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Abstract

Social Isolation in Relation to Vascular Disease Incidence and Mortality among
Adults in the UK

Robert William Smith, Brasenose College, University of Oxford, DPhil, Michaelmas 2019

Social isolation has recently gained considerable attention as a potential modifiable risk factor
for major causes of death and disability such as coronary heart disease and stroke (i.e. vascular
disease), and all-cause mortality. However, previous studies have been limited by small sample
sizes, reverse causation, and confounding bias. This thesis sought to address these limitations
by examining social isolation in relation to vascular disease incidence, vascular disease
mortality, and all-cause mortality among two large prospective cohorts of UK adults. To
advance current conceptualisations of social isolation as a health risk factor, age, gender, and
neighbourhood environments were examined as effect modifiers. Furthermore, independent
and joint associations were examined for structural (i.e. social contact frequency and living
alone), functional (i.e. social support), and perceived (i.e. loneliness and relationship
satisfaction) dimensions of social isolation. Finally this thesis tested the popular claim that

social isolation is as bad for health as smoking 15 cigarettes per day.

Generally healthy participants of the Million Women Study (N=326,169) and UK Biobank
(N=296,913) were prospectively observed for six and seven years, respectively. An index of
structural dimensions of isolation was used to measure social isolation. Associations between
social isolation and vascular disease incidence and mortality outcomes were estimated using
multivariable Cox regression. Analyses were adjusted for personal characteristics, health
behaviours, and physiological factors. The percentage attenuation in the likelihood ratio chi-
square test statistic indicated the degree to which these factors explained any associations with
each outcome. Sub-group analyses and likelihood ratio tests of interaction were used to

examine effect modification and interaction.



This thesis found evidence of strong associations between social isolation and mortality

outcomes but only weak associations with vascular disease incidence. Compared to the least
isolated Million Women Study and UK Biobank participants respectively, those who were most
isolated had 80% (95% confidence interval: 41% - 131%) and 68% (28% to 121%) greater
CHD mortality, 71% (34% to 118%) and 92% (32% to 181%) greater stroke mortality, and
32% (24% to 40%) and 38% (27% to 51%) greater all-cause mortality. Whereas compared to
the least isolated participants, the most isolated had 7% (1% to 14%) greater and 6% lower
(12% lower to 2% greater) CHD incidence, and 28% (19% to 38%) and 23% (9% to 40%)
greater stroke incidence. Associations generally did not change according to age, gender, or
neighbourhood socioeconomic deprivation, crime rates, distance to services, and greenspace
availability. Health behaviours, namely smoking, explained the largest component of these
associations. Among the constituent measures of structural isolation, living alone was more
strongly and consistently associated with mortality. After adjusting for explanatory factors and
structural isolation, lacking confiding support (i.e. functional isolation) was associated with
15% (6% to 24%) greater all-cause mortality. Perceived dimensions of social isolation were
not independently associated with all-cause mortality. Associations between structural
isolation and all-cause mortality also tended not to change if participants additionally lacked
support or were lonely. Finally, associations between social isolation and all-cause mortality

were 5-10-fold weaker than those for cigarette smoking.

In conclusion, there is stronger evidence to suggest that social isolation is independently
associated with mortality versus vascular disease incidence. These associations did not vary by
age, gender, neighbourhood factors, or functional and perceived isolation. Cigarette smoking
had much stronger associations with mortality than social isolation. Further large-scale studies
are needed to examine the role of delays in seeking care as a potential explanatory factor. Future
research should also leverage lifecourse epidemiological methods to further examine the role

of confounding in the associations observed.
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1 Introduction

1.1 Rationale

With older age comes increased risk of vascular diseases defined here as coronary heart disease
and stroke. These vascular diseases represent the leading causes of death and disability globally
(GBD 2013 Mortality and Causes of Death Collaborators, 2015). Similarly, as people age their
network of social relationships evolves. Changing social networks can lead to social isolation,
which a considerable body of literature suggests may also be detrimental to one's health (Holt-
Lunstad, Smith and Layton, 2010; Holt-Lunstad et al., 2015; Leigh-Hunt et al., 2017). Social
isolation is an experience generally characterised by a lack of social relationships and
infrequent social contact (Berkman and Krishna, 2014). According to analyses of data from the
English Longitudinal Study of Aging and UK Biobank, social isolation affects approximately
9.0% to 14.0% of adults over 40 years old in the UK (Beach and Bamford, 2014; Elovainio et
al., 2017).

For decades, health researchers have found associations between social isolation and all-cause
mortality (House, Landis and Umberson, 1988; Holt-Lunstad et al., 2010). Some researchers
have compared the strength of these associations to that of smoking 15 cigarettes per day (Holt-
Lunstad et al., 2010). More recent meta-analyses have also linked social isolation to increased
risk of developing and dying from vascular disease (Holt-Lunstad et al., 2015; Valtorta,
Kanaan, Gilbody, Ronzi, ef al., 2016). In light of these findings and the prevalence of social
isolation, social isolation has become a public health concern in the UK (Public Health
England, 2016). A more thorough understanding of any associations between social isolation,
vascular disease, and mortality may assist public health and social care officials in the design

of policies and programs to prevent vascular disease and premature death.

1.1.1 Research Aims

The primary aim of this thesis was to examine the prospective associations between social
isolation, vascular disease incidence, vascular disease mortality, and all-cause mortality within
the Million Women Study and UK Biobank cohorts. More specifically it aimed to address
important limitations of previous research including reverse causation bias, to quantitatively

assess the role of confounding or mediating factors, and to assess under what conditions any



associations may vary in strength. The general research questions addressed by this thesis are
the following:

e After excluding people with pre-existing vascular disease, cancer, or of fair/poor self-
rated health, is social isolation independently associated with vascular disease
incidence, vascular disease mortality, or all-cause mortality?

e To what degree do personal characteristics, health behaviours, physiological factors,
and psychological factors attenuate the strength of the associations of social isolation
with each of the aforementioned disease outcomes?

e Do factors currently hypothesised to represent effect modifiers for social isolation, such
as age, gender, and characteristics of people’s neighbourhoods, moderate associations
between social isolation and each disease outcome?

e Are associations between structural dimensions of social isolation (e.g. infrequent
social contact, living alone) and mortality stronger among people who additionally
experience functional (e.g. lacking social support) or perceived (e.g. loneliness)

dimensions of social isolation?

Further details regarding the novelty and relevance of each research question are presented in

section 1.6 and in the background sections for each chapter.

This introductory chapter will begin by describing the epidemiology of vascular disease
(Section 1.2) and current approaches to defining and measuring social isolation (Section 1.3).
Next, a conceptual model for how previous research suggests social isolation may affect
vascular disease and mortality is presented (Section 1.4). Current approaches to intervening on
social isolation will then be discussed (Section 1.5). The chapter concludes by outlining the
overarching objectives of this Doctor of Philosophy thesis and the topics addressed in

subsequent chapters (Section 1.6).



