490 0.010 0.469 0.509 0.000 

f’ IC4 -> IC6 0.460 0.490 0.010 0.469 0.509 0.000 

a Iso2 -> CRP4 0.000 -0.001 0.020 -0.038 0.040 0.975 

a’ Iso4 -> CRP6 0.000 -0.001 0.020 -0.038 0.040 0.975 

g CRP2 -> Iso4 -0.006 -0.003 0.006 -0.016 0.008 0.568 

g’ CRP4 -> Iso6 -0.006 -0.003 0.006 -0.016 0.008 0.568 

b’ CRP2 -> IC4 -0.037 -0.179 0.034 -0.251 -0.118 0.000 

b CRP4 -> IC6 -0.035 -0.179 0.034 -0.251 -0.118 0.000 

h IC2 - > CRP4 -0.044 -0.010 0.003 -0.016 -0.004 0.005 

h’ IC4 -> CRP6 -0.051 -0.010 0.003 -0.016 -0.004 0.005 

c Iso2 -> IC6 -0.011 -0.098 0.098 -0.287 0.098 0.315 

 

Path letters and colours correspond to the paths in Figure 7.3. Bold text indicates statistically significant 

results (p<0.05). The fully adjusted model is adjusted for age, sex, highest educational qualification, wealth 

quintile, physical activity, smoking status, alcohol consumption, number of health conditions, and self-

rated health. 

β = standardised regression coefficient; b = regression coefficient; SE = standard error; CI = confidence 

interval. 
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Figure 7.6 The fully-adjusted cross-lagged panel model with only unstandardised significant 

(p<0.05) path coefficients shown.  

The baseline covariates have been omitted from the figure. Residual variances are displayed in 

the balloons with their standard error in brackets. Paths are labelled as in Figure 7.3: b & b’ = 

CRP association with subsequent IC; d & d’, e & e’, f & f’ = autocorrelation paths between 

isolation, CRP, and IC, respectively; h & h’ = IC association with subsequent CRP (reverse path). 

 

Sensitivity analyses 

Sensitivity analyses excluding those who died during the follow-up period (N=1,282) showed the 

same pattern of results. There with minor changes to the coefficient values but no change to the 

significance of the associations. Results are displayed in Appendix 7.4.  
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7.5 Discussion 

In this chapter, the mediating role of inflammation in the relationship between social isolation 

and IC score was explored using CLPMs. In the model adjusted for age and sex, and in the fully-

adjusted model, there was no evidence of a direct or indirect effect for the association between 

social isolation score and IC score 8 years later. In both models, social isolation score was not 

found to significantly predict CRP level 4 years later; however, CRP level was significantly 

negatively associated with IC score 4 years later, with those with higher levels of inflammation 

more likely to have lower IC scores. The results were replicated in a sample excluding those who 

died during the follow-up period, so they were not driven by individuals in particularly poor health 

or at risk of death.  

The descriptive statistics showed that the mean social isolation score remained similar across all 

the waves, while the mean IC score decreased slightly, which is as expected with a measure of 

healthy ageing over time. However, the mean concentration of CRP decreased over the 8-year 

follow-up, which is slightly unexpected as inflammation generally increases with age. 

Nevertheless, the slight increases witnessed in these results could be due to unmeasured 

factors, such as greater awareness of raised inflammation and the use of anti-inflammatory 

treatments to keep inflammatory markers at a more acceptable level. It could also be due to a 

healthy survivor effect, with those who had lower CRP more likely to stay healthy and remain in 

the study and give a blood sample. Although FIML was used to account for missing data, there 

are some respondents who were included in the earlier waves which were not included in the 

later waves as they were no longer taking part in the study or were not eligible for/did not 

consent to a nurse visit. Those remaining in the study and achieving valid IC scores are those 

who did not die or leave the study or become too unwell for a nurse visit and, thus, are more 

likely to be healthier and have lower inflammation. 

The cross-sectional analyses did not show strong support for the association between social 

isolation and CRP levels, with no significant associations when fully adjusted. This lack of 

adjusted association is in line with a previous systematic review that found a significant 
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association between social isolation and CRP in least-adjusted (maximum of two confounders) 

models but found that adjusting for important covariates rendered the association non-significant 

[190]. Interestingly, the association with fibrinogen, another biomarker of inflammation, 

remained significant even in most-adjusted analyses. Nevertheless, the authors found that many 

of the differences in findings between studies included in the review were down to 

methodological differences, with the associations between social isolation and inflammation 

mostly found in studies that were methodologically less rigorous and didn’t control for important 

confounders, including sociodemographics, chronic conditions, cardiometabolic abnormalities, 

and lifestyle. This indicates that the link between social isolation and inflammation may be 

explained by these other factors and is not a straightforward relationship. 

There were also differences in the CLPM between the least- and fully-adjusted models. In the 

model adjusted for only age and sex, paths of reverse association between CRP and isolation 

were found, but these were attenuated in the partially and fully adjusted models. With 

explorations into the potential relationship between social isolation and inflammation, the 

direction of causality is often discussed. The Berkman et al. framework [118], discussed in 

Section 1.4, specifies immune system function as one potential physiologic pathway for social 

relationships to influence health, with poor social relationships eliciting a stress response and 

raising inflammatory markers, which over time, results in poorer health. However, it is possible 

that this relationship moves in the opposite direction for some individuals. Those who have poor 

health and raised inflammatory markers due to illness may become more socially isolated as 

they are not able or don’t feel well enough to meet friends or participate in social occasions. A 

path in this direction was captured by the least adjusted CLPM, with higher CRP levels associated 

with higher levels of social isolation 4 years later, while a path in the opposite direction was not 

significant. However, as this path from CRP to isolation was not found in all the models adjusted 

for covariates and the fully-adjusted model, the relationship between social isolation and CRP, in 

both directions, is likely to be accounted for by important confounders, with all socioeconomic, 

health behaviour, and health-related covariates attenuating this association. 
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Similarly, a reverse path was found in the basic, partially, and fully-adjusted models between CRP 

and IC score, with higher IC associated with lower CRP 4 years later. It is possible that as well as 

contributing to poor health, raised inflammation may be a result of poor physical or mental health 

itself or the stress associated with poor health or low capacity. The result that raised levels of 

inflammation were associated with lower IC scores supports previous studies that find 

associations between inflammatory biomarkers and IC scores [49, 62, 203, 204]. These previous 

studies tended to have small samples that were not necessarily representative of the wider 

population of older adults, so the result from this study provides evidence of the association 

between inflammation and IC in a representative sample of older adults, as well as evidence that 

this relationship may also go in the opposite direction which was not discussed in the previous 

studies. 

The direct effect of social isolation at baseline on IC score 8 years later was found to be 

significant in all models except the fully adjusted, with higher social isolation predicting lower IC 

scores. This supports the findings of the previous chapter, where baseline social isolation was 

associated with a lower level of IC and showed how this association could last for many years. 

Nevertheless, once all the socioeconomic and health covariates were mutually adjusted, this 

direct effect became non-significant, indicating that these covariates were important 

confounders of the association between social isolation and IC score after 8 years. It is important 

to note that, although this result is different from that of the previous chapter, where the 

association between isolation and IC was significant even when adjusting for these covariates, 

the methodological approaches used differed as they aimed to answer different questions. The 

analysis of this chapter utilises IC after 8 years, whereas the analysis in the previous chapter 

focused on time-varying IC. It is likely that baseline isolation doesn’t have a significant effect on 

the one value of IC after 8 years but does impact the baseline level and change of IC over time. 

The current study found no evidence for a mediating role of inflammation in the relationship 

between social isolation and IC. This conflicts with previous studies that found that CRP and IL-6 

accounted for a large amount of the association between social support and mortality risk [210] 
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and that CRP, fibrinogen and serum albumin accounted for 12-24% of associations between 

social isolation and mortality [211]. However, these were both cross-sectional studies, so they 

cannot indicate the direction of causality. It is possible that the mediating effect of inflammation 

occurs only in the short term but is not acting in the same manner over a number of years, where 

the impact of other socioeconomic and health factors is much more critical. 

Strengths of this chapter include the use of a CLPM with a total length of time of 8 years, allowing 

for the exploration of all patterns of association between the exposure, mediator, and outcome 

variables, including paths of reverse association. This is particularly important as these had not 

been explored in previous research and are crucial to understanding the potential mechanisms 

of action. Furthermore, the CLPM also means the values of the exposure, mediators and 

outcomes at previous waves were also accounted for. The rich ELSA data also allows for 

important sociodemographic and health-related confounders to be adjusted for, which is 

important particularly as previous evidence for the links between social isolation and 

inflammatory markers has not always included these [190].  

Limitations of this chapter include the use of only one biomarker of inflammation. Future 

research could incorporate other biomarkers, such as fibrinogen and white blood cell count, as 

these may show a different association with social isolation and IC. The sample of individuals 

with a CRP value is also smaller than the main sample based on IC (Table 7.2) because it is 

extracted from a blood sample that fewer respondents consented to or were able to give. 

Although FIML was implemented to use all available data for each participant, this meant that 

there was more missing information for CRP in the result estimation.  

Another limitation of the analysis was the probable violation of some of the assumptions of 

CLPMs. The nature of the ELSA data collection for the variables of interest meant that they were 

not measured at exactly the same time point between or within individuals, therefore violating 

the assumption of synchronicity. Nevertheless, the time difference between measurements at 

one time point (e.g., within wave 4) were not equal or greater than the difference between 

measurements at subsequent time points (e.g., wave 4 to wave 6). Therefore, the cross-lagged 
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effects in the model are most likely not capturing a greater correlation between variables at 

different time points because they just happen to be closer in time than the other variables 

within the same time point. The CLPM used in this analysis also assumes that there is no 

measurement error in the variables, which is unlikely in the current analysis due to the nature of 

measurement in a survey setting as there is the possibility of different interpretations of the 

questions and responses, differences in measurement between interviewers or nurses, and other 

variations. This means that the parameter estimates may be biased by this unmeasured error 

and the results less reliable; however, they are less affected by measurement error in a model 

with three time points than one with only two [354].  

The current analysis also used a classic CLPM which has fixed effects across individuals and 

does not really consider between-person effects. There are some more contemporary methods 

that try to overcome this limitation [357]. Random-intercept cross-lagged panel models build 

upon the classic CLPMs but allow for estimation of the pure within-person autoregressive and 

cross-lagged effects as individuals are allowed to fluctuate around their own mean over time, 

instead of a group mean. Autoregressive latent trajectory models with structured residuals 

contain a latent growth curve and cross-lagged panel part, which also allows this method to 

model between- and within-person effects, as well as include non-linear trends over time. Another 

alternative model proposed is the Dual Change Score Model, which is part of the latent 

difference/change score model family. This method also combines features of growth models 

and CLPMs and capture the overall rate of change across all time points, between-person 

differences in this change, and how change in a variable between measurement occasions 

depends on the variable’s level at the previous time point. As the relationships between social 

isolation, inflammation, and IC have not yet been explored in depth, future research should 

consider these novel methods to model the relationships which should reveal if results from a 

particular method are artefacts of the model used.  
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7.6 Conclusion 

This study found no evidence of a mediating effect of inflammation on the relationship between 

social isolation and IC score. Furthermore, the association between social isolation and CRP was 

attenuated by socioeconomic and health-related covariates. Pathways in both directions were 

found between CRP and IC, with CRP negatively associated with subsequent IC and IC negatively 

associated with subsequent CRP. These remained significant even when models were fully 

adjusted for selected relevant covariates indicating that inflammation is more related and 

important to IC than social isolation. Nevertheless, this evidence does not provide support for the 

role of inflammation as being part of the mechanistic pathway for social isolation to influence 

healthy ageing and highlights the complexity of this relationship.  
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Chapter 8: Discussion 

8.1 Summary of objectives and hypotheses 

This thesis aimed to investigate the association between social isolation and intrinsic capacity 

(IC) in older adults in England and assess whether inflammation is a mediator of this relationship. 

This section will recap the three main objectives and associated hypotheses and whether these 

were validated.  

The first objective was to operationalise IC as a measure of healthy ageing (across multiple time 

points) in an observational study of ageing. The first hypothesis was that the IC score would be 

negatively associated with adverse health and functional outcomes such as functional 

impairment, hospital admissions, and mortality. This hypothesis was supported, with a higher IC 

score at baseline, and thus more healthy ageing found to be associated with a reduced risk of 

ADL and IADL disability over 4 and 8 years and a reduced risk of hospital admissions and 

mortality over 14 years. The second hypothesis for this objective was that the IC score would be 

associated with key sociodemographic factors, such as age, sex, and socioeconomic position, 

and health-related factors, such as subjective health ratings. Additionally, the hypothesis that 

higher IC scores will be associated with younger, more socioeconomically advantaged, and 

“healthier” individuals was also supported. Lower (worse) IC scores were found to be associated 

with older age, women, those in lower wealth quintiles, not in employment, with lower physical 

activity levels, more chronic health conditions and lower self-ratings of health. 

The second objective of this thesis was to examine the association between social isolation and 

IC and whether social isolation predicts IC over time. The first hypothesis was that high social 

isolation would be associated with a lower (worse) IC score, cross-sectionally and over time. This 

hypothesis was supported by cross-sectional and longitudinal analyses. Cross-sectionally, a 

negative association was found between social isolation and IC score, with those with higher 

isolation scores more likely to have poorer IC, which remained when adjusted for socioeconomic 

and health-related covariates. Longitudinal analyses revealed a significant negative association 



174 

 

between social isolation and the intercept, or level, of IC, with those with higher social isolation 

having lower IC scores. The second hypothesis for this objective was that those with low social 

isolation would experience less decline in IC scores over time than those with high isolation. This 

hypothesis was not supported in longitudinal analyses. Social isolation was found to be positively 

associated with the slope, or rate of change, of IC, with those who were less socially isolated 

showing a steeper decline in IC over time than those who were more socially isolated. 

The third and final objective of this thesis was to test the direct and indirect associations 

between social isolation and IC through inflammation. The first hypothesis for this objective was 

that inflammation would predict IC, with those with raised inflammation experiencing lower IC 

scores at baseline and larger declines in IC scores over time. This hypothesis was supported as 

C-reactive protein (CRP) was shown to be significantly associated with IC in cross-sectional and 

longitudinal analyses. The longitudinal analysis revealed a bidirectional relationship between CRP 

and IC, with each significantly negatively predicting the other over 4-year intervals. The second 

hypothesis was that social isolation would be associated with inflammation, with those with high 

social isolation more likely to experience raised inflammation. This hypothesis was not supported 

in cross-sectional or longitudinal analyses. Cross-sectionally, the social isolation score was not 

shown to be associated with CRP when fully adjusted for socioeconomic and health-related 

factors. In the longitudinal analysis, social isolation was not found to be associated with 

subsequent CRP in any models. The final hypothesis was that the association between social 

isolation and IC would be partially mediated by inflammation. This hypothesis was also not 

supported. The mediation model found no direct or indirect effect of the association between 

social isolation at baseline and IC score 8 years later.  

8.2 Intrinsic capacity as a model of healthy ageing 

The novel measure of IC generated in this study supported the theoretical model of IC outlined by 

the WHO [30]. It measured IC in the five domains of capacity [32], captured at least one of the 

measurable components identified for each domain [35], and was shown to measure IC in the 

same way over time. The IRT method meant that an IC score was produced for each individual 
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that was weighted based on the indicators’ contribution to the underlying latent IC factor, which 

allowed for a more nuanced score than a simple sum of the indicators. The longitudinal analysis 

found that the IC score decreased with increasing age and over time, which is a key 

characteristic of measures of healthy ageing. 

Previous models of IC have used many different indicators to measure capacity in the domains 

and different methods to generate a total IC score. Multiple studies have shown that IC scores 

generated with diverse methods are predictive of health outcomes for older people, particularly 

functional ability, and mortality, demonstrating that the IC concept captures relevant and useful 

information about the health state of an older individual even when measured in different ways. 

The current study generated an IC score using IRT methodology, thus the resulting score was a 

factor score and a composite of all the included items. This means that it summarises capacity 

across the indicators and domains of IC but cannot give detailed information about these 

underlying elements – even if domain-specific scores were generated, these would be a summary 

of the domain items and not give item-level information. Therefore, a composite score of this type 

is more useful for monitoring and describing healthy ageing at a population level but is less 

useful on an individual level or for exploring the specific aetiology of healthy ageing. To fully 

understand the aetiological pathways, it would be more informative to breakdown healthy ageing 

into individual components and explore the causes of each of these and how they interact to 

produce overall health in older age. This highlights the difficulty in finding the balance between 

modelling IC and healthy ageing as multidimensional complex concepts and being able to pick 

apart the causal pathways affecting each dimension, which could be quite domain- or indicator-

specific.  

A non-composite/summary score would also be more useful for identifying IC in individuals, 

demonstrated by the ICOPE screening tool that is being applied to clinical settings [41, 51, 53]. 

This focuses on domain-specific capacity with simple tests and then refers individuals with poor 

capacity to in-depth assessment of the specific domain, so the area of decline can be identified 

and hopefully ameliorated. For example, if an individual struggles with the chair rise test 
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(locomotion domain), their mobility is further assessed using the SPPB or other physical 

performance test. If they score poorly on these tests, the individual is assessed for associated 

conditions, such as bone or joint conditions, frailty or sarcopenia, or pain, and their social and 

physical environments are checked with the aim of managing and improving mobility [41]. In this 

personalised care scenario, breaking down IC into its constituent components is crucial to 

identify declines and direct intervention.  

There is also an argument that complex composite scores are not required at all, and healthy 

ageing or IC could be better assessed with one simple indicator, for example, self-rated health. 

Using one indicator to represent healthy ageing would be simple and easy to use and understand 

and would forgo many of the issue with creating composite scores. The chosen indicator would 

need to be shown to be a reliable indicator of health in older age by, for example, predicting 

adverse health outcomes. Self-rated health (SRH) is a candidate for a single indicator of healthy 

ageing, and has been shown to predict subsequent mortality across multiple studies and 

populations [362] and to almost the same degree as objective health measures in the short-term 

(<10 years) [363]. However, using multiple indicators and/or a composite score results in a 

holistic and comprehensive assessment of IC (or healthy ageing) which fits with the theory and 

empirical evidence that the concept is multidimensional. In addition, particularly when compared 

to SRH, IC is a more objective measure of capacity that is less reliant on individual biases, 

perceptions, and interpretations of health that SRH [364]. IC may also capture changes in 

capacity that are smaller than those captured in SRH – one unit change in SRH from “excellent” 

to “good” may be bigger, or certainly more up to interpretation, than a unit decrease in IC score; 

therefore, IC could potentially model changes in health before subjective or one-dimensional 

indicators.  

As composite scores allow for easier analysis and interpretation of a multidimensional concept, 

they are useful to model such concepts at a population level, where the more granular 

information may not be needed. For the current research aim, which was to investigate the 

association between social isolation and IC and assess whether inflammation is a mediator of 
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this relationship, the domain- or indicator-level information was not needed and the composite 

score that summarised IC was more appropriate. Future research may use more complex 

modelling techniques, such as structural equation modelling, to model IC as a whole but also 

identify key domain-specific pathways and associations; however, more investigation of the 

ontology of IC and effects of different types of modelling, e.g., IRT versus factor analysis versus 

other methods, would be useful beforehand.  

As well as thinking about the utility of composite scores versus single indicators, it is also 

important to think about the method used to generate composite scores. This study used IRT to 

generate a complex summary score but simple techniques, such as summing domain-specific 

scores, are alternative methods that have been applied to IC. A simple score of IC made by 

summing indicator or domain “pass/fails” would give an easily understandable scale where a 

one unit increase or decrease directly translates to one “pass/fail” on an indicator or domain. 

There are strengths and limitations to using a sum score, as opposed to an empirically driven 

approach such as factor analysis [365]. Advocates of sum scores highlight their simplicity in 

calculation and interpretation, especially across disciplines and non-academic audiences. Sum 

scores can also make it easier to compare across different populations as they are not 

dependent on data-driven methods but are instead dependent on theoretical justifications for the 

inclusion/exclusion of certain indicators that are thought to be related to the trait in question 

[366]. They also recognise that the occurrence of multiple indicators may be determinative of 

health and that better performance across multiple indicators is associated with better 

outcomes. Nevertheless, sum scores also receive some criticism. Without weighting, they 

assume that each indicator is equally important to total IC, which may not model the relationship 

between the indicators and IC in the most appropriate way. Although often posited as opposite to 

factor scores, which weight each indicator in the calculation of the summary score, others see 

sum scores as a type of very restricted factor score which gives equal weighting to each variable 

[367] and therefore are subject to the same, if not more, criticisms as factor scores. In practice, 

the utility of a sum score versus a complex score depends on the situation. In a clinical setting, a 

sum score probably gives a good enough estimate of the severity of a condition, but when trying 
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to understand the nature of a condition, a complex score can give more precision, while sum 

scores are too imprecise for research applications [367].  

The current study used IRT to generate a complex score representing IC, which has been 

recommended instead of sum scores when carrying out longitudinal data analysis [368]. In a 

simulation study, sum scores were found to lead to systematic bias in variance estimates in 

longitudinal analysis by underestimating the between-person variance and over-estimating the 

within-person variance. IRT was found to be better at estimating the variance in all conditions, 

but particularly when there was a smaller number of items, smaller sample size, and non-

normally distributed data [368]. As the IC score was used for longitudinal analyses in the current 

study, IRT was an appropriate method and potentially resulted in more precise results than a 

sum score. The use of IRT in this study allows for some understanding about the items that would 

not be possible with a sum score. The item difficulty and discrimination parameters identify the 

items that best discriminate between those with similar levels of IC and those that are the 

“easiest” or most “difficult” with which to achieve good capacity. With a sum score, there is none 

of this information, unless compared with a large population where you could potentially infer the 

item difficulty from the proportion of people doing well or having difficulty with the item. In future 

research, it would be interesting to see a more in-depth exploration of the effect of modelling IC 

in different ways with different methods and in-depth assessment of the psychometric properties 

of IC. This would give some justification to the methods used in the field, which is currently 

diverging into two camps: sum scores used for clinical practice versus more detailed factor 

scores used in research. 

The IC score in this study was found to be lower, on average, in women and those who were 

older, in lower wealth quintiles and not in employment, with lower physical activity levels, more 

health conditions, and lower self-ratings of health. The findings that less advantaged individuals 

with poorer wealth and lower education had lower IC scores reflect health inequalities between 

most and least advantaged groups that are seen across all ages in England [369] and support 

the idea from the WHO framework that environmental and societal factors in an individual’s life 
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can affect their IC and functional ability [30]. It seems obvious that those with a higher number of 

chronic health conditions and who rate themselves as having poorer health also have lower IC 

scores, but it is important to show that IC tracks these other measures of health. Additionally, the 

fact that IC was shown to predict functional ability, hospital admissions, and mortality even when 

these other health measures had been accounted for suggests that IC can provide the 

information above that is garnered by simple counts of diagnoses and subjective opinions on 

health. This bolsters the WHO strategy’s focus on measuring health without using a deficit model 

and focusing on disease. In fact, looking at the descriptives of the sample used to create the IC 

score, a majority of 63% had at least one chronic condition diagnosis, and 32% had two or more 

(Table 4.3). In comparison, for 11 of the 14 indicators of IC, over 63% of the sample had “no 

difficulty” with the task or criteria and over half of the indicators had over 70% of the sample 

achieving performance on the indicator above cut-offs indicating risk of adverse outcomes (Table 

4.1). One criticism of original models of successful ageing was that a majority of older people 

were not passing the “successful” criteria [2], which doesn’t seem to be the case with this IC 

measure.  

There were only two indicators of IC in which a majority of the sample performed under the cut-

offs – waist circumference and lower mobility, with 21% and 39% experiencing, respectively, “no 

difficulty”. Waist circumferences in England have been found to be increasing over time in older 

adults [370], and approximately 75% of adults in England aged ≥55 years are overweight or 

obese in 2022 [371], so it is perhaps not surprising that the majority of the sample had a waist 

circumference bigger than the recommended length. This is also interesting as the indicator of 

BMI showed a higher proportion (67%) of the sample achieving BMI values within the “no 

difficulty” range. This is most likely due to the fact that BMI values indicating overweight were 

included in this range because research has shown that being overweight (but not obese) as an 

older adult does not necessarily increase the risk of mortality and morbidity [299]. This 

demonstrates the utility of combining BMI and waist circumference as measures of body 

composition as, although over two thirds of the sample had BMI values that did not reflect an 
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increased risk of adverse outcomes, three quarters of the sample showed abdominal adiposity 

that did increase their risk.  

The majority of the sample also had difficulty with the lower mobility indicator. This indicator 

included six actions involving lower mobility with which respondents were asked if they had 

difficulties – walking 100 yards, sitting for 2 hours, getting up from a chair after a long period of 

sitting, climbing several flights of stairs without resting, climbing one flight of stairs without 

resting, and stooping, kneeling, or crouching. Respondents reporting difficulties with one or more 

of the tasks meant that they were categorised into the “difficulty” category, which was 62.1% of 

the sample eligible for IC in wave 2 (Table 4.1). This high proportion seems to be driven by two 

actions which both had over 40% of the sample reporting difficulties (Appendix 4.1) – climbing 

several flights of stairs without resting and stooping, kneeling, or crouching. These actions have 

been previously identified as the tasks that many older people report difficulty with, particularly 

those with frailty [372]. The high proportion reporting a lower mobility difficulty is also not 

surprising, considering that mobility limitations are common among older adults, with estimates 

that they affect ~35% of 70-year-olds and the majority of people aged ≥80 years in the United 

States [284, 373]. However, in ELSA, the difficulties with these actions are self-reported and not 

assessed objectively by an interviewer or nurse evaluating performance on the task. Thus, it is 

not known for certain whether those reporting difficulties actually do experience difficulties to the 

degree that a clinician or objective assessment would categorise as difficulty. This self- 

judgement would also be influenced by the respondent’s interpretation of the task and their 

beliefs about what a “difficulty” with the task would look like for them. Studies comparing self-

reported difficulties with performance-based assessment find that self-reported difficulties do 

tend to correlate with and predict limitations seen in objective tests [374, 375]. On the other 

hand, in a sample of older adults visiting the emergency department, Roedersheimer et al. found 

moderate rates of overestimation of their ability to perform tasks, which was higher among those 

reporting some need for assistance on a task [376]. This highlights how there may be some 

inaccuracy in self-reported mobility, although it is not certain if this has resulted in over- or 

underestimation of the prevalence of mobility limitations. Nevertheless, the high proportion 
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reporting mobility difficulties in this study is worrying as it is estimated that the mobility of older 

adults has been reduced significantly by the Covid-19 pandemic and associated lockdowns [377] 

with older adults not able to keep fit and mobile. It may be the case that future assessments 

show even greater proportions of older adults reporting mobility limitations. 

The IC was shown to predict subjective and objective health outcomes 8-14 years post-

measurement, even when adjusted for socioeconomic and health-related covariates. This 

supported previous research that found other models of IC predictive of mortality, functional 

ability, nursing home admission and hospital admissions [47, 61, 64] and showed that the IC 

score was capturing the risk profile of individuals for adverse health outcomes and, therefore, a 

useful measurement of health in older age.  

Although shown to predict adverse health outcomes, there is still a question as to the difference 

between IC and other measures such as frailty and disability which also predict further adverse 

health outcomes. Measures of IC often include similar indicators to frailty indexes, such as tests 

of physical functioning, grip strength, and even cognition and mental health measures in more 

comprehensive frailty indexes. Although IC and frailty have been posited as “two sides of the 

same coin” [21] with one representing reserves of capacity and one representing deficits, the 

frequent overlap in indicators does bring into question the utility and distinctiveness of IC from 

established measures of frailty, as well as measures of disability such as ADLs and IADLs. A study 

investigating trajectories of IC impairment and frailty in Chinese older adults found that these 

states overlap and co-exist in older adults [378], but that the prevalence of IC impairment was 

more common. They discovered that IC impairment, particularly new impairment in the 

locomotion and vitality domains, was associated with transitions from non-frail to frail states, 

giving support to the idea that IC impairment is a precursor to frailty. Other studies in Chinese 

older adults have similar findings, with declines in IC found to be present prior to the clinical 

manifestation of frailty [379] and transitions of IC, but not physical frailty, associated with a 

higher risk of incident disability (needing assistance with any ADLs or IADLs) [380].  
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These results start to demonstrate the difference between IC and frailty or disability, but the 

evidence base explicitly exploring this is currently small. Nevertheless, findings so far give 

credence to IC being an indicator of states of capacity prior to the manifestation of frailty and 

frailty being the outcome of significant losses in IC. One study mentioned previously found a 

progressive decrease in composite IC score across those judged robust, pre-frail, and frail by the 

Fried phenotypic criteria and found decline in all 5 domains of IC more likely in pre-frail and frail 

individuals [379]. This indicates that IC decline can give information about capacity prior to being 

judged frail; however, it is less clear what the utility of IC is beyond the categorisation of pre-frail. 

Both declines in IC and being deemed pre-frail precede frailty so more information about how IC 

could indicate capacity even prior to pre-frailty would be beneficial. Proponents of IC as a 

preceding indicator of frailty stipulate that because frailty is a state of reduced resilience to 

stressful events and deficits across physiological and/or psychosocial domains means, it is a less 

reversible state and has a point of no-return where it turns into a pre-death phase; thus, IC is a 

monitoring tool of the state prior to frailty where intervention and reversibility may be possible 

[378]. 

In practice, the difference between IC and frailty is all dependent on the operationalised 

definition of each and the language used within each framework. Since the introduction of frailty 

index by Rockwood and colleagues developed in the 1990s [16], frailty indexes have become 

more comprehensive measures than historical definitions like the Fried phenotype [15] which 

focused on deficits in physical functioning, and as such have much more overlap with the 

multidimensional concept of healthy ageing and IC. If IC is to be a useful measure in the period 

preceding frailty, the operationalised definitions of each measure need to reflect this, with any 

cut-offs or indicators used in IC set to capture a level of capacity that reflects a higher level of 

functioning so it can distinguish between excellent, good, fair performance, for example. 

Indicators and cut-offs for frailty would then be set to capture deficits and distinguish between 

levels of capacity at the other end of the capacity-deficit spectrum. This means IC will be able to 

pick up more subtle changes in capacity before obvious deficit occurs and implement 

intervention at a stage where reversal may be possible, and frailty can identify and distinguish 
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the most vulnerable who need more intense monitoring and support. Additionally, the healthy 

ageing framework and IC were, in part, developed in an effort to move away from the stigmatising 

language around and focus on deficits in the study of health in older age which is present in 

frailty frameworks. It may be that future research begins to combine IC and frailty so they are not 

distinct frameworks being compared and pitted against each other, but useful tools along the 

same continuum, providing information about health and functioning that can be used to prevent 

and manage declines in health while avoiding stigmatising language and stereotypes that act as 

a barrier to some people engaging with the concepts.  

8.2.1 Strengths and limitations 

The main strengths of the IC model generation were the use of a nationally representative 

sample with links to objective health outcomes over an extended follow-up. The ELSA data 

allowed for the inclusion of rich information on covariates as well as the longitudinal modelling of 

IC with identical indicators over time. The IRT methodology and implementation of FIML meant a 

complex IC score was generated for all those who were eligible.  

Handling missing data in the generation of IC score was important as missing data can lead to 

bias in parameter estimates of a model, reduce the precision and power of a model, as well as 

reduce the representation of the sample and thus the generalisability of the findings. With higher 

proportions of missing data (≥50%), the estimation of item- and person-parameters in IRT models 

is severely affected [381]. To mitigate the impact of missing data on the model estimation, a 

FIML approach was used which included all the available data in the estimation of the 

parameters. An assumption of FIML is that data are missing at random (MAR) [382], which 

means that the pattern of missing on a variable is dependent on other observed variables and so 

there is no remaining relationship between the missing and non-missing data after controlling for 

these observed variables. The MAR assumption is less restrictive than the missing completely at 

random (MCAR) assumption, where the pattern of missing data is not dependent on any 

observed or unobserved values, but is more restrictive than the missing not at random (MNAR) 

assumption, where the probability of missingness depends on the missing values [383]. There is 
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no way to properly distinguish between MAR and MNAR as we do not have the missing values to 

determine whether the missingness depends on them, so we must make assumptions about the 

data available. Looking at the distribution of missing data amongst the IC indicator variables in 

Table 4.1, there is generally a small amount of missing data for most items (0 – 10%), with the 

highest amount of missing data for the chair rise test (20%). It is possible that the missing data 

on this variable is dependent on the value of the chair rise test, as some people did not have a 

nurse visit, and therefore were not asked to do the chair rise test, potentially because they were 

not well enough to complete the nurse visit and would not have passed the chair rise test. This 

could also apply to the other indicators that were assessed in the nurse visit at wave 2 – the 

balance tests and grip strength. It is not possible to say for certain whether the data were MNAR 

or MAR in this case, but it is possible that the MAR assumption was violated, making the 

estimates from the FIML estimation open to bias. Other methods for handling missing data, such 

as multiple imputation, use auxiliary variables in the imputation process to help reinforce the 

MAR assumption. Auxiliary variables are not of substantive interest to the main analysis but are 

associated with the values of missing data in an incomplete variable [383] and so help reduce 

bias in the estimation of the missing values; however, FIML does not allow for the inclusion of 

these variables [384].  