1.2 Vascular Disease in the United Kingdom

1.2.1 Prevalence, Incidence, and Mortality

Coronary heart disease (CHD) and cerebrovascular disease are the most prevalent forms of
vascular disease, a broad class of diseases affecting blood vessels (British Heart Foundation,
2018a). CHD represents a group of diseases caused by fatty plaques (i.e. atheroma) which
accumulate along blood vessel walls and impede blood flow to the heart muscle (British Heart
Foundation, 2018a). CHD is defined in the International Classification of Diseases 10™
Revision (ICD-10) as diagnosis codes 120 to 125 (World Health Organisation, 2010). These
codes account for angina (I20), acute myocardial infarction (AMI, [I21]), subsequent
myocardial infarction (I22), complications following AMI (I23), other acute ischaemic heart
diseases (124), and chronic ischaemic heart disease (I125) (World Health Organisation, 2010).
The most common types of CHD are AMI and angina (British Heart Foundation, 2018a). While
angina occurs during periods of inadequate blood flow to the heart, AMI occurs when portions
of atheroma break off and become lodged in a vessel thus blocking blood flow (British Heart
Foundation, 2018a).

Cerebrovascular diseases are caused by interrupted blood flow to the brain and are broadly
defined by ICD-10 codes 160 to 169 (World Health Organisation, 2010). Two common acute
sub-types of cerebrovascular disease (here forward referred to as stroke) are haemorrhagic
(I60-61) and ischaemic (I163) stroke. Haemorrhagic strokes occur when blood vessels serving
the brain rupture and cause bleeding (British Heart Foundation, 2018a). Ischaemic strokes
occur after blood vessels in the brain become occluded by atheroma or haematoma. Other
diseases classified under stroke include the following: other non-traumatic intracranial
haemorrhage (162), stroke not classified as haemorrhagic or ischaemic (164), less acute
conditions such as occlusion and stenosis of precerebral and cerebral arteries (165-166), other
cerebrovascular diseases (I167), cerebrovascular disorders in diseases classified elsewhere

(168); and sequelae of stroke (169) (World Health Organisation, 2010).

This thesis research focused on these broadly defined CHD and stroke outcomes to be
consistent with previous research and with the British Heart Foundation CHD and stroke
definitions (GBD 2013 Mortality and Causes of Death Collaborators, 2015; Valtorta, Kanaan,
Gilbody, Ronzi, et al., 2016; British Heart Foundation, 2018a). It should be noted that previous
studies examining social isolation and physical health outcomes also measure broader
cardiovascular disease (CVD) outcomes which can additionally encompass the following

diagnoses: chronic rheumatic heart disease (I05-109), hypertensive diseases (I110-115), other
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heart disease (126-152), and diseases of the arteries, arterioles, and capillaries (I170-179) (Holt-
Lunstad et al., 2015; Elovainio et al., 2017; British Heart Foundation, 2018Db).

As of 2017, over 2.2 million (3.3%) people in the UK had been diagnosed with CHD and 1.2
million (1.8%) with stroke (British Heart Foundation, 2018d). While these prevalence rates are
not adjusted for age or other factors that may vary across countries within the UK, they tend to
be lower in England (CHD: 3.2%; Stroke: 1.7%) compared to Scotland (CHD: 4.1%; Stroke:
2.2%), Wales (CHD: 3.7%; Stroke: 2.1%) and Northern Ireland (CHD: 3.8%; Stroke: 1.9%)
(British Heart Foundation, 2018d). Every year in the UK, approximately 12 women and 31
men per 100,000 people are newly diagnosed with CHD, and ten women and 12 men per

100,000 people are newly diagnosed with stroke (British Heart Foundation, 2017).

CHD and stroke represent the first and third, respectively, most prevalent causes of years of
life lost globally (GBD 2013 Mortality and Causes of Death Collaborators, 2015). As of 2016,
CHD is the largest single cause of death in the UK, accounting for 8.5% of deaths among
women and 13.8% of deaths among men (British Heart Foundation, 2018b). Approximately
7.1% of deaths among women and 5.5% of deaths among men were due to stroke (British Heart

Foundation, 2018Db).

CHD death rates have decreased substantially over the past 20 years. The magnitude of
decreasing vascular disease mortality trends and trend differences according to gender are
illustrated in Figure 1.1. Stroke mortality is lower than CHD mortality and has also decreased

over time (Figure 1.1).

The age-standardised death rate for CHD in the UK was 114.1 per 100,000 people as of 2016
(British Heart Foundation, 2018c). CHD killed about half as many women than men in the UK
(76.2 per 100,000 women and 162.6 per 100,000 men) (British Heart Foundation, 2018c). For
stroke, the UK age-standardised death rate was 65.5 per 100,000 people as of 2016 (British
Heart Foundation, 2018e). As of 2016, the age-adjusted death rates for stroke were 62.8 per
100,000 women and 68.1 per 100,000 men (British Heart Foundation, 2018e).
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Figure 1.1.1. Age-standardised death rates due to coronary heart disease and
stroke among UK women and men of all ages from 1975 to 2016 (British Heart
Foundation, 2018d, 2018e).

1.2.2 Risk Factors for Vascular Disease

Contributing to the decreasing vascular disease mortality trends in the UK has been the
identification of key risk factors, concerted public health interventions to address them, and
advances in the treatment of vascular disease (Bhatnagar et al., 2016). Vascular disease risk
tends to increase according to non-modifiable factors such as older age and male sex
(Palomeras Soler and Casado Ruiz, 2010). Modifiable risk factors for vascular disease
incidence and mortality include smoking, hypertension (i.e. 140/80 mmHg or higher), diabetes
mellitus, dyslipidemia, overweight and obesity (as indicated by body mass index [BMI] or

waist-to-hip ratio), physical inactivity, and increased alcohol intake (Yusuf et al., 2004;



Meschia et al., 2014; O’Donnell et al., 2016; Stewart, Manmathan and Wilkinson, 2017). Other
modifiable and non-modifiable risk factors specific to stroke include atrial fibrillation, familial
history of stroke, and previous CVD diagnoses (Meschia et al., 2014; O’Donnell et al., 2016).
Due in part to challenges with reliable measurement, potentially modifiable dietary and
psychosocial factors (e.g. depression and work, financial or life event related stress) are less
consistently associated with vascular disease risk (Yusuf et al., 2004; Meschia et al., 2014;
O’Donnell et al., 2016; Stewart et al., 2017). Recent meta-analytic reviews also suggest that
characteristics of peoples’ social relationships, particularly social isolation, represents a
potentially modifiable risk factor for vascular disease (Holt-Lunstad et al., 2015; Valtorta,
Kanaan, Gilbody, Ronzi, et al., 2016).

1.3 Defining and Measuring Social Isolation

Through life, the number and nature of people’s social relationships evolves. A social
relationship is a state of interdependence between two or more people that is often characterised
by mutual influence over one another's thoughts, feelings, and/or behaviours (Perlman and
Vangelisti, 2006). A social network refers to the web of relationships within which someone is
interconnected with others (Smith and Christakis, 2008). Experiences of social isolation can
result from changes to an individual's social network. Social isolation is most often described
in terms of lacking social relationships and infrequent contact with relatives, friends, or the
broader community (Valtorta and Hanratty, 2012; Leigh-Hunt et al., 2017). However, there
remains no universal definition or gold-standard measurement tool for social isolation (Valtorta
and Hanratty, 2012; Berkman and Krishna, 2014). There have also been recent calls for the
concept of social isolation to be expanded beyond objective “structural” characteristics of
people’s social network to incorporate functional dimensions of isolation (e.g. lacking social
support) and perceived dimensions of isolation (e.g. loneliness and relationship dissatisfaction)

(Zavaleta, Samuel and Mills, 2017; Holt-Lunstad, 2018b).

Health researchers often opt for measurement tools which discern levels of isolation based on
structural characteristics of people’s relationships, frequency of contact, and/or living
arrangements (Valtorta, Kanaan, Gilbody and Hanratty, 2016). Such measures range from
unidimensional measures such as living alone, to multidimensional social relationship indices
(Valtorta, Kanaan, Gilbody and Hanratty, 2016). Multidimensional indices are often
summative and calculate social isolation scores based on the following measures: the number
of and frequency of contact with relatives or friends; participation in faith-based groups and

social groups or organisations; household occupancy; and marital status (Berkman and



Krishna, 2014; Valtorta, Kanaan, Gilbody and Hanratty, 2016). Such indices include the
Berkman-Syme social network index (Berkman and Syme, 1979), social relationships and
activity scale (House, Robbins and Metzner, 1982), the social network interaction index (Orth-

Gomér and Johnson, 1987), and the social isolation index (Shankar et al., 2011) .

The Berkman-Syme social network index was derived and validated within the Human
Population Laboratory Survey cohort of residents from Alameda County, USA (Berkman,
1977). To calculate social network index scores, participants received one point if they were
married, from one to five points for the number of and frequency of contact with close relatives
and friends (i.e. five points representing larger social network and frequent contact), one point
for membership in a church group, and one point for participation in other social organizations
(Berkman, 1977). These points were summed, and participants were categorised into the
following quartiles: Level I “low networks,” Level II “medium networks,” Level III “medium-
high networks,” and Level IV “high networks” (Berkman, 1977). Henceforth, participants in
Level I were conceptualised as being among the most isolated, and those in Level IV were
among the most integrated or least socially isolated. The Berkman-Syme social network index
is often adapted according to the data available to researchers. A more recent adaptation
assigned three points to participants who are married, and between one and three points if they
had at least one close friend, participated in group activities at least one to two hours per week,

and attended a religious service at least once per week (Chang et al., 2017).

The more contemporary social isolation index was derived and validated within the English
Longitudinal Study of Ageing cohort (Shankar ef al., 2011). To calculate social isolation index
scores, study participants were assigned one point if they were not married or cohabiting with
a partner, had less than monthly contact with children, other immediate relatives, and friends
(one point for each), and if they participated in any religious, social, or recreational groups,
organisations, or committees (one point total) (Shankar et al., 2011). Points are summed and
aggregated into categories from least isolated to most isolated. More recent adaptations of this
index assigned one point to participants who live alone, or if they reported less than monthly
contact with family or friends, or if they do not participate in at least weekly leisure/social

group activities (Hakulinen ef al., 2018).

Based on early research by the RAND Corporation (Donaldson and Ware, 1982) and
consistently reproduced associations between social isolation and mortality, multidimensional
indices of social isolation like the social network index are believed to have good test-retest

reliability and construct validity (Berkman and Krishna, 2014). An advantage of measuring



social isolation using such indices is that they account for different types of social relationships
which may be associated with health independently and in combination. Studies using
multidimensional social isolation indices are capable of comparing associations across
constituent factors, and approximating which factors are more and less relevant to health.
Research has yet to concurrently examine associations between structural, functional, and
perceived dimensions of social isolation and mortality, in addition to the combination of these

dimensions and their associations with mortality (Holt-Lunstad et al., 2015).

Social support is generally described as a perceived resource available, or function carried out
by someone, in order to assist another person (Umberson, Crosnoe and Reczek, 2010). These
functions can be characterised as emotional, informational, and instrumental (Umberson et al.,
2010; Berkman and Krishna, 2014). Emotional support relates to demonstrations of empathy
and compassion (e.g. confiding support provided by someone who is trusted) (Shor, Roelfs and
Yogev, 2013; Berkman and Krishna, 2014). Emotional support was examined in this thesis
because it has been studied widely in relation to health and was the only measure of social
support available in the UK Biobank. While not examined in this thesis, instrumental and

informational social support merit description.

Instrumental support relates to sharing material goods and assisting with activities (e.g.
financial support, transportation to social programs or hospital) (Shor et al., 2013; Berkman
and Krishna, 2014). Informational support relates to sharing helpful information, appraisal, or
advice (e.g. encouragement to quit smoking or seek healthcare) (Shor et al., 2013).
Informational support is closely related to the concept of social influence. Social influence is
characterised by a person’s thoughts and behaviours being altered by interaction with or
comparison to others, and by what is generally accepted as normal within peoples’ social
network (e.g. peer-pressure affecting one’s decision to quit smoking or take up exercise)

(Christakis and Fowler, 2007, 2008; Berkman and Krishna, 2014).

Negative feelings accompanying social isolation are believed to be as relevant to health as the
number of relationships someone shares with others (Holt-Lunstad et al., 2015; Valtorta,
Kanaan, Gilbody, Ronzi, et al., 2016; Wister et al., 2019). Perceived isolation is often referred
to as loneliness (Berkman and Krishna, 2014; Zavaleta et al., 2017). Loneliness is defined as
"a distressing feeling that accompanies the perception that one's social needs are not being met
by the quantity or especially the quality of one's social relationships" (Hawkley and Cacioppo,
2010). While correlated, loneliness does not always accompany structural social isolation and

vice versa (Hawkley and Cacioppo, 2010). Some suggest that structural isolation and loneliness



should be considered as independent constructs (Hughes et al., 2004; Coyle and Dugan, 2012).
Previous cross-sectional analyses of Health and Retirement Study participants found low to
moderate correlations between structural measures of isolation and loneliness (Hughes et al.,
2004; Coyle and Dugan, 2012). In bivariate analyses, Coyle and Dugan (2012) also found
associations between loneliness and increased likelihood of self-reported mental health
problems but not general self-rated health, whereas structural isolation (measured using an
index similar to the social isolation index) was associated with lower self-rated health but not
mental health problems. Given that loneliness and structural isolation can co-occur and are
conceptually related to the number and quality of social relationships one has, it was
hypothesised that analysing structural and perceived isolation individually and as part of the

same construct was reasonable (Wister ef al., 2019).