There are also other methods of handling missing data that could have been applied in this case. 

Listwise and pairwise deletion are traditional methods of handling missing data where an 

individual’s data is discarded if they have missing values (also known as complete-case and 

available-case analysis) but both require data to be MCAR [383] which unlikely with surveys such 

as ELSA, and as such are not recommended. Listwise and pairwise deletion were used in the 

descriptive and predictive validity analysis of IC where individuals with missing data on 

sociodemographic and health-related covariates and each health outcome (ADLs/IADLs, hospital 

admission, and mortality) were excluded from the analyses (see Figure 4.1). This means that the 

parameter estimates from these analyses may have been distorted as the data was most likely 

not MCAR – a limitation of these analyses.  
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Some other limitations of the IC model and analyses in this chapter were that the IC score was 

generated based on cut-offs for each indicator which are sensitive to the values chosen; some 

were also based on the data and not defined in previous research so they are sensitive to the 

population used when measuring the indicator. The ELSA sample is representative of the general 

English population over 50 years but is based only on community-dwelling older adults, so results 

are not as relevant or generalisable to clinical settings or institutionalised samples, where IC 

measurement may be particularly important. The IRT model also does not allow for the 

exploration of the specific domains of IC and which are the most important to the latent factor of 

IC. Nevertheless, this may not be so important when measuring IC in observational studies at the 

population level compared to measuring IC in individuals to identify those at most risk of declines 

and inform personal care and intervention plans. IC measurement in these settings will 

potentially be carried out by healthcare professionals with limited time and budget, so identifying 

key domains of IC to focus on may save time and money when assessing many individuals. 

However, the goal of IC should always be a multi-domain assessment as every domain of IC is 

important to the functional ability and ultimate wellbeing of older adults [32].  

The IC model also technically includes indicators that could be deemed functional ability, as 

opposed to IC. The walking speed test allows the use of walking aids, such as sticks or frames, 

which is an element of the environment that works in combination with the individual’s intrinsic 

capacity to enable them to complete the task. Both self-rated vision and hearing include the use 

of aids like glasses, contact lenses, and hearing aids if these are usually worn by the respondent, 

which is also an environmental adjustment to an individual’s IC. This demonstrates the difficulty 

with measuring IC in secondary-data observational studies, which collect a lot of information for 

general research needs, as well as the difficulty in extracting IC from the environment in which an 

individual lives. Although challenging, future studies may expand upon IC to create measures of 

healthy ageing that include intrinsic capacity and functional ability, such as the model created by 

the ATHLOS consortium [67, 73, 385, 386] (model 12 in Appendix 1.2). 



186 

 

In relation to IC and the wider WHO healthy ageing model, to date, no studies have specifically 

included environmental factors from the micro- to macro-level, such as the built environment, 

relationships with other people, health and social policies, and attitudes and values, the extrinsic 

factors identified in the WHO framework that interact with IC to produce functional ability [30]. A 

body of research is emerging exploring the impact of environmental factors on healthy ageing 

(albeit not IC or the WHO healthy ageing model), for example, how the built environment can form 

barriers or opportunities to health for older people. Access to local recreational facilities and 

parks, reduced vehicular traffic, accessible pavements, street lighting, and walkable 

neighbourhoods are all shown to promote walking and physical activity among older adults [387]. 

Particular elements of the built environment are especially important for the mobility of those 

with decreased functional ability, such as barrier-free level surfaces, benches, and accessible 

toilets. As well as physical activity and mobility, environments can be beneficial to cognitive 

health, with more community and recreational resources, closer proximity to public transport, and 

public spaces being in good condition, all associated with better cognitive function [388, 389]. 

The impact of attitudes and values towards ageing has also been researched. A longitudinal 

study of American older adults found that those who held negative stereotypes about ageing 

made a poorer recovery from disability [390] and lived 7.5 years less than those with positive 

attitudes [391]. This is concerning given the high prevalence of ageist attitudes around the world 

- in a survey of over 80,000 individuals from 57 countries, 60% of countries were classified as 

having moderately or highly ageist attitudes [392]. It is clear that environmental factors influence 

healthy ageing, but more research is needed to explore how environmental factors can be 

measured and integrated into a model of healthy ageing alongside IC and functional ability as 

posited by the WHO framework. 

The IC model also does not address the issue of age-specificity and that some indicators will be 

more sensitive for particular age ranges and not that useful for others. For example, the high 

proportion of the sample having “no difficulty” with the orientation indicator is probably due to 

this measure’s lack of sensitivity for younger individuals or those with normal cognitive 

functioning. Therefore, the measure is better suited to identifying those with cognitive 
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impairment [393] or at risk of dementia [394]. In some ways, this is not a problem, as a measure 

being particularly sensitive at one end of the range means that changes in that indicator are a 

clear indication of a health change. On the other hand, such an indicator may not pick up on 

potential subtle changes in health that precede a significant health decline or morbidity. There is 

currently no strategy in the WHO framework for how to address age-specificity in IC. It could be 

that the assessments and/or the cut-offs for IC indicators change according to the age of the 

respondent, but there is not yet research on how this could be applied to research or clinical 

applications of IC and how longitudinal monitoring of IC could take age-related sensitivity into 

account. 

Another important reflection on the IC model is that, although the overall predictive validity was 

assessed, the validity of the indicators and associated cut-offs is not confirmed. Although the cut-

offs chosen for each indicator were based on previous research that indicated an increased risk 

of negative health outcomes, it is not known whether being classified as experiencing “difficulty” 

with the indicator reflects morbidity or a meaningful change in capacity for the individual. Without 

having a healthcare professional confirm the presence of conditions such as cognitive 

impairment, depression, or physical disability, some may question the validity and meaning of the 

IC measure. It is controversial whether a diagnosis or indication of morbidity can be decided 

based on measures like orientation in time or the CES-D. For example, the Mini-Mental State 

Exam (MMSE), which includes an assessment of memory (word recall) and orientation among 

other cognitive functions, has limited diagnostic accuracy for mild cognitive impairment (MCI) and 

dementia or Alzheimer’s disease [395] and particularly for distinguishing between these states 

[396, 397]. As such, it is not recommended that a diagnosis of MCI or dementia be confirmed 

based on the MMSE alone [398], and there are other non-neurological reasons for a low score, 

such as low education, language difficulties, or other health conditions resulting in similar 

symptoms, that need to be accounted for. Similarly, the CES-D scale is not recommended for the 

diagnosis of depression but is more suited for the screening of depressive symptoms in a 

population [351]. Nevertheless, IC is not aiming to identify morbidity and instead focuses on 

measuring overall capacity in older populations or application in clinical settings as a primary 
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screening tool ahead of further investigations. Therefore, it may not need to include indicators 

that are valid for confirming morbidity but those that give an indication of the individual’s risk 

profile. 

8.3 Social isolation and intrinsic capacity 

The index of social isolation used in this study follows the definition of social isolation as an 

absence of relationships related to small network size, little diversity and low frequency of 

contact, representing the structural aspect of missing relationships [128]. It makes use of seven 

indicators that capture the objective quantity of relationships and frequency of contact with 

others and does not measure the quality of our feelings about relationships which would 

constitute the functional elements of social relationships and be more appropriate for a measure 

of loneliness. Although the index tried to capture a comprehensive picture of the social 

interactions that an individual may experience, covering the interactions with members of the 

household, family, friends, colleagues, and other volunteers or members of organisations or 

clubs, there may be some relationships that the index misses. It does not capture interactions 

with carers or other professionals that may interact with the respondent, perhaps in some cases 

regularly, or neighbours and other people in the respondent’s community who they may not 

classify as friends but interact with regularly. Nevertheless, the index captures the majority of 

relationships and activities that the sample would likely be involved in and improves on some 

previous scales with the inclusion of interactions through employment and volunteering.  

In longitudinal analyses, the social isolation scores were found to be negatively associated with 

the level of IC at baseline and positively associated with the rate of change over time. This 

supports and contrasts with previous studies, which found that less social connectedness was 

associated with lower levels of IC [50] and a steeper decline in IC over time [63]. Differences in 

the results of the current study to previous findings could be due to differences in the samples 

and cultures between the studies, as well as methodological differences in the measurement of 

social relationships and/or IC. However, there are other possible explanations for this result. The 

finding that isolation had a significant positive association with the rate of change in IC suggests 
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that older adults in England who are not isolated start with a higher baseline level of IC but then 

have “more to lose” over time and see a greater decline in IC than individuals who are very 

isolated. Older adults who are very isolated start with a lower level of IC and seem to maintain 

this over time, seeing a less dramatic decline. This is somewhat positive, showing that people 

who are isolated and have lower IC are not experiencing a compounding effect of isolation on 

how rapidly their IC declines, but also that not being isolated and having frequent interactions 

with others is not protective against declines in IC over time. Nevertheless, the result could 

demonstrate a negative effect of a larger amount or higher frequency of social interactions of 

different types on the maintenance of IC. As the measure of social isolation generated in this 

study did not capture information about the quality of the social interactions, it could be that 

those with low social isolation scores were experiencing more negative interactions, which have 

been shown to be more detrimental to health than positive interactions are helpful [338]. The 

social isolation score also didn’t capture information about the effort required to maintain larger 

social networks or a more diverse range of social activities. Those with the lowest social isolation 

score in this study would need to be living with others, interacting with children, family, and 

friends at least once a month each, be a member of at least one organisation, be working, and 

be volunteering. This amount of activity may be overwhelming and stressful to maintain, 

especially if some of these activities involve negative interactions or more effortful activities, 

such as caregiving, and could result in negative impacts that hider the maintenance of health 

over time.  

There is still the possibility of the reverse association between IC and social isolation. Although a 

significant association was found between isolation and the rate of change in IC, it is possible 

that the direction of influence also works in the opposite direction. The mean social isolation 

score did not change much over time (Table 6.2), but this could be masking different trajectories 

of social isolation. Looking at the relationship between IC and social isolation may reveal that a 

certain level of IC influences the likelihood of experiencing certain trajectories of social isolation. 

For example, most people may experience a stable level of social isolation over time, but there 

may be particular groups of people for which a poor IC score results in an increase in social 
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isolation over time as their capacity reduces their ability or desire for social interaction. This 

would be supported by previous research that finds bidirectional relationships between IC and 

social engagement [50], as well as physical functioning and social isolation [399]. 

This result has implications for our understanding of the relationship between social isolation 

and health in older age. The evidence in this and previous studies clearly indicates that the two 

are linked in a negative fashion, where more isolation is associated with poorer health, and (from 

previous research) in the opposite direction, where better health is associated with less isolation. 

However, the impact of social isolation on change in IC is unclear. If reducing the amount of 

isolation experienced by older adults does not improve their IC and health and slows the rate of 

decline over time, social policies and interventions with this strategy would not be the most 

effective way of improving health for older adults. However, reducing social isolation could give 

older adults a higher “starting point” of IC and allow more years with a higher capacity even if 

there are inevitable declines. It may also be the case that reducing social isolation is more 

effective for certain domains of capacity, e.g., psychological wellbeing, than others, as IC is an 

overall measure of health and is not broken down into domains in this research. A battery of 

interventions focusing on different domains could be most effective instead of “reducing social 

isolation” being the panacea against general ill health in older age. 

8.3.1 Strengths and limitations 

The main strengths of the analysis were the multiple measurements of social isolation and IC 

with identical indicators than enabled direct comparison and longitudinal modelling. The ELSA 

data also allowed for the inclusion of rich time-invariant and time-varying covariates, which 

allowed the analysis to show that social isolation was associated with IC even when 

socioeconomic and health-related factors were considered. In the fully-adjusted model, most of 

the socioeconomic and health-related factors showed an association with IC, even when mutually 

adjusted for each other and social isolation. As seen in the IC analysis in the previous chapter, 

poorer wealth, less physical activity, more health conditions, and lower self-rated health were 

associated with worse IC scores, while smoking and alcohol consumption showed slightly more 
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complex patterns of association. Having longitudinal measurements of these covariates allowed 

the analysis to show that these socioeconomic and health factors had an association with IC 

score for individuals beyond that which was predicted by simple modelling of the IC intercept and 

slope, which has not yet been explored in previous studies of IC. 

One of the main limitations of the social isolation analysis was that no causal relationship can be 

ascertained between social isolation and IC using observational data. Although longitudinal data 

can allow for the temporal ordering of predictors and outcomes to be seen, this analysis 

measured social isolation and IC within the same wave and modelled associations between the 

two over time, not whether one occurred prior to the other or if one caused the other. Therefore, 

it is not possible to say that social isolation is a cause of IC. Future analyses could explore the 

longitudinal relationships in more detail and maybe use lagged effects to see the association of 

social isolation measured at a prior time point with IC. The analysis also only included social 

isolation as a time-varying predictor and did not assume that social isolation also goes through 

growth processes (i.e., it did not model an intercept and slope for isolation); future analysis could 

use multivariate growth modelling to model social isolation as well as IC to explore the growth 

processes of both variables and how they affect each other.  

With the introduction of longitudinal analysis and multiple waves of data, the problem of attrition, 

or people dropping out of the study, becomes more apparent. Non-random attrition of the sample 

can reduce the representativeness of a study. As the initial sample is often chosen carefully to 

reflect the characteristics of the population (e.g., older adults in England), losing respondents can 

impact this careful selection and mean that some groups become over- or under-represented. In 

longitudinal studies, responding groups tend to be those in more advantaged socioeconomic 

circumstances and better health compared to non-respondents [400, 401], so attrition often 

results in the study sample reflecting a more advantaged and healthy population than it is 

supposed to. Missing data in this analysis was managed using full-information maximum 

likelihood (FIML) in the estimation of the latent growth curve models. This method does not fill in 

missing values with an imputed value but generates estimates for model parameters and 
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standard errors using all the available information. Another missing data method, multiple 

imputation, is considered more efficient (more powerful, thus obtaining smaller standard errors 

for parameter estimates) than FIML, but the two have been found comparable in terms of 

recovering correct parameter values [402], and both perform similarly with a continuous 

outcome [384] and in structural equation models [403]. Nevertheless, FIML does work under the 

assumption that the data are missing at random (MAR) and, as discussed in Section 8.2.1, it is 

possible that the data do not meet this assumption and may be missing not at random (MNAR). 

The proportion of missing data on the social isolation score was ~24% (Table 6.1) with the 

individual social isolation indicators proportion of missing ranging from 0 to 16% and most on the 

items measured using a self-completion questionnaire. It is possible that having missing data on 

these self-completion (and other) items is associated with other observed variables in the 

dataset; however, FIML does not allow the inclusion of auxiliary variables to aid in the estimation 

[384] so these other observed variables would not have been considered in the model 

estimation. This means that the parameter estimates generated using FIML may be biased by the 

data being MNAR. As mentioned above, multiple imputation does produce comparable 

parameter values to FIML, but does allow for the inclusion of auxiliary variables which could help 

reinforce the MAR assumption and reduce the bias in the estimates, although is more 

computationally intensive, complex, and time-consuming than FIML. Other approaches such as 

listwise and pairwise deletion are often used but would not be preferable to FIML or multiple 

imputation as produce distorted results when the data is not missing completely at random, 

which is most likely is not in the current data.  

Another limitation of this analysis, which was also discussed in the previous section, is that ELSA 

is only representative of community-dwelling adults in England, meaning results from these 

analyses may not be generalisable to other populations, for example, institutionalised older 

adults. This is important as these populations may be more vulnerable to being socially isolated 

and the impacts of social isolation on health, as well as experiencing lower IC, and therefore 

these groups may benefit most from interventions. Future research could explore the 
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relationships between social isolation and IC in these groups and whether it differs from 

community-dwelling populations. 

8.4 The mediating role of inflammation 

Results from this study did not find evidence of a mediating role of inflammation in the 

association between social isolation and IC. Cross-sectional analyses did not find a significant 

association between isolation and CRP, a biomarker of inflammation, when the analysis was 

adjusted for socioeconomic and health factors and the mediation model also found no significant 

association between social isolation and CRP over 4-year intervals. A previous meta-analysis of 

associations between social isolation and CRP found that the association was significant in least-

adjusted analyses but rendered non-significant when most-adjusted [190]. The meta-analysis did 

identify significant associations between social isolation and fibrinogen and loneliness and IL-6, 

which both remained in most-adjusted analyses. The mixed evidence for an association between 

social isolation and markers of inflammation may be down to methodological differences 

between studies, but it also could be due to the complex relationship between social stressors, 

like social isolation, and the immune response. It is hypothesised that social isolation activates a 

stress response in humans that is taxing on physiological systems [171]. Inflammation is a result 

of the immune system's reaction to infection and trauma, and potentially stress, with the latter 

hypothesised to cause long-term raised systemic inflammation, which is harmful to the body. 

Studies have identified associations between social stressors and raised inflammation, but the 

whole process, from the initial immune or stress response to activation of the inflammation 

system to the release of inflammatory biomarkers, which are then measured for the research 

study has not been measured. It is possible that even if social stressors are eliciting a 

physiological response that is deleterious to health that inflammation is not the main marker of 

this effect. 

In a different result to that found in the previous chapter using latent growth curve modelling, the 

cross-lagged panel model found no direct or indirect effect for the association between social 

isolation and IC over the 8-year follow-up. As no association was found between social isolation 
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and CRP in this model, it is not surprising that inflammation was not found to be a mediator and 

on the causal path between social isolation and IC. However, the lack of a direct effect is 

opposite to the result of the previous analysis, where social isolation was found to be significantly 

negatively associated with the level of IC. Nevertheless, the direct effect on the CLPM was testing 

the association between social isolation at wave 2 on IC on wave 6, which is an interval of 8 

years. It may be that the effect of social isolation on IC does not extend for that amount of time, 

with other factors being much more important for IC over that time period than social isolation. 

Furthermore, the methodology used was different as the aim was to answer a different question: 

the LGCM in the previous analysis looked at the association between social isolation and IC at 

each time point and not the lagged effect. Future analyses could find a middle ground between 

the LGCM and CLPM and explore the association of social isolation on IC with a shorter time lag. 

The CLPM did reveal a significant bidirectional between CRP and IC, with each predicting the 

other over 4-year intervals. This bidirectional relationship supported the theory of Borras et al. 

[202], who posited that those with higher IC might be able to overcome chronic, low-grade 

inflammation (“inflammageing”) and suggested that this could be an explanation for why 

centenarians often avoid or postpone the onset of age-related diseases or declines. This 

relationship is not surprising, seeing as one of the known risk factors for and potential causes of 

chronic inflammation is central obesity [179, 404] and that greater mobility may allow for more 

physical activity, which could have anti-inflammatory properties (although the evidence is mixed) 

[405]. Both central obesity and mobility are captured in the IC score, so IC predicting 

inflammation may reflect the influences of these elements of IC on inflammatory processes. This 

highlights the difficulty of untangling the biomarkers of ageing from the potential causes of 

biological ageing, as they are often inextricably linked. The finding that CRP predicted IC levels 4-

years later is novel as no study has explicitly tested the lagged association of CRP on IC. Previous 

studies have found associations between inflammation and IC in cross-sectional analyses [49, 

203, 204] and that chronic inflammation (2 consecutively high readings) was associated with a 

decline in IC over 5 years [62], but none have explored the temporal lag of inflammation on IC. 

The lasting association between inflammation and IC could be due to the deleterious effects of 
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inflammation at a certain time point having a long tail of impact on capacity. It could also be due 

to levels of inflammation at one time point indicating something about the inflammatory and 

immune processes (or another unmeasured confounder) occurring during the 4-year interval that 

are not measured in the model but are reflected in changes in IC. Further research could focus 

on the temporal parameters of the association between CRP and IC to understand how long this 

association lasts, whether it is chronically raised inflammation that is driving the association with 

health, and how long inflammation needs to be raised to result in a change in IC. 

8.4.1 Strengths and limitations 

The main strengths of this analysis were the use of three measurements of the predictor, 

mediator, and outcome and the use of a CLPM which can account for temporality. Although more 

time points would have strengthened the analysis, three time points enabled the creation of a full 

longitudinal mediation model. Only two time points would have required a half longitudinal 

mediation analysis where the predictor, mediator, and outcome are measured at the first time 

point, and the mediator and outcome are measured at the second time point [406] and all paths 

of reverse association are not captured. The use of a CLPM also allowed for the accounting of 

temporality in the analysis, which is one of the criteria for causal inference. However, causation is 

still not possible to determine with observational data as there is always the possibility of 

spurious associations that are affected by unmeasured external variables, which only be fully 

avoided through the use of randomisation of people to groups, such as in a randomised control 

trial [407]. As a traditional randomised control trial for the mediation effect of inflammation on 

the association between social isolation and IC is not feasible, it may not be possible to ever 

ascertain causation fully for this association, but certain statistical methods like CLPMs can give 

indications.  

Another strength of the analysis is the use of FIML to estimate model parameters with all the 

available information, which allows the model to include those who had missing data on some 

variables. The implications of not handling the missing data include the model not accounting for 

the unbalanced panel, where different individuals have different numbers of observations over 
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the three time points, which can reduce the power and introduce bias into the parameter 

estimation [408]. However, as discussed previously, a cornerstone assumption of FIML is that 

the data is at least MAR. It is not possible to truly determine whether the data is MAR or MNAR 

but it is possible that the missingness depends on the value of the missing data and is not 

explained fully by observed variables. There was some missing data in the CRP measurement, 

with not everyone eligible for or taking part in the nurse visit obtained a valid CRP result from 

their blood test and whether or not this is missing could be dependent on the CRP value itself, for 

example, those with chronic low-level inflammation could be unwell and not able to take part in 

the blood draw. It is possible that missing data for this reason would be captured in other 

observed variables measuring health but, as discussed previously, FIML does not allow for the 

inclusion of auxiliary variables to aid the model estimation in the presence of missing data. 

Multiple imputation is a method for handling missing data that can incorporate auxiliary variables 

to reinforce the MAR assumption, although there are few examples of multiple imputation being 

used for a CLPM in Mplus. Other missing data handling options such as listwise and pairwise 

deletion have more limitations than FIML in terms of biasing the estimations so were not 

considered. 

It is also important to highlight the biomarker of inflammation used in this study, serum CRP. CRP 

in the blood (serum) is a sensitive and stable marker of inflammation [409]; concentrations of 

CRP >10 mg/L are judged clinically significant and indicate high inflammation and the potential 

presence of a current infection [410]. CRP does not generally rise above 3mg/L in most people, 

and historically, concentrations 3-10 mg/L were not thought to be clinically significant [409]. 

However, subsequent research found an association between slightly elevated CRP (3-10mg/L) 

and the risk of developing cardiovascular disease [409, 411]. CRP concentrations below 10mg/L 

are termed low-grade inflammation and have been used in epidemiological studies to indicate 

systemic chronically raised inflammation without active infection. This is the level of 

inflammation implicated in the theories linking social stressors to health, with stress responses 

evoking chronically raised inflammation which is harmful to the body in the long term. In this 

study, those with CRP concentrations >10mg/L were excluded from the analyses as these values 
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were indicative of a current infection, which was not the type of inflammation of interest. CRP 

was chosen as the biomarker in this study as it is a well-evidenced inflammatory biomarker that 

has been explored in previous studies of social connectedness and IC, and it was available in all 

the nurse visit waves of ELSA so it could be measured longitudinally. Future studies could also 

focus on other biomarkers, such as fibrinogen and IL-6, as these were shown in previous 

research to have potentially different relationships with social isolation and IC than CRP.  

Another limitation of this analysis is that the results can only be interpreted as association and 

establishing causality in these relationships is not possible. This is a common problem in 

observational studies, even when confounders are controlled for, as it is virtually impossible to 

account for every aspect of an individual’s life. As many exposures, mediators, and other 

variables of interest in observational studies are not truly randomised in a population, there may 

always be confounding factors that are not captured in the model. The current analysis 

accounted for known confounders in an effort to identify the associations between social 

isolation, inflammation, and IC while holding these other factors steady; however, there is still the 

high likelihood of unmeasured confounding, as well as particular types of confounding not 

controlled for using the CLPM analysis that violates assumptions of causal mediation analysis.  

Causal mediation analysis is a method to estimate causal effects and is based on the 

counterfactual framework [412]. This type of analysis estimates causal effects by taking the 

difference between two counterfactual outcomes, which are outcomes for an individual that 

would be observed when the exposure and/or mediator is at a certain value. For example, it 

could compare the outcome IC in scenarios where everyone in the population is not socially 

isolated (low exposure) or everyone is very isolated (high exposure) while holding the mediator 

inflammation constant. In comparing these scenarios, it is possible to estimate the direct effect 

of isolation on the outcome IC. Then, by comparing scenarios of the mediator, (e.g., everyone has 

high inflammation versus everyone has low inflammation) while holding the exposure social 

isolation constant, it is possible to estimate the indirect effect of isolation on the outcome IC 

through the mediator inflammation [412].  
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There are four main assumptions required for the direct and indirect effects in mediation analysis 

to be interpreted causally, including when using a counterfactual approach [413]: (1) control for 

exposure-outcome confounding, (2) control for mediator-outcome confounding, (3) control for 

exposure-mediator confounding, and (4) that there is no mediator-outcome confounder that is 

itself affected by the exposure. The first three assumptions mean that all the included covariates 

in a model control for confounding on all three main pathways in the mediation model, which is 

quite a strong assumption. The second assumption is unique to the mediation context and is 

needed for the analysis of direct and indirect effects, even if the exposure has been randomised. 

The fourth assumption means that a confounder of the mediator and outcome relationship 

cannot be affected by the exposure. This is because such a confounder variable then itself 

becomes a mediator of the effect of the exposure on the outcome which is problematic for the 

estimation of direct and indirect effects. This assumption is a particularly hard to meet when 

there is a large gap in time between the exposure and mediator, as it requires that there is 

nothing on the pathway from the exposure to the mediator that itself also independently affects 

the outcome, which is more likely to occur if more time has elapsed. Violations of these 

assumptions can lead to misleading results, for example, violations of the second assumption 

regarding control of mediator-outcome confounding can result in results where the effects are in 

the complete opposite direction to those seen when the confounding is controlled [413].  

The current analysis did not use a counterfactual framework to help identify causal effects, but 

the assumptions of causal interpretation can be applied. In order to meet these assumptions in 

the current mediation analysis and results, the covariates (sex, age, education, wealth, smoking, 

alcohol, physical activity, health conditions, and self-rated health) would need to control for 

confounding on all three paths identified in assumptions 1 to 3, while also not be themselves 

affected by the exposure social isolation to meet assumption 4. It could be argued that they are 

confounders of the mediator-outcome (CRP-IC) relationship as they are related to the level of 

inflammation someone experiences as well as their level of IC; however, some could also be 

affected by social isolation, for example, isolated individuals could not be working therefore have 

lower wealth and be carrying out fewer healthy behaviours. So, the inclusion of these 
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confounders in a blanket manner would likely violate the assumptions for causal mediation. 

Further analysis could use DAGs to help visualise and understand potential confounding and 

other causal pathways in order to create a mediation model that capture the nuances in the 

confounding and ensure the model meets the assumptions of causal mediation analysis. 

 

8.5 Implications for research and policy 

The results from this thesis have implications for future academic research as well as policy.  

With population ageing an increasing phenomenon of global significance, it is more important 

than ever to have tools to measure healthy ageing. The novel model of IC generated in this study 

demonstrated the utility of IRT for generating factor scores to summarise multiple indicators of 

health. The indicators of capacity utilised in this model are or are similar to, those commonly 

measured in observational studies of ageing, which makes this model accessible for use across 

different studies. The IRT method also provides a good framework to assess measurement 

invariance across different groups, which will be important for future cross-study research and 

application. IC forms a central part of the WHO healthy ageing framework [30], which will be a 

key framework throughout the 2020-2030 United Nations Decade of Healthy Ageing [31], so the 

model and methods in this thesis can inform the strategy for the measurement of IC over this 

important decade. As well as the worldwide perspective of the WHO, IC measurement and 

monitoring is also important in the national context. Health surveillance produces important 

information about the state of health across the UK and how it varies over geographies, time and 

different groups of people – data and evidence which is then used to inform policy actions [414]. 

This surveillance is particularly important with the changing societal and health contexts brought 

about by the Covid-19 pandemic and the ageing population. In 2023, the UK Office for Health 

Improvement and Disparities, alongside a range of charity, public health, academic and health 

organisations shared their commitments to healthy ageing in a shared consensus statement. 

One of the five principles outlined in the policy paper is to put prevention first through individual-

level interventions and population-level policies [415]. This principle on prevention matches the 
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WHO’s healthy ageing framework and is where routine measurement of IC prior to declines in 

function and health could aid surveillance and effectiveness of population-level interventions. 

The model of IC also demonstrates that a meaningful measure of health that is shown to predict 

health and functional outcomes does not have to include diagnoses of health conditions or label 

individuals as unsuccessful. Results from this work showed that IC could provide information 

about subsequent functional ability, hospital admissions, and mortality beyond that from the 

number of health conditions with which a person has been diagnosed. This is a simple but 

important distinction, as it is crucial that older adults are engaged with the research and the 

potential policies or interventions that may arise from the WHO healthy ageing framework, such 

as IC monitoring. Since ageism is still a widespread problem, it is key that the research 

community does not perpetuate notions of failure and success and promote negative 

stereotypes, inadvertently or otherwise, as it is only damaging to the population that the research 

is supposed to be benefitting. This more positive framing of ageing also matches with the rhetoric 

and attitudes of the consensus statement on healthy ageing, described above, which included a 

principle to challenge “ageist and negative language, culture and practices wherever they occur, 

in both policy and practice” [415]. This principle aims to shift attitudes and conversation to those 

which celebrate the successes and benefits of ageing and an ageing population. Although IC still 

has to identify between “good” and “bad” performance to be able to capture capacity, the overall 

focus and framing of the concept around capacity instead of deficit means IC doesn’t provoke 

the same negative connotations about ageing as other measures such as frailty or 

“unsuccessful” ageing. 

The IC score’s association with key socioeconomic and health-related factors provides more 

evidence towards the well-documented inequalities in health for older people in England. In a 

recent bulletin, the Office for National Statistics revealed that, compared to the least deprived 

areas, the reduction in healthy life expectancy for those in the most deprived areas of England is 

now 19.3 years for women and 18.6 years for men [416]. This means that those born between 

2018-2020 in the most deprived areas of England could expect to have almost 20 fewer years in 



201 

 

good health than those born in the most affluent areas, and this is expected to worsen due to the 

effects of the Covid-19 pandemic [417]. Overall life expectancy improvements have also stalled 

in the UK, and have potentially reversed for older ages [418]. Closer monitoring of health in the 

older population may help to target strategies to improve or promote healthy ageing to ensure 

that life and healthy life expectancy do not continue to stall or even decline. IC is a useful tool for 

monitoring the overall health across multiple domains in the older population and so would be 

useful in this national context. 

This current study found positive effects of not smoking and taking part in physical activity on IC. 

These are health behaviours and changeable risk factors; however, this simplistic view ignores 

the fact that these behavioural risk factors are themselves driven by social inequalities [419]. We 

know that the prevalence of health behaviours is socioeconomically patterned in England, with 

the least socioeconomically advantaged groups showing the highest prevalence of smoking, 

lowest of daily consumption of fruit and vegetables, and low prevalence of physical activity [420]. 

The shared drivers of social and behavioural causes of health inequalities include the unequal 

distribution of power, income, employment, education, and services, as well as the levels of 

poverty. All these factors have consequences for the attentional, emotional, and material 

resources of an individual [419], which enable or disable them from carrying out certain lifestyle 

behaviours. With this in mind, in the context of IC and healthy ageing, any intervention aiming to 

improve IC needs to consider more than a behaviourist approach that assumes all behaviours of 

an individual represent a conscious choice and not one of circumstance, necessity, or a non-

conscious process. Health inequality literature suggests that the most effective interventions to 

improve health need to focus on tackling behaviours and social determinants in parallel [419].  

 The finding that social isolation negatively impacts an individual’s level of IC but results in a 

shallower rate of change over time has implications for the understanding of how social 

connectedness interacts with health. One main goal of policies relating to population ageing is to 

prolong good health for older people for as long as possible so they can remain active and well 

for their own wellbeing but also to reduce the resources that are required from health and social 
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care services. The results from the current research would suggest that focusing this sort of 

policy on interventions against social isolation would not slow the rate of decline in capacity over 

time but could promote a higher starting point and, thus, potentially more years with a higher 

capacity even with inevitable declines. A social isolation intervention may not be an effective way 

to prevent declines in IC in a population, but it could promote a higher capacity overall. As 

discussed in Section 8.3, there is still the possibility of a reverse pathway between IC and social 

isolation, where an individual’s capacity influences their ability or desire for social interaction, but 

this was not able to be tested in the current analysis.  