Another perceived dimension of isolation is satisfaction with relationships (Zavaleta et al.,
2017). Satisfaction with relationships in general has not been studied as widely as loneliness.
However, along with related factors such as negative aspects of relationships (e.g. conflict) and
marital satisfaction, the degree to which someone is satisfied with their relationships is believed
to be relevant to the degree of distress caused by one’s relationships (Berkman and Krishna,

2014; Robles et al., 2014).

In an effort to develop coherence of terminology for research and policymaking, the Oxford
Poverty and Human Development Initiative (OPHI) generated a definition and measurement
framework for social isolation encompassing structural, functional, and perceived dimensions.

The OPHI define social isolation as an experience characterised by inadequacy in the:

“...quality and quantity of social relations with other people at the different
levels where human interaction takes place (individual, group, community,

and the larger social environment)” (Zavaleta et al. 2014, pp.5).

To assess the utility of including indicators of functional and perceived dimensions of isolation
in multidimensional social isolation indices, Chapter 6 of this thesis examined social support,
loneliness, and relationship satisfaction in relation to mortality both individually, and in
combination with an index of structural isolation. Whilst acknowledging the novelty and
comprehensiveness of the OPHI measurement framework for social isolation, analyses in
Chapter 3, 4, and 5 were focussed on a multidimensional index of structural isolation. As
detailed in Sections 3.2.2 and 4.2.2, social isolation was measured using an index similar to the
social isolation index (Shankar ef al., 2011; Hakulinen ef al., 2018). It was hypothesised that

this measure would increase the comparability of findings from this research with previous
9



studies and that the more objective nature of these constituent factors would be less vulnerable

to measurement error.

1.3.1 Prevalence of Social Isolation

The diversity of methods for measuring social isolation makes precisely estimating the
prevalence of social isolation in society challenging (Victor, 2005; Valtorta, Kanaan, Gilbody
and Hanratty, 2016). Recently, social isolation was estimated to affect 9.0% of middle aged
and older adults within the UK Biobank cohort (Elovainio et al., 2017). Elovainio and
colleagues (2017) categorised participants as socially isolated if they met at least two of the
following criteria: they were living alone, had at most monthly contact with friends or relatives,
and participated in social/leisure activities less than weekly. This study is relevant because it
was the largest study to measure social isolation in the UK and the UK Biobank was the focus
of Chapter 4 analyses. However, given that the UK Biobank cohort is not nationally
representative, prevalence estimates may be biased. Analyses of the nationally representative
English Longitudinal Study of Aging data estimate that social isolation affects 10.0% of
women and 14.0% of men over 50 in England (Beach and Bamford, 2014). Beach and Bamford
(2014) categorised participants as socially isolated if they met at least three of the following
criteria: were not married or living with a partner, less than monthly contact with children,

other family members or friends, and having no affiliation with a social organisation.

More data related to the individual factors constituting social isolation is available from
national surveys such as the Census. According to the 2011 Census, approximately 43.0%
adults 65 years old and older in England and Wales were not married or in a civil partnership
(Office for National Statistics, 2013). Similar to the proportion of people living alone within
the European Economic Area, 13.0% of all residents of England and Wales lived alone (Office
for National Statistics, 2014). The proportion of adults who lived alone in the UK increased
with age, ranging from 17.0% among those 50 to 64 years old, 38.0% among those aged 65 to
74 years, and 59.0% among those 85 years old and older (Office for National Statistics, 2014).
With regard to social contact, according to data from the 2012 European Quality of Life Survey,
approximately 42.0% of UK adults aged 45 to 64 years old reported meeting family, friends,
or work colleagues less than weekly (Siegler, Njeru and Thomas, 2015). This proportion
decreased to 25.0% among adults aged 75 years and older (Siegler ez al., 2015). Approximately
45.0% of UK adults over 45 years old were not involved in professional, religious, political or
recreational organisations (Siegler et al., 2015). Finally, most UK adults did not participate in
voluntary service (Siegler et al., 2015). At 76.0%, non-participation was lowest among those

aged 65 to 74 years old and increased to 85.0% among those 75 and older (Siegler et al., 2015).
10



Popular media outlets and scientific literature describe social isolation, and perceived isolation
specifically, as growing concerns and “epidemic” in modern society (Kullar, 2016; Easton,
2018; Holt-Lunstad, 2018a). However, there is little evidence to suggest that the prevalence of
social isolation has changed throughout the 20" and 21% centuries. Longitudinal research
suggests that at least in the UK, the prevalence of perceived isolation has remained stable over
the decades since World War II (Victor, 2005; Victor and Bowling, 2012). Some may argue
that the rising number of single-occupant households (since the 1980s) within increasingly
ageing populations in Europe and North America, is indicative of more isolated societies
(Office for National Statistics, 2018b; Eurostat, 2019; Tang, Galbraith and Truong, 2019; U.S.
Census Bureau, 2019). Caution is warranted when interpreting these statistics because without
consideration for other constituent factors such as people’s frequency of contact with family,
friends or social groups, these statistics may not accurately represent social isolation.
Furthermore, framing such statistics as indicating a problem is also challenged when it remains
unclear to what degree people in these nations prefer to live alone in their homes. Further
longitudinal research using multidimensional measures of social isolation is needed in order to
understand whether the prevalence of social isolation in society is indeed changing. Whether
or not prevalence is changing, increases in the absolute frequency of people experiencing
isolation may still indicate a public health concern, particularly if social isolation does in fact
influence risk of negative health outcomes and greater healthcare utilisation (Leigh-Hunt ef al.,
2017; Valtorta, Collingridge Moore, ef al., 2018). To more effectively frame social isolation
as a public health issue, a better understanding of exactly how social isolation may affect health

1s needed.