It will also be important to explore the association between social isolation and healthy ageing in 

the years including and following 2020. The COVID-19 pandemic meant that people, and 

particularly older adults, experienced long periods of social isolation due to the lockdown 

measures and guidance for those more vulnerable to the negative effects of the virus. The 

significant short-term negative effects of lockdown and isolation on mental health is known, but 

the longer term is yet to be revealed [414]. The framework by which social relationships could 

influence health described in Section 1.4 suggests a cascading model from societal to psycho-

biological processes over a long period of time [118] so the health effects of social isolation may 

not manifest until sometime later. The current work describes the associations between social 

isolation and IC in ELSA covering the period 2004 to 2012 but future analyses should be 

expanded to beyond the 2020 pandemic. This information about how pandemic-induced 

isolation may have affected health will be important for the lessons learnt from the Covid-19 

pandemic and aid the UK’s preparedness for any similar future events.  

The main result of the final analysis showed no mediating role of inflammation in the relationship 

between social isolation and IC, which does not support the notion that inflammation is the key 

mechanism by which social stressors get “under the skin” and influence health. Additionally, the 

bidirectional relationship between inflammation and IC indicates that a more compelling element 

to focus on with interventions to improve IC would be inflammation – either directly or through 

driving factors other than social isolation. Promoting anti-inflammatory behaviours (e.g., healthy 
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diet, weight loss, not smoking) might be a way to increase or maintain IC in older people, while 

promoting multidimensional capacity in older people may help to reduce systemic inflammation 

and the risks associated with it. Much of the research directly testing the effect of inflammation 

interventions has focused on longevity and relies on research in animal models [421, 422], as 

the ethics of giving long-term medications to healthy adults for the prevention of subsequent age-

related disease or health problems is doubtful. Nevertheless, some observational and 

pharmaceutical studies have explored the possible protective effects of anti-inflammatory drugs, 

specifically non-steroidal anti-inflammatory drugs (NSAIDs), on the risk for some age-related 

diseases. The evidence remains mixed, with some finding protective effects against Alzheimer’s 

disease [423], but others finding no effect for dementia or cognitive decline [424] or that the 

anti-inflammatory role of the NSAIDs was not likely involved in any observed effect [425]. Another 

approach to promote anti-inflammatory processes focuses on nutrition and the gut microbiota 

[422]. A healthy diet will have other beneficial effects on healthy ageing than just reducing 

inflammation, so it is potentially an effective intervention to focus on. However, as discussed 

above, diet, like other health behaviours, is driven by many more factors than purely health-

oriented conscious choice so intervention here is complex and requires a multi-angle approach. 

This result and the indication it gives about the links between inflammation and healthy ageing 

are relevant to public health policy. One of the principles of the UK Government and other 

organisations in their shared commitments to healthy ageing is the prevention of ill health in 

older ages through individual level interventions (such as exercise classes and smoking 

cessation support) and also population-level policies (such as food marketing) [415]. This result 

suggests that some of these interventions and policies should involve anti-inflammatory 

measures as well as strategies to avoid social isolation in order to try and prevent ill health for 

older people. 

In summary, I believe these results suggest that strategies to help people maintain good levels of 

intrinsic capacity as they age should involve creating opportunities for older people to maintain 

social connections and avoid social isolation. Continuing to promote anti-inflammatory lifestyles 
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and behaviours as well as supporting society to be able to make these lifestyle changes would be 

beneficial to intrinsic capacity.  

8.6 Future research 

In order to further understand IC, I have identified areas of future research interest that were 

beyond the scope of this thesis project. One area to explore in more detail would be sex 

differences in the relationship between social isolation and IC. Research finds that men and 

women tend to experience different levels and effects of social isolation [215, 219, 220], but this 

hasn’t yet been explored in the context of IC. A very recent study found a significant mediating 

role of inflammation between social isolation and cognitive function for men only [426], which 

was attributed partly to a greater inflammatory response in men, and it would be interesting to 

expand on this for other outcomes like IC.  

An additional important area for research is the pathway between social isolation and IC through 

health behaviours. Although only included in the current study as covariates, health behaviours 

could also be mediators between social isolation and IC. Previous research finds that social 

relationships are related to health-compromising and promoting behaviours [229], and it is likely 

that these behaviours then influence an individual’s IC. For example, an isolated individual may 

not partake in physical activity because they have no family or friends to encourage them to be 

active, or they might drink excessive amounts of alcohol as a coping mechanism for being alone. 

These behaviours could then impact IC by resulting in increased body mass and fat deposits 

(decreasing vitality), decreased muscle mass and function (decreasing locomotion and vitality), 

and increasing risk of cognitive decline [427], among other effects. 

Another element of the conceptual framework (Section 2.1) that deserves further research is the 

interaction of IC with environmental factors. The WHO healthy ageing framework describes these 

as all environmental factors from the micro- to macro-level (e.g., from home accessibility to 

national social care policy) and posits that they interact with IC to produce an individual’s 

functional ability. Unsurprisingly given the wide definition and range of these factors, no studies 

have yet explicitly included these sorts of factors in models of functional ability or started to 
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explore the interaction between them and IC. Future research into how the environment interacts 

with IC in different ways and from different levels would build a fuller picture of how an individual 

can build and maintain the functional ability which enables them to live the life they wish into 

older age, giving the opportunity for IC and functional ability models to have increased policy 

relevance and impact. 

An additional element of the conceptual framework that was not investigated in this project is 

genetic predisposition. Genetics is identified in the WHO healthy ageing framework as a 

determinant of IC (Figure 1.1) but has not yet been explored in this context. An individual’s 

genotype would predispose them to have a certain capacity in each domain of IC, and this 

genotype could interact with the environment in a different way than another genotype – a gene-

environment interaction. Exploring genetics and interactions in the context of IC may help identify 

certain risk factors that particular genotypes are more susceptible to, which would be relevant for 

the genetic epidemiology of healthy ageing. 

8.7 Concluding remarks 

In conclusion, IC is a recent measure of healthy ageing that has been shown to be a valid 

measurement of health in older age that can portray risk for future adverse health outcomes. 

Social isolation was found to be associated with the level of IC in longitudinal analyses, with 

higher isolation associated with poorer IC and associated with the decline of IC over time, with 

higher isolation associated with less decline in IC over time. A full longitudinal mediation model 

revealed bidirectional associations between low-grade inflammation and IC over 4-year intervals 

but no association between social isolation and IC directly or via inflammation when adjusted for 

socioeconomic and health-related factors.  

These results have implications for the measurement of IC in future studies, as well as the 

mechanistic role of inflammation between social stressors and health. They highlight how a 

capacity-focused approach, instead of one deficit and disease-based, can measure healthy 

ageing in a comprehensive manner without perpetuating negative language and stereotypes 

about older adults. Healthy ageing in England is deeply entangled within health inequalities, and 
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any health-improving interventions need to take into account both the individual- and systemic-

level driving factors of lifestyle and behaviour. The results suggest that focusing a healthy ageing 

policy on the reduction of social isolation would not halt declines in health but could promote 

higher health “starting points” for older people. Strategies focusing on anti-inflammatory 

processes and behaviours may be more effective in improving the IC of a population, although 

these come with mixed evidence on efficacy and would require a multi-disciplinary and multi-

faceted approach.    



207 

 

References 

1. Fernández-Ballesteros, R., The Concept of Successful Aging and Related Terms, in The 

Cambridge Handbook of Successful Aging (Cambridge Handbooks in Psychology, pp. 6-

22), R. Fernández-Ballesteros, A. Benetos, and J.-M. Robine, Editors. 2019, Cambridge 

University Press: Cambridge. 

2. Peel, N., Bartlett, H., and McClure, R., Healthy ageing: how is it defined and measured? 

2004: PO Box 378, Carlton South Victoria 3053, Australia. p. 115-119. 

3. Lu, W., Pikhart, H., and Sacker, A., Domains and Measurements of Healthy Aging in 

Epidemiological Studies: A Review. The Gerontologist, 2019. 59(4): p. e294-e310. 

4. Sadana, R. and Michel, J., Healthy Ageing: What Is It and How to Describe It?, in 

Prevention of Chronic Diseases and Age-Related Disability. Practical Issues in Geriatrics., 

J. Michel, Editor. 2019, Springer: Cham. 

5. Cumming, E., New thoughts on the theory of disengagement. Int J Psychiatry, 1968. 6(1): 

p. 53-67. 

6. Cosco, T.D., Howse, K., and Brayne, C., Healthy ageing, resilience and wellbeing. 

Epidemiology and psychiatric sciences, 2017. 26(6): p. 579. 

7. Havighurst, R.J., Successful Aging. The Gerontologist, 1961. 1(1): p. 8-13. 

8. Rowe, J.W. and Kahn, R.L., Successful aging. Gerontologist, 1997. 37(4): p. 433-40. 

9. Rowe, J.W. and Kahn, R.L., Human Aging: Usual and Successful. Science, 1987. 

237(4811): p. 143. 

10. Martinson, M. and Berridge, C., Successful aging and its discontents: a systematic review 

of the social gerontology literature. Gerontologist, 2015. 55(1): p. 58-69. 

11. Byles, J.E., et al., Successful ageing from old to very old: a longitudinal study of 12,432 

women from Australia. Age and Ageing, 2019. 48(6): p. 803-810. 

12. Cosco, T.D., Stephan, B.C.M., and Brayne, C., (Unsuccessful) Binary Modeling of 

Successful Aging in the Oldest-Old Adults: A Call for Continuum-Based Measures. 2014. 

62(8): p. 1597-1598. 

13. Bowling, A. and Dieppe, P., What is successful ageing and who should define it? British 

Medical Journal, 2005. 331: p. 1548-1551. 

14. Bowling, A., Aspirations for Older Age in the 21st Century: What is Successful Aging? The 

International Journal of Aging and Human Development, 2007. 64(3): p. 263-297. 

15. Fried, L.P., et al., Frailty in older adults: evidence for a phenotype. The journals of 

gerontology. Series A, Biological sciences and medical sciences, 2001. 56(3): p. M146. 

16. Rockwood, K., et al., A global clinical measure of fitness and frailty in elderly people. 

CMAJ : Canadian Medical Association journal = journal de l'Association medicale 

canadienne, 2005. 173(5): p. 489. 

17. Gobbens, R.J.J., et al., The Tilburg Frailty Indicator: Psychometric Properties. Journal of 

the American Medical Directors Association, 2010. 11(5): p. 344-355. 

18. Rolfson, D.B., et al., Validity and reliability of the Edmonton Frail Scale. Age and Ageing, 

2006. 35(5): p. 526-529. 

19. van der Vorst, A., et al., The impact of multidimensional frailty on dependency in activities 

of daily living and the moderating effects of protective factors. Arch Gerontol Geriatr, 

2018. 78: p. 255-260. 

20. Rockwood, K. and Mitnitski, A., Frailty in Relation to the Accumulation of Deficits. The 

Journals of Gerontology Series A: Biological Sciences and Medical Sciences, 2007. 62(7): 

p. 722-727. 

21. Belloni, G. and Cesari, M., Frailty and Intrinsic Capacity: Two Distinct but Related 

Constructs. Front. Med., 2019. 6. 

22. Mount, S., et al., Towards a multidimensional healthy ageing phenotype. Current Opinion 

in Clinical Nutrition & Metabolic Care, 2016. 19(6): p. 418-426. 

23. Tampubolon, G., Trajectories of the healthy ageing phenotype among middle-aged and 

older Britons, 2004–2013. Maturitas, 2016. 88: p. 9-15. 



208 

 

24. Tyrovolas, S., et al., Successful aging, dietary habits and health status of elderly 

individuals: a k-dimensional approach within the multi-national MEDIS study. Exp 

Gerontol, 2014. 60: p. 57-63. 

25. Lu, W., Pikhart, H., and Sacker, A., Socioeconomic determinants of healthy ageing: 

evidence from the English Longitudinal Study of Ageing. The Lancet, 2018. 392: p. S54-

S54. 

26. Goshen, A., et al., Diet quality in relation to healthy ageing: the Israeli Longitudinal Study 

on Aging (ILSA)—a study protocol. BMJ Open, 2019. 9(4). 

27. Ortolá, R., et al., Influence of changes in diet quality on unhealthy aging: the Seniors-

ENRICA cohort. The American journal of medicine, 2019. 

28. Lara, J., et al., Towards measurement of the Healthy Ageing Phenotype in lifestyle-based 

intervention studies. 2013. 76(2): p. 189-199. 

29. Lara, J., et al., A proposed panel of biomarkers of healthy ageing. BMC Medicine, 2015. 

13(1). 

30. WHO World report on ageing and health. 2015. 

31. WHO. Decade of Healthy Ageing (2020-2030). 2020  13/08/2020]; Available from: 

https://www.who.int/ageing/decade-of-healthy-ageing. 

32. Cesari, M., et al., Evidence for the Domains Supporting the Construct of Intrinsic 

Capacity. J Gerontol A Biol Sci Med Sci, 2018. 73(12): p. 1653-1660. 

33. Beard, J.R., et al., The World report on ageing and health: a policy framework for healthy 

ageing. The Lancet, 2016. 387(10033): p. 2145-2154. 

34. Araujo de Carvalho, I., et al., Operationalising the concept of intrinsic capacity in clinical 

settings. 2017, World Health Organisation: Geneva. 

35. WHO, WHO Clinical Consortium on Healthy Ageing 2017 – report of consortium meeting, 

21–22 November 2017 in Geneva, Switzerland. 2018, World Health Organisation: 

Geneva. 

36. Jotheeswaran, A.T., et al., Diagnostic accuracy of screening tool for nonspecialist health 

care settings: A summary of findings from ICOPE rapid reviews. Background paper 4, 

WHO Clinical Consortium on Healthy Ageing, 21-22 November 2017. 2017, World Health 

Organisation. 

37. Vellas, B., et al., The mini nutritional assessment (MNA) and its use in grading the 

nutritional state of elderly patients. Nutrition, 1999. 15(2): p. 116-122. 

38. Folstein, M.F., Folstein, S.E., and McHugh, P.R., "Mini-mental state". A practical method 

for grading the cognitive state of patients for the clinician. Journal of Psychiatric 

Research, 1975. 12(3): p. 189-198. 

39. Yesavage, J.A., et al., Development and validation of a geriatric depression screening 

scale: A preliminary report. Journal of Psychiatric Research, 1982. 17(1): p. 37-49. 

40. Guralnik, J.M., et al., A Short Physical Performance Battery Assessing Lower Extremity 

Function: Association With Self-Reported Disability and Prediction of Mortality and 

Nursing Home Admission. Journal of Gerontology, 1994. 49(2): p. M85-M94. 

41. WHO Integrated care for older people (ICOPE): Guidance for person-centred assessment 

and pathways in primary care. 2019. 

42. Gonzalez-Bautista, E., et al., In the Quest of a Standard Index of Intrinsic Capacity. A 

Critical Literature Review. The journal of nutrition, health & aging, 2020. 

43. Ma, L., et al., Integrated Care for Older People Screening Tool for Measuring Intrinsic 

Capacity: Preliminary Findings From ICOPE Pilot in China. Frontiers in Medicine, 2020. 7. 

44. González-Bautista, E., et al., Screening for intrinsic capacity impairments as markers of 

increased risk of frailty and disability in the context of integrated care for older people: 

Secondary analysis of MAPT. Maturitas, 2021. 150: p. 1-6. 

45. Cheng, Y.-C., et al., Geriatric Functional Impairment Using the Integrated Care for Older 

People (ICOPE) Approach in Community-Dwelling Elderly and Its Association with 

Dyslipidemia. Vascular Health and Risk Management, 2021. Volume 17: p. 389-394. 

46. Gutiérrez-Robledo, L.M., García-Chanes, R.E., and Pérez-Zepeda, M., Screening intrinsic 

capacity and its epidemiological characterization: a secondary analysis of the Mexican 

Health and Aging Study. Revista Panamericana de Salud Pública, 2021. 45: p. 1. 

https://www.who.int/ageing/decade-of-healthy-ageing


209 

 

47. Yu, J., et al., Predictive value of intrinsic capacity on adverse outcomes among 

community-dwelling older adults. Geriatric Nursing, 2021. 42(6): p. 1257-1263. 

48. Pagès, A., et al., Screening for deficits on intrinsic capacity domains and associated 

healthcare costs. Archives of Gerontology and Geriatrics, 2022. 100: p. 104654. 

49. Meng, L.-C., et al., Biological Features of the Outcome-Based Intrinsic Capacity Composite 

Scores From a Population-Based Cohort Study: Pas de Deux of Biological and Functional 

Aging. Front Med (Lausanne), 2022. 

50. Leung, A.Y.M., et al., Intrinsic capacity of older people in the community using WHO 

Integrated Care for Older People (ICOPE) framework: a cross-sectional study. BMC 

Geriatrics, 2022. 22(1). 

51. Guyonnet, S., et al., The INSPIRE Bio-resource Research Platform for Healthy Aging and 

Geroscience: Focus on the Human Translational Research Cohort (The INSPIRE-T 

Cohort). The Journal of Frailty & Aging, 2020: p. 1-11. 

52. Sanchez-Rodriguez, D., et al., Implementation of the Integrated Care of Older People 

(ICOPE) App and ICOPE Monitor in Primary Care: A study protocol. The Journal of Frailty & 

Aging, 2021: p. 1-7. 

53. Angioni, D., et al., Intrinsic Capacity Assessment by a Mobile Geriatric Team During the 

Covid-19 Pandemic. Front Med (Lausanne), 2021. 8(664681). 

54. Gómez, F., et al., Healthy aging determinants and disability among older adults: SABE 

Colombia. Revista Panamericana de Salud Pública, 2021. 45: p. 1. 

55. Stephens, C., et al., Neighborhood environments and intrinsic capacity interact to affect 

the health-related quality of life of older people in New Zealand. Maturitas, 2020. 139: p. 

1-5. 

56. Beard, J.R., et al., The structure and predictive value of intrinsic capacity in a longitudinal 

study of ageing. BMJ Open, 2019. 9(11). 

57. Cheong, C.Y., et al., Functional health index of intrinsic capacity: multi-domain 

operationalisation and validation in the Singapore Longitudinal Ageing Study (SLAS2). 

Age and Ageing, 2022. 51(3). 

58. Daskalopoulou, C., et al., Development of a healthy ageing index in Latin American 

countries - A 10/66 dementia research group population-based study. BMC Medical 

Research Methodology, 2019. 19(1). 

59. Daskalopoulou, C., et al., Healthy ageing and the prediction of mortality and incidence 

dependence in low- and middle- income countries: a 10/66 population-based cohort 

study. Bmc Medical Research Methodology, 2019. 19(1). 

60. Lu, S., et al., Neighbourhood physical environment, intrinsic capacity, and 4-year late-life 

functional ability trajectories of low-income Chinese older population: A longitudinal study 

with the parallel process of latent growth curve modelling. EClinicalMedicine, 2021. 36: 

p. 100927. 

61. Stolz, E., et al., Intrinsic Capacity Predicts Negative Health Outcomes in Older Adults. The 

Journals of Gerontology: Series A, 2021. 

62. Giudici, K.V., et al., Associations of C-reactive protein and homocysteine concentrations 

with the impairment of intrinsic capacity domains over a 5-year follow-up among 

community-dwelling older adults at risk of cognitive decline (MAPT Study). Experimental 

Gerontology, 2019. 127. 

63. Huang, C.H., et al., The association of social frailty with intrinsic capacity in community-

dwelling older adults: a prospective cohort study. BMC Geriatrics, 2021. 21(1). 

64. Locquet, M., et al., Intrinsic Capacity Defined Using Four Domains and Mortality Risk: A 5-

Year Follow-Up of the SarcoPhAge Cohort. The journal of nutrition, health & aging, 2022. 

26(1): p. 23-29. 

65. Huang, C.H., et al., Effect of Various Exercises on Intrinsic Capacity in Older Adults With 

Subjective Cognitive Concerns. Journal of the American Medical Directors Association, 

2020. 

66. Lim, K.-Y., et al., Healthy Eating Enhances Intrinsic Capacity, Thus Promoting Functional 

Ability of Retirement Home Residents in Northern Taiwan. Nutrients, 2022. 14(11): p. 

2225. 



210 

 

67. Moreno-Agostino, D., et al., The impact of physical activity on healthy ageing trajectories: 

evidence from eight cohort studies. International Journal of Behavioral Nutrition and 

Physical Activity, 2020. 17(1). 

68. Salinas-Rodríguez, A., et al., Longitudinal trajectories of intrinsic capacity and their 

association with quality of life and disability. Maturitas, 2022. 161: p. 49-54. 

69. Zhao, J., et al., Intrinsic Capacity vs. Multimorbidity: A Function-Centered Construct 

Predicts Disability Better Than a Disease-Based Approach in a Community-Dwelling Older 

Population Cohort. Frontiers in Medicine, 2021. 8(753295). 

70. Beard, J.R., et al., Intrinsic Capacity: Validation of a New WHO Concept for Healthy Ageing 

in a Longitudinal Chinese Study. The Journals of Gerontology: Series A, 2021. 

71. Yu, R., et al., Validation of the Construct of Intrinsic Capacity in a Longitudinal Chinese 

Cohort. The journal of nutrition, health & aging, 2021. 

72. Yu, R., et al., Towards Healthy Ageing: Using the Concept of Intrinsic Capacity in Frailty 

Prevention. The journal of nutrition, health & aging, 2022. 26(1): p. 30-36. 

73. Sanchez-Niubo, A., et al., Development of a common scale for measuring healthy ageing 

across the world: results from the ATHLOS consortium. International Journal of 

Epidemiology, 2020. 

74. Zeng, X., et al., The Impact of Intrinsic Capacity on Adverse Outcomes in Older 

Hospitalized Patients: A One-Year Follow-Up Study. Gerontology, 2021: p. 1-9. 

75. Chen, J.J., Liu, L.F., and Chang, S.M., Approaching person-centered long-term care: The 

trajectories of intrinsic capacity and functional decline in Taiwan. Geriatrics & 

Gerontology International, 2022. 22(7): p. 516-522. 

76. Charles, A., et al., Prediction of Adverse Outcomes in Nursing Home Residents According 

to Intrinsic Capacity Proposed by the World Health Organization. The Journals of 

Gerontology: Series A, 2020. 75(8): p. 1594-1599. 

77. Prince, M.J., et al., Intrinsic capacity and its associations with incident dependence and 

mortality in 10/66 Dementia Research Group studies in Latin America, India, and China: 

A population-based cohort study. PLOS Medicine, 2021. 18(9): p. e1003097. 

78. Gutiérrez-Robledo, L.M., García-Chanes, R., and Pérez-Zepeda, M., Allostatic Load as a 

Biological Substrate to Intrinsic Capacity: A Secondary Analysis of CRELES. J Nutr Health 

Aging, 2019. 23(9): p. 788-795. 

79. Ramírez‐Vélez, R., et al., Reference values for handgrip strength and their association 

with intrinsic capacity domains among older adults. Journal of Cachexia, Sarcopenia and 

Muscle, 2019. 10(2): p. 278-286. 

80. Tinetti, M.E., Performance-Oriented Assessment of Mobility Problems in Elderly Patients. 

Journal of the American Geriatrics Society, 1986. 34(2): p. 119-126. 

81. Podsiadlo, D. and Richardson, S., The Timed “Up & Go”: A Test of Basic Functional 

Mobility for Frail Elderly Persons. Journal of the American Geriatrics Society, 1991. 39(2): 

p. 142-148. 

82. Abbruzzese, L.D., The Tinetti Performance-Oriented Mobility Assessment Tool. AJN The 

American Journal of Nursing, 1998. 98(12): p. 16J-16L. 

83. Barry, E., et al., Is the Timed Up and Go test a useful predictor of risk of falls in 

community dwelling older adults: a systematic review and meta- analysis. BMC Geriatrics, 

2014. 14(1): p. 14. 

84. Hayes, K.W. and Johnson, M.E., Measures of adult general performance tests: The Berg 

Balance Scale, Dynamic Gait Index (DGI), Gait Velocity, Physical Performance Test (PPT), 

Timed Chair Stand Test, Timed Up and Go, and Tinetti Performance-Oriented Mobility 

Assessment (POMA). Arthritis & Rheumatism, 2003. 49(S5): p. S28-S42. 

85. Anketell, P.M., Saunders, K.J., and Little, J.-A., Stereoacuity norms for school-age children 

using the Frisby stereotest. Journal of American Association for Pediatric Ophthalmology 

and Strabismus, 2013. 17(6): p. 582-587. 

86. Norman, K., et al., Hand grip strength: Outcome predictor and marker of nutritional 

status. Clinical Nutrition, 2011. 30(2): p. 135-142. 

87. Visser, M., Deeg, D.J.H., and Lips, P., Low Vitamin D and High Parathyroid Hormone 

Levels as Determinants of Loss of Muscle Strength and Muscle Mass (Sarcopenia): The 



211 

 

Longitudinal Aging Study Amsterdam. The Journal of Clinical Endocrinology & 

Metabolism, 2003. 88(12): p. 5766-5772. 

88. Carson, R., Get a grip: individual variations in grip strength are a marker of brain health. 

Neurobiology of Aging, 2018. 71: p. 189-222. 

89. Masciocchi, E., et al., Defining Vitality Using Physical and Mental Well-Being Measures in 

Nursing Homes: A Prospective Study. Journal of Nutrition, Health and Aging, 2020. 24(1): 

p. 37-42. 

90. Radloff, L.S., The CES-D Scale: A Self-Report Depression Scale for Research in the 

General Population. Applied Psychological Measurement, 1977. 1(3): p. 385-401. 

91. Lyness, J.M., Screening for Depression in Elderly Primary Care Patients. Archives of 

Internal Medicine, 1997. 157(4): p. 449. 

92. WHO, Composite International Diagnostic Interview, version 1.1. 1993, WHO: Geneva. 

93. WHO, Composite International Diagnostic Interview, version 2.1. 1997, WHO: Geneva. 

94. Alexopoulos, G.S., et al., Cornell Scale for Depression in Dementia. Biol Psychiatry, 1988. 

23(3): p. 271-84. 

95. The EuroQol Group, EuroQol - a new facility for the measurement of health-related quality 

of life. Health Policy, 1990. 16(3): p. 199-208. 

96. Stone, K.L. and Xiao, Q., Impact of Poor Sleep on Physical and Mental Health in Older 

Women. Sleep Medicine Clinics, 2018. 13(3): p. 457-465. 

97. Foley, D., et al., Sleep disturbances and chronic disease in older adults. Journal of 

Psychosomatic Research, 2004. 56(5): p. 497-502. 

98. Sun, X.-H., et al., Associations of sleep quality and sleep duration with frailty and pre-

frailty in an elderly population Rugao longevity and ageing study. BMC Geriatrics, 2020. 

20(1). 

99. Jackowska, M. and Cadar, D., The mediating role of low-grade inflammation on the 

prospective association between sleep and cognitive function in older men and women: 

8-year follow-up from the English Longitudinal Study of Ageing. Archives of Gerontology 

and Geriatrics, 2020. 87: p. 103967. 

100. Roberts, R.E., et al., Sleep Complaints and Depression in an Aging Cohort: A Prospective 

Perspective. American Journal of Psychiatry, 2000. 157(1): p. 81-88. 

101. da Silva, A.A., et al., Sleep duration and mortality in the elderly: a systematic review with 

meta-analysis. BMJ Open, 2016. 6(2): p. e008119. 

102. Woo, J., Indicators of Societal Adaptations to Ageing Well. Adv Geriatr Med Res, 2020. 

2(1): p. e200003. 

103. Kojima, G., et al., Does current smoking predict future frailty? The English longitudinal 

study of ageing. Age and Ageing , 47 (1) pp. 126-131. (2018), 2018. 

104. Kojima, G., et al., Alcohol Consumption and Risk of Incident Frailty: The English 

Longitudinal Study of Aging. Journal of the American Medical Directors Association, 

2018. 

105. Almeida, O.P., et al., 150 minutes of vigorous physical activity per week predicts survival 

and successful ageing: a population-based 11-year longitudinal study of 12 201 older 

Australian men. British Journal of Sports Medicine, 2014. 48(3): p. 220. 

106. Hamer, M., de Oliveira, C., and Demakakos, P., Non-exercise physical activity and 

survival: English longitudinal study of ageing. American Journal of Preventive Medicine , 

47 (4) pp. 452-460. (2014), 2014. 

107. Hamer, M., Lavoie, K.L., and Bacon, S.L., Taking up physical activity in later life and 

healthy ageing: the English longitudinal study of ageing. British Journal of Sports 

Medicine, 2014. 48(3): p. 239. 

108. Peel, N., McClure, R., and Bartlett, H., Behavioral determinants of healthy aging 1. 

American Journal of Preventive Medicine, 2005. 28(3): p. 298-304. 

109. Mathers, J.C., et al., Healthy ageing : the role of nutrition and lifestyle : the report of a 

British Nutrition Foundation task force / chaired by John C. Mathers ; edited by Sara 

Stanner, Rachel Thompson, Judith L. Buttriss. 2009, Chichester: Chichester : Wiley-

Blackwell for the British Nutrition Foundation. 



212 

 

110. Marmot, M. and Bell, R., Fair society, healthy lives. Public Health, 2012. 126(1): p. S4-

S10. 

111. Scharf, T., et al., Inequalities in later life. 2017, Centre for Ageing Better: London. 

Available from: https://www.ageing-better.org.uk/sites/default/files/2017-

12/Inequalities%20scoping%20review%20full%20report.pdf. 

112. Rowe, J. and Kahn, R., Successful Aging. The Gerontologist, 1997. 37(4): p. 433-440. 

113. Pickard, S., et al., New horizons in frailty: the contingent, the existential and the clinical. 

Age And Ageing, 2019. 48(4): p. 466-471. 

114. Berkman, L.F., et al., Social Integration and Mortality: A Prospective Study of French 

Employees of Electricity of France-Gas of France: the GAZEL cohort. American Journal of 

Epidemiology, 2004. 159(2): p. 167-174. 

115. Holt-Lunstad, J., Smith, T.B., and Layton, J.B., Social Relationships and Mortality Risk: A 

Meta-analytic Review (Social Relationships and Mortality). PLoS Medicine, 2010. 7(7): p. 

e1000316. 

116. Patterson, A.C. and Veenstra, G., Loneliness and risk of mortality: a longitudinal 

investigation in Alameda County, California. Social science & medicine (1982), 2010. 

71(1): p. 181. 

117. Shiovitz-Ezra, S. and Ayalon, L., Situational versus chronic loneliness as risk factors for 

all-cause mortality. Int. Psychogeriatr., 2010. 22(3): p. 455-462. 

118. Berkman, L.F., et al., From social integration to health: Durkheim in the new millennium. 

Social Science and Medicine, 2000. 51(6): p. 843-857. 

119. Holt-Lunstad, J., et al., Loneliness and Social Isolation as Risk Factors for Mortality: A 

Meta-Analytic Review. Perspectives on Psychological Science, 2015. 10(2): p. 227-237. 

120. Blazer, D.G., Social support and mortality in an elderly community population. American 

journal of epidemiology, 1982. 115(5): p. 684. 

121. Woo, J., et al., Social Determinants of Frailty. Gerontology, 2005. 51(6): p. 402-408. 

122. Valtorta, N.K., et al., Loneliness, social isolation and social relationships: what are we 

measuring? A novel framework for classifying and comparing tools. BMJ Open, 2016. 

6(4): p. e010799. 

123. McCarty, C., et al., Comparing Two Methods for Estimating Network Size. Human 

Organization, 2001. 60(1): p. 28-39. 

124. Levasseur, M., et al., Inventory and analysis of definitions of social participation found in 

the aging literature: Proposed taxonomy of social activities. Social Science & Medicine, 

2010. 71(12): p. 2141-2149. 

125. House, J.S., et al., Measures and concepts of social support, in Social support and 

health, S. Cohen and S.L. Syme, Editors. 1985, Academic Press: San Diego, CA, US. p. 83-

108. 

126. Sarason, I.G., et al. Assessing social support: The Social Support Questionnaire. American 

Psychological Association [doi:10.1037/0022-3514.44.1.127]. 1983. 

127. Broadhead, W.E., et al., The Duke-UNC Functional Social Support Questionnaire: 

Measurement of Social Support in Family Medicine Patients. Medical Care, 1988. 26(7): 

p. 709-723. 

128. de Jong Gierveld, J. and Havens, B., Cross-national Comparisons of Social Isolation and 

Loneliness: Introduction and Overview. Can. J. Aging, 2004. 23(2): p. 109-113. 

129. Ellwardt, L., et al., Does loneliness mediate the relation between social support and 

cognitive functioning in later life? Social Science & Medicine, 2013. 98: p. 116-124. 

130. Hawkley, L.C. and Cacioppo, J.T., Loneliness Matters: A Theoretical and Empirical Review 

of Consequences and Mechanisms. Ann. Behav. Med., 2010. 40(2): p. 218-227. 

131. de Jong Gierveld, J. and Havens, B., Cross-national Comparisons of Social Isolation and 

Loneliness: Introduction and Overview. Canadian Journal on Aging / La Revue 

canadienne du vieillissement, 2004. 23(2): p. 109-113. 