1.4 How Social Isolation Gets Under the Skin to Affect Health

This thesis drew upon Berkman and Krishna’s model of social networks and health to
conceptualise the processes through which social relationships are hypothesised to influence
health (Appendix A, Figure Al.1, pp.219) (Berkman and Krishna, 2014). These processes are
complex and not fully understood (Berkman and Krishna, 2014). Berkman and Krishna’s
model proposes a causal chain of factors from the social and physical living environments
which shape people’s social networks, to behavioural, physiological, and psychological factors
that more directly influence health (Berkman and Krishna, 2014). To guide this thesis research,
Berkman and Krishna’s model was adapted to illustrate the processes by which social isolation
may affect vascular disease and mortality, using the data available to examine explanations for

any associations (Figure 1.2).
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1.4.1 Neighbourhood Factors

The first construct presented in Figure 1.2 is “Neighbourhood Factors.” Social and physical
characteristics of people’s living environments are believed to shape their social networks.
Here forward referred to as neighbourhood factors, Berkman and Krishna (2014) propose that
these factors influence people’s capacity to form and maintain relationships, and participate
within communities. Neighbourhood factors include, but are not restricted to, socioeconomic
deprivation, crime, and proximity to places where social interaction occurs (e.g. parks, shops,
GP surgery). It is hypothesised that health effects of social isolation are in part moderated by
neighbourhood factors, however, few studies have examined their influence (Berkman and
Krishna, 2014). These social and physical factors may influence the number of people
individuals have the opportunity to interact with, how often they interact with others, and the

types of support available through these relationships (Berkman and Krishna, 2014).
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1.4.2 Personal Characteristics

The second construct presented in Figure 1.2 is “Personal Characteristics.” It is believed that
people’s social networks and behavioural responses to social isolation are influenced by
personal characteristics such as age and gender (Kim and Kawachi, 2018). Personal
characteristics may thus represent modifiers of associations between social isolation and health.
As one ages, people may become isolated due to factors such as retirement, bereavement,
migration of family members, and the development of illness and disability (Wilson et al.,
2010; Marit et al., 2012). In these circumstances people may have limited access to emotional
support, which may buffer any negative effects of distress from the perception of isolation
(Hawkley and Cacioppo, 2010; Shor et al., 2013; Berkman and Krishna, 2014; Holt-Lunstad,
2018b). Also, people may have limited access to instrumental support which may assist them
in completing activities of daily living, accessing health services, or following therapeutic
regimens (Shor et al., 2013; Berkman and Krishna, 2014; Holt-Lunstad, 2018b). Social
isolation may be more likely to influence health among younger adults through the adoption of
deleterious health behaviours to cope with, for example, distress from the dissolution of

marriage (Kim and Kawachi, 2018).

The degree to which personal characteristics modify associations between social isolation and
health may be dependent on the cultural norms which tacitly dictate how people go about
developing and behaving within social relationships (Kim and Kawachi, 2018). Social
relationships may influence health differently due to gender-related differences in expectations
for giving and receiving social support (Shor et al., 2013; Yang et al., 2013; Kim and Kawachi,
2018). Some hypothesise that when presented with a change in their social network (e.g.
meeting someone new, being asked for help, or becoming more isolated), women are more
likely to “tend-and-befriend” others (Yang et al., 2013). Women may thus enjoy larger social
networks and have greater access to emotional and instrumental social support than men (Shor
et al., 2013). Access to such support may buffer adverse physiological responses to the
perception of isolation (Yang ef al., 2013). Gender differences may also be related to help-
seeking behaviours. For example, compared to men, women may be more aware of and
attentive to the symptoms of their partners and facilitate more timely help-seeking at the onset

of a stroke (Madsen et al., 2017).
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Personal characteristics such as age and gender could however also represent confounding
factors on associations between social isolation and health (Kim and Kawachi, 2018). As a
confounder, age may influence both risk of becoming isolated, and of developing and dying
from vascular disecase (Palomeras Soler and Casado Ruiz, 2010; Nicholson, 2012; Holt-
Lunstad, 2018b). It is important to note that sex refers to the genetic make-up of an individual,
whereas gender represents how an individual identifies with and performs their femininity and
masculinity. Therefore, while gender may influence one’s risk of becoming isolated, biological
sex is known to affect the pathophysiology of vascular disease (Turtzo and McCullough, 2008;
Khamis, Ammari and Mikhail, 2016). For ease of explanation, here forward, gender will be
used to refer to both biological sex and self-identified gender. This thesis examined age and

gender as confounders and modifiers of associations.

1.4.3 Social Isolation

The third construct presented in Figure 1.2 is “Social Isolation.” As discussed in Section 1.3,
indices of structural isolation are commonly used to study associations between social isolation
and health. Analyses within this thesis ascertained structural social isolation primarily
according to frequency of contact with relatives or friends, frequency of contact with social
groups, and whether participants lived alone. Functional and perceived dimensions of isolation
were also examined, but only in relation to mortality, and the relevance of these dimensions
were compared to that of structural isolation. Functional dimensions such as the availability of
social support, and perceived dimensions such as loneliness and dissatisfaction with
relationships were believed to be important factors which confer or buffer health risks
potentially attributable to structural isolation (Berkman and Krishna, 2014). Structural,
functional, and perceived dimensions of social isolation are believed to impact health by
influencing people’s health behaviours, physiological factors, and psychological factors that

are more directly related to health outcomes (Berkman and Krishna, 2014).

1.4.4 Pathways

The fourth construct presented in Figure 1.2 is “Pathways.” Behavioural, psychological and
physiological pathways represent factors which are most directly related to the maintenance of
health and onset of disease. More frequent contact with, social support from, and the social
influence of relatives, friends, or groups may discourage smoking, encourage physical
inactivity, and influence dietary choices (Christakis and Fowler, 2007, 2008; Umberson et al.,
2010; Berkman and Krishna, 2014). Structural and perceived dimensions of isolation have also

been associated with decreased utilisation of preventative health service utilization, delays in
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seeking timely medical attention, and modestly associated with lower participation in breast
cancer screening (Keating et al., 2011; Madsen et al., 2017; Stafford et al., 2018). The social
influence of relationships on health behaviours may also be bidirectional. While noting the
methodological limitations of modelling the spread of behaviours through social networks,
Christakis and Fowler (2013) suggest that the social influence of close relatives and friends can
promote and reinforce smoking and alcohol consumption behaviours, as well as obesity.
Finally, unhealthy behaviours may also be used as a coping mechanism from distress related
to perceived isolation (Umberson et al., 2010). The health behaviours examined in this thesis

include smoking, alcohol intake, physical activity, and BMI as a proxy measure for diet.

Previous studies examining potential physiological pathways have largely focused on
hypertension, dyslipidemia, and diabetes, as well as immunological processes such as vascular
inflammation (Berkman and Krishna, 2014; Kubzansky, Seeman and Glymour, 2014). For
example, loneliness and negative social interactions are believed to trigger stress responses
implicating the nervous, endocrine, and immune systems that promote vascular inflammation
(Chiang et al., 2012; Cacioppo et al., 2015). Another perspective on the physiological effects
of social networks is that chronic exposure to social isolation accelerates biological ageing
(Berkman and Krishna, 2014). Epigenetic studies have found associations between marital
status, social support, relationship quality and leukocyte telomere length (Kim and Kawachi,
2018). However, studies examining telomere length in relation to mortality have produced
inconsistent results in the strength and statistical significance of associations (Kim and
Kawachi, 2018). While few have examined this “accelerated ageing hypothesis” in relation to
structural social isolation, studies examining composite measures of biological risk factors (e.g.
studies measuring allostatic load) suggest that biological ageing is indeed sensitive to social
relationships (Berkman and Krishna, 2014). The concept of allostatic load is closely related to
the accelerated ageing hypothesis. Allostatic load is defined as the cumulative biological stress
or “wear and tear” resulting from the body’s adaptation to chronic physiological dysregulation
across multiple organ systems (Kubzansky et al., 2014). Constituent measures of structural
social isolation have been associated with allostatic load, however previous studies tend to be
small and the direction and magnitude of associations tend to be mixed (Seeman et al., 2002,
2004; Brooks et al., 2014). Among the original objectives of this thesis research was to examine
cardiometabolic, inflammatory, and biological ageing related physiological pathways.
However unfortunately, biomarker data did not become available until March 2019. This
release date did not align with the proposed timelines for completion of the project. Therefore,
measures for hypertension and diabetes that were available in both the Million Women Study

and UK Biobank, and a proxy measure for dyslipidemia from the UK Biobank were examined.
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Compared to health behaviours and physiological factors, less research has examined the role
of psychological processes mediating associations between social isolation and health
(Berkman and Krishna, 2014). One hypothesis is that social support helps promote self-efficacy
and coping skills in response to illness, while buffering the psychological stress caused by
social isolation (Berkman and Krishna, 2014; Holt-Lunstad, 2018a). Another hypothesis
suggests that participation in social groups or activities may buffer psychological distress by
reinforcing meaningful social roles and one’s sense of identity and belonging (Berkman and
Krishna, 2014; Jetten et al., 2014). Social isolation may also negatively influence mood and
emotion, and promote mental health conditions such as depression (Berkman and Krishna,
2014). Previous research suggests that depression may be more relevant in explaining
associations between perceived isolation (i.e. loneliness) and health than structural and
functional isolation (Uchino, Uno and Holt-Lunstad, 1999; Cacioppo, Hawkley and Thisted,
2010; Courtin and Knapp, 2017; Wang et al., 2018).

It is difficult to establish the direction of association from previous research examining
potential mediating pathways between social isolation and health. It is therefore important to
note that whilst presented as potential mediators, health behavioural, physiological, and
psychological factors may also represent confounders of any associations between social
isolation, vascular disease, and mortality. This thesis referred to variables that may represent
confounders or mediators as explanatory factors because when adjusted for, these factors were
hypothesised to explain varying degrees of minimally adjusted associations between social

1solation and the health outcomes of interest.

1.4.5 Health

The fifth and final construct presented in Figure 1.2 is “Health.” Vascular disease incidence
and mortality were chosen as outcomes for this thesis because these conditions represent major
causes of death and disability worldwide, and social isolation research examining these
outcomes is often used to help frame social isolation as a public health issue (Kullar, 2016;
Campaign to End Loneliness, 2017; Department for Digital Culture Media and Sport, 2018a;
Holt-Lunstad, 2018a). CHD and stroke-specific outcomes as opposed to aggregate CVD
outcomes were chosen for this thesis research because while similar, each disease has unique
pathophysiological traits. For example, strokes can result from the blockage (i.e. from blood
clots and/or fatty plaque fragments) or rupture (i.e. from weakened vessel walls, hypertension,
traumatic force) of cerebral arteries whereas CHD results from the progressive blockage of
coronary arteries (British Heart Foundation, 2018a). As hypothesised by others (Yang et al.,

2013; Cacioppo et al., 2015; Holt-Lunstad, 2018b), if social isolation induces psychological
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stress which promotes vascular inflammation, and thus ischemic vascular disease, there may
be differences in the strength of associations with CHD compared to stroke. CHD and stroke
also have unique symptoms which may affect a person’s recognition of symptoms and decision
to seek help, and the likelihood of others encouraging help-seeking or preventative health
behaviours before acute events. Henceforth, social isolation could have unique causal
mechanisms leading to CHD and stroke. By examining CHD and stroke-specific incidence and
mortality, this research may build upon current explanations for how social isolation may affect

the physiology of vascular disease.

The CHD and stroke incidence outcomes combined fatal and non-fatal incident events to avoid
underestimating any associations between social isolation and CHD or stroke incidence. To
improve the comparability of findings from this thesis and previous studies focused on vascular
disease mortality, CHD and stroke mortality outcomes counted CHD and stroke deaths
regardless of whether they were preceded by a non-fatal incident event during the observation
period. All-cause mortality was also chosen as an outcome because it is the most common
outcome examined in relation to social isolation, and it is used in epidemiology as a general

indicator of population health (Holt-Lunstad et al., 2010; Shor et al., 2013).

1.5 Implications for Intervention

Understanding if and how social isolation affects health is important, because if causal
associations exist, social isolation interventions can be designed to prevent adverse health
outcomes. Within the literature, it remains unclear which interventions are and are not effective
for reducing social isolation and promoting mental and physical health (Cattan et al., 2005;
Dickens et al., 2011; Courtin and Knapp, 2017). Current strategies aimed at reducing structural
and perceived isolation tend to focus on identifying isolated older adults and improving access
to social support interventions (Campaign to End Loneliness, 2014; National Seniors Council,
2014; Equal Opportunities Committee, 2015; Valtorta and Hanratty, 2016). Previous research
has examined three general types of social isolation interventions. They are the following: one-
to-one support services (e.g. in-person, telephone, or online befriending schemes, counselling);
group support services (e.g. group counselling, therapy, and educational seminars); and
services enabling community participation (e.g. outreach programs designed around shared
interests such as physical activity, the arts, and socializing) (Cattan et al., 2005; Dickens et al.,
2011; Jopling and Vasileiou, 2015). Individual and group-level interventions aim to ameliorate
social isolation by helping individuals maintain existing social relationships, build new

relationships, and adapt their ways of thinking about social connection in older age (e.g.
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through cognitive behavioural therapy, mindfulness meditation) (Cattan et al., 2005; Dickens
et al., 2011; Jopling and Vasileiou, 2015). Least attention has focused on population-based
approaches to primary prevention of social isolation which address broader social determinants

of health (Valtorta and Hanratty, 2016).