132. James, B.D., et al., LATE-LIFE SOCIAL ACTIVITY AND COGNITIVE DECLINE IN OLD AGE. 

Am. J. Epidemiol., 2011. 173(s11): p. S74-S74. 

https://www.ageing-better.org.uk/sites/default/files/2017-12/Inequalities%20scoping%20review%20full%20report.pdf
https://www.ageing-better.org.uk/sites/default/files/2017-12/Inequalities%20scoping%20review%20full%20report.pdf


213 

 

133. Vusirikala, A., et al., Mid-life social participation and physical performance at age 60-64: 

evidence from the 1946 British Birth Cohort Study. European journal of public health, 

2019. 

134. Kamiya, Y., et al., The differential impact of subjective and objective aspects of social 

engagement on cardiovascular risk factors. BMC Geriatrics, 2010. 10(1): p. 81. 

135. Luo, M., et al., Social engagement pattern, health behaviors and subjective well-being of 

older adults: an international perspective using WHO-SAGE survey data. BMC Public 

Health, 2020. 20(1): p. 1. 

136. Holtzman, R.E., et al., Social Network Characteristics and Cognition in Middle-Aged and 

Older Adults. The Journals of Gerontology Series B: Psychological Sciences and Social 

Sciences, 2004. 59(6): p. P278-P284. 

137. Crooks, V.C., et al., Social network, cognitive function, and dementia incidence among 

elderly women. American journal of public health, 2008. 98(7): p. 1221. 

138. Berkman, L.F., Assessing the Physical Health Effects of Social Networks and Social 

Support. Annual Review of Public Health, 1984. 5(1): p. 413-432. 

139. Liao, J. and Scholes, S., Association of Social Support and Cognitive Aging Modified by 

Sex and Relationship Type: A Prospective Investigation in the English Longitudinal Study 

of Ageing. American Journal of Epidemiology (2017) (In press). 2017. 

140. Seeman, T.E., et al., Social Relationships, Social Support, and Patterns of Cognitive Aging 

in Healthy, High-Functioning Older Adults: MacArthur Studies of Successful Aging. Health 

Psychology, 2001. 20(4): p. 243-255. 

141. Khondoker, M., et al., Positive and Negative Experiences of Social Support and Risk of 

Dementia in Later Life: An Investigation Using the English Longitudinal Study of Ageing. 

Journal of Alzheimer's Disease , 58 (1) pp. 99-108. (2017), 2017. 

142. Stafford, M., Antonucci, T.C., and Zaninotto, P., Joint Trajectories of Spousal Social 

Support and Depressive Symptoms in Older Age. Journal of Aging and Health (2018) (In 

press). 2018. 

143. Geffen, L.N., et al., Peer-to-peer support model to improve quality of life among highly 

vulnerable, low-income older adults in Cape Town, South Africa. BMC Geriatrics, 2019. 

19(1). 

144. Courtin, E. and Knapp, M., Social isolation, loneliness and health in old age: a scoping 

review. Health & Social Care in the Community, 2017. 25(3): p. 799-812. 

145. Leigh-Hunt, N., et al., An overview of systematic reviews on the public health 

consequences of social isolation and loneliness. Public Health, 2017. 152: p. 157-171. 

146. Luanaigh, C.Ó. and Lawlor, B.A., Loneliness and the health of older people. International 

Journal of Geriatric Psychiatry, 2008. 23(12): p. 1213-1221. 

147. Shankar, A., et al., Social Isolation and Loneliness: Relationships With Cognitive Function 

During 4 Years of Follow-up in the English Longitudinal Study of Ageing. Psychosomatic 

Medicine, 2013. 75(2): p. 161-170. 

148. Thurston, C.R. and Kubzansky, D.L., Women, Loneliness, and Incident Coronary Heart 

Disease. Psychosomatic Medicine, 2009. 71(8): p. 836-842. 

149. Rutledge, E.T., et al., Social Networks and Incident Stroke Among Women With Suspected 

Myocardial Ischemia. Psychosomatic Medicine, 2008. 70(3): p. 282-287. 

150. Hastings, S.N., et al., Does lack of social support lead to more ED visits for older adults? 

American Journal of Emergency Medicine, 2008. 26(4): p. 454-461. 

151. Löfvenmark, C., et al., Perceived Loneliness and Social Support in Patients with Chronic 

Heart Failure. European Journal of Cardiovascular Nursing, 2009. 8(4): p. 251-258. 

152. House, J.S., Landis, K.R., and Umberson, D., Social relationships and health. Science, 

1988. 241(4865): p. 540-545. 

153. Holt-Lunstad, J., Smith, T.B., and Layton, J.B., Social Relationships and Mortality Risk: A 

Meta-analytic Review. PLoS Medicine, 2010. 7(7): p. e1000316. 

154. Hsu, W.C., et al., Predicted factors for older Taiwanese to be healthy octogenarians: 

Results of an 18-year national cohort study. Geriatr Gerontol Int, 2017. 17(12): p. 2579-

2585. 



214 

 

155. Cheung, K.S. and Lau, B.H., Successful aging among Chinese near-centenarians and 

centenarians in Hong Kong: a multidimensional and interdisciplinary approach. Aging 

Ment Health, 2016. 20(12): p. 1314-1326. 

156. Wu, M., et al., Prevalence and related factors of successful aging among Chinese rural 

elders living in nursing homes. Eur J Ageing, 2017. 14(4): p. 419-428. 

157. Parslow, R.A., Lewis, V.J., and Nay, R., Successful aging: development and testing of a 

multidimensional model using data from a large sample of older australians. J Am Geriatr 

Soc, 2011. 59(11): p. 2077-83. 

158. Pruchno, R.A., et al., Successful aging: early influences and contemporary 

characteristics. Gerontologist, 2010. 50(6): p. 821-33. 

159. Ng, T.P., et al., Determinants of successful aging using a multidimensional definition 

among Chinese elderly in Singapore. Am J Geriatr Psychiatry, 2009. 17(5): p. 407-16. 

160. Hodge, A.M., et al., Social connectedness and predictors of successful ageing. Maturitas, 

2013. 75(4): p. 361-366. 

161. Machon, M., et al., Health-related quality of life and associated factors in functionally 

independent older people. BMC Geriatr, 2017. 17(1): p. 19. 

162. Hawton, A., et al., The impact of social isolation on the health status and health-related 

quality of life of older people. Quality of Life Research, 2011. 20(1): p. 57-67. 

163. Kim, J. and Lee, J.E., Social Support and Health-Related Quality of Life Among Elderly 

Individuals Living Alone in South Korea: A Cross-Sectional Study. J Nurs Res, 2018. 

26(5): p. 316-323. 

164. Ye, B., et al., Changes in frailty among community dwelling Chinese older adults and its 

predictors: evidence from a two-year longitudinal study. BMC Geriatrics, 2020. 20(130). 

165. Bunt, S., et al., Social frailty in older adults: a scoping review. European Journal of Ageing, 

2017. 14(3): p. 323-334. 

166. Smith, S.M. and Vale, W.W., The role of the hypothalamic-pituitary-adrenal axis in 

neuroendocrine responses to stress. Dialogues in Clinical Neuroscience, 2006. 8(4): p. 

383-395. 

167. McEwen, B.S., Stress, Adaptation, and Disease: Allostasis and Allostatic Load. Annals of 

the New York Academy of Sciences, 1998. 840(1): p. 33-44. 

168. Segerstrom, S.C. and Miller, G.E., Psychological stress and the human immune system: a 

meta-analytic study of 30 years of inquiry. Psychol Bull, 2004. 130(4): p. 601-30. 

169. Cacioppo, J.T. and Hawkley, L.C., Social isolation and health, with an emphasis on 

underlying mechanisms. Perspectives in Biology and Medicine, 2003. 46(3): p. S39-52. 

170. Bhatti, A.B. and Haq, A.U., The Pathophysiology of Perceived Social Isolation: Effects on 

Health and Mortality. Cureus, 2017. 9(1): p. e994. 

171. White, C.N., Vanderdrift, L.E., and Heffernan, K.S., Social isolation, cognitive decline, and 

cardiovascular disease risk. Current Opinion in Psychology, 2015. 5: p. 18-23. 

172. Seeman, T.E., et al., Social Relationships, Gender, and Allostatic Load Across Two Age 

Cohorts. Psychosomatic Medicine, 2002. 64(3): p. 395-406. 

173. Uchino, B.N., Social Support and Physical Health: Understanding the Health 

Consequences of Our Relationships. 2004, New Haven, CT: Yale University Press. 

174. Taylor, S.E., Repetti, R.L., and Seeman, T., HEALTH PSYCHOLOGY: What is an Unhealthy 

Environment and How Does It Get Under the Skin? Annual Review of Psychology, 1997. 

48(1): p. 411-447. 

175. Glynn, L.M., Christenfeld, N., and Gerin, W., Gender, Social Support, and Cardiovascular 

Responses to Stress. Psychosomatic Medicine, 1999. 61(2): p. 234-242. 

176. Hannoodee, S. and Nasuruddin, D.N., Acute Inflammatory Response, in StatPearls. 2022, 

StatPearls Publishing 

Copyright © 2022, StatPearls Publishing LLC.: Treasure Island (FL). 

177. Pahwa, R. and Jialal, I., Chronic Inflammation, in StatPearls [Internet]. 2018, StatPeals 

Publishing: Treasure Island (FL). 

178. Ruiz, M., Benzeval, M., and Kumari, M., A guide to biomarker data in the CLOSER studies: 

A catalogue across the cohort and longitudinal studies. 2017, CLOSER: London, UK. 



215 

 

179. Ferrucci, L. and Fabbri, E., Inflammageing: chronic inflammation in ageing, 

cardiovascular disease, and frailty. Nature Reviews. Cardiology, 2018. 15(9): p. 505-522. 

180. Lassale, C., et al., Association of 10-year C-reactive protein trajectories with markers of 

healthy aging: findings from the English Longitudinal Study of Ageing. Journals of 

Gerontology: Series A (2018) (In press). 2018. 

181. Soysal, P., et al., Inflammation and frailty in the elderly: A systematic review and meta-

analysis. Ageing Research Reviews , 31 pp. 1-8. (2016), 2016. 

182. Danesh, J., et al., Plasma fibrinogen level and the risk of major cardiovascular diseases 

and nonvascular mortality - An individual participant meta-analysis. JAMA-J. Am. Med. 

Assoc., 2005. 294(14): p. 1799-1809. 

183. Van Oijen, C.M., et al., Fibrinogen Is Associated With an Increased Risk of Alzheimer 

Disease and Vascular Dementia. Stroke, 2005. 36(12): p. 2637-2641. 

184. Uchino, B.N., et al., Social Support, Social Integration, and Inflammatory Cytokines: A 

Meta-Analysis. Health Psychology, 2018. 37(5): p. 462-471. 

185. Yang, Y.C., Schorpp, K., and Harris, K.M., Social support, social strain and inflammation: 

Evidence from a national longitudinal study of U.S. adults. Social Science and Medicine, 

2014. 107: p. 124-135. 

186. Steptoe, A., et al., Influence of Socioeconomic Status and Job Control on Plasma 

Fibrinogen Responses to Acute Mental Stress. Psychosomatic Medicine, 2003. 65(1): p. 

137-144. 

187. Steptoe, A., et al., Loneliness and neuroendocrine, cardiovascular, and inflammatory 

stress responses in middle-aged men and women. Psychoneuroendocrinology, 2004. 

29(5): p. 593-611. 

188. Wamala, S.P., et al., Socioeconomic status and determinants of hemostatic function in 

healthy women. Arteriosclerosis, Thrombosis, and Vascular Biology, 1999. 19(3): p. 485-

492. 

189. Cudjoe, T.K.M., et al., Getting under the skin: Social isolation and biological markers in 

the National Health and Aging Trends Study. Journal of the American Geriatrics Society, 

2022. 70(2): p. 408-414. 

190. Smith, K.J., et al., The association between loneliness, social isolation and inflammation: 

A systematic review and meta-analysis. Neuroscience & Biobehavioral Reviews, 2020. 

112: p. 519-541. 

191. Loucks, E.B., et al., Social Integration Is Associated With Fibrinogen Concentration in 

Elderly Men. Psychosomatic Medicine, 2005. 67(3): p. 353-358. 

192. Loucks, E.B., et al., Relation of Social Integration to Inflammatory Marker Concentrations 

in Men and Women 70 to 79 Years. The American Journal of Cardiology, 2006. 97(7): p. 

1010-1016. 

193. Ford, E.S., Loucks, E.B., and Berkman, L.F., Social Integration and Concentrations of C-

Reactive Protein Among US Adults. Annals of Epidemiology, 2006. 16(2): p. 78-84. 

194. Shankar, A., et al., Loneliness, social isolation, and behavioral and biological health 

indicators in older adults. Health psychology : official journal of the Division of Health 

Psychology, American Psychological Association, 2011. 30(4): p. 377. 

195. Vingeliene, S., et al., Longitudinal analysis of loneliness and inflammation at older ages: 

English longitudinal study of ageing. Psychoneuroendocrinology, 2019. 110: p. 104421. 

196. Uchino, B.N., Cacioppo, J.T., and Kiecolt-Glaser, J.K., The relationship between social 

support and physiological processes: a review with emphasis on underlying mechanisms 

and implications for health. Psychol Bull, 1996. 119(3): p. 488-531. 

197. Seeman, T.E. and McEwen, B.S., Impact of social environment characteristics on 

neuroendocrine regulation. Psychosom Med, 1996. 58(5): p. 459-71. 

198. McHugh Power, J.E., et al., Systemic inflammatory markers and sources of social support 

among older adults in the Memory Research Unit cohort. journal of Health Psychology, 

2016. 24(3): p. 397-406. 

199. Thoits, P.A., Mechanisms Linking Social Ties and Support to Physical and Mental Health. 

Journal of Health and Social Behavior, 2011. 52(2): p. 145-161. 



216 

 

200. Elliot, A.J., et al., Social Relationships and Inflammatory Markers in the MIDUS Cohort: 

The Role of Age and Gender Differences. Journal of Aging and Health, 2018. 30(6): p. 

904-923. 

201. Lee, D.S. and Way, B.M., Perceived Social Support and Chronic Inflammation: The 

Moderating Role of Self-Esteem. Health Psychology, 2019. 38(6): p. 563-566. 

202. Borras, C., et al., Centenarians: An excellent example of resilience for successful ageing. 

Mechanisms of ageing and development, 2020. 186(111199). 

203. Ma, L., et al., Plasma N-Terminal Pro-B-Type Natriuretic Peptide Is Associated with 

Intrinsic Capacity Decline in an Older Population. The journal of nutrition, health & aging, 

2020. 

204. Ma, L., et al., High Serum Tumor Necrosis Factor Receptor 1 Levels Are Related to Risk of 

Low Intrinsic Capacity in Elderly Adults. The journal of nutrition, health & aging, 2020. 

205. Idriss, H.T. and Naismith, J.H., TNF? and the TNF receptor superfamily: Structure-function 

relationship(s). Microscopy Research and Technique, 2000. 50(3): p. 184-195. 

206. Maggio, M., et al., IGF-1, the Cross Road of the Nutritional, Inflammatory and Hormonal 

Pathways to Frailty. Nutrients, 2013. 5(10): p. 4184-4205. 

207. Rueda-Gotor, J., et al., Vaspin in atherosclerotic disease and cardiovascular risk in axial 

spondyloarthritis: a genetic and serological study. Arthritis Research & Therapy, 2021. 

23(1). 

208. Penwell, L.M. and Larkin, K.T., Social support and risk for cardiovascular disease and 

cancer: a qualitative review examining the role of inflammatory processes. Health 

Psychology Review, 2010. 4(1): p. 42-55. 

209. Baron, R.M. and Kenny, D.A., The moderator–mediator variable distinction in social 

psychological research: Conceptual, strategic, and statistical considerations. Journal of 

Personality and Social Psychology, 1986. 51(6): p. 1173-1182. 

210. Boen, C.E., et al., Social Relationships, Inflammation, and Cancer Survival. Cancer 

Epidemiology Biomarkers &amp; Prevention, 2018. 27(5): p. 541. 

211. Yang, Y.C., et al., Social Isolation and Adult Mortality: The Role of Chronic Inflammation 

and Sex Differences. Journal of Health and Social Behavior, 2013. 54(2): p. 183-203. 

212. Phelps, A., et al., English Longitudinal Study of Ageing: Waves 0-9, 1998-2019. 31st 

Edition. 2020, UK Data Service. SN: 5050. 

213. Steptoe, A., et al., Cohort Profile: The English Longitudinal Study of Ageing. International 

Journal of Epidemiology, 2013. 42(6): p. 1640-1648. 

214. English Longitudinal Study of Ageing, English Longitudinal Study of Ageing Wave Two 

Interview Questionnaire - 2004-2005 Version 2.0. 2006. 

215. Umberson, D., Lin, Z., and Cha, H., Gender and Social Isolation across the Life Course. 

Journal of Health and Social Behavior, 2022. 63(3): p. 319-335. 

216. Hägg, S. and Jylhävä, J., Sex differences in biological aging with a focus on human 

studies. eLife, 2021. 10. 

217. Klein, S.L. and Flanagan, K.L., Sex differences in immune responses. Nature Reviews 

Immunology, 2016. 16(10): p. 626-638. 

218. Goldman, N., Korenman, S., and Weinstein, R., Marital status and health among the 

elderly. Social Science & Medicine, 1995. 40(12): p. 1717-1730. 

219. Hu, Y.R. and Goldman, N., Mortality differentials by marital status: an international 

comparison. Demography, 1990. 27(2): p. 233-50. 

220. Gove, W.R., Sex, Marital Status, and Mortality. American Journal of Sociology, 1973. 

79(1): p. 45-67. 

221. Ben-Shlomo, Y., et al., Magnitude and causes of mortality differences between married 

and unmarried men. Journal of Epidemiology & Community Health, 1993. 47(3): p. 200-

205. 

222. Marmot, M.G., Understanding Social Inequalities in Health. Perspectives in Biology and 

Medicine, 2003. 46(3x): p. S9-S23. 

223. Wu, Y.-T., et al., Education and wealth inequalities in healthy ageing in eight harmonised 

cohorts in the ATHLOS consortium: a population-based study. The Lancet Public Health, 

2020. 5(7): p. e386-e394. 



217 

 

224. Röhr, S., et al., Social factors and the prevalence of social isolation in a population-based 

adult cohort. Social Psychiatry and Psychiatric Epidemiology, 2022. 57(10): p. 1959-

1968. 

225. Wagg, E., et al., Socioeconomic position and healthy ageing: A systematic review of cross-

sectional and longitudinal studies. Ageing Res Rev, 2021. 69: p. 101365. 

226. Di Gessa, G., et al., Is being in paid work beyond state pension age beneficial for health? 

Evidence from England using a life-course approach. Journal of Epidemiology and 

Community Health, 2017. 71(5): p. 431-438. 

227. Daskalopoulou, C., et al., Associations of smoking and alcohol consumption with healthy 

ageing: a systematic review and meta-analysis of longitudinal studies. BMJ Open, 2018. 

8(4): p. e019540. 

228. Shiovitz-Ezra, S. and Litwin, H., Social network type and health-related behaviors: 

Evidence from an American national survey. Social Science & Medicine, 2012. 75(5): p. 

901-904. 

229. Watt, R.G., et al., Social relationships and health related behaviors among older US 

adults. BMC Public Health, 2014. 14(1): p. 533. 

230. Kobayashi, L.C. and Steptoe, A., Social Isolation, Loneliness, and Health Behaviors at 

Older Ages: Longitudinal Cohort Study. Annals of Behavioral Medicine, 2018. 52(7): p. 

582-593. 

231. Skog, O.-J., Social Interaction and the Distribution of Alcohol Consumption. Journal of 

Drug Issues, 1980. 10(1): p. 71-92. 

232. Imhof, A., et al., Effect of alcohol consumption on systemic markers of inflammation. The 

Lancet, 2001. 357(9258): p. 763-767. 

233. Imhof, A. and Koenig, W., Alcohol inflammation and coronary heart disease. Addiction 

Biology, 2003. 8(3): p. 271-277. 

234. Arranz, S., et al., Wine, Beer, Alcohol and Polyphenols on Cardiovascular Disease and 

Cancer. Nutrients, 2012. 4(7): p. 759-781. 

235. Anderson, B.O., et al., Health and cancer risks associated with low levels of alcohol 

consumption. The Lancet Public Health, 2023. 8(1): p. e6-e7. 

236. Gellert, C., Schöttker, B., and Brenner, H., Smoking and All-Cause Mortality in Older 

People. Archives of Internal Medicine, 2012. 172(11). 

237. LaCroix, A.Z. and Omenn, G.S., Older Adults and Smoking. Clinics in Geriatric Medicine, 

1992. 8(1): p. 69-88. 

238. Yanbaeva, D.G., et al., Systemic Effects of Smoking. Chest, 2007. 131(5): p. 1557-1566. 

239. Mcphee, J.S., et al., Physical activity in older age: perspectives for healthy ageing and 

frailty. Biogerontology, 2016. 17(3): p. 567-580. 

240. Robins, L.M., Jansons, P., and Haines, T., The Impact of Physical Activity Interventions on 

Social Isolation Among Community-Dwelling Older Adults: A Systematic Review. Research 

& Reviews: Journal of Nursing and Health Sciences, 2016. 2(1): p. 62-71. 

241. Schrempft, S., et al., Associations between social isolation, loneliness, and objective 

physical activity in older men and women. BMC Public Health, 2019. 19(1). 

242. Hamer, M., et al., Physical Activity and Inflammatory Markers Over 10 Years. Circulation, 

2012. 126(8): p. 928-933. 

243. Kasapis, C. and Thompson, P.D., The Effects of Physical Activity on Serum C-Reactive 

Protein and Inflammatory Markers. Journal of the American College of Cardiology, 2005. 

45(10): p. 1563-1569. 

244. Wärnberg, J., et al., Physical activity, exercise and low-grade systemic inflammation. 

Proceedings of the Nutrition Society, 2010. 69(3): p. 400-406. 

245. Kirkwood, T.B.L., A systematic look at an old problem. Nature, 2008. 451(7179): p. 644-

647. 

246. Young, Y., Frick, K.D., and Phelan, E.A., Can successful aging and chronic illness coexist 

in the same individual? A multidimensional concept of successful aging. J Am Med Dir 

Assoc, 2009. 10(2): p. 87-92. 



218 

 

247. Lazarevič, P. and Brandt, M., Diverging ideas of health? Comparing the basis of health 

ratings across gender, age, and country. Social Science & Medicine, 2020. 267: p. 

112913. 

248. George, P.P., et al., A Rapid Review of the Measurement of Intrinsic Capacity in Older 

Adults. The journal of nutrition, health & aging, 2021. 

249. Osteen, P., An Introduction to Using Multidimensional Item Response Theory to Assess 

Latent Factor Structures. Journal of the Society for Social Work and Research, 2010. 

1(2): p. 66-82. 

250. Bean, G.J. and Bowen, N.K., Item Response Theory and Confirmatory Factor Analysis: 

Complementary Approaches for Scale Development. Journal of Evidence-Based Social 

Work, 2021. 18(6): p. 597-618. 

251. Stover, A.M., et al., State of the psychometric methods: patient-reported outcome 

measure development and refinement using item response theory. Journal of Patient-

Reported Outcomes, 2019. 3(1). 

252. Thomas, M.L., The Value of Item Response Theory in Clinical Assessment: A Review. 

Assessment, 2011. 18(3): p. 291-307. 

253. Sanchez-Niubo, A., et al., Cohort Profile: The Ageing Trajectories of Health – Longitudinal 

Opportunities and Synergies (ATHLOS) project. International Journal of Epidemiology, 

2019. 48(4): p. 1052-1053i. 

254. Campbell, C.L., et al., Operationalisation of intrinsic capacity in older people and its 

association with subsequent disability, hospital admission and mortality: results from 

ELSA. The Journals of Gerontology: Series A, 2022. 

255. Nieuwenhuis-Mark, R.E., The Death Knoll for the MMSE: Has It Outlived Its Purpose? 

Journal of Geriatric Psychiatry and Neurology, 2010. 23(3): p. 151-157. 

256. Horn, J.L. and Cattell, R.B., Age differences in fluid and crystallized intelligence. Acta 

Psychologica, 1967. 26: p. 107-129. 

257. Deary, I.J., et al., Age-associated cognitive decline. British Medical Bulletin, 2009. 92(1): 

p. 135-152. 

258. Weir, D.R., Langa, K.M., and Ryan, L.H. 2016 Harmonized Cognitive Assessment Protocol 

(HCAP): Study Protocol Summary. Available at: 

http://hrsonline.isr.umich.edu/index.php?p=shoavail&iyear=ZU. 2016. 

259. Moulton, V., et al., A guide to the cognitive measures in five British birth cohort studes. 

2020, CLOSER: London, UK. 

260. Gross, A.L., et al., Word list memory predicts everyday function and problem-solving in the 

elderly: Results from the ACTIVE cognitive intervention trial. Aging, Neuropsychology, and 

Cognition, 2011. 18(2): p. 129-146. 

261. Royall, D.R., et al., The Cognitive Correlates of Functional Status: A Review From the 

Committee on Research of the American Neuropsychiatric Association. The Journal of 

Neuropsychiatry and Clinical Neurosciences, 2007. 19(3): p. 249-265. 

262. Thomas, K.R., et al., Word-list intrusion errors predict progression to mild cognitive 

impairment. Neuropsychology., 2018. 32(2): p. 235. 

263. Bruno, D., et al., Decreased Recall of Primacy Words Predicts Cognitive Decline. Archives 

of Clinical Neuropsychology, 2013. 28(2): p. 95-103. 

264. Guerrero-Berroa, E., et al., The MMSE orientation for time domain is a strong predictor of 

subsequent cognitive decline in the elderly. International Journal of Geriatric Psychiatry, 

2009. 24(12): p. 1429-1437. 

265. Benton, A.L., Eslinger, P.J., and Damasio, A.R., Normative observations on 

neuropsychological test performances in old age. Journal of Clinical Neuropsychology, 

1981. 3(1): p. 33-42. 

266. Brotchie, J., Brennan, J., and Wyke, M.A., Temporal Orientation in the Pre-Senium and Old 

Age. British journal of psychiatry, 1985. 147(6): p. 692. 

267. Huang, W.-N.W., et al., Performance Measures Predict Onset of Activity of Daily Living 

Difficulty in Community-Dwelling Older Adults. Journal of the American Geriatrics Society, 

2010. 58(5): p. 844-852. 

http://hrsonline.isr.umich.edu/index.php?p=shoavail&iyear=ZU


219 

 

268. Vasunilashorn, S., et al., Use of the Short Physical Performance Battery Score to Predict 

Loss of Ability to Walk 400 Meters: Analysis From the InCHIANTI Study. The Journals of 

Gerontology Series A: Biological Sciences and Medical Sciences, 2009. 64A(2): p. 223-

229. 

269. Guralnik, J.M., et al., Lower Extremity Function and Subsequent Disability: Consistency 

Across Studies, Predictive Models, and Value of Gait Speed Alone Compared With the 

Short Physical Performance Battery. The Journals of Gerontology Series A: Biological 

Sciences and Medical Sciences, 2000. 55(4): p. M221-M231. 

270. Lauretani, F., et al., Short-Physical Performance Battery (SPPB) score is associated with 

falls in older outpatients. Aging Clinical and Experimental Research, 2019. 31(10): p. 

1435-1442. 

271. Pavasini, R., et al., Short Physical Performance Battery and all-cause mortality: 

systematic review and meta-analysis. BMC Medicine, 2016. 14(1). 

272. Afilalo, J., Frailty in Patients with Cardiovascular Disease: Why, When, and How to 

Measure. Current Cardiovascular Risk Reports, 2011. 5(5): p. 467-472. 

273. Studenski, S., et al., Gait Speed and Survival in Older Adults. JAMA, 2011. 305(1): p. 50. 

274. Abellan Van Kan, G., et al., Gait speed at usual pace as a predictor of adverse outcomes 

in community-dwelling older people an International Academy on Nutrition and Aging 

(IANA) Task Force. The journal of nutrition, health & aging, 2009. 13(10): p. 881-889. 

275. Hoogendijk, E.O., et al., Components of the Frailty Phenotype in Relation to the Frailty 

Index: Results From the Toulouse Frailty Platform. Journal of the American Medical 

Directors Association, 2015. 16(10): p. 855-859. 

276. Cesari, M., et al., Prognostic Value of Usual Gait Speed in Well-Functioning Older 

Peopleâ€ ” Results from the Health, Aging and Body Composition Study. Journal of the 

American Geriatrics Society, 2005. 53(10): p. 1675-1680. 

277. Cruz-Jentoft, A.J., et al., Sarcopenia: European consensus on definition and diagnosis: 

Report of the European Working Group on Sarcopenia in Older People. Age and Ageing, 

2010. 39(4): p. 412-423. 

278. Bergland, A. and Strand, B.H., Norwegian reference values for the Short Physical 

Performance Battery (SPPB): the Tromsø Study. BMC Geriatrics, 2019. 19(1). 

279. Pardasaney, P.K., et al., Sensitivity to Change and Responsiveness of Four Balance 

Measures for Community-Dwelling Older Adults. Physical Therapy, 2012. 92(3): p. 388-

397. 

280. Fleig, L., et al., Health behaviour change theory meets falls prevention: Feasibility of a 

habit-based balance and strength exercise intervention for older adults. Psychology of 

Sport and Exercise, 2016. 22: p. 114-122. 

281. Ward, R.E., et al., Functional Performance as a Predictor of Injurious Falls in Older Adults. 

Journal of the American Geriatrics Society, 2015. 63(2): p. 315-320. 

282. Hirvensalo, M., Rantanen, T., and Heikkinen, E., Mobility Difficulties and Physical Activity 

as Predictors of Mortality and Loss of Independence in the Community-Living Older 

Population. Journal of the American Geriatrics Society, 2000. 48(5): p. 493-498. 

283. Von Bonsdorff, M., et al., Mobility Limitations and Cognitive Deficits as Predictors of 

Institutionalization among Community-Dwelling Older People. Gerontology, 2006. 52(6): 

p. 359-365. 

284. Musich, S., et al., The impact of mobility limitations on health outcomes among older 

adults. Geriatric Nursing, 2018. 39(2): p. 162-169. 

285. Rubenstein, L.Z., Powers, C.M., and MacLean, C.H., Quality indicators for the 

management and prevention of falls and mobility problems in vulnerable elders. Ann 

Intern Med, 2001. 135(8 Pt 2): p. 686-93. 

286. Swan, I.R. and Browning, G.G., The whispered voice as a screening test for hearing 

impairment. The Journal of the Royal College of General Practitioners, 1985. 35(273): p. 

197. 

287. Yu, A. and Liljas, A.E.M., The relationship between self-reported sensory impairments and 

psychosocial health in older adults: a 4-year follow-up study using the English 

Longitudinal Study of Ageing. Public Health, 2019. 169: p. 140-148. 



220 

 

288. Liljas, A.E.M., et al., Hearing impairment and incident disability and all-cause mortality in 

older British community-dwelling men. Age and Ageing, 2016. 45(5): p. 661-666. 

289. Liljas, A.E.M., et al., Self-Reported Hearing Impairment and Incident Frailty in English 

Community-Dwelling Older Adults: A 4-Year Follow-Up Study. Journal of the American 

Geriatrics Society, 2017. 65(5): p. 958-965. 

290. Bastawrous, A., Increasing access to eye care … there's an app for that. Peek: 

smartphone technology for eye health. 2016: p. dyw086. 

291. Liljas, A.E.M., et al., Self-reported vision impairment and incident prefrailty and frailty in 

English community-dwelling older adults: findings from a 4-year follow-up study. Journal 

of Epidemiology and Community Health, 2017: p. jech-2017-20920. 

292. Jacobs, J.M., et al., The impact of visual impairment on health, function and mortality. 

Aging Clinical and Experimental Research, 2005. 17(4): p. 281-286. 

293. Nuttall, F.Q., Body Mass Index: Obesity, BMI, and Health: A Critical Review. Nutrition 

Today, 2015. 50(3): p. 117-128. 

294. Charlton, K.E., et al., A high prevalence of malnutrition in acute geriatric patients predicts 

adverse clinical outcomes and mortality within 12 months. e-SPEN Journal, 2013. 8(3): 

p. e120-e125. 

295. Suominen, M., et al., Malnutrition and associated factors among aged residents in all 

nursing homes in Helsinki. European Journal of Clinical Nutrition, 2005. 59(4): p. 578-

583. 

296. Ferrucci, L., et al., Designing Randomized, Controlled Trials Aimed at Preventing or 

Delaying Functional Decline and Disability in Frail, Older Persons: A Consensus Report. 

Journal of the American Geriatrics Society, 2004. 52(4): p. 625-634. 

297. Gustafson, D., et al., An 18-Year Follow-up of Overweight and Risk of Alzheimer Disease. 

Archives of Internal Medicine, 2003. 163(13): p. 1524. 

298. Han, T.S., Tajar, A., and Lean, M.E.J., Obesity and weight management in the elderly. 

British Medical Bulletin, 2011. 97(1): p. 169-196. 

299. Mathus-Vliegen, E.M.H., et al., Prevalence, Pathophysiology, Health Consequences and 

Treatment Options of Obesity in the Elderly: A Guideline. Obesity Facts, 2012. 5(3): p. 

460-483. 