The lack of conclusive evidence on interventions appears to stem from small and or
unrepresentative samples, inconsistent data reporting, high attrition, and study design
weaknesses (Cattan ef al., 2005; Dickens ef al., 2011). Further, heterogeneity in the design of
interventions and studied cohorts, makes general inferences about the effectiveness of types of
interventions difficult (Cattan et al., 2005; Dickens et al., 2011). While considering these
limitations, group-based support interventions which were co-designed by researchers and
intervention recipients, tended to be the most effective (Cattan et al., 2005; Dickens et al.,
2011). One-to-one interventions taking place in participants’ homes tended not to be effective
(Cattan et al., 2005). More empirically rigorous research into individual and group-level
interventions, as well as population-level interventions (e.g. intervening on neighbourhood
factors) is needed (Cattan et al., 2005; Dickens et al., 2011; Valtorta and Hanratty, 2012). Such
population-level approaches may include policies promoting the integration of older adults
within the labour market, and municipal infrastructure and residential planning that promotes
geographic mobility and safe communal space for individuals of all ages. However, before
social isolation interventions can be effectively designed to reduce risk of vascular disease and
mortality, further research is needed to understand if and how social isolation is associated with

these outcomes.

1.6 Thesis Overview

In line with Berkman and Krishna’s conceptual model, the model adapted for this thesis
research assumes that associations between social isolation and health are causal. The objective
of this research was not however to establish causation. This thesis aimed to more robustly
estimate and describe any associations between social isolation, vascular disease, and
mortality, and explore how measures of neighbourhood factors, personal characteristics, and
each hypothesised pathway alter any associations. The background provided in subsequent
chapters present further details regarding each construct included in Figure 1.2 and previous

research examining relationships among them.

Chapter 2 presents a systematic review focused on previous epidemiological studies examining
structural dimensions of social isolation in relation to vascular disease incidence, vascular
disease mortality, and all-cause mortality.
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Chapters 3 and 4 of this thesis examined structural social isolation in relation to vascular
disease incidence, mortality, and all-cause mortality among two cohorts of over 500,000 adults
from the Million Women Study and UK Biobank. These analyses additionally sought to
quantify the degree to which personal characteristics, health behaviours, and physiological
factors explain any associations between social isolation and the aforementioned outcomes. It
should be noted that two of the studies reviewed in Chapter 2 examined social isolation in
relation to similar outcomes within the UK Biobank (Elovainio et al., 2017; Hakulinen et al.,
2018). Compared to previous UK Biobank analyses, the Chapter 4 analysis more thoroughly
mitigated reverse causation bias by restricting the cohort to participants without previous
vascular disease, cancer, and fair/poor self-rated health. By looking at two cohorts, findings
from the UK Biobank could be compared with those from an older and more representative
cohort of UK women participating in the Million Women Study. Chapter 4 also improves upon
previous UK Biobank analyses by examining the role of gender as a modifier of associations,

and associations between each constituent measure of social isolation and each outcome.

Altering the social and physical characteristics of people’s neighbourhood environments is
believed to be a promising approach to preventing social isolation and its potential health
effects (Valtorta and Hanratty, 2016; Holt-Lunstad, 2018b). However, research evaluating
interventions that address neighbourhood factors is scarce (Cattan et al., 2005; Dickens et al.,
2011; Valtorta and Hanratty, 2016). This may be because little research has examined whether
neighbourhood factors affect associations between social isolation and health (Marcus ef al.,
2016). Chapter 5 of this thesis examined whether associations between structural social
isolation and mortality vary according to characteristics of peoples’ neighbourhoods such as
socioeconomic deprivation, crime rates, geographic distance to services, and greenspace
availability. These are the largest analyses to examine the role of neighbourhood
socioeconomic deprivation in associations between social isolation and health, and also the
first to examine the role of neighbourhood crime rates, geographic distance to services, and

greenspace availability.

The first three analysis chapters of this thesis focussed on structural dimensions of social
isolation. Some believe that structural conceptualisations of social isolation should be
expanded to include broader functional and perceived dimensions of social isolation (Zavaleta
et al., 2017; Holt-Lunstad, 2018b; Wister et al., 2019). In popular discourse, these dimensions
are often conflated, and their associations with mortality are equated with that of smoking 15
cigarettes per day (Brody, 2013; National Health Service, 2015; AgeUK, 2017; CBC News,
2017; Tate, 2018; Coughlan, 2019; Mahder-Bashi and Savage, 2019). However, research has
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yet to compare associations between each dimension and mortality individually, while also
examining associations between all possible exposure combinations for two or more
dimensions (Holt-Lunstad et al., 2015). For example, it is hypothesised that when compared to
those who are not exposed to either structural or perceived isolation, people who are exposed
to both will have greater mortality than those who are singly exposed to either dimension of
isolation (Holt-Lunstad et al., 2015). Part 1 of Chapter 6 examined functional isolation (i.e.
lacking confiding social support) and perceived isolation (e.g. loneliness and dissatisfaction
with relationships) in relation to all-cause mortality. Using a similar approach as Chapters 3
and 4, these analyses quantified the degree to which personal characteristics, physiological
factors, and depressive symptoms explained associations. Associations between combinations
of functional and structural isolation and mortality were then examined. Likewise, associations
between combinations of perceived and structural isolation were examined. Part 2 of Chapter
6 then investigated the claim that associations between structural, functional, and perceived
isolation are equal to those of smoking and mortality. All Chapter 6 analyses were conducted
using UK Biobank data. This thesis concludes with a summary of findings and further

discussion of their implications for future research, policy, and intervention.

1.7 Role of the Author in the Preparation of this Thesis

The original idea of studying social isolation in relation to non-communicable disease within
the Million Women Study and UK Biobank was conceived by Dr. Sarah Floud. As part of the
Doctor of Philosophy program application and Transfer of Status processes and with advisory
support from Dr. Sarah Floud and Dr. Isobel Barnes, Robert William Smith developed the
proposal for the research presented in this thesis. Robert William Smith led all aspects of this
thesis research including analysis planning, literature review, data analysis, data visualisation,
interpretation of results, and write-up. Dr. Sarah Floud acted as Principle Investigator for the
UK Biobank data application. Dr. Isobel Barnes supported data analysis by providing example
code from related analyses, and by leading dataset acquisition for the UK Biobank analysis.
The Million Women Study 12-year re-survey data was linked to NHS Digital records by Sau
Wan Kan. All data were cleaned and maintained by Million Women Study and UK Biobank

data support teams.