300. Cerhan, J.R., et al., A Pooled Analysis of Waist Circumference and Mortality in 650,000 

Adults. Mayo Clinic Proceedings, 2014. 89(3): p. 335-345. 

301. Pischon, T., et al., General and Abdominal Adiposity and Risk of Death in Europe. New 

England Journal of Medicine, 2008. 359(20): p. 2105-2120. 

302. Zhang, C., et al., Abdominal Obesity and the Risk of All-Cause, Cardiovascular, and 

Cancer Mortality. Circulation, 2008. 117(13): p. 1658-1667. 

303. Ross, R., et al., Waist circumference as a vital sign in clinical practice: a Consensus 

Statement from the IAS and ICCR Working Group on Visceral Obesity. Nature Reviews 

Endocrinology, 2020. 16(3): p. 177-189. 

304. Alberti, K.G.M.M., Zimmet, P., and Shaw, J., International Diabetes Federation: a 

consensus on Type 2 diabetes prevention. Diabetic Medicine, 2007. 24(5): p. 451-463. 

305. Bohannon, R.W., Hand-Grip Dynamometry Predicts Future Outcomes in Aging Adults. 

Journal of Geriatric Physical Therapy, 2008. 31(1): p. 3-10. 

306. Diener, E., et al., The Satisfaction With Life Scale. Journal of Personality Assessment, 

1985. 49(1): p. 71-75. 

307. Steffick, D., Documentation of Affective Functioning Measures in the Health and 

Retirement Study. 2000, Institute for Social Research, University of Michigan: Ann Arbor, 

Michigan. Available from: https://hrs.isr.umich.edu/publications/biblio/5411. 

308. Karim, J., et al., Validation of the Eight-Item Center for Epidemiologic Studies Depression 

Scale (CES-D) Among Older Adults. Current Psychology, 2015. 34(4): p. 681-692. 

309. Diener, E., Oishi, S., and Lucas, R.E., Subjective well-being: The science of happiness and 

life satisfaction, in The Oxford Handbook of Positive Psychology (2nd Edition), C.R. Snyder 

and S.J. Lopez, Editors. 2009, Oxford University Press: Oxford. p. 187-194. 

310. Pavot, W. and Diener, E., Review of the Satisfaction with Life Scale. Psychological 

Assessment, 1993. 5(2): p. 164-172. 

https://hrs.isr.umich.edu/publications/biblio/5411


221 

 

311. Pavot, W. and Diener, E., The Satisfaction With Life Scale and the emerging construct of 

life satisfaction. The Journal of Positive Psychology, 2008. 3(2): p. 137-152. 

312. Strine, T.W., et al., The Associations Between Life Satisfaction and Health-related Quality 

of Life, Chronic Illness, and Health Behaviors among U.S. Community-dwelling Adults. 

Journal of Community Health, 2008. 33(1): p. 40-50. 

313. Yang, F.M. and Kao, S.T., Item response theory for measurement validity. Shanghai Arch 

Psychiatry, 2014. 26(3): p. 171-7. 

314. Nguyen, T.H., et al., An Introduction to Item Response Theory for Patient-Reported 

Outcome Measurement. The Patient - Patient-Centered Outcomes Research, 2014. 7(1): 

p. 23-35. 

315. Cook, K.F. A Conceptual Introduction to Item Response Theory [Video playlist]. 2013. 

YouTube. 

https://www.youtube.com/playlist?list=PLJNUIJnElUzDmrIPunMyF3tTvIHb65wNb. 

316. Feuerstahler, L.M., Sources of Error in IRT Trait Estimation. Applied Psychological 

Measurement, 2018. 42(5): p. 359-375. 

317. Fine, J.P. and Gray, R.J., A Proportional Hazards Model for the Subdistribution of a 

Competing Risk. Journal of the American Statistical Association, 1999. 94(446): p. 496-

509. 

318. Chalmers, R.P., mirt: A Multidimensional Item Response Theory Package for the R 

Environment. Journal of Statistical Software, 2012. 48(6): p. 1-29. 

319. Millsap, R.E., Testing Measurement Invariance Using Item Response Theory in 

Longitudinal Data: An Introduction. Child Development Perspectives, 2010. 4(1): p. 5-9. 

320. Choi, S.W., Gibbons, L.E., and Crane, P.K., lordif: An R Package for Detecting Differential 

Item Functioning Using Iterative Hybrid Ordinal Logistic Regression/Item Response 

Theory and Monte Carlo Simulations. Journal of Statistical Software, 2011. 39(8): p. 1-

30. 

321. Crane, P.l.K., van Belle, G., and Larson, E.B., Test bias in a cognitive test: differential item 

functioning in the CASI. Statistics in Medicine, 2004. 23(2): p. 241-256. 

322. Putnick, D.L. and Bornstein, M.H., Measurement invariance conventions and reporting: 

The state of the art and future directions for psychological research. Developmental 

Review, 2016. 41: p. 71-90. 

323. Muthén, B.O. and Asparouhov, T., Latent Variable Analysis with Categorical Outcomes: 

Multiple-Group and Growth Modeling in Mplus. Mplus Web Notes, No. 4. 2002, Muthén & 

Muthén: Los Angeles. 

324. Jordan, R.E., et al., Effect of social factors on winter hospital admission for respiratory 

disease: a case-control study of older people in the UK. The British journal of general 

practice : the journal of the Royal College of General Practitioners, 2008. 58(551): p. 

400. 

325. Sepúlveda-Loyola, W., et al., Impact of Social Isolation Due to COVID-19 on Health in 

Older People: Mental and Physical Effects and Recommendations. The journal of 

nutrition, health & aging, 2020. 

326. House, J.S., Umberson, D., and Landis, K.R., Structures and Processes of Social Support. 

Annual Review of Sociology, 1988. 14(1): p. 293-318. 

327. Nicholson, N.R., A Review of Social Isolation: An Important but Underassessed Condition 

in Older Adults. The Journal of Primary Prevention, 2012. 33(2-3): p. 137-152. 

328. Wang, J., et al., Social isolation in mental health: a conceptual and methodological 

review. Social Psychiatry and Psychiatric Epidemiology, 2017. 52(12): p. 1451-1461. 

329. Zavaleta, D., Samuel, K., and Mills, C.T., Measures of Social Isolation. Social Indicators 

Research, 2017. 131(1): p. 367-391. 

330. Wenger, G.C., A network typology: From theory to practice. Journal of Aging Studies, 

1991. 5(2): p. 147-162. 

331. Litwin, H., Support Network Type and Health Service Utilization. Research on Aging, 

1997. 19(3): p. 274-299. 

https://www.youtube.com/playlist?list=PLJNUIJnElUzDmrIPunMyF3tTvIHb65wNb


222 

 

332. Berkman, L.F. and Syme, S.L., Social networks, host resistance, and mortality: a nine-year 

follow-up study of alameda county residents. American Journal of Epidemiology, 1979. 

109(2): p. 186-204. 

333. Cohen, S., Social Ties and Susceptibility to the Common Cold. JAMA: The Journal of the 

American Medical Association, 1997. 277(24): p. 1940. 

334. Bu, F., Zaninotto, P., and Fancourt, D., Longitudinal associations between loneliness, 

social isolation and cardiovascular events. Heart, 2020. 106(18): p. 1394-1399. 

335. Diakow, R., Growth Curve Modelling, in The SAGE encyclopedia of educational research, 

measurement, and evaluation., B.B. Frey, Editor. 2018, SAGE Publications, Inc. 

336. Curran, P.J., Obeidat, K., and Losardo, D., Twelve Frequently Asked Questions About 

Growth Curve Modeling. Journal of Cognition and Development, 2010. 11(2): p. 121-136. 

337. Muniz-Terrera, G., et al., Latent growth models matched to research questions to answer 

questions about dynamics of change in multiple processes. Journal of Clinical 

Epidemiology, 2017. 82: p. 158-166. 

338. Lincoln, K.D., Social Support, Negative Social Interactions, and Psychological Well‐Being. 

Social Service Review, 2000. 74(2): p. 231-252. 

339. Umberson, D. and Montez, J.K., Social Relationships and Health: A Flashpoint for Health 

Policy. Journal of Health and Social Behavior, 2010. 51(1_suppl): p. S54-S66. 

340. Umberson, D., et al., You Make Me Sick: Marital Quality and Health Over the Life Course. 

Journal of Health and Social Behavior, 2006. 47(1): p. 1-16. 

341. Lacey, R.E., McMunn, A., and Webb, E., Informal caregiving patterns and trajectories of 

psychological distress in the UK Household Longitudinal Study. Psychological Medicine, 

2019. 49(10): p. 1652-1660. 

342. Schulz, R. and Sherwood, P.R., Physical and mental health effects of family caregiving. 

Am J Nurs, 2008. 108(9 Suppl): p. 23-7; quiz 27. 

343. Berkman, L.F. and Glass, T., Social Integration, Social Networks, Social Support, and 

Health, in Social Epidemiology, L. Berkman and I. Kawachi, Editors. 2000, Oxford 

University Press: Oxford. 

344. Agler, R. and De Boeck, P., On the Interpretation and Use of Mediation: Multiple 

Perspectives on Mediation Analysis. Frontiers in Psychology, 2017. 8. 

345. Cole, D.A. and Maxwell, S.E., Testing Mediational Models With Longitudinal Data: 

Questions and Tips in the Use of Structural Equation Modeling. Journal of Abnormal 

Psychology, 2003. 112(4): p. 558-577. 

346. Selig, J.P. and Little, T.D., Autoregressive and cross-lagged panel analysis for longitudinal 

data, in Handbook of developmental research methods, B. Laursen, T.D. Little, and N.A. 

Card, Editors. 2012, The Guilford Press. p. 265-278. 

347. Selig, J.P. and Preacher, K.J., Mediation Models for Longitudinal Data in Developmental 

Research. Research in Human Development, 2009. 6(2-3): p. 144-164. 

348. Preacher, K.J., Advances in Mediation Analysis: A Survey and Synthesis of New 

Developments. Annual Review of Psychology, 2015. 66(1): p. 825-852. 

349. Maxwell, S.E. and Cole, D.A., Bias in cross-sectional analyses of longitudinal mediation. 

Psychol Methods, 2007. 12(1): p. 23-44. 

350. Rogosa, D., Casual models do not support scientific conclusions: A comment in support 

of Freedman. Journal of Educational Statistics, 1987. 12(2): p. 185-195. 

351. Vilagut, G., et al., Screening for Depression in the General Population with the Center for 

Epidemiologic Studies Depression (CES-D): A Systematic Review with Meta-Analysis. 

PLOS ONE, 2016. 11(5): p. e0155431. 

352. Koenig, W., Fibrin(ogen) in cardiovascular disease: an update. Thromb Haemost, 2003. 

89(4): p. 601-9. 

353. Mora, S., et al., Additive Value of Immunoassay-Measured Fibrinogen and High-Sensitivity 

C-Reactive Protein Levels for Predicting Incident Cardiovascular Events. Circulation, 

2006. 114(5): p. 381-387. 

354. Kearney, M.W., Cross-Lagged Panel Analysis, in The SAGE Encyclopedia of 

Communication Research Methods, M. Allen, Editor. 2017, SAGE Publications, Inc: 

Thousand Oaks 



223 

 

Thousand Oaks, California. Available from: https://methods.sagepub.com/reference/the-sage-

encyclopedia-of-communication-research-methods. 

355. Kenny, D.A., Cross-lagged panel correlation: A test for spuriousness. Psychological 

Bulletin, 1975. 82(6): p. 887-903. 

356. Wu, W., Carroll, I.A., and Chen, P.-Y., A single-level random-effects cross-lagged panel 

model for longitudinal mediation analysis. Behavior Research Methods, 2018. 50(5): p. 

2111-2124. 

357. Mund, M. and Nestler, S., Beyond the Cross-Lagged Panel Model: Next-generation 

statistical tools for analyzing interdependencies across the life course. Advances in Life 

Course Research, 2019. 41: p. 100249. 

358. Hu, L.T. and Bentler, P.M., Cutoff criteria for fit indexes in covariance structure analysis: 

Conventional criteria versus new alternatives. Structural Equation Modeling: A 

Multidisciplinary Journal, 1999. 6(1): p. 1-55. 

359. MacCallum, R.C., Browne, M.W., and Sugawara, H.M., Power analysis and determination 

of sample size for covariance structure modeling. Psychological Methods, 1996. 1(2): p. 

130-149. 

360. Kenny, D.A., Kaniskan, B., and McCoach, D.B., The Performance of RMSEA in Models 

With Small Degrees of Freedom. Sociological Methods & Research, 2015. 44(3): p. 486-

507. 

361. Yuan, K.-H. and Bentler, P.M., 17 - Robust Procedures in Structural Equation Modeling, in 

Handbook of Computing and Statistics with Applications, Handbook of Latent Variable 

and Related Models, S.-Y. Lee, Editor. 2007, North-Holland. p. 367-397. 

362. Desalvo, K.B., et al., Mortality prediction with a single general self-rated health question. 

Journal of General Internal Medicine, 2006. 21(3): p. 267-275. 

363. Wuorela, M., et al., Self-rated health and objective health status as predictors of all-cause 

mortality among older people: a prospective study with a 5-, 10-, and 27-year follow-up. 

BMC Geriatrics, 2020. 20(1). 

364. Coman, L. and Richardson, J., Relationship between Self-Report and Performance 

Measures of Function: A Systematic Review. Canadian Journal on Aging / La Revue 

canadienne du vieillissement, 2006. 25(3): p. 253-270. 

365. Lacey, R.E. and Minnis, H., Practitioner Review: Twenty years of research with adverse 

childhood experience scores – Advantages, disadvantages and applications to practice. 

Journal of Child Psychology and Psychiatry, 2020. 61(2): p. 116-130. 

366. Edelsbrunner, P.A., A model and its fit lie in the eye of the beholder: Long live the sum 

score. Frontiers in Psychology, 2022. 13. 

367. McNeish, D. and Wolf, M.G., Thinking twice about sum scores. Behavior Research 

Methods, 2020. 52(6): p. 2287-2305. 

368. Gorter, R., Fox, J.-P., and Twisk, J.W.R., Why item response theory should be used for 

longitudinal questionnaire data analysis in medical research. BMC Medical Research 

Methodology, 2015. 15(1). 

369. Marmot, M., et al., Health Equity in England: The Marmot Review 10 Years On. 2020, 

Institute of Health Equity. Available from: health.org.uk/publications/reports/the-marmot-

review-10-years-on. 

370. Howel, D., Waist Circumference and Abdominal Obesity among Older Adults: Patterns, 

Prevalence and Trends. PLoS ONE, 2012. 7(10): p. e48528. 

371. Baker, C., Research Briefing: Obesity Statistics. 2022, House of Commons Library. 

372. Gale, C.R., Cooper, C., and Aihie Sayer, A., Prevalence of frailty and disability: findings 

from the English Longitudinal Study of Ageing. Age and Ageing, 2014. 44(1): p. 162-165. 

373. Cummings, S.R., Studenski, S., and Ferrucci, L., A Diagnosis of Dismobility—Giving 

Mobility Clinical Visibility. JAMA, 2014. 311(20): p. 2061. 

374. Young, Y., et al., Does Self-Reported Function Correspond to Objective Measures of 

Functional Impairment? Journal of the American Medical Directors Association, 2010. 

11(9): p. 645-653. 

https://methods.sagepub.com/reference/the-sage-encyclopedia-of-communication-research-methods
https://methods.sagepub.com/reference/the-sage-encyclopedia-of-communication-research-methods


224 

 

375. Mänty, M., et al., Construct and Predictive Validity of a Self-Reported Measure of 

Preclinical Mobility Limitation. Archives of Physical Medicine and Rehabilitation, 2007. 

88(9): p. 1108-1113. 

376. Roedersheimer, K.M., et al., Self-Reported Versus Performance-Based Assessments of a 

Simple Mobility Task Among Older Adults in the Emergency Department. Annals of 

Emergency Medicine, 2016. 67(2): p. 151-156. 

377. Age UK, Impact of Covid-19 on older people's mental and physical health: one year on. 

2021, Age UK: London. 

378. Liu, S., et al., Trajectory and Correlation of Intrinsic Capacity and Frailty in a Beijing 

Elderly Community. Front Med (Lausanne), 2021. 8: p. 751586. 

379. Tay, L., et al., Association of Intrinsic Capacity with Frailty, Physical Fitness and Adverse 

Health Outcomes in Community-Dwelling Older Adults. The Journal of Frailty & Aging, 

2022. 

380. Jia, S., et al., Associations between transitions of intrinsic capacity and frailty status, and 

3-year disability. BMC Geriatrics, 2023. 23(1). 

381. Rose, N., von Davier, M., and Xu, X., MODELING NONIGNORABLE MISSING DATA WITH 

ITEM RESPONSE THEORY (IRT). ETS Research Report Series, 2010. 2010(1): p. i-53. 

382. Cham, H., et al., Full Information Maximum Likelihood Estimation for Latent Variable 

Interactions With Incomplete Indicators. Multivariate Behavioral Research, 2017. 52(1): 

p. 12-30. 

383. Enders, C.K., Applied Missing Data Analysis. Methodology in the Social Sciences, ed. T.D. 

Little. 2010, New York, NY: The Guilford Press. 

384. Zaninotto, P. and Sacker, A., Missing Data in Longitudinal Surveys: A Comparison of 

Performance of Modern Techniques. Journal of Modern Applied Statistical Methods, 

2017. 16(2): p. 378-402. 

385. Critselis, E., et al., Ageing trajectories of health—longitudinal opportunities and synergies 

(ATHLOS) Healthy Ageing Scale in adults from 16 international cohorts representing 38 

countries worldwide. Journal of Epidemiology and Community Health, 2020: p. jech-

2020-21449. 

386. Nguyen, H., et al., Multimorbidity patterns, all‐cause mortality and healthy aging in older 

English adults: Results from the English Longitudinal Study of Aging. Geriatrics & 

Gerontology International, 2020. 

387. Clarke, P. and Twardzik, E., Chapter 8 - The role of the built environment for healthy 

aging: barriers and enablers, in Handbook of Aging and the Social Sciences (Ninth 

Edition), K.F. Ferraro and D. Carr, Editors. 2021, Academic Press. p. 115-130. 

388. Clarke, P.J., et al., Cognitive function in the community setting: the neighbourhood as a 

source of ‘cognitive reserve’? Journal of Epidemiology and Community Health, 2012. 

66(8): p. 730-736. 

389. Clarke, P.J., et al., Cognitive decline and the neighborhood environment. Annals of 

Epidemiology, 2015. 25(11): p. 849-854. 

390. Levy, B.R., et al., Association Between Positive Age Stereotypes and Recovery From 

Disability in Older Persons. JAMA, 2012. 308(19): p. 1972. 

391. Levy, B.R., Stereotype Embodiment. Current Directions in Psychological Science, 2009. 

18(6): p. 332-336. 

392. Officer, A., et al., Ageism, Healthy Life Expectancy and Population Ageing: How Are They 

Related? International Journal of Environmental Research and Public Health, 2020. 

17(9): p. 3159. 

393. Bae, H., et al., Usefulness of Orientation to the Year as an Aid to Case Finding of Mild 

Cognitive Impairment or Depression in Community-Dwelling Older Adults. International 

Journal of Environmental Research and Public Health, 2021. 18(15): p. 8096. 

394. Dumurgier, J., et al., Time Orientation and 10 Years Risk of Dementia in Elderly Adults: 

The Three-City Study. J Alzheimers Dis, 2016. 53(4): p. 1411-8. 

395. Wind, A.W., et al., Limitations of the Mini-Mental State Examination in diagnosing 

dementia in general practice. Int J Geriatr Psychiatry, 1997. 12(1): p. 101-8. 



225 

 

396. Chapman, K.R., et al., Mini Mental State Examination and Logical Memory scores for 

entry into Alzheimer’s disease trials. Alzheimer's Research & Therapy, 2016. 8(1). 

397. Arevalo-Rodriguez, I., et al., Mini-Mental State Examination (MMSE) for the detection of 

Alzheimer's disease and other dementias in people with mild cognitive impairment (MCI). 

BJPsych Advances, 2015. 21(6): p. 362-362. 

398. Bernard, B.A. and Goldman, J.G., MMSE - Mini-Mental State Examination, in Encyclopedia 

of Movement Disorders, K. Kompoliti and L.V. Metman, Editors. 2010, Academic Press: 

Oxford. p. 187-189. 

399. Del Pozo Cruz, B., et al., Bidirectional and Dynamic Relationships Between Social 

Isolation and Physical Functioning Among Older Adults: A Cross-Lagged Panel Model of 

US National Survey Data. J Gerontol A Biol Sci Med Sci, 2021. 76(11): p. 1977-1980. 

400. Slymen, D.J., et al., Determinants of Non-Compliance and Attrition in the Elderly. 1996. 

25(2): p. 411-419. 

401. Young, A.F., Powers, J.R., and Bell, S.L., Attrition in longitudinal studies: who do you lose? 

Australian and New Zealand Journal of Public Health, 2006. 30(4): p. 353-361. 

402. Schafer, J.L. and Graham, J.W., Missing data: our view of the state of the art. Psychol 

Methods, 2002. 7(2): p. 147-77. 

403. Little, T.D., et al., On the joys of missing data. J Pediatr Psychol, 2014. 39(2): p. 151-62. 

404. Franceschi, C., et al., Inflammaging: a new immune–metabolic viewpoint for age-related 

diseases. Nature Reviews Endocrinology, 2018. 14(10): p. 576-590. 

405. Addison, O., et al., Inflammation, Aging, and Adiposity: Implications for Physical 

Therapists. Journal of Geriatric Physical Therapy, 2012. 35(2): p. 86-94. 

406. Kline, R.B., Principles and practice of structural equation modeling, 4th ed. Principles 

and practice of structural equation modeling, 4th ed. 2016, New York, NY, US: Guilford 

Press. xvii, 534-xvii, 534. 

407. Antonakis, J., et al., On making causal claims: A review and recommendations. The 

Leadership Quarterly, 2010. 21(6): p. 1086-1120. 

408. Baltagi, B.H., Econometric Analysis of Panel Data. Third ed. 2005, Chichester: John Wiley 

& Sons. 

409. Black, S., Kushner, I., and Samols, D., C-reactive Protein. Journal of Biological Chemistry, 

2004. 279(47): p. 48487-48490. 

410. Shrotriya, S., et al., Serum C-reactive protein is an important and powerful prognostic 

biomarker in most adult solid tumors. PLOS ONE, 2018. 13(8): p. e0202555. 

411. Pfützner, A. and Forst, T., High-sensitivity C-reactive protein as cardiovascular risk marker 

in patients with diabetes mellitus. Diabetes Technol Ther, 2006. 8(1): p. 28-36. 

412. Rijnhart, J.J.M., et al., Mediation analysis methods used in observational research: a 

scoping review and recommendations. BMC Medical Research Methodology, 2021. 

21(1). 

413. Vanderweele, T.J., Mediation Analysis: A Practitioner's Guide. Annual Review of Public 

Health, 2016. 37(1): p. 17-32. 

414. Whitty, C., Chief Medical Officer's Annual Report 2020: Health Trends and Variation in 

England. 2020, Department of Health and Social Care. Available from: 

https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2020-

health-trends-and-variation-in-england. 

415. Office for Health Improvement & Disparities, A consensus on healthy ageing (Policy 

paper). 2023, Department for Health and Social Care. Available from: 

https://www.gov.uk/government/publications/healthy-ageing-consensus-statement/a-

consensus-on-healthy-ageing. 

416. Office for National Statistics. Health state life expectancies by national deprivation 

deciles, England: 2018 to 2020 (Release date: 25 April 2022). 2022; Available from: 

https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthine

qualities/bulletins/healthstatelifeexpectanciesbyindexofmultipledeprivationimd/2018to2

020. 

417. Bambra, C., et al., The COVID-19 pandemic and health inequalities. Journal of 

Epidemiology and Community Health, 2020: p. jech-2020-21440. 

https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2020-health-trends-and-variation-in-england
https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2020-health-trends-and-variation-in-england
https://www.gov.uk/government/publications/healthy-ageing-consensus-statement/a-consensus-on-healthy-ageing
https://www.gov.uk/government/publications/healthy-ageing-consensus-statement/a-consensus-on-healthy-ageing
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthinequalities/bulletins/healthstatelifeexpectanciesbyindexofmultipledeprivationimd/2018to2020
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthinequalities/bulletins/healthstatelifeexpectanciesbyindexofmultipledeprivationimd/2018to2020
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthinequalities/bulletins/healthstatelifeexpectanciesbyindexofmultipledeprivationimd/2018to2020


226 

 

418. Hiam, L., et al., Why is life expectancy in England and Wales ‘stalling’? Journal of 

Epidemiology and Community Health, 2018. 72(5): p. 404-408. 

419. Marteau, T.M., Rutter, H., and Marmot, M., Changing behaviour: an essential component 

of tackling health inequalities. BMJ, 2021: p. n332. 

420. Stait, E. and Calnan, M., Are differential consumption patterns in health-related 

behaviours an explanation for persistent and widening social inequalities in health in 

England? International Journal for Equity in Health, 2016. 15(1). 

421. Neves, J. and Sousa‐Victor, P., Regulation of inflammation as an anti‐aging intervention. 

The FEBS Journal, 2020. 287(1): p. 43-52. 

422. Calder, P.C., et al., Health relevance of the modification of low grade inflammation in 

ageing (inflammageing) and the role of nutrition. Ageing Research Reviews, 2017. 40: p. 

95-119. 

423. McGeer, P.L., Schulzer, M., and McGeer, E.G., Arthritis and anti-inflammatory agents as 

possible protective factors for Alzheimer's disease. Neurology, 1996. 47(2): p. 425-432. 

424. Wichmann, M.A., et al., NSAID Use and Incident Cognitive Impairment in a Population-

based Cohort. Alzheimer Disease & Associated Disorders, 2016. 30(2): p. 105-112. 

425. Wang, J., et al., Anti-Inflammatory Drugs and Risk of Alzheimer's Disease: An Updated 

Systematic Review and Meta-Analysis. Journal of Alzheimer's Disease, 2015. 44: p. 385-

396. 

426. Qi, X., Ng, T.K.S., and Wu, B., Sex differences in the mediating role of chronic 

inflammation on the association between social isolation and cognitive functioning 

among older adults in the United States. Psychoneuroendocrinology, 2023. 149: p. 

106023. 

427. Sabia, S., et al., Alcohol consumption and cognitive decline in early old age. Neurology, 

2014. 82(4): p. 332-339. 

428. Chan, R., et al., The Role of Dietary Patterns in the Contribution of Cardiorespiratory 

Fitness in Community-Dwelling Older Chinese Adults in Hong Kong. Journal of the 

American Medical Directors Association, 2019. 

429. Ho, V.W.T., Chen, C., and Merchant, R.A., Cumulative effect of visual impairment, 

multimorbidity, and frailty on intrinsic capacity in community-dwelling older adults. 

Journal of Aging and Health, 2019. 

430. Giudici, K.V., et al., Effect of long-term omega-3 supplementation and a lifestyle 

multidomain intervention on intrinsic capacity among community-dwelling older adults: 

Secondary analysis of a randomized, placebo-controlled trial (MAPT study). Maturitas, 

2020. 141: p. 39-45. 

431. González-Bautista, E., et al., Frequency of conditions associated with declines in intrinsic 

capacity according to a screening tool in the context  of Integrated care for older people. 

The Journal of Frailty & Aging, 2020: p. 1-8. 

432. Gutiérrez-Robledo, L.M., et al., Validation of Two Intrinsic Capacity Scales and Its 

Relationship With Frailty And Other Outcomes In Mexican Community-Dwelling Older 

Adults. The journal of nutrition, health & aging, 2020. 

433. De Breij, S., et al., Predictors of Frailty and Vitality in Older Adults Aged 75 years and 

Over: Results from the Longitudinal Aging Study Amsterdam. Gerontology, 2021: p. 1-9. 

434. Huang, C.H., et al., Dietary patterns and intrinsic capacity among community-dwelling 

older adults: a 3-year prospective cohort study. European Journal of Nutrition, 2021. 

435. Yeung, S.S.Y., et al., Dietary Patterns and Intrinsic Capacity in Community-Dwelling Older 

Adults: A Cross-Sectional Study. The journal of nutrition, health & aging, 2022. 26(2): p. 

174-182. 

436. Strand, B.H., et al., Cohort Profile: Norwegian Survey of Health and Ageing (NORSE). 

2021, Research Square Platform LLC. 

437. Sánchez-Sánchez, J.L., et al., Associations Between Intrinsic Capacity and Adverse Events 

Among Nursing Home Residents: The INCUR Study. Journal of the American Medical 

Directors Association, 2021. 



227 

 

438. Arokiasamy, P., et al., Socioeconomic differences in handgrip strength and its association 

with measures of intrinsic capacity among older adults in six middle-income countries. 

Scientific Reports, 2021. 11(1). 

439. Rivadeneira, M.F., et al., A multidimensional model of healthy ageing: proposal and 

evaluation of determinants based on a population survey in Ecuador. BMC Geriatrics, 

2021. 21(1). 

440. Jiang, S., et al., Role of a Urinary Biomarker in the Common Mechanism of Physical 

Performance and Cognitive Function. Front Med (Lausanne), 2022. 

441. López-Ortiz, S., et al., Defining and assessing intrinsic capacity in older people: a 

systematic review and a proposed scoring system. Ageing Research Reviews, 2022. 

 

  



228 

 

Appendices 
 

Appendix to Chapter 1: Background 

Appendix 1.1 Literature review search terms 

1.1.1 Intrinsic capacity 

The literature review of previous models of intrinsic capacity was carried out through publication 

alerts, keyword search and manual search. 

Keywords for the PubMed database search: 

("intrinsic capacity") AND ("healthy ageing" OR "healthy aging" OR "successful ageing" OR 

"successful aging" OR "ageing phenotype" OR "aging phenotype" OR "longevity phenotype" OR 

"ageing index" OR "aging index") 

Keywords for Google Scholar alerts: 

“intrinsic capacity” “ageing” – new results 

"Evidence for the domains supporting the construct of intrinsic capacity" - new citations 

"The structure and predictive value of intrinsic capacity in a longitudinal study of ageing" - new 

citations 

1.1.2 Social relationships and multi-dimensional measures of healthy 

ageing 

Keywords for the PubMed database search: 

("healthy ageing" OR "healthy aging" OR "successful ageing" OR "successful aging")  

AND (("multidimensional" OR "multi-dimensional" OR "multi dimensional" OR "multidimensionality" 

OR "multi-dimensionality")  
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OR ("ageing phenotype" OR "aging phenotype" OR "longevity phenotype") OR ("ageing index" OR 

"aging index"))  

AND ("social relationships" OR "social network*" OR "social support" OR "social isolation" OR 

"loneliness" OR "social activit*" OR "social participation" OR "social engagement") 

Keywords for Google Scholar alerts: 

"social relationships" "healthy ageing" – new results 

"social relationships" "intrinsic capacity" - new results 
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Appendix 1.2 Indicators used to assess each domain of intrinsic capacity in papers identified through the 

literature search. 

Table columns are based on the five domains of IC defined in the WHO’s development work. All articles are presented in chronological order of publication. Multiple 

papers using the same model of IC have been included in the same row. 

No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

1  
Chan, Yau, Yu & 

Woo (2019) 

[428] 

Mr Os & Ms 

Os; Hong 

Kong 

- VO2 peak - VO2 peak - - - 

2  
Ramírez-Velez et 

al. (2019) 

[79] 

SABE; 

Colombia 
Modified MMSE 

Presence of sarcopenia; the 

prevalence of falls; 

functional impairments 

(ADLs); difficulty walking 

400m; SPPB (standing 

balance, walking speed, 

chair rises) 

Self-reported vision 

& hearing 

Loss of appetite; 

weight loss 

GDS; the prevalence 

of mental health 

problems 

- 

Pooled odds 

ratio across 

all domains 

3  
Ho, Chen & 

Merchant (2019) 

[429] 

HOPE; 

Singapore 
- 

ADL & IADL impairment; 

Timed Up-and-Go test 
- Grip strength 

Perceived health-

related quality of life: 

EuroQoL-Visual 

Analogue Scale in 

EuroQoL-5D-5L 

- - 

4  

WHO (2019) [41] 

 

Guyonnet et al. 

(2020) [51] 

n/a 

 

INSPIRE-T 

cohort; 

France 

Delayed recall; 

orientation (time & 

space) 

Chair rise test 

Self-reported visual 

impairment; 

hearing loss 

(whisper test or 

audiometry or app-

based digits-in-

noise test) 

Malnutrition (weight 

loss & appetite loss) 

Depressive 

symptoms (feeling 

down, depressed, or 

hopeless; little 

interest or pleasure 

in doing things) 

- - 

5  

Giudici et al. 

(2019) 

[62] 

 

Giudici et al. 

(2020) [430] 

MAPT; 

France and 

Monaco 

Free & total recall; 

Orientation; Digit 

symbol substitution 

test; Category 

naming test 

SPPB (standing balance, 

walking speed, chair rise 

test) 

- Grip strength GDS - 

Average of 

domain z-

scores 

6  

Gutiérrez-Robledo, 

García-Chanes & 

Pérez-Zepeda 

(2019) 

[78] 

CRELES; 

Costa Rica 
Modified MMSE 

Chair rise test; Walking 

speed; Pick-pencil 

Self-reported vision 

& hearing 

Peak flow test; Grip 

strength; BMI 

GDS; life satisfaction; 

locus of control; 

social participation 

- 

Sum of each 

domain score 

(range 0-10) 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

7  

Beard, 

Jotheeswaran, 

Cesari & Araujo de 

Carvalho (2019) 

[56] 

ELSA; 

England 

Delayed recall; 

animal naming; letter 

cancellation 

Standing balance; walking 

speed; chair rise test 

Self-reported vision 

& hearing 

Grip strength; 

DHEAS, IGF-1; 

Haemoglobin; FEV 

CES-D; Sleep - 

Summary 

score of IC 

factor from 

CFA 

8  

Daskalopoulou et 

al. (2019) [58] 

 

Daskalopoulou et 

al. (2019) [59] 

10/66 

Dementia 

Research 

Group; 

Latin 

America* 

Instant recall; 

delayed recall; long 

term memory; 

immediate recall; 

verbal fluency; time 

orientation; praxis; 

story recall; difficulty 

in finding right word 

(i); forgets where 

he/she is (i) 

Time (s) taken to walk 10m; 

difficulty with walking a km 

Hearing problems 

(p&i); eye problems 

(p&i) 

Gets worn out or 

exhausted during 

daytime or evening 

Sleep trouble or 

recent change in 

pattern; feeling of 

not coping with 

everyday routine 

Change in daily 

activities (i); 

difficulties with 

household 

responsibilities, 

washing whole body, 

getting dressed, 

carrying out work & 

everyday activities, 

making decisions (i), 

using the toilet (i), 

handling money (i), 

completing chores (i) 

Summary 

score of 

healthy 

ageing 

general factor 

from E/CFA 

(bifactor 

model) 

9  
Charles et al. 

(2020) 

[76] 

SENIOR 

cohort; 

Belgium 

MMSE (orientation in 

time and memory) 

SPPB (standing balance, 

walking speed, chair rise 

test) 

Strawbridge 

questionnaire 

items on self-

reported vision & 

hearing 

Abdominal 

circumference; BMI; 

MNA; Grip strength 

EuroQol-5D 

(anxiety/depression 

item), CES-D (two 

fatigue items) 

- - 

10  

Masciocchi et al. 

(2020) 

[89] 

INCUR; 

France 
- - - 

3 items from GDS 

(mental vitality); Grip 

strength (physical 

vitality); & combined 

vitality 

- - - 

11  
Stephens et al. 

(2020) [55] 

 Health, 

Work and 

Retirement 

longitudinal 

surveys; 

New 

Zealand 

- - - - - 
No. of chronic 

conditions 
- 

12  

Moreno-Agostino et 

al. (2020) [67] 

 

Critselis et al. 

(2020) [385] 

 

Nguyen et al. 

(2020) [386] 

 

Sanchez-Niubo et 

al. (2020) [73] 

ATHLOS 

project; 26 
ⴕ-38 ⴕⴕ 

countries 

 

& ELSA; 

England 

Memory; immediate 

recall; delayed recall; 

verbal fluency; 

orientation in time; 

processing speed; 

numeracy 

Stooping; kneeling or 

crouching; lifting or carrying 

weights; climbing stairs; 

getting up from sitting down; 

walking alone without any 

equipment; pulling or 

pushing large objects; sitting 

for long periods; reaching or 

extending arms; walking 

speed; dizziness when 

walking on a level surface; 

Near vision; far 

vision; eyesight 

(incl. corrections); 

hearing in general; 

hearing in 

conversation 

Experiencing some 

degree of pain; 

having high level of 

energy; urine 

incontinence 

Sleep ADLs; IADLs 

Score 

generated 

from two-

parameter 

logistic item 

response 

theory model 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

picking up things with 

fingers 

13  
Huang et al. 

(2020) [65] 

Toyota 

Prevention 

Intervention 

for 

Cognitive 

decline & 

Sarcopenia; 

Japan 

Delayed and 

immediate recall 

from Wechsler 

Memory Scale-

Revised; MMSE tests 

(category & letter 

fluency, pentagon 

copying); Digit 

symbol test from 

Wechsler Adult 

Intelligence Scale-III; 

Trail making test part 

A & B 

One leg stand test; Walking 

speed (5m); Five Times Sit 

to Stand Test 

- Grip strength 

GDS-15; Generalized 

Anxiety Disorder-7 

Scale 

- 

Average of 

domain z-

scores 

14  
González-Bautista 

et al (2020) [431] 

MAPT; 

France and 

Monaco 

MMSE SPPB 

Monoyer vision 

chart; Hearing 

Handicap Inventory 

for the Elderly 

Screening  

MNA GDS-15 - - 

15  
Ma et al. (2020) 

[203] 

Paper-

specific 

recruited 

sample; 

China 

Delayed recall; 

orientation (time & 

space) 

Chair rise test 

Self-report visual 

impairment; 

hearing loss 

(whisper test or 

audiometry or app-

based digits-in-

noise test) 

Malnutrition (weight 

loss & appetite loss) 

Depressive 

symptoms (feeling 

down, depressed, or 

hopeless; little 

interest or pleasure 

in doing things) 

- 

Sum of 

domain 

scores (0-6) 

16  
Ma et al. (2020) 

[204] 

Cardiovasc

ular Health, 

Cognition 

and Aging 

Study; 

China  

MMSE SPPB 

Self-reported vision 

& hearing 

impairments 

Weight loss & BMI GDS - 

Sum of each 

item score 

(0/1) 

17  

Gutierrez-Robledo, 

Gárcia-Chanes, 

González-Bautista 

& Rosas-Carrasco 

(2020) [432] 

Frailty 

Dynapenia 

& 

Sarcopenia 

in Mexican 

Adults 

Study; 

Mexico 

MMSE 
Walking speed & Chair rise 

test; or SPPB 

Snellen test of 

visual acuity; Self-

reported hearing 

Phase angle; Grip 

strength; MNA 

CES-D7; Goldberg 

Anxiety Scale 
- 

General & 

domain 

specific IC 

scores 

estimated 

with PCA 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

18  
de Breij et al. 

(2021) [433] 

Longitudina

l Aging 

Study 

Amsterdam

; 

Netherland

s 

- - - 

Frailty index score 

<=0.15 (sum of 

health deficits 

divided by number 

measured, max 32) 

- -   

19  

Huang et al. 

(2021) [434]  

 

Huang et al. 

(2021) [63] 

Nagoya 

Longitudina

l Study for 

Healthy 

Elderly; 

Japan 

Five cognitive tests: 

attention, memory, 

visuospatial, 

language, reasoning 

Walking speed 
Self-reported vision 

& hearing 
MNA; Grip strength GDS-15 - 

Average of 

domain z-

scores 

20  

Yu et al. (2021) 

[71] 

 

Yu et al. (2022) 

[72] 

 

Yeung et al. (2022) 

[435] 

Mr Os & Ms 

Os; Hong 

Kong 

MMSE 
Walking speed; Chair rise 

test; Dynamic balance 

Snellen “Tumbling 

E” chart; Frisby 

Stereotest 

Grip strength; 

Adiposity to muscle 

ratio 

GDS-15 - 

Summary 

scores for IC 

and domains 

generated 

from CFA 

(items 

standardised) 

21  
Zeng et al. (2021) 

[74] 

Paper-

specific 

recruited 

sample of 

inpatients; 

China 

MMSE 

Tinetti Performance-

Orientated Mobility 

Assessment; Walking speed  

Self-reported vision 

& hearing 

Grip strength; MNA-

SF  
GDS-15  - 

Total sum of 

domain 

impairments 

(0-5) 

22  
Sanchez-Rodriguez 

et al. (2021) [52] 
n/a 

App: yes/no 

Monitor: Delayed 

recall; Orientation 

(time & space) 

App: yes/no 

Monitor: Chair rise test 

App: yes/no 

Monitor: Self-

reported vision 

impairment; 

hearing loss 

(whisper test or 

audiometry or app-

based digits-in-

noise test) 

App: yes/no 

Monitor: Malnutrition 

(weight loss & 

appetite loss) 

App: yes/no 

Monitor: Depressive 

symptoms (feeling 

down, depressed, or 

hopeless; little 

interest or pleasure 

in doing things) 

- 
App: Sum of 

yes/no 

23  
Angioni et al. 

(2021) [53] 
n/a 

Delirium & short 

cognitive 

assessment 

Physical therapist 

assessment & exercise 

program 

Recommended to 

nurses that 

patients wear 

hearing aids & 

glasses where 

needed 

Assessment by 

dietician 

(malnutrition) 

Psychological 

support & video calls 

with relatives 

- - 

24  
González-Bautista 

et al. (2021) [44] 

MAPT; 

France and 

Monaco 

Orientation (time and 

space); Word recall 
Chair rise test 

Self-reported vision 

& hearing 

Self-reported weight 

loss or appetite loss 

Answering yes to 

GDS-15 item 2 and 

item 7 (dropped 

activities/interests & 

feeling happy) 

- 

Total sum of 

IC 

impairments 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

25  
Lu et al. (2021) 

[60] 

Paper-

specific 

recruited 

sample; 

Hong Kong 

Cantonese Chinese 

Montreal Cognitive 

Assessment 

(attention, memory, 

orientation, 

abstraction & 

language) 

Grip strength (dynamometer) 

and self-reported steadiness 

when walking & turning 

Self-reported vision 

& hearing 

FRAIL Scale (fatigue, 

resistance, 

ambulation, illness, 

weight loss, 0-5) 

Chinese version of 1-

item GDS 
- 

CFA to 

generate 

composite IC 

score for 

each time 

point 

26  
Cheng et al. (2021) 

[45] 

Paper-

specific 

recruited 

sample; 

Taiwan 

Orientation (time and 

space); Word recall 
Chair rise test 

Self-reported vision 

problems, 

diseases, or 

medical 

treatments; 

Whisper test 

Self-reported weight 

loss (>3kg over 3 

months) or appetite 

loss 

Feeling down, 

depressed, or 

hopeless, or having 

little pleasure in 

doing things over the 

last 2 weeks 

- 

Total sum of 

IC 

impairments 

27  
Beard et al. (2021) 

[70] 

CHARLS; 

China 

Delayed word recall; 

TICS serial 7 test, 

orientation in time 

and reproducing a 

drawing 

Walking speed; Chair stand 

test; Balance 

Self-reported vision 

& hearing 

Grip strength; FEV; 

Haemoglobin 

CES-D; Sleep 

quantity & quality 
- 

Summary 

score of IC 

factor from 

CFA 

28  

Gómez, Oscorio-

Garciá, Panesso & 

Curcio  (2021) [54] 

SABE; 

Colombia 
- - - - - 

Self-rated health; 

Physiobiological 

markers (BMI & grip 

strength); Medical 

conditions; Physical 

activity; Childhood 

adversity (economic 

& physical violence); 

Social capital 

(participation & 

networks) 

- 

29  

Guitierrez-Robledo, 

Gárcia-Chanes & 

Pérez-Zepeda 

(2021) [46] 

Mexican 

Health and 

Aging 

Study; 

Mexico 

Delayed recall (3 

words) 

Self-reported difficulty 

walking and climbing stairs 

Self-reported vision 

& hearing 

Weight loss (≥5kg in 

2 years); Reduction 

in food consumption 

(appetite loss, 

digestive problems, 

chewing or 

swallowing problems) 

Feeling depressed; 

Feeling everything is 

an effort 

- 

Sum of 

domain 

scores (0-6) 

30  
Prince et al. (2021) 

[77] 

10/66 

Dementia 

Research 

Group; 

Latin 

America* 

Community 

Screening 

Instrument for 

Dementia 

Walking speed 

Self-reported vision 

& hearing 

impairments 

Weight loss in last 3 

months; Mid-upper 

arm circumference 

EURO-D depression 

scale 

Continence via 

informant 
- 

31  
Strand et al. 

(2021) [436] 

NORSE; 

Norway 

Montreal Cognitive 

Assessment; 10 

word immediate & 

delayed recall; 

Cognitive Function 

SPPB (standing balance, 

walking speed, chair rise 

test); one-leg standing 

balance 

- Grip strength - - - 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

Screening 

Instrument 

32  

Sánchez-Sánchez, 

Rolland, Cesari & 

De Souto Barreto 

(2021) [437] 

INCUR; 

France 

Abbreviated Mental 

Test (spatial and 

time orientation, 

memory, executive 

function) 

SPPB 

Self-reported vision 

& hearing 

impairments 

MNA-SF GDS-10 - 

Average of 

domain z-

scores 

33  
Stolz et al. (2021) 

[61] 

Yale 

Precipitatin

g Events 

Project 

Study; USA 

MMSE 
Walking speed; Chair rise 

test; Balance test 

Near vision acuity 

with Jaeger chart; 

Hearing 

impairment with 

audiometer 

Grip strength; Peak 

expiratory flow value 
CES-D - 

Mean score 

over domains 

34  
Zhao et al. (2021) 

[69] 

Beijing 

Longitudina

l Study of 

Aging II; 

China 

MMSE  Tinetti test 

Self-reported vision 

& hearing 

impairments 

MNA  GDS-15 - - 

35  

Arokiasamy, 

Selvamani, 

Jotheeswaran & 

Sadana (2021) 

[438] 

SAGE; 

China, 

Ghana, 

India, 

Mexico, 

Russia, 

South 

Africa  

Index score on three 

domains (verbal 

fluency; verbal recall; 

digit span forwards & 

backwards) 

Walking speed 

Visual acuity with 

“Tumbling E" 

logMAR chart 

FVC  

Composite 

International 

Diagnostic Interview 

(depression); 

Perceived stress 

control & coping 

- - 

36  
Rivadeneira et al. 

(2021) [439] 

SABE; 

Ecuador 

Assessment of 

dementia & cognitive 

impairment 

ADLs; Self-reported mobility - - 

Absence of physical, 

sexual, and 

psychological abuse; 

Absence of 

depression 

Physiological and 

metabolic health 

(chronic conditions); 

Geriatric syndromes 

(incontinence); Risk 

factors 

(cardiovascular risk, 

alcohol & tobacco 

use, physical activity) 

- 

37  
Yu et al. (2021) 

[47] 

Paper-

specific 

recruited 

sample; 

China 

Short Portable 

Mental Status 

Questionnaire (10 

items) 

Chair rise test 
Self-reported vision 

& hearing 

Weight loss; Appetite 

loss 

Feeling down; 

Feeling like can't get 

going 

- - 

38  
Locquet et al. 

(2022) [64] 

SarcoPhAge 

study; 

Belgium 

MMSE SPPB - MNA GDS-15 - 

Average of 

domain z-

scores 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

39  
Pagès et al (2022) 

[48] 

MAPT; 

France and 

Monaco 

Delayed recall (3 

words); orientation 

(time & space) 

Chair rise test 
Self-reported vision 

& hearing 

Malnutrition (weight 

loss & appetite loss) 

2 items from GDS-15 

(feeling happy; 

dropping activities or 

interests) 

- - 

40  
Jiang et al. (2022) 

[440] 

China Aging 

Longitudina

l Study 

(CALS); 

China 

Montreal Cognitive 

Assessment 5-min 

Grip strength; Walking 

speed; Chair rise test 
- - - - - 

41  

Salinas-Rodríguez, 

González-Bautista, 

Rivera-Almaraz & 

Manrique-Espinoza 

(2022) [68] 

SAGE; 

Mexico 

Composite z-score 

(immediate & 

delayed recall, 

forward & backward 

digit span, animal 

naming) 

Walking speed 
Self-reported vision 

& hearing 
BMI; Grip strength 

18 questions from 

Composite 

Diagnostic Interview 

(presence of 10 

depression 

symptoms within 12 

months) 

- 

Item-

response 

theory graded 

response 

model 

42  
Cheong et al. 

(2022) [57] 

SLAS; 

Singapore 
MMSE  

Timed Up-&-Go test; Walking 

speed; Knee extension 

strength 

LogMar in best 

eye; whisper test 

FEV1; Elderly 

Nutritional Indicators 

for Geriatric 

Malnutrition 

Assessment; 

Nutritional Screening 

Initiative; Energy 

questions from SF-

12 Quality of Life 

scale 

GDS-15 - 

Sum of 

domain 

scores; factor 

score 

extracted 

using PCA 

43  
Meng et al. (2022) 

[49] 

SEBAS, 

subsample 

of TLSA; 

Taiwan 

Short Portable 

Mental Status 

Questionnaire; 

MMSE language and 

3-item recall 

Walking speed; Chair rise 

test 

Self-reported vision 

& hearing 

impairments; 

Snellen chart 

BMI; Grip strength 
CES-D-10; Perceived 

Stress Scale-10 
- 

Weighted 

sum of items 

44  
Chen, Liu & Chang 

(2022) [75] 

National 

long-term 

care 

dataset; 

Taiwan 

Short Portable 

Mental Status 

Questionnaire 

Physical assistive device use 
Vision and hearing 

status 
BMI CES-D - 

Sum of 

domain 

scores (0-6) 

45  
Leung et al. (2022) 

[50] 

Paper-

specific 

recruited 

sample; 

Hong Kong 

Montreal Cognitive 

Assessment 

SPPB; MobilePAL; Grip 

strength 

Whisper test; 

Weber and Rinne 

test; WHO simple 

eye chart 

MNA 
Patient Health 

Questionnaire-9 
- 

Sum of 

domain 

scores (0-6) 

46  
López-Ortiz et al. 

(2022) [441] 
n/a MMSE SPPB 

Self-reported vision 

& hearing 

impairments 

MNA 

Cornell scale of 

depression in 

dementia 

- 

Score 0-10 

from domain 

scores (each 

0-2) 
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No. Authors Data; Place Cognition Locomotion Sensory Vitality Psychological Other Total IC score 

47  
Lim et al. (2022) 

[66] 

New 

Strategies 

for 

Developing 

Healthy 

Aging and 

Happy Diet; 

Taiwan 

MMSE (Taiwan 

version) 

Back scratch test; Chair-sit-

and-reach test; Chair rise 

test; One-foot-standing test; 

Timed Up-and-Go test 

  

MNA; Grip strength; 

Two-minute step-in-

place test 

GDS-15 - - 

Items answered by an informant are indicated with (i) or both participant and informant with (p&i). When papers did not specify a domain for each indicator, the indicators were manually categorised into 

the domains and thus may not reflect the indicator clustering that was reported in the study. CFA = confirmatory factor analysis; EFA = exploratory factor analysis; PCA = principal components analysis. 

 

Study acronyms: ATHLOS – Ageing Trajectories of Health: Longitudinal Opportunities and Synergies; CHARLS – China Health and Retirement Longitudinal Study; CRELES – Costa Rican Longevity and 

Healthy Ageing Study; ELSA – English Longitudinal Study of Ageing; HOPE – Healthy Older People Everyday; INCUR – Incidence of pneumonia and related consequences in nursing home Residents; MAPT 

– Multidomain Alzheimer Preventive Trial; NORSE – Norwegian Survey of Health and Ageing; SABE – Salud, Bienestar & Envejecimiento (Survey on Health, Well-Being, and Aging in Latin America and the 

Caribbean); SEBAS – Social Environment and Biomarkers of Aging Study; SENIOR cohort – Sample of Elderly Nursing home Individuals: an Observational Research cohort; TLSA – Taiwan Longitudinal 

Study of Aging. 

 

Indicator acronyms: ADLs – Activities of Daily Living; IADLs – Instrumental Activities of Daily Living; CES-D – Center for Epidemiologic Studies Depression Scale; DHEAS – Dehydroepiandrosterone 

Sulphate; FEV(1) – Forced Expiratory Volume (1 second); FVC – Forced Vital Capacity; GDS – Geriatric Depression Scale; IGF-1 – Insulin-like growth factor 1; MMSE – Mini Mental State Exam; MNA(-SF) – 

Mini Nutritional Assessment (- Short Form); SPPB – Short Physical Performance Battery; SF-12 – 12-item Short Form survey. 

 

*Latin American countries included: Cuba, Dominican Republic, Peru, Venezuela, Mexico, and Puerto Rico.  

ⴕ Studies (and countries) from the ATHLOS project included in Moreno-Agostino et al. (2020): Australian Longitudinal Study of Ageing (Australia), English Longitudinal Study of Ageing (England), Study on 

Nutrition and Cardiovascular Risk in Spain (Spain), Health and Retirement Study (USA), Japanese Study of Ageing and Retirement (Japan), Korean Longitudinal Study of Ageing (South Korea), Mexican 

Health and Aging Study (Mexico), Survey of Health Ageing and Retirement in Europe (Austria, Belgium, Czech Republic, Denmark, Estonia, France, Germany, Greece, Hungary, Ireland, Israel, Italy, 

Luxembourg, Netherlands, Poland, Portugal, Slovenia, Sweden, Switzerland).  
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ⴕⴕ Further studies (and countries) from the ATHLOS project included in Critselis et al. (2020) & Sanchez-Niubo et al. (2020): The 10/66 Dementia Research Group Population-Based Cohort Study (Cuba, 

Dominican Republic, Venezuela, Mexico, Peru, China, India), The China Health and Retirement Longitudinal Study (China), Collaborative Research on Ageing in Europe (Finland, Poland, Spain), The Health, 

Alcohol and Psychosocial factors In Eastern Europe study (Russia, Poland, Lithuania, Czech Republic), The Health 2000/2011 study (Finland), The Longitudinal Aging Study in India (India), The Study on 

Global Ageing and Adult Health (China, Ghana, India, Mexico, Russia, South Africa), The Irish Longitudinal study on Ageing (Ireland) 
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Appendix to Chapter 4: Operationalising intrinsic 

capacity 

Appendix 4.1 Intrinsic capacity indicators, cut-offs and proportions 

in each category or missing at baseline (wave 2) in the IC eligible 

sample (N=5,343) – including underlying variables for composite 

indicators 

Variable “No difficulty” “Difficulty” Missing 

Word recall (20 words, 

immediate & delayed recall) 
Top 2 tertiles 

3,275 

61.3% 
Bottom tertile 

2,051 

38.4% 

17 

0.3% 

Orientation (day of the 

week, day, month, year) 

All questions 

correct 

4,104 

76.8% 

≥1 incorrect 

answer 

1,227 

23.0% 

12 

0.2% 

Day of the week 

Correct 

5,197 

97.3% 

Incorrect 

134 

2.5% 

12 

0.2% 

Day of the month 
4,242 

79.4% 

1,089 

20.4% 

12 

0.2% 

Month 
5,172 

96.8% 

159 

3.0% 

12 

0.2% 

Year 
5,191 

97.2% 

140 

2.6% 

12 

0.2% 

Balance (side-by-side, semi-

tandem and full tandem 

tests) 

Score of 4 
3,614 

67.6% 
Score > 4 

1,681 

31.5% 

48 

0.9% 

Side-by-side 1 point 
5,033 

94.2% 

0 points 

262 

4.9%  

48 

0.9% 

Semi-tandem 1 point 
4,720 

88.3% 

309 

5.8% 

314   

5.9% 

Full tandem 

1 point 

 

2 points 

968 

18.1% 

3,614 

67.6% 

131   

2.5% 

630 

11.8% 

Chair rise test 
5 rises within 

16.7s 

3,708 

69.4% 

5 rises in 

>16.7s 

568 

10.6% 

1,067 

20.0% 

Walking speed ≥0.8 m/s 
2,870 

53.7% 
<0.8 m/s 

2,015 

37.7% 

458 

8.6% 

Upper mobility: self-

reported difficulties with 4 

actions 

No difficulties 
3,368 

63.0% 
≥1 difficulties 

1,974 

37.0% 

1 

0.0% 
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Variable “No difficulty” “Difficulty” Missing 

Reaching or extending arms 

above shoulder level 
 

4,689 

87.8% 
 

653 

12.2% 

1 

0.0% 

Pulling or pushing large 

objects 
 

4,216 

78.9% 
 

1,126 

21.1% 

1 

0.0% 

Lifting or carrying weights over 

10 pounds (~4.5kg) 
 

3,792 

71.0% 
 

1,550 

29.0% 

1 

0.0% 

Picking up a 5p coin from a 

table 
 

5,002 

93.6% 
 

340 

6.4% 

1 

0.0% 

Lower mobility: self-

reported difficulties with 6 

actions 

No difficulties 
2,025 

37.9% 
≥1 difficulties 

3,317 

62.1% 

1 

0.0% 

Walking 100 yards  
4,596 

86.0% 
 

746 

14.0% 

1 

0.0% 

Sitting for 2 hours  
4,556 

85.3% 
 

786 

14.7% 

1 

0.0% 

Getting up from chair after 

sitting for long periods 
 

3,757 

70.3% 
 

1,585 

29.7% 

1 

0.0% 

Climbing several flights of 

stairs without resting 
 

2,997 

56.1% 
 

2,345 

43.9% 

1 

0.0% 

Climbing one flight of stairs 

without resting 
 

4,392 

82.2% 
 

950 

17.8% 

1 

0.0% 

Stooping, kneeling, or 

crouching 
 

3,039 

56.9% 
 

2,303 

43.1% 

1 

0.0% 

Self-reported eyesight 
Rated good-

excellent 

4,519 

84.6% 

Rated fair-

poor 

824 

15.4% 

0 

0% 

Self-reported hearing 
Rated good-

excellent 

4,015 

75.2% 

Rated fair-

poor 

1,328 

24.9% 

0 

0% 

Grip strength 
≥30kg (men) or 

≥20kg (women) 

4,003 

74.9% 

<30kg (men) 

or <20kg 

(women) 

1,247 

23.3% 

93 

1.7% 

Body Mass Index ≥18.5 and <30 
3,536 

66.2% 
<18.5 or ≥30 

1,447 

27.1% 

360 

6.7% 

Waist circumference 

<94cm (men) 

or <80cm 

(women) 

1,083 

20.3% 

≥94cm (men) 

or ≥80cm 

(women) 

4,053 

75.9% 

207 

3.9% 

Center for Epidemiology 

Studies – Depression scale 
Score < 4 

4,476 

83.8% 
Score ≥ 4 

802 

15.0% 

65 

1.2% 
Much of the time over the past 

week, 
     

…have you felt depressed? No 
4,454 

83.4% 
Yes 

864 

16.2% 

25 

0.5% 

…have you felt that everything 

you did was an effort? 
No 

4,105    

76.8% 
Yes 

1,212 

22.7% 

26 

0.5%     

…has your sleep been 

restless? 
No 

3,108 

58.2% 
Yes 

2,205 

41.3% 

30 

0.6% 

…have you felt happy? Yes 
4,816 

90.1% 
No 

485 

9.1% 

42 

0.8% 

...have you felt lonely? No 
4,511   

84.4% 
Yes 

804 

15.1% 

28 

0.5% 

…have you enjoyed life? Yes 
4,837     

90.5% 
No 

473 

8.9% 

33 

0.6% 
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Variable “No difficulty” “Difficulty” Missing 

…have you felt sad? No 
4,202 

78.6% 
Yes 

1,111 

20.8%   

30 

0.6% 

…could you not get going? No 
4,168 

78.0% 
Yes 

1,141 

21.4% 

34 

0.6% 

Satisfaction With Life Scale Score ≥ 20 
4,109 

76.9% 
Score < 20 

705 

13.2% 

529 

9.9% 
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Appendix 4.2 Linear regression between intrinsic capacity scores 

and sociodemographic and health-related covariates at baseline. 

Regression coefficients (not standardised) are presented with 95% confidence intervals. 

(N=4,662) 

Predictors Individual predictors Mutually-adjusted 

 Coefficients [95% CI] Coefficients [95% CI] 

Age (years) -0.51** [-0.55, -0.48] -0.32** [-0.35, -0.29] 

Sex 

Ref = Male 

Female -3.71** [-4.27, -3.16] -2.89** [-3.28, -2.43] 

Marital status Never married -2.98** [-4.31, -1.66] -0.84 [-1.78, 0.09] 

Ref = Married  Separated/divorced -2.02** [-3.05, -0.99] -0.46 [-1.20, 0.28] 

 Widowed -6.25** [-6.91, -5.59] -0.88* [-1.41, -0.36] 

Education A-Level -1.81* [-2.87, -0.76] 0.09 [-0.67, 0.84] 

Ref = Degree O-Level/Other -4.09** [-5.05, -3.13] -0.33 [-1.04, 0.38] 

 None -7.86** [-8.79, -6.93] -1.04* [-1.77, -0.32] 

Wealth quintile 1 (Lowest) -10.88** [-11.73, -10.03] -3.13** [-3.85, -2.42] 

Ref = Highest 2 -7.62** [-8.43, -6.80] -2.25** [-2.90, -1.60] 

 3 -4.56** [-5.36, -3.77] -1.29** [-1.91, -0.68] 

 4 -3.29** [-4.08, -2.50] -0.88* [-1.47, -0.29] 

Occupation  Retired/Semi-retired -7.44** [-8.26, -6.63] -0.87* [-1.49, -0.25] 

Ref = Employed Permanently unable to work -17.78** [-19.50, -16.05] -5.65** [-6.94, -4.35] 

 Looking after home/family or 

unemployed 

-7.54** [-8.65, -6.43] -1.01* [-1.85, -0.17] 

Smoking status 

Ref = Never smoked 

Ex-smoker -1.34** [-1.94, -0.73] -0.82** [-1.24, -0.40] 

Current smoker -2.57** [-3.51, -1.63] -0.48 [-1.13, 0.18] 

Alcohol consumption 

Ref = <5 days a 

week 

≥5 days week 3.24** [2.58, 3.89] 0.65* [0.18, 1.12] 

Physical activity Sedentary -14.35** [-15.38, -13.31] -5.19** [-6.08, -4.29] 

Ref = Moderate Low -7.22** [-7.80, -6.64] -2.75** [-3.23, -2.27] 

 High 4.06** [3.38, 4.74] 1.43** [0.89, 1.97] 

No. of health conditions -2.32** [-2.54, -2.10] -0.37** [-0.54, -0.21] 

Self-rated health Very good -3.39** [-4.20, -2.58] -1.67** [-2.33, -1.00] 

Ref = Excellent Good -7.88** [-8.67, -7.09] -5.07** [-5.74, -4.41] 

 Fair -14.17** [-15.02, -13.33] -9.41** [-10.16, -8.66] 

 Poor -19.79** [-20.89, -18.70] -12.45** [-13.47, -11.44] 
*p<0.05 **p<0.001 
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Appendix 4.3 Association between intrinsic capacity scores at baseline and subsequent difficulties with 

≥1 ADLs and IADLs after 4 years (N=3,055) and 8 years (N=2,348).  

Fully adjusted models are presented. 

Predictors ADLs (4 years) ADLs (8 years) IADLs (4 years) 1 IADLs (8 years) 

 OR [95% CI] OR [95% CI] OR [95% CI] OR [95% CI] 

Intrinsic Capacity score 0.93** [0.91, 0.94] 0.93** [0.91, 0.95] 0.90** [0.89, 0.92] 0.92** [0.91, 0.94] 

Age (years) 1.04** [1.02, 1.06] 1.04** [1.02, 1.07] 1.05** [1.03, 1.07] 1.06** [1.04, 1.08] 

Sex 

Ref = Male 

Female 0.82 [0.64, 1.04] 0.94 [0.72, 1.22]  1.53** [1.21, 1.94]  1.13 [0.87, 1.46]  

Baseline (I)ADLs difficulties 

Ref = None 

Difficulties with ≥1 4.40** [3.46, 5.58] 3.61** [2.75, 4.75] 1.83** [1.43, 2.33] 1.94** [1.47, 2.56] 

Marital status Never married 1.82* [1.13, 2.94]  1.24 [0.71, 2.16] 0.96 [0.59, 1.59] 0.79 [0.44, 1.43] 

Ref = Married Separated/divorced 1.26 [0.86, 1.84] 1.33 [0.89, 1.99] 0.73 [0.49, 1.09] 1.12 [0.75, 1.66] 

 Widowed 0.90 [0.68, 1.20] 1.04 [0.76, 1.44] 1.12 [0.86, 1.45] 1.16 [0.85, 1.57] 

Education A-Level 1.10 [0.73, 1.67] 1.11 [0.71, 1.74] 1.03 [0.68, 1.56] 1.22 [0.79, 1.90] 

Ref = Degree O-Level/Other 0.93 [0.62, 1.37] 1.06 [0.69, 1.62] 0.80 [0.54, 1.18] 0.84 [0.55, 1.29] 

 None 1.03 [0.70, 1.53] 1.25 [0.81, 1.93] 0.90 [0.61, 1.33] 1.09 [0.71, 1.67] 

Wealth quintile 1 (Lowest) 1.01 [0.69, 1.49] 0.79 [0.51, 1.23] 0.87 [0.59, 1.29] 1.06 [0.69, 1.63] 

Ref = Highest 2 0.88 [0.62, 1.25] 0.99 [0.67, 1.46] 1.03 [0.73, 1.46] 1.49* [1.02, 2.18] 

 3 0.83 [0.59, 1.17] 0.89 [0.62, 1.29] 1.24 [0.89, 1.73] 1.18 [0.82, 1.71] 

 4 0.86 [0.62, 1.20] 1.01 [0.71, 1.44] 1.20 [0.87, 1.65] 1.30 [0.92, 1.84] 

Occupation  Retired/Semi-retired 0.70 [0.48, 1.01]  0.91 [0.62, 1.35]  0.95 [0.64, 1.40]  0.81 [0.56, 1.19]  

Ref = Employed Permanently unable to work 1.01 [0.52, 1.96] 1.07 [0.51, 2.22] 1.18 [0.61, 2.26] 1.30 [0.63, 2.70] 

 Looking after home/family or 

unemployed 

0.78 [0.48, 1.26] 0.74 [0.44, 1.24] 0.79 [0.49, 1.29] 0.89 [0.54, 1.46] 

Smoking status 

Ref = Never smoked 

Ex-smoker 1.02 [0.81, 1.28] 1.08 [0.84, 1.39] 0.89 [0.71, 1.11] 0.92 [0.72, 1.17] 

Current smoker 1.11 [0.78, 1.58] 1.04 [0.70, 1.57] 1.32 [0.94, 1.86] 1.21 [0.82, 1.77] 

Alcohol consumption 

Ref = <5 days a week 

≥5 days week 0.91 [0.70, 1.19]  1.30 [0.97, 1.74] 1.11 [0.86, 1.43] 1.22 [0.91, 1.62] 

Physical activity Sedentary 1.91* [1.11, 3.28] 2.09* [1.02, 4.25] 1.00 [0.59, 1.69] 1.54 [0.77, 3.11] 

Ref = Moderate Low 1.03 [0.80, 1.32] 1.11 [0.84, 1.46] 0.95 [0.75, 1.20] 1.09 [0.83, 1.41] 

 High 0.95 [0.69, 1.32]  1.01 [0.73, 1.41]  0.96 [0.70, 1.33]  0.76 [0.55, 1.06]  
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Predictors ADLs (4 years) ADLs (8 years) IADLs (4 years) 1 IADLs (8 years) 

 OR [95% CI] OR [95% CI] OR [95% CI] OR [95% CI] 

No. of health conditions 1.06 [0.97, 1.16]  1.00 [0.90, 1.10]  1.06 [0.97, 1.15]  1.11* [1.01, 1.22]  

Self-rated health Very good 1.56 [0.95, 2.54] 2.15* [1.25, 3.70] 1.04 [0.66, 1.63] 1.55 [0.96, 2.52] 

Ref = Excellent Good 1.97* [1.22, 3.18] 2.88** [1.69, 4.90] 1.63* [1.05, 2.52] 1.86* [1.16, 2.98] 

 Fair 2.75** [1.65, 4.60] 3.40** [1.91, 6.05] 2.47** [1.54, 3.96] 2.70** [1.62, 4.52] 

 Poor 3.73** [1.96, 7.09] 4.06** [1.96, 8.43] 4.19** [2.28, 7.69] 3.75** [1.89, 7.44] 
*p<0.05 **p<0.001  

ADLs = Activities of Daily Living; IADLs = Instrumental Activities of Daily Living; OR = Odds Ratio; 95% CI = 95% Confidence interval
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Appendix 4.4 Association between intrinsic capacity scores at 

baseline (as continuous scores and quartiles) and subsequent 

hospital admission (N=4,489) and mortality (N=4,545) during the 

14-year follow-up.  

Fully-adjusted models are presented. 

Predictors 
Hospital admission  Mortality  

SHR [95% CI] HR [95% CI] 

Intrinsic capacity score (continuous) 0.99** [0.98, 0.99]  0.98** [0.98, 0.99]  

Intrinsic capacity score 1 (Lowest) 1.33** [1.16, 1.51] 1.43** [1.18, 1.74] 

(quartiles) 2 1.29** [1.16, 1.43] 1.30* [1.09, 1.54] 

Ref = Highest 3 1.09 [0.99, 1.19] 1.12 [0.95, 1.32] 

Age (years)  1.02** [1.01, 1.02]  1.10** [1.09, 1.11]  

Sex 

Ref = Male 

Female 

0.93 [0.86, 1.00] 0.56** [0.50, 0.62] 

Marital  Never married 0.98 [0.83, 1.15] 1.25 [1.01, 1.56] 

status Separated/divorced 1.08 [0.95, 1.22] 1.08 [0.89, 1.32] 

Ref = Married Widowed 0.92 [0.84, 1.01] 1.17* [1.04, 1.31] 

Education A-Level 1.09 [0.95, 1.24] 1.00 [0.81, 1.23] 

Ref = Degree O-Level/Other 0.99 [0.87, 1.12] 1.00 [0.83, 1.22] 

 None 0.98 [0.86, 1.12] 1.03 [0.85, 1.26] 

Wealth quintile 1 (Lowest) 1.14 [1.00, 1.29] 1.05 [0.88, 1.26] 

Ref = Highest 2 1.21* [1.08, 1.35] 0.99 [0.83, 1.17] 

 3 1.04 [0.93, 1.15] 1.08 [0.91, 1.27] 

 4 1.08 [0.98, 1.19] 1.07 [0.91, 1.25] 

Occupation  Retired/Semi-retired 1.04 [0.94, 1.16]  1.23 [0.98, 1.55]  

Ref = Employed Permanently unable to work 1.08 [0.83, 1.40] 1.45* [1.04, 2.00] 

 Looking after home/family or 

unemployed 0.99 [0.86, 1.15] 1.09 [0.82, 1.43] 

Smoking status 

Ref = Never smoked 

Ex-smoker 1.01 [0.93, 1.08] 1.17* [1.05, 1.30] 

Current smoker 1.02 [0.92, 1.14] 1.93** [1.66, 2.26] 

Alcohol consumption 

Ref = <5 days a week 

≥5 days week 

1.05 [0.97, 1.14] 0.96 [0.86, 1.09] 

Physical activity Sedentary 1.00 [0.84, 1.19] 1.42** [1.19, 1.68] 

Ref = Moderate Low 1.04 [0.96, 1.13] 1.14* [1.02, 1.28] 

 High 0.99 [0.90, 1.08] 0.91 [0.78, 1.07] 

No. of health conditions 1.09** [1.06, 1.13] 1.06* [1.02, 1.10] 

Self-rated health Very good 1.17* [1.05, 1.31] 1.28* [1.03, 1.59] 

Ref = Excellent Good 1.22* [1.09, 1.37] 1.49** [1.20, 1.84] 

 Fair 1.43** [1.25, 1.65] 1.81** [1.44, 2.28] 

 Poor 1.36* [1.09, 1.68] 2.38** [1.82, 3.11] 
*p<0.05 **p<0.001  

SHR = Subdistribution Hazard Ratio; HR = Hazard Ratio; 95% CI = 95% Confidence interval 
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Appendix 4.5 Association between intrinsic capacity and 

subsequent hospital admission using the Cox proportional hazards 

model (N=4,489).  

Fully-adjusted results are presented. 

Predictors 
Hospital admission  

HR [95% CI] 

Intrinsic capacity score 0.99** [0.98, 0.99] 

Age (years) 1.02** [1.01, 1.02] 

Sex 

Ref = Male 

Female 

0.93* [0.86, 1.00] 

Marital  Never married 0.98 [0.83, 1.15] 

status Separated/divorced 1.07 [0.95, 1.22] 

Ref = Married Widowed 0.92 [0.84, 1.01] 

Education A-Level 1.09 [0.96, 1.24] 

Ref = Degree O-Level/Other 0.99 [0.87, 1.12] 

 None 0.98 [0.87, 1.11] 

Wealth quintile 1 (Lowest) 1.14* [1.00, 1.29] 

Ref = Highest 2 1.21* [1.08, 1.35] 

 3 1.04 [0.93, 1.15] 

 4 1.08 [0.97, 1.20] 

Occupation  Retired/Semi-retired 1.05 [0.94, 1.17]  

Ref = Employed Permanently unable to work 1.08 [0.87, 1.35] 

 Looking after home/family or 

unemployed 0.99 [0.86, 1.15] 

Smoking status 

Ref = Never smoked 

Ex-smoker 1.01 [0.94, 1.08] 

Current smoker 1.02 [0.91, 1.14] 

Alcohol consumption 

Ref = <5 days a week 

≥5 days week 

1.05 [0.97, 1.13] 

Physical activity Sedentary 1.00 [0.86, 1.16] 

Ref = Moderate Low 1.04 [0.96, 1.13] 

 High 0.99 [0.90, 1.08]  

No. of health conditions 1.09** [1.06, 1.12]  

Self-rated health Very good 1.17* [1.04, 1.32] 

Ref = Excellent Good 1.22* [1.08, 1.38] 

 Fair 1.43** [1.25, 1.64] 

 Poor 1.36* [1.12, 1.63] 
*p<0.05 **p<0.001  

HR = Hazard Ratio; 95% CI = 95% Confidence interval 
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Appendix to Chapter 6: Social isolation and intrinsic capacity 

Appendix 6.1 Estimation results for the covariates in the cross-sectional linear regressions in waves 2, 

4, and 6. 

6.1.1 Wave 2 

Wave 2 N = 3,864 
Coefficient [95% CIs] 

(1) Age & Sex (2) Socioeconomic (3) Health behaviours (4) Health (5) All 

Social isolation score  -1.66 [-1.88, -1.44] -1.06 [-1.28, -0.83] -1.05 [-1.26, -0.84] -0.86 [-1.05, -0.67] -0.45 [-0.63, -0.26] 

Age (years)  -0.43 [-0.47, -0.39] -0.39 [-0.43, -0.36] -0.33 [-0.36, -0.30] -0.39 [-0.42, -0.36] -0.32 [-0.35, -0.29] 

Sex (Ref = Male)  -3.31 [-3.84, -2.77] -2.82 [-3.34, -2.31] -2.69 [-3.19, -2.19] -3.59 [-4.03, -3.15] -3.01 [-3.45, -2.57] 

Education  

(Ref = Degree) 

A-Level  0.27 [-0.70, 1.24]   0.17 [-0.63, 0.96] 

O-Level/Other  -0.66 [-1.57, 0.25]   -0.19 [-0.94, 0.55] 

None  -1.61 [-2.55, -0.68]   -0.71 [-1.48, 0.06] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  -6.79 [-7.71, -5.87]   -3.28 [-4.06, -2.49] 

2  -4.76 [-5.60, -3.91]   -2.13 [-2.84, -1.42] 

3  -2.68 [-3.48, -1.88]   -1.20 [-1.86, -0.53] 

4  -1.74 [-2.51, -0.97]   -0.64 [-1.27, 0.00] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker   -1.40 [-1.93, -0.87]  -0.79 [-1.25, -0.33] 

Current smoker   -2.37 [-3.20, -1.55]  -0.41 [-1.14, 0.32] 

Alcohol consumption  

(Ref = <5 times per week) 
 

  2.15 [1.58, 2.71]  0.79 [0.28, 1.30] 

Physical activity  

(Ref = Moderate) 

Sedentary   -11.02 [-12.14, -9.89]  -6.18 [-7.21, -5.15] 

Low   -5.07 [-5.67, -4.47]  -2.78 [-3.31, -2.24] 

High   2.84 [2.17, 3.50]  1.49 [0.90, 2.07] 

No. of health conditions     -0.51 [-0.70, -0.32] -0.37 [-0.55, -0.18] 

Self-rated health  

(Ref = Excellent) 

Very good    -2.20 [-2.95, -1.45] -1.81 [-2.53, -1.10] 

Good    -6.09 [-6.83, -5.35] -5.10 [-5.82, -4.39] 

Fair    -11.43 [-12.27, -10.59] -9.44 [-10.27, -8.62] 
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Poor    -16.45 [-17.59, -15.32] -12.66 [-13.80, -11.53] 
Bold indicates p<0.05   

 

6.1.2 Wave 4 

Wave 4 N = 3,585 
Coefficient [95% CIs] 

(1) Age & Sex (2) Socioeconomic (3) Health behaviours (4) Health (5) All 

Social isolation score  -1.81 [-2.03, -1.58] -1.18 [-1.40, -0.96] -1.15 [-1.35, -0.94] -0.93 [-1.12, -0.75] -0.49 [-0.68, -0.31] 

Age (years)  -0.43 [-0.46, -0.39] -0.40 [-0.44, -0.37] -0.33 [-0.37, -0.30] -0.37 [-0.40, -0.35] -0.32 [-0.35, -0.29] 

Sex (Ref = Male)  -3.54 [-4.08, -3.00] -3.08 [-3.60, -2.56] -2.75 [-3.26, -2.25] -3.33 [-3.77, -2.89] -2.76 [-3.20, -2.32] 

Education  

(Ref = Degree) 

A-Level  -0.54 [-1.41, 0.32]   -0.03 [-0.74, 0.67] 

O-Level/Other  -0.78 [-1.60, 0.04]   -0.13 [-0.81, 0.54] 

None  -1.98 [-2.86, -1.10]   -0.50 [-1.22, 0.23] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  -6.75 [-7.67, -5.83]   -3.52 [-4.30, -2.75] 

2  -4.70 [-5.54, -3.86]   -2.47 [-3.17, -1.77] 

3  -2.60 [-3.40, -1.81]   -1.53 [-2.18, -0.87] 

4  -1.65 [-2.41, -0.89]   -0.92 [-1.53, -0.30] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker   -1.20 [-1.73, -0.67]  -0.46 [-0.92, 0.00] 

Current smoker   -2.24 [-3.12, -1.35]  -0.24 [-1.02, 0.53] 

Alcohol consumption  

(Ref = <5 times per week) 
 

  1.97 [1.40, 2.55]  0.64 [0.13, 1.15] 

Physical activity  

(Ref = Moderate) 

Sedentary   -8.57 [-9.68, -7.47]  -4.66 [-5.64, -3.68] 

Low   -5.41 [-6.04, -4.79]  -3.18 [-3.73, -2.64] 

High   3.29 [2.64, 3.94]  1.74 [1.18, 2.31] 

No. of health conditions     -0.65 [-0.92, -0.37] -0.56 [-0.82, -0.29] 

Self-rated health  

(Ref = Excellent) 

Very good    -1.92 [-2.71, -1.13] -1.28 [-2.04, -0.53] 

Good    -5.45 [-6.24, -4.66] -4.23 [-4.99, -3.48] 

Fair    -11.74 [-12.60, -10.87] -9.29 [-10.14, -8.43] 

Poor    -16.79 [-17.99, -15.59] -13.16 [-14.35, -11.97] 
Bold indicates p<0.05   
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6.1.3 Wave 6 

Wave 6 N = 3,433 
Coefficient [95% CIs] 

(1) Age & Sex (2) Socioeconomic (3) Health behaviours (4) Health (5) All 

Social isolation score  -1.67 [-1.90, -1.44] -1.02 [-1.25, -0.79] -1.05 [-1.27, -0.84] -0.83 [-1.03, -0.64] -0.43 [-0.62, -0.24] 

Age (years)  -0.48 [-0.52, -0.44] -0.44 [-0.48, -0.40] -0.36 [-0.40, -0.32] -0.40 [-0.43, -0.36] -0.32 [-0.36, -0.29] 

Sex (Ref = Male)  -3.04 [-3.62, -2.47] -2.50 [-3.06, -1.94] -2.24 [-2.77, -1.71] -3.22 [-3.69, -2.75] -2.53 [-3.00, -2.07] 

Education  

(Ref = Degree) 

A-Level  -0.74 [-1.61, 0.12]   0.04 [-0.67, 0.74] 

O-Level/Other  -0.69 [-1.54, 0.15]   -0.19 [-0.88, 0.50] 

None  -2.22 [-3.15, -1.29]   -0.87 [-1.63, -0.11] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  -7.45 [-8.46, -6.44]   -3.82 [-4.67, -2.97] 

2  -4.94 [-5.86, -4.02]   -1.97 [-2.73, -1.20] 

3  -2.91 [-3.74, -2.08]   -1.53 [-2.21, -0.85] 

4  -2.07 [-2.86, -1.27]   -1.22 [-1.87, -0.57] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker   -1.58 [-2.13, -1.02]  -0.84 [-1.32, -0.35] 

Current smoker   -0.95 [-1.95, 0.05]  0.80 [-0.08, 1.67] 

Alcohol consumption  

(Ref = <5 times per week) 
 

  1.86 [1.24, 2.48]  0.54 [-0.01, 1.09] 

Physical activity  

(Ref = Moderate) 

Sedentary 
  -11.31 [-12.58, -

10.03] 

 -6.20 [-7.36, -5.05] 

Low   -6.13 [-6.76, -5.49]  -3.32 [-3.90, -2.74] 

High   2.86 [2.18, 3.54]  1.64 [1.05, 2.24] 

No. of health conditions     -0.58 [-0.90, -0.27] -0.33 [-0.63, -0.03] 

Self-rated health  

(Ref = Excellent) 

Very good    -2.58 [-3.45, -1.70] -1.99 [-2.82, -1.16] 

Good    -6.30 [-7.17, -5.43] -5.12 [-5.96, -4.29] 

Fair    -12.07 [-13.02, -11.13] -9.59 [-10.52, -8.66] 

Poor    -18.49 [-19.75, -17.23] -14.37 [-15.63, -13.12] 
Bold indicates p<0.05    
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Appendix 6.2 Estimation results for the covariates in the stepwise latent growth-curve models. 

N = 7,690 
(1) Age & Sex (2) Socioeconomic (3) Health behaviours (4) Health (5) Fully-adjusted 

Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value 

Time -invariant covariates 

Age (intercept) -0.46 (0.01) <0.001 -0.42 (0.01) <0.001 -0.38 (0.01) <0.001 -0.41 (0.01) <0.001 -0.34 (0.01) <0.001 

Age (slope) -0.03 (0.00) <0.001 -0.03 (0.00) <0.001 -0.03 (0.00) <0.001 -0.02 (0.00) <0.001 -0.02 (0.00) <0.001 

Sex (intercept) -3.29 (0.21) <0.001 -2.77 (0.21) <0.001 -2.68 (0.20) <0.001 -3.36 (0.18) <0.001 -2.73 (0.17) <0.001 

Sex (slope) -0.02 (0.03) 0.948 -0.01 (0.03) 0.847 0.01 (0.03) 0.696 -0.00 (0.03) 0.920 0.02 (0.03) 0.560 

Education (intercept) 

A-Level   -0.51 (0.39) 0.194     -0.13 (0.33) 0.697 

O-Level/Other   -1.33 (0.37) <0.001     -0.46 (0.31) 0.142 

None   -2.74 (0.37) <0.001     -1.18 (0.32) 0.000 

Education (slope) 

A-Level   -0.07 (0.05) 0.187     -0.02 (0.05) 0.757 

O-Level/Other   -0.02 (0.05) 0.741     -0.02 (0.05) 0.669 

None   -0.05 (0.05) 0.317     -0.03 (0.05) 0.546 

Time-varying covariates 

IC at wave 2 on 

Wealth quintile (Ref = Highest) 

1 - Lowest   -5.55 (0.35) <0.001     -3.37 (0.32) <0.001 

2   -3.82 (0.32) <0.001     -2.38 (0.29) <0.001 

3   -1.93 (0.30) <0.001     -1.21 (0.28) <0.001 

4   -1.05 (0.29) <0.001     -0.80 (0.27) 0.003 

Current smoking status 

(Ref = Non-/Ex-smoker) 
    -1.09 (0.30) <0.001   0.06 (0.27) 0.835 

Alcohol consumption  

(Ref = <5 times per week) 
    -1.70 (0.23) <0.001   -0.60 (0.22) 0.006 

Physical activity (Ref = Moderate) 

Sedentary     -8.36 (0.40) <0.001   -5.44 (0.37) <0.001 

Low     -3.53 (0.22) <0.001   -2.36 (0.21) <0.001 

High     1.81 (0.25) <0.001   1.30 (0.24) <0.001 

No. of health conditions       -0.42 (0.07) <0.001 -0.35 (0.07) <0.001 

Self-rated health (Ref = Excellent) 

Very good       -1.53 (0.30) <0.001 -1.34 (0.29) <0.001 

Good       -4.61 (0.30) <0.001 -4.10 (0.29) <0.001 
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N = 7,690 
(1) Age & Sex (2) Socioeconomic (3) Health behaviours (4) Health (5) Fully-adjusted 

Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value 

Fair       -9.09 (0.34) <0.001 -7.84 (0.33) <0.001 

Poor       -13.73 (0.45) <0.001 -11.21 (0.44) <0.001 

IC at wave 4 on 

Isolation -0.42 (0.07) <0.001 -0.43 (0.08) <0.001 -0.43 (0.08) <0.001 -0.45 (0.08) <0.001 -0.32 (0.08) <0.001 

Wealth quintile (Ref = Highest) 

1 - Lowest   -5.23 (0.33) <0.001     -3.18 (0.31) <0.001 

2   -3.35 (0.30) <0.001     -2.18 (0.28) <0.001 

3   -1.77 (0.27) <0.001     -1.26 (0.27) <0.001 

4   -1.00 (0.25) <0.001     -0.78 (0.25) 0.002 

Current smoking status  

(Ref = Non-/Ex-smoker) 
    -0.95 (0.31) 0.002   0.14 (0.28) 0.615 

Alcohol consumption  

(Ref = <5 times per week) 
    -1.61 (0.21) <0.001   -0.79 (0.21) <0.001 

Physical activity (Ref = Moderate) 

Sedentary     -4.93 (0.35) <0.001   -3.54 (0.34) <0.001 

Low     -2.94 (0.22) <0.001   -2.25 (0.21) <0.001 

High     2.01 (0.23) <0.001   1.35 (0.22) <0.001 

No. of health conditions       -0.48 (0.10) <0.001 -0.44 (0.10) <0.001 

Self-rated health (Ref = Excellent) 

Very good       -1.55 (0.25) <0.001 -1.16 (0.26) <0.001 

Good       -4.50 (0.27) <0.001 -3.83 (0.27) <0.001 

Fair       -8.80 (0.31) <0.001 -7.56 (0.32) <0.001 

Poor       -13.15 (0.43) <0.001 -11.32 (0.43) <0.001 

IC at wave 6 on 

Isolation -0.87 (0.12) <0.001 -0.72 (0.12) <0.001 -0.75 (0.12) <0.001 -0.55 (0.12) <0.001 -0.41 (0.11) <0.001 

Wealth quintile (Ref = Highest) 

1 - Lowest   -5.57 (0.38) <0.001     -3.41 (0.35) <0.001 

2   -3.77 (0.34) <0.001     -2.04 (0.31) <0.001 

3   -2.51 (0.31) <0.001     -1.60 (0.29) <0.001 

4   -1.53 (0.29) <0.001     -1.04 (0.27) <0.001 

Current smoking status 

(Ref = Non-/Ex-smoker) 
    -0.32 (0.35) 0.363   0.93 (0.32) 0.004 

Alcohol consumption  

(Ref = <5 times per week) 
    -1.22 (0.25) <0.001   -0.35 (0.23) 0.134 

Physical activity (Ref = Moderate) 

Sedentary     -6.42 (0.42) <0.001   -4.65 (0.41) <0.001 
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N = 7,690 
(1) Age & Sex (2) Socioeconomic (3) Health behaviours (4) Health (5) Fully-adjusted 

Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value Est (SE) p-value 

Low     -3.67 (0.23) <0.001   -2.46 (0.23) <0.001 

High     2.23 (0.26) <0.001   1.61 (0.24) <0.001 

No. of health conditions       -0.70 (0.12) <0.001 -0.52 (0.12) <0.001 

Self-rated health (Ref = Excellent) 

Very good       -2.01 (0.33) <0.001 -1.73 (0.32) <0.001 

Good       -5.22 (0.33) <0.001 -4.56 (0.33) <0.001 

Fair       -9.61 (0.37) <0.001 -8.26 (0.37) <0.001 

Poor       -14.44 (0.48) <0.001 -12.20 (0.48) <0.001 

Model fit statistics 

Chi-square test of model fit 

(df) 
99.21 (8), p<0.001 184.40 (35), p<0.001 1265.78 (38), p<0.001 1263.21 (38), p<0.001 1274.52 (95), p<0.001 

CFI 0.991 0.986 0.900 0.914 0.924 

TLI 0.979 0.974 0.834 0.857 0.877 

RMSEA 0.039 0.024 0.065 0.065 0.040 

SRMR 0.024 0.009 0.037 0.036 0.015 

 

Est = estimate; SE = standard error; (df) = degrees of freedom; CFI = comparative fit index; TLI = Tucker-Lewis index; RMSEA = root mean square error of 

approximation; SRMR = standardised root mean square residual 
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Appendix to Chapter 7: Inflammation as a mediator 

Appendix 7.1 Full results for the cross-sectional associations 

between social isolation, inflammation, and IC 

7.1.1 Wave 2 

Wave 2  N = 2,733 
Coefficient [95% CIs] 

Age & Sex adjusted Fully-adjusted 

Isolation predicting CRP    

Social isolation score  0.17 [0.10, 0.24] 0.05 [-0.02, 0.12] 

Age (years)  0.01 [0.00, 0.02] 0.00 [-0.01, 0.01] 

Sex (Ref = Male)  0.20 [0.04, 0.37] 0.13 [-0.04, 0.29] 

Education  

(Ref = Degree) 

A-Level  0.26 [-0.03, 0.56] 

O-Level/Other  0.25 [-0.03, 0.53] 

None  0.30 [0.01, 0.59] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  0.51 [0.20, 0.81] 

2  0.47 [0.20, 0.74] 

3  0.49 [0.24, 0.74] 

4  0.22 [-0.01, 0.46] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker  0.10 [-0.07, 0.28] 

Current smoker  0.59 [0.31, 0.88] 

Alcohol consumption  

(Ref = <5 times per week) 
 

 0.12 [-0.07, 0.32] 

Physical activity  

(Ref = Moderate) 

Sedentary  0.12 [-0.35, 0.59] 

Low  0.45 [0.25, 0.66] 

High  -0.28 [-0.49, -0.07] 

No. of health conditions   0.06 [-0.01, 0.14] 

Self-rated health  

(Ref = Excellent) 

Very good  0.27 [0.02, 0.53] 

Good  0.36 [0.10, 0.62] 

Fair  0.39 [0.08, 0.70] 

Poor  0.49 [0.02, 0.96] 

CRP predicting IC score    

CRP  -0.70 [-0.84, -0.56] -0.26 [-0.37, -0.14] 

Age (years)  -0.48 [-0.52, -0.44] -0.35 [-0.38, -0.31] 

Sex (Ref = Male)  -2.88 [-3.49, -2.27] -2.74 [-3.25, -2.23] 

Education  

(Ref = Degree) 

A-Level  0.13 [-0.77, 1.03] 

O-Level/Other  -0.25 [-1.10, 0.61] 

None  -0.93 [-1.82, -0.05] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  -2.92 [-3.84, -1.99] 

2  -2.00 [-2.82, -1.18] 

3  -1.21 [-1.98, -0.45] 

4  -0.54 [-1.25, 0.17] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker  -0.98 [-1.52, -0.45] 

Current smoker  -0.64 [-1.52, 0.24] 

Alcohol consumption  

(Ref = <5 times per week) 

  -0.80 [-1.38, -0.21] 

Physical activity  

(Ref = Moderate) 

Sedentary  -6.58 [-8.00, -5.15] 

Low  -2.44 [-3.07, -1.80] 

High  1.22 [0.58, 1.87] 

No. of health conditions   -0.26 [-0.48, -0.03] 
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Self-rated health  

(Ref = Excellent) 

Very good  -1.51 [-2.30, -0.73] 

Good  -4.88 [-5.68, -4.09] 

Fair  -9.34 [-10.29, -8.38] 

Poor  -12.59 [-14.02, -11.15] 
Bold indicates p<0.05   

 

7.1.2 Wave 4 

Wave 4  N = 2,494 
Coefficient [95% CIs] 

Age & Sex adjusted Fully-adjusted 

Isolation predicting CRP    

Social isolation score  0.07 [0.00, 0.13] -0.04 [-0.11, 0.03] 

Age (years)  0.02 [0.01, 0.03] 0.01 [0.00, 0.02] 

Sex (Ref = Male)  0.26 [0.09, 0.43] 0.19 [0.02, 0.36] 

Education  

(Ref = Degree) 

A-Level  0.17 [-0.10, 0.45] 

O-Level/Other  0.02 [-0.23, 0.28] 

None  0.11 [-0.17, 0.40] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  0.66 [0.35, 0.96] 

2  0.36 [0.09, 0.63] 

3  0.29 [0.04, 0.55] 

4  0.19 [-0.05, 0.43] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker  0.12 [-0.06, 0.30] 

Current smoker  0.42 [0.11, 0.73] 

Alcohol consumption  

(Ref = <5 times per week) 
 

 0.20 [0.00, 0.40] 

Physical activity  

(Ref = Moderate) 

Sedentary  0.37 [-0.07, 0.81] 

Low  0.32 [0.10, 0.54] 

High  -0.19 [-0.40, 0.03] 

No. of health conditions   0.08 [-0.03, 0.18] 

Self-rated health  

(Ref = Excellent) 

Very good  0.21 [-0.07, 0.49] 

Good  0.45 [0.17, 0.73] 

Fair  0.47 [0.14, 0.80] 

Poor  0.43 [-0.08, 0.95] 

CRP predicting IC score    

CRP  -0.78 [-0.93, -0.64] -0.37 [-0.48, -0.25] 

Age (years)  -0.47 [-0.51, -0.43] -0.32 [-0.35, -0.29] 

Sex (Ref = Male)  -3.30 [-3.92, -2.67] -2.61 [-3.13, -2.09] 

Education  

(Ref = Degree) 

A-Level  0.35 [-0.46, 1.17] 

O-Level/Other  -0.32 [-1.09, 0.45] 

None  -0.64 [-1.48, 0.20] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  -3.13 [-4.04, -2.22] 

2  -2.66 [-3.48, -1.85] 

3  -1.51 [-2.27, -0.76] 

4  -1.16 [-1.87, -0.45] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker  -0.47 [-1.00, 0.06] 

Current smoker  -0.39 [-1.32, 0.54] 

Alcohol consumption  

(Ref = <5 times per week) 

  -0.58 [-1.18, 0.02] 

Physical activity  

(Ref = Moderate) 

Sedentary  -3.50 [-4.83, -2.18] 

Low  -3.03 [-3.69, -2.36] 

High  1.49 [0.86, 2.13] 

No. of health conditions   -0.45 [-0.77, -0.13] 

Self-rated health  

(Ref = Excellent) 

Very good  -0.86 [-1.69, -0.03] 

Good  -4.14 [-4.98, -3.29] 

Fair  -9.28 [-10.27, -8.30] 

Poor  -13.20 [-14.75, -11.65] 
Bold indicates p<0.05   
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7.1.3 Wave 6 

Wave 6  N = 2,461 
Coefficient [95% CIs] 

Age & Sex adjusted Fully-adjusted 

Isolation predicting CRP    

Social isolation score  0.12 [0.06, 0.19] 0.04 [-0.02, 0.10] 

Age (years)  0.01 [0.00, 0.03] 0.00 [-0.01, 0.01] 

Sex (Ref = Male)  0.25 [0.10, 0.40] 0.17 [0.02, 0.33] 

Education  

(Ref = Degree) 

A-Level  0.16 [-0.07, 0.39] 

O-Level/Other  0.12 [-0.11, 0.34] 

None  0.20 [-0.06, 0.45] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  0.16 [-0.13, 0.45] 

2  0.13 [-0.13, 0.38] 

3  0.10 [-0.13, 0.33] 

4  0.21 [0.00, 0.43] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker  0.16 [0.00, 0.32] 

Current smoker  0.30 [0.00, 0.60] 

Alcohol consumption  

(Ref = <5 times per week) 
 

 0.17 [-0.01, 0.35] 

Physical activity  

(Ref = Moderate) 

Sedentary  0.22 [-0.22, 0.66] 

Low  0.41 [0.21, 0.61] 

High  -0.14 [-0.33, 0.06] 

No. of health conditions   0.12 [0.02, 0.23] 

Self-rated health  

(Ref = Excellent) 

Very good  -0.09 [-0.35, 0.17] 

Good  0.24 [-0.03, 0.50] 

Fair  0.42 [0.12, 0.73] 

Poor  0.34 [-0.12, 0.80] 

CRP predicting IC score    

CRP  -0.97 [-1.14, -0.80] -0.44 [-0.58, -0.30] 

Age (years)  -0.47 [-0.52, -0.43] -0.31 [-0.35, -0.27] 

Sex (Ref = Male)  -3.26 [-3.91, -2.60] -2.53 [-3.07, -1.99] 

Education  

(Ref = Degree) 

A-Level  0.29 [-0.51, 1.09] 

O-Level/Other  -0.09 [-0.88, 0.70] 

None  -0.69 [-1.57, 0.19] 

Wealth quintile  

(Ref = Highest) 

1 - Lowest  -4.25 [-5.25, -3.25] 

2  -2.03 [-2.92, -1.15] 

3  -1.34 [-2.14, -0.55] 

4  -1.15 [-1.90, -0.41] 

Current smoking status 

(Ref = Never smoked) 

Ex-smoker  -0.71 [-1.27, -0.15] 

Current smoker  0.34 [-0.69, 1.37] 

Alcohol consumption  

(Ref = <5 times per week) 

  -0.52 [-1.16, 0.12] 

Physical activity  

(Ref = Moderate) 

Sedentary  -5.47 [-6.99, -3.95] 

Low  -3.13 [-3.82, -2.44] 

High  1.31 [0.64, 1.97] 

No. of health conditions   -0.35 [-0.70, 0.01] 

Self-rated health  

(Ref = Excellent) 

Very good  -2.00 [-2.90, -1.10] 

Good  -4.88 [-5.80, -3.95] 

Fair  -9.52 [-10.58, -8.47] 

Poor  -14.52 [-16.11, -12.93] 
Bold indicates p<0.05   
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Appendix 7.2 Main estimation results for the stepwise cross-

lagged panel models 

7.2.1  Least-adjusted model adjusted for age and sex (N=7,690). 

 
Path β b SE 

Lower 95% 

CI 

Upper 95% 

CI 
p-value 

d Iso2 -> Iso4 0.702 0.727 0.009 0.709 0.746 0.000 

d’ Iso4 -> Iso6 0.721 0.727 0.009 0.709 0.746 0.000 

e CRP2 -> CRP4 0.527 0.520 0.016 0.490 0.552 0.000 

e’ CRP4 -> CRP6 0.566 0.520 0.016 0.490 0.552 0.000 

f IC2 -> IC4 0.668 0.707 0.009 0.688 0.723 0.000 

f’ IC4 -> IC6 0.667 0.707 0.009 0.688 0.723 0.000 

a Iso2 -> CRP4 0.008 0.014 0.019 -0.021 0.055 0.478 

a’ Iso4 -> CRP6 0.009 0.014 0.019 -0.021 0.055 0.478 

g CRP2 -> Iso4 0.037 0.022 0.006 0.009 0.034 0.000 

g’ CRP4 -> Iso6 0.036 0.022 0.006 0.009 0.034 0.000 

b’ CRP2 -> IC4 -0.075 -0.365 0.038 -0.444 -0.295 0.000 

b CRP4 -> IC6 -0.070 -0.365 0.038 -0.444 -0.295 0.000 

h IC2 - > CRP4 -0.099 -0.021 0.003 -0.027 -0.016 0.000 

h’ IC4 -> CRP6 -0.114 -0.021 0.003 -0.027 -0.016 0.000 

c Iso2 -> IC6 -0.049 -0.431 0.106 -0.704 -0.224 0.000 

β = standardised regression coefficient; b = regression coefficient; SE = standard error; CI = 

confidence interval.  

7.2.2 Socioeconomic model (adjusted for age, sex, highest educational 

qualification, and wealth quintile) (N=7,690). 

 
Path β b SE 

Lower 95% 

CI 

Upper 95% 

CI 
p-value 

d Iso2 -> Iso4 0.672 0.697 0.010 0.677 0.717 0.000 

d’ Iso4 -> Iso6 0.693 0.697 0.010 0.677 0.717 0.000 

e CRP2 -> CRP4 0.522 0.518 0.016 0.487 0.549 0.000 

e’ CRP4 -> CRP6 0.566 0.518 0.016 0.487 0.549 0.000 

f IC2 -> IC4 0.635 0.671 0.009 0.653 0.688 0.000 

f’ IC4 -> IC6 0.636 0.671 0.009 0.653 0.688 0.000 

a Iso2 -> CRP4 0.002 0.003 0.020 -0.034 0.042 0.891 

a’ Iso4 -> CRP6 0.002 0.003 0.020 -0.034 0.042 0.891 

g CRP2 -> Iso4 0.016 0.010 0.006 -0.003 0.022 0.116 

g’ CRP4 -> Iso6 0.016 0.010 0.006 -0.003 0.022 0.116 

b’ CRP2 -> IC4 -0.063 -0.305 0.037 -0.382 -0.233 0.000 

b CRP4 -> IC6 -0.059 -0.305 0.037 -0.382 -0.233 0.000 

h IC2 - > CRP4 -0.088 -0.019 0.003 -0.025 -0.013 0.000 

h’ IC4 -> CRP6 -0.102 -0.019 0.003 -0.025 -0.013 0.000 
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c Iso2 -> IC6 -0.027 -0.236 0.111 -0.460 -0.033 0.034 

 

7.2.3 Health behaviour model (adjusted for age, sex, physical activity, 

smoking status, and alcohol consumption) (N=7,690). 

 
Path β b SE 

Lower 95% 

CI 

Upper 95% 

CI 
p-value 

d Iso2 -> Iso4 0.680 0.706 0.010 0.688 0.726 0.000 

d’ Iso4 -> Iso6 0.701 0.706 0.010 0.688 0.726 0.000 

e CRP2 -> CRP4 0.521 0.515 0.016 0.484 0.546 0.000 

e’ CRP4 -> CRP6 0.564 0.515 0.016 0.484 0.546 0.000 

f IC2 -> IC4 0.593 0.617 0.010 0.598 0.636 0.000 

f’ IC4 -> IC6 0.582 0.617 0.010 0.598 0.636 0.000 

a Iso2 -> CRP4 0.004 0.006 0.020 -0.029 0.048 0.756 

a’ Iso4 -> CRP6 0.004 0.006 0.020 -0.029 0.048 0.756 

g CRP2 -> Iso4 0.013 0.008 0.006 -0.004 0.020 0.205 

g’ CRP4 -> Iso6 0.013 0.008 0.006 -0.004 0.020 0.205 

b’ CRP2 -> IC4 -0.057 -0.270 0.035 -0.348 -0.208 0.000 

b CRP4 -> IC6 -0.053 -0.270 0.035 -0.348 -0.208 0.000 

h IC2 - > CRP4 -0.066 -0.014 0.003 -0.020 -0.009 0.000 

h’ IC4 -> CRP6 -0.075 -0.014 0.003 -0.020 -0.009 0.000 

c Iso2 -> IC6 -0.035 -0.302 0.104 -0.501 -0.093 0.004 

 

7.2.4 Health model (adjusted for age, sex, number of health conditions, 

and self-rated health) (N=7,690). 

 
Path β b SE 

Lower 95% 

CI 

Upper 95% 

CI 
p-value 

d Iso2 -> Iso4 0.684 0.711 0.009 0.692 0.728 0.000 

d’ Iso4 -> Iso6 0.706 0.711 0.009 0.692 0.728 0.000 

e CRP2 -> CRP4 0.522 0.516 0.016 0.486 0.547 0.000 

e’ CRP4 -> CRP6 0.563 0.516 0.016 0.486 0.547 0.000 

f IC2 -> IC4 0.518 0.538 0.010 0.519 0.558 0.000 

f’ IC4 -> IC6 0.507 0.538 0.010 0.519 0.558 0.000 

a Iso2 -> CRP4 0.005 0.009 0.019 -0.025 0.051 0.651 

a’ Iso4 -> CRP6 0.006 0.009 0.019 -0.025 0.051 0.651 

g CRP2 -> Iso4 0.013 0.008 0.006 -0.005 0.019 0.198 

g’ CRP4 -> Iso6 0.013 0.008 0.006 -0.005 0.019 0.198 

b’ CRP2 -> IC4 -0.052 -0.246 0.035 -0.324 -0.180 0.000 

b CRP4 -> IC6 -0.048 -0.246 0.035 -0.324 -0.180 0.000 

h IC2 - > CRP4 -0.059 -0.013 0.003 -0.019 -0.007 0.000 

h’ IC4 -> CRP6 -0.067 -0.013 0.003 -0.019 -0.007 0.000 

c Iso2 -> IC6 -0.027 -0.232 0.093 -0.420 -0.050 0.012 
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7.2.5 Fully-adjusted model (adjusted for age, sex, highest educational 

qualification, wealth quintile, physical activity, smoking status, and alcohol 

consumption, number of health conditions, and self-rated health) 

(N=7,690). 

 
Path β b SE 

Lower 95% 

CI 

Upper 95% 

CI 
p-value 

d Iso2 -> Iso4 0.654 0.682 0.010 0.662 0.702 0.000 

d’ Iso4 -> Iso6 0.678 0.682 0.010 0.662 0.702 0.000 

e CRP2 -> CRP4 0.517 0.512 0.016 0.481 0.543 0.000 

e’ CRP4 -> CRP6 0.562 0.512 0.016 0.481 0.543 0.000 

f IC2 -> IC4 0.471 0.490 0.010 0.469 0.509 0.000 

f’ IC4 -> IC6 0.460 0.490 0.010 0.469 0.509 0.000 

a Iso2 -> CRP4 0.000 -0.001 0.020 -0.038 0.040 0.975 

a’ Iso4 -> CRP6 0.000 -0.001 0.020 -0.038 0.040 0.975 

g CRP2 -> Iso4 -0.006 -0.003 0.006 -0.016 0.008 0.568 

g’ CRP4 -> Iso6 -0.006 -0.003 0.006 -0.016 0.008 0.568 

b’ CRP2 -> IC4 -0.037 -0.179 0.034 -0.251 -0.118 0.000 

b CRP4 -> IC6 -0.035 -0.179 0.034 -0.251 -0.118 0.000 

h IC2 - > CRP4 -0.044 -0.010 0.003 -0.016 -0.004 0.005 

h’ IC4 -> CRP6 -0.051 -0.010 0.003 -0.016 -0.004 0.005 

c Iso2 -> IC6 -0.011 -0.098 0.098 -0.287 0.098 0.315 

 

Appendix 7.3 Estimation results for the covariates in the stepwise 

cross-lagged panel models. 

N = 7,690. Regression coefficients are presented with p-values indicated by asterisks. Baseline 

age, sex, and highest educational qualification were time-invariant. All other covariates were time 

varying so they were associated with the model variables within each wave, for example, wealth 

quintile at wave 2 on isolation score at wave 2, wealth quintile at wave 4 on isolation score at 

wave 4, and wealth quintile at wave 6 on isolation score at wave 6.  

Covariate 

& model 

variable 

Category 
(1) 

Age & sex 

(2)  

Socio-

economic 

(3)  

Health 

behaviours 

(4) 

Health 

(5) 

Fully-

adjusted 

Baseline age on:      

Iso2  0.047** 0.037** 0.042** 0.043** 0.035** 

Iso4  0.019** 0.016** 0.015** 0.016** 0.013** 

Iso6  0.013** 0.010* 0.011** 0.011** 0.008* 

CRP2  0.015** 0.005 0.005 0.008 -0.001 
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Covariate 

& model 

variable 

Category 
(1) 

Age & sex 

(2)  

Socio-

economic 

(3)  

Health 

behaviours 

(4) 

Health 

(5) 

Fully-

adjusted 

CRP4  0.007 0.005 0.007 0.009 0.007 

CRP6  0.003 0.004 0.001 0.003 0.002 

IC2  -0.545** -0.456** -0.393** -0.447** -0.347** 

IC4  -0.293** -0.275** -0.252** -0.300** -0.263** 

IC6  -0.304** -0.299** -0.257** -0.321** -0.279** 

Sex on: (Ref = Male)      

Iso2 Female -0.008 -0.089* -0.050 0.004 -0.071* 

Iso4 Female 0.024 -0.011 -0.005 0.021 -0.013 

Iso6 Female -0.033 -0.062* -0.047 -0.025 -0.050 

CRP2 Female 0.180* 0.112 0.073 0.183* 0.079 

CRP4 Female 0.050 0.037 0.034 0.076 0.044 

CRP6 Female 0.013 0.017 -0.007 0.043 0.021 

IC2 Female -3.284** -2.687** -2.393** -3.485** -2.774** 

IC4 Female -0.871** -0.775** -0.588* -1.346** -1.099** 

IC6 Female -0.856** -0.771** -0.707** -1.473** 1.253** 

Highest educational qualification on: (Ref = Degree)    

Iso2 

A-Level 

O-Level or other 

None 

 

0.189* 

0.255** 

0.503** 

  

0.177* 

0.224** 

0.440** 

Iso4 

A-Level 

O-Level or other 

None 

 

0.076 

0.136* 

0.208** 

  

0.063 

0.125* 

0.168* 

Iso6 

A-Level 

O-Level or other 

None 

 

-0.045 

0.043 

0.087 

  

-0.050 

0.042 

0.067 

CRP2 

A-Level 

O-Level or other 

None 

 

0.294* 

0.255* 

0.421** 

  

0.278* 

0.162 

0.292* 

CRP4 

A-Level 

O-Level or other 

None 

 

0.050 

0.051 

0.131 

  

0.018 

0.033 

0.093 

CRP6 

A-Level 

O-Level or other 

None 

 

0.194* 

0.144 

0.088 

  

0.164 

0.113 

0.057 

IC2 

A-Level 

O-Level or other 

None 

 

-0.374 

-1.164* 

-2.710** 

  

-0.038 

-0.321 

-1.112* 

IC4 

A-Level 

O-Level or other 

None 

 

-0.682* 

-0.533 

-1.201** 

  

-0.185 

-0.097 

-0.305 

IC6 

A-Level 

O-Level or other 

None 

 

-0.522 

-0.452 

-1.116* 

  

0.038 

-0.273 

-0.510 

Wealth quintile on: (Ref = 5 – Highest) 

Iso2 

1 – Lowest 

2 

3 

4 

 

0.832** 

0.493** 

0.217** 

0.138* 

  

0.624** 

0.363** 

0.160* 

0.107* 

Iso4 

1 – Lowest 

2 

3 

 

0.318** 

0.219** 

0.108* 

  

0.212** 

0.156* 

0.088 
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Covariate 

& model 

variable 

Category 
(1) 

Age & sex 

(2)  

Socio-

economic 

(3)  

Health 

behaviours 

(4) 

Health 

(5) 

Fully-

adjusted 

4 0.097* 0.085* 

Iso6 

1 – Lowest 

2 

3 

4 

 

0.330** 

0.233** 

0.112* 

0.066 

  

0.272** 

0.190** 

0.099* 

0.061 

CRP2 

1 – Lowest 

2 

3 

4 

 

0.911** 

0.672** 

0.653** 

0.335** 

  

0.560** 

0.395** 

0.487** 

0.230* 

CRP4 

1 – Lowest 

2 

3 

4 

 

0.220 

0.104 

0.076 

0.132 

  

0.180 

0.067 

0.060 

0.121 

CRP6 

1 – Lowest 

2 

3 

4 

 

-0.009 

0.164 

0.007 

0.113 

  

-0.085 

0.080 

-0.045 

0.077 

IC2 

1 – Lowest 

2 

3 

4 

 

-7.665** 

-5.690** 

-2.947** 

-1.957** 

  

-3.581** 

-2.666** 

-1.413** 

-1.037** 

IC4 

1 – Lowest 

2 

3 

4 

 

-2.667** 

-1.861** 

-1.001* 

-0.888* 

  

-1.603** 

-1.125** 

-0.765* 

-0.571* 

IC6 

1 – Lowest 

2 

3 

4 

 

-2.345** 

-1.794** 

-1.324** 

-0.872* 

  

-1.505** 

-0.941* 

-0.927* 

-0.661* 

Current smoking status on: (Ref = Non/ex-smoker) 

Iso2 Smoker   0.576**  0.349** 

Iso4 Smoker   0.258**  0.191* 

Iso6 Smoker   0.136*  0.091 

CRP2 Smoker   0.640**  0.468** 

CRP4 Smoker   0.194  0.166 

CRP6 Smoker   0.012  0.004 

IC2 Smoker   -2.177**  -0.090 

IC4 Smoker   -0.510  0.278 

IC6 Smoker   -0.601  1.218** 

Alcohol consumption on: (Ref = <5 days a week) 

Iso2 5+ days a week   0.092*  -0.078 

Iso4 5+ days a week   0.036  -0.030 

Iso6 5+ days a week   -0.032  -0.086* 

CRP2 5+ days a week   0.285*  0.104 

CRP4 5+ days a week   0.124  0.088 

CRP6 5+ days a week   0.086  0.068 

IC2 5+ days a week   -2.027**  -0.444* 

IC4 5+ days a week   -1.019**  -0.448* 

IC6 5+ days a week   -0.115  0.302 

Physical activity on: (Ref = Moderate) 

Iso2 Sedentary   0.693**  0.349** 
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Covariate 

& model 

variable 

Category 
(1) 

Age & sex 

(2)  

Socio-

economic 

(3)  

Health 

behaviours 

(4) 

Health 

(5) 

Fully-

adjusted 

Low 

High 

0.362** 

-0.103* 

0.188** 

-0.003 

Iso4 

Sedentary 

Low 

High 

  

0.402** 

0.184** 

-0.117* 

 

0.258** 

0.101* 

-0.065 

Iso6 

Sedentary 

Low 

High 

  

0.352** 

0.126* 

-0.101* 

 

0.193* 

0.044 

-0.063 

CRP2 

Sedentary 

Low 

High 

  

0.465* 

0.677** 

-0.41** 

 

0.152 

0.510** 

-0.293** 

CRP4 

Sedentary 

Low 

High 

  

0.147 

0.219* 

-0.045 

 

0.107 

0.181* 

0.002 

CRP6 

Sedentary 

Low 

High 

  

-0.006 

0.273** 

-0.153* 

 

-0.063 

0.219* 

-0.124 

IC2 

Sedentary 

Low 

High 

  

-11.677** 

-5.783** 

3.157** 

 

-6.133** 

-3.027** 

1.564** 

IC4 

Sedentary 

Low 

High 

  

-4.150** 

-2.961** 

2.053** 

 

-2.457** 

-1.893** 

1.292** 

IC6 

Sedentary 

Low 

High 

  

-5.593** 

-3.187** 

1.536** 

 

-3.421** 

-1.897** 

1.050** 

Number of health conditions on: 

Iso2     0.004 -0.005 

Iso4     0.032 0.029 

Iso6     0.046* 0.038 

CRP2     0.034 0.028 

CRP4     0.015 0.009 

CRP6     0.048 0.045 

IC2     -0.528** -0.412** 

IC4     -0.387* -0.344* 

IC6     -0.513** -0.394* 

Self-rated health on: (Ref = Excellent) 

Iso2 

Very good 

Good 

Fair 

Poor 

   

0.140* 

0.333** 

0.640** 

0.982** 

0.092 

0.211** 

0.339** 

0.471** 

Iso4 

Very good 

Good 

Fair 

Poor 

   

0.011 

0.101 

0.281** 

0.522** 

-0.022 

0.027 

0.118 

0.267* 

Iso6 

Very good 

Good 

Fair 

Poor 

   

0.058 

0.088 

0.281** 

0.316** 

0.025 

0.035 

0.173* 

0.144 

CRP2 
Very good 

Good 
   

0.349** 

0.699** 

0.230* 

0.478** 
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Covariate 

& model 

variable 

Category 
(1) 

Age & sex 

(2)  

Socio-

economic 

(3)  

Health 

behaviours 

(4) 

Health 

(5) 

Fully-

adjusted 

Fair 

Poor 

0.932** 

1.369** 

0.503** 

0.763** 

CRP4 

Very good 

Good 

Fair 

Poor 

   

0.189 

0.327* 

0.305* 

0.440* 

0.164 

0.282* 

0.182 

0.258 

CRP6 

Very good 

Good 

Fair 

Poor 

   

-0.036 

0.179 

0.300* 

0.299 

-0.060 

0.128 

0.216 

0.246 

IC2 

Very good 

Good 

Fair 

Poor 

   

-2.470** 

-6.534** 

-12.255** 

-17.656** 

-1.893** 

-5.266** 

-9.615** 

-13.109** 

IC4 

Very good 

Good 

Fair 

Poor 

   

-0.771* 

-3.140** 

-6.494** 

-9.916** 

-0.469 

-2.581** 

-5.448** 

-8.277** 

IC6 

Very good 

Good 

Fair 

Poor 

   

-1.416** 

-3.541** 

-7.010** 

-10.108** 

-1.257** 

-3.195** 

-6.243** 

-8.768** 

* p<0.05 ** p<0.001 
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Appendix 7.4 Results from the sensitivity analysis excluding those 

who had died during the follow-up period 

7.4.1 Flowchart showing the sample selection process for the sensitivity 

analysis excluding those who died during the follow-up period 

 

  

Cohort members at wave 2 

 N=8,778 

Nurse visit at wave 2 

 N=7,665 

Aged ≥60 

 N=5,343 

Nurse visit at wave 4 

 N=5,625 

Nurse visit at wave 6 

 N=4,767 

Aged ≥60 

 N=4,847 

Aged ≥60 

 N=4,633 

Valid IC score at wave 2  

 N=4,061 

Valid IC score at wave 4  

 N=4,410 

Valid IC score at wave 6  

 N=4,605 

Social isolation score at 

wave 2 

N=3,145 

Social isolation score at 

wave 4 

N=3,482 

Social isolation score at 

wave 6 

N=3,761 

CRP value at wave 2 

N=2,947 

CRP value at wave 4 

N=3,078 

CRP value at wave 6 

N=3,240 

Exclude N=1,282 who died June 2004 – May 2013 
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7.4.2 (In the sample excluding those who died during the follow-up period) 

Means and standard deviations (SD) of social isolation score, C-reactive 

protein (CRP) level and intrinsic capacity (IC) score across the 3 waves. 

 
Social isolation score  CRP (mg/L)  IC score 

N Mean (SD)  N Mean (SD)  N Mean (SD) 

Wave 2 3,145 2.50 (1.20)  2,947 2.54 (2.12)  4,061 51.88 (9.41) 

Wave 4 3,482 2.54 (1.25)  3,078 2.47 (2.12)  4,410 50.90 (9.64) 

Wave 6 3,761 2.61 (1.27)  3,240 2.18 (1.94)  4,605 50.07 (9.96) 

 

7.4.3 (In the sample excluding those who died during the follow-up period) 

The cross-sectional associations between (1) isolation score and CRP, and 

(2) CRP and intrinsic capacity score at waves 2, 4, and 6 in models 

adjusted for age, sex, and all covariates. 

Wave N  
Age & Sex adjusted model  Fully-adjusted* model 

b 95% CIs p-value  b 95% CIs p-value 

(3) Isolation score predicting CRP   

Wave 2 2,254  0.13 0.06 0.21 0.001  0.03 -0.05 0.10 0.477 

Wave 4 2,364  0.06 -0.01 0.13 0.121  -0.05 -0.12 0.02 0.197 

Wave 6 2,455  0.12 0.05 0.18 <0.001  0.03 -0.03 0.10 0.297 

(4) CRP predicting IC score   

Wave 2 2,254  -0.73 -0.89 -0.57 <0.001  -0.30 -0.43 -0.17 <0.001 

Wave 4 2,364  -0.81 -0.97 -0.66 <0.001  -0.39 -0.52 -0.27 <0.001 

Wave 6 2,455  -0.98 -1.15 -0.81 <0.001  -0.45 -0.59 -0.31 <0.001 
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7.4.4 (In the sample excluding those who died during the follow-up period) Estimation results of the total, direct and 

indirect effects of social isolation in Wave 2 (2004/5) on intrinsic capacity in Wave 6 (2012/13) in each model. Model 

fit statistics are also reported. (N=6,408) 

Model  β b SE 
Lower 

95% CI 

Upper 

95% CI 
p-value 2 (df) CFI TLI RMSEA SRMR 

(1)  

Age & sex 

Total -0.051 -0.430 0.107 -0.637 -0.222 0.000 
976.65 

(25) 
0.930 0.850 0.077 0.084 Direct -0.051 -0.429 0.106 -0.632 -0.222 0.000 

Indirect 0.000 -0.001 0.007 -0.016 0.010 0.848 

(2)  

Socio-

economic 

Total -0.028 -0.234 0.111 -0.448 -0.020 0.035 
752.48 

(97) 
0.957 0.916 0.032 0.024 Direct -0.028 -0.237 0.111 -0.455 -0.029 0.032 

Indirect 0.000 0.002 0.006 -0.010 0.016 0.722 

(3)  

Health 

behaviours 

Total -0.036 -0.301 0.107 -0.513 -0.091 0.005 
1358.88 

(115) 
0.924 0.875 0.041 0.035 Direct -0.036 -0.302 0.106 -0.509 -0.094 0.005 

Indirect 0.000 0.001 0.005 -0.010 0.011 0.917 

(4)  

Health 

Total -0.028 -0.233 0.093 -0.435 -0.053 0.012 
1060.77 

(115) 
0.947 0.913 0.036 0.029 Direct -0.028 -0.233 0.093 -0.436 -0.056 0.012 

Indirect 0.000 0.000 0.005 -0.010 0.011 0.974 

(5)  

Fully-

adjusted 

Total -0.012 -0.100 0.098 -0.308 0.092 0.307 
1078.11 

(277) 
0.959 0.932 0.021 0.012 Direct -0.012 -0.102 0.098 -0.309 0.091 0.297 

Indirect 0.000 0.002 0.004 -0.005 0.010 0.653 
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7.4.5 (In the sample excluding those who died during the follow-up period) 

Main estimation results: Basic model adjusted for age and sex (N=7,690). 

 β b SE 
Lower 95% 

CI 

Upper 95% 

CI 
p-value 

Iso2 -> Iso4 0.700 0.727 0.010 0.707 0.743 0.000 

Iso4 -> Iso6 0.717 0.727 0.010 0.707 0.743 0.000 

CRP2 -> CRP4 0.533 0.527 0.016 0.494 0.556 0.000 

CRP4 -> CRP6 0.566 0.527 0.016 0.494 0.556 0.000 

IC2 -> IC4 0.679 0.710 0.009 0.691 0.726 0.000 

IC4 -> IC6 0.670 0.710 0.009 0.691 0.726 0.000 

Iso2 -> CRP4 0.002 0.004 0.019 -0.035 0.043 0.847 

Iso4 -> CRP6 0.002 0.004 0.019 -0.035 0.043 0.847 

CRP2 -> Iso4 0.040 0.024 0.006 0.012 0.032 0.000 

CRP4 -> Iso6 0.039 0.024 0.006 0.012 0.032 0.000 

CRP2 -> IC4 -0.081 -0.370 0.040 -0.446 -0.292 0.000 

CRP4 -> IC6 -0.075 -0.370 0.040 -0.446 -0.292 0.000 

IC2 - > CRP4 -0.095 -0.021 0.003 -0.027 -0.016 0.000 

IC4 -> CRP6 -0.106 -0.021 0.003 -0.027 -0.016 0.000 

Iso2 -> IC6 -0.051 -0.429 0.106 -0.632 -0.222 0.000 

β = standardised regression coefficient; b = regression coefficient; SE = standard error; CI = 

confidence interval.  

7.4.6 (In the sample excluding those who died during the follow-up period) 

Main estimation results: Socioeconomic model (adjusted for age, sex, 

highest educational qualification, and wealth quintile) (N=7,690). 

 β b SE 
Lower 95% 

CI 

Upper 95% 

CI 
p-value 

Iso2 -> Iso4 0.669 0.697 0.011 0.677 0.718 0.000 

Iso4 -> Iso6 0.690 0.697 0.011 0.677 0.718 0.000 

CRP2 -> CRP4 0.529 0.524 0.016 0.492 0.555 0.000 

CRP4 -> CRP6 0.567 0.524 0.016 0.492 0.555 0.000 

IC2 -> IC4 0.643 0.673 0.009 0.655 0.691 0.000 

IC4 -> IC6 0.638 0.673 0.009 0.655 0.691 0.000 

Iso2 -> CRP4 -0.004 -0.007 0.020 -0.047 0.031 0.720 

Iso4 -> CRP6 -0.005 -0.007 0.020 -0.047 0.031 0.720 

CRP2 -> Iso4 0.018 0.011 0.006 -0.001 0.021 0.063 

CRP4 -> Iso6 0.017 0.011 0.006 -0.001 0.021 0.063 

CRP2 -> IC4 -0.067 -0.311 0.039 -0.388 -0.232 0.000 

CRP4 -> IC6 -0.063 -0.311 0.039 -0.388 -0.232 0.000 

IC2 - > CRP4 -0.083 -0.019 0.003 -0.024 0.013 0.000 

IC4 -> CRP6 -0.094 -0.019 0.003 -0.024 0.013 0.000 
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Iso2 -> IC6 -0.028 -0.237 0.111 -0.455 -0.029 0.032 

 

7.4.7 (In the sample excluding those who died during the follow-up period) 

Main estimation results: Health behaviour model (adjusted for age, sex, 

physical activity, smoking status, and alcohol consumption) (N=7,690). 

 β b SE 
Lower 95% 

CI 

Upper 95% 

CI 
p-value 

Iso2 -> Iso4 0.680 0.707 0.010 0.687 0.727 0.000 

Iso4 -> Iso6 0.700 0.707 0.010 0.687 0.727 0.000 

CRP2 -> CRP4 0.529 0.523 0.016 0.490 0.553 0.000 

CRP4 -> CRP6 0.565 0.523 0.016 0.490 0.553 0.000 

IC2 -> IC4 0.608 0.624 0.010 0.602 0.642 0.000 

IC4 -> IC6 0.591 0.624 0.010 0.602 0.642 0.000 

Iso2 -> CRP4 -0.001 -0.002 0.019 -0.042 0.036 0.916 

Iso4 -> CRP6 -0.001 -0.002 0.019 -0.042 0.036 0.916 

CRP2 -> Iso4 0.016 0.010 0.006 -0.002 0.020 0.099 

CRP4 -> Iso6 0.016 0.010 0.006 -0.002 0.020 0.099 

CRP2 -> IC4 -0.061 -0.278 0.037 -0.346 -0.209 0.000 

CRP4 -> IC6 -0.057 -0.278 0.037 -0.346 -0.209 0.000 

IC2 - > CRP4 -0.063 -0.014 0.003 -0.020 -0.008 0.000 

IC4 -> CRP6 -0.070 -0.014 0.003 -0.020 -0.008 0.000 

Iso2 -> IC6 -0.036 -0.302 0.106 -0.509 -0.094 0.005 

 

7.4.8 (In the sample excluding those who died during the follow-up period) 

Main estimation results: Health model (adjusted for age, sex, number of 

health conditions, and self-rated health) (N=7,690). 

 β b SE 
Lower 95% 

CI 

Upper 95% 

CI 
p-value 

Iso2 -> Iso4 0.685 0.711 0.010 0.691 0.730 0.000 

Iso4 -> Iso6 0.704 0.711 0.010 0.691 0.730 0.000 

CRP2 -> CRP4 0.529 0.523 0.016 0.491 0.554 0.000 

CRP4 -> CRP6 0.564 0.523 0.016 0.491 0.554 0.000 

IC2 -> IC4 0.529 0.541 0.010 0.522 0.561 0.000 

IC4 -> IC6 0.509 0.541 0.010 0.522 0.561 0.000 

Iso2 -> CRP4 0.000 -0.001 0.019 -0.043 0.036 0.973 

Iso4 -> CRP6 0.000 -0.001 0.019 -0.043 0.036 0.973 

CRP2 -> Iso4 0.016 0.009 0.006 -0.002 0.020 0.100 

CRP4 -> Iso6 0.016 0.009 0.006 -0.002 0.020 0.100 

CRP2 -> IC4 -0.056 -0.255 0.036 -0.319 -0.184 0.000 

CRP4 -> IC6 -0.053 -0.255 0.036 -0.319 -0.184 0.000 
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IC2 - > CRP4 -0.056 -0.013 0.003 -0.019 -0.006 0.000 

IC4 -> CRP6 -0.062 -0.013 0.003 -0.019 -0.006 0.000 

Iso2 -> IC6 -0.028 -0.233 0.093 -0.436 -0.056 0.012 

 

7.4.9 (In the sample excluding those who died during the follow-up period) 

Main estimation results: Fully-adjusted model (adjusted for age, sex, 

highest educational qualification, wealth quintile, physical activity, 

smoking status, and alcohol consumption, number of health conditions, 

and self-rated health) (N=7,690). 

 β b SE 
Lower 95% 

CI 

Upper 95% 

CI 
p-value 

Iso2 -> Iso4 0.655 0.683 0.011 0.662 0.703 0.000 

Iso4 -> Iso6 0.677 0.683 0.011 0.662 0.703 0.000 

CRP2 -> CRP4 0.525 0.520 0.016 0.487 0.550 0.000 

CRP4 -> CRP6 0.563 0.520 0.016 0.487 0.550 0.000 

IC2 -> IC4 0.482 0.495 0.011 0.475 0.515 0.000 

IC4 -> IC6 0.465 0.495 0.011 0.475 0.515 0.000 

Iso2 -> CRP4 -0.005 -0.009 0.020 -0.050 0.030 0.649 

Iso4 -> CRP6 -0.006 -0.009 0.020 -0.050 0.030 0.649 

CRP2 -> Iso4 -0.003 -0.002 0.006 -0.014 0.009 0.757 

CRP4 -> Iso6 -0.003 -0.002 0.006 -0.014 0.009 0.757 

CRP2 -> IC4 -0.042 -0.189 0.035 -0.253 -0.118 0.000 

CRP4 -> IC6 -0.039 -0.189 0.035 -0.253 -0.118 0.000 

IC2 - > CRP4 -0.042 -0.009 0.004 -0.016 -0.002 0.008 

IC4 -> CRP6 -0.047 -0.009 0.004 -0.016 -0.002 0.008 

Iso2 -> IC6 -0.012 -0.102 0.098 -0.309 0.091 0.297 
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