1.8 Publications from this Thesis

Results from Chapters 3 and 4 were presented at the Society for Social Medicine and
Population Health conference in Glasgow, Scotland in 2018. In 2019, results from Chapter 6
were presented at the Society for Epidemiologic Research conference in Minneapolis, USA,
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and the Society for Social Medicine and Population Health and European Congress of
Epidemiology conference in Cork, Ireland. A manuscript presenting results from Chapters 3
and 4 will be submitted for publication in peer-reviewed journals in autumn 2019. Manuscripts

for Chapters 2, 5, and 6 are being drafted for submission to peer-reviewed journals in 2020.
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2 Systematic Review of Studies Examining Social
Isolation, Vascular Disease, and Mortality

2.1 Background

Over the past four decades, epidemiological research has sought to understand if and how social
isolation affects health (House ef al., 1988). Most recently, three meta-analyses have drawn
considerable attention to social isolation as a potentially modifiable risk factor for developing
vascular disease and for mortality (Holt-Lunstad et al., 2010, 2015; Valtorta, Kanaan, Gilbody,
Ronzi, et al., 2016).

Holt-Lunstad and colleagues (2010) synthesised the results of 148 studies examining structural,
functional, and perceived dimensions of social isolation in relation to mortality. Across these
dimensions, compared to those who were less isolated, greater social isolation was associated
with 50% increased all-cause mortality (OR=1.50, 95% CI: 1.42-1.59) (Holt-Lunstad et al.,
2010). In the twelve studies that examined cardiovascular disease mortality, no statistically
significant associations were observed (OR=1.08, 95% CI: 0.76-1.39, p=0.61, n=12) (Holt-
Lunstad et al., 2010). In a subsequent review, Holt-Lunstad and colleagues (2015) found
greater structural and perceived isolation to be associated with a 30% increased all-cause
mortality compared to those who were less isolated (OR=1.30, 95% CI: 1.16-1.46, n=52).
Among these studies, structural isolation specifically was associated with a 29% increased all-
cause mortality (OR=1.29, 95% CI. 1.06-1.56, n=14) (Holt-Lunstad et al., 2015). No
statistically significant differences in these associations were observed according to cause of
death (Holt-Lunstad et al., 2015). Most recently, Valtorta and colleagues’ (2016) meta-analysis
found structural and perceived isolation to be associated with 29% increased incidence of CHD
(RR=1.29, 95% CI: 1.04-1.59, n=11) and stroke (RR=1.32, 95% CI: 1.04-1.68, n=7). Overall,
these meta-analyses generally suggest that having less frequent social contact with fewer
people, less access to social support, and feelings of loneliness are associated with increased
risk of vascular disease and of mortality (Holt-Lunstad et al., 2010, 2015; Valtorta, Kanaan,
Gilbody, Ronzi, et al., 2016). Only general inferences about associations between social
isolation and health can be made from these reviews due to important methodological

limitations.
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Limitations of these reviews include heterogeneity in the populations studied, social isolation
measures used, and the degree to which studies accounted for reverse causation and factors
which may confound or mediate associations between social isolation and each outcome (Holt-
Lunstad et al., 2010, 2015; Valtorta, Kanaan, Gilbody, Ronzi, et al., 2016). Indeed, after
Valtorta and colleagues (2016) excluded studies at higher risk of measurement error and
confounding bias, associations between social isolation and vascular disease incidence were

attenuated and not statistically significant.

Reverse causation bias is a particularly important limitation of previous research. Reverse
causation is a concern because poor health status (e.g. undiagnosed vascular disease) may
reduce the amount of social contact a person has with others. Therefore, poor health may cause
social isolation as opposed to social isolation causing poor health (Flanders et al., 1992; Webb
and Bain, 2010). Among the studies included in these reviews, baseline health status was often
adjusted for using self-reported comorbidities or excluding those with a history of the disease
of interest (Holt-Lunstad et al., 2010, 2015; Valtorta, Kanaan, Gilbody, Ronzi, et al., 2016).
However, research beyond these reviews also suggests that poor or fair self-rated health is a
useful indicator of sub-clinical disease or general illness that may impede social interaction
(Floud et al., 2015; Liu and Floud, 2017; Liu et al., 2017). Unless baseline health status is
carefully accounted for, reverse causation bias can obscure the validity and direction of

associations between social isolation, vascular disease, and mortality.

In addition, the estimates of association calculated in these meta-analyses may be biased given
that they were derived from the results of analyses which did and did not adjust for explanatory
factors (Holt-Lunstad et al., 2010, 2015; Valtorta, Kanaan, Gilbody, Ronzi, et al., 2016). The
strength of any association between social isolation and vascular disease or mortality remains

uncertain due to heterogeneity in the explanatory factors measured in the reviewed studies.

The purpose of this chapter is to present a narrative review of prospective studies examining
social isolation in relation to vascular disease incidence, vascular disease mortality, and all-
cause mortality. This review describes the current state of knowledge and gaps warranting
further investigation within a more methodologically similar collection of studies than previous
reviews. Included in this review are some previously reviewed studies and others published

since the aforementioned meta-analyses.

An electronic search strategy was used to identify peer-reviewed studies examining composite
measures of social isolation in relation to vascular disease incidence and mortality, and all-

cause mortality. This search strategy was executed within Ovid Medline (Table A2.1, pp.221).
24



Peer-reviewed articles were included if they met the following criteria: published in English;
were observational and prospective in design; conducted among non-institutionalised,
community-dwelling, adult populations; examined incidence or cause-specific mortality
related to vascular disease, or all-cause mortality; and used composite measures of social
isolation including living alone, marital status, frequency of contact with family or friends, and
participation with social groups. A key objective of these inclusion criteria was to minimise
heterogeneity in study design, particularly in the measurement of social isolation and identify
studies at lower risk of reverse causation bias. Studies were included if they examined broadly
defined CVD incidence or mortality outcomes because it was hypothesised that many studies
would use these outcomes and that CHD and stroke would represent the largest proportions of
cases and deaths measured by these outcomes. Reference list screening and manual searches
within PubMed were also used and identified four additional studies. The initial search
identified a total of 2,286 articles. Ultimately, 23 studies (Figure A2.1, pp.220) published
between 1979 and 2018 were included. Details of the social isolation indices examined in these

studies are presented in Table A2.2 (pp.222).

Unless otherwise specified, the risk ratios (e.g. relative risk [RR], hazard ratio [HR], odds ratio
[OR]) presented and discussed in the following sections will be estimates from the most
comprehensive multivariable regression models presented in each study reviewed. Risk ratios
from analyses that compared the least isolated participants to the most isolated participants
were inversed to facilitate ease of comparison across studies. Unless otherwise noted, the
estimates of association plotted in Figures 2.1, 2.3, and 2.4 are for analyses using statistical
methods and outcomes that most closely reflect those used in this thesis. Regression
coefficients were exponentiated for studies that did not calculate risk ratios. Where standard

error values were reported, 95% confidence intervals (CI) were calculated.

In the following sections, results pertaining to associations between social isolation and each
outcome will be reported (Sections 2.2-2.4). Next, the results for analyses of constituent
measures of isolation in relation to each outcome will be reported (Section 2.5). The review
will then report how studies addressed reverse causation, adjusted for explanatory factors, and
examined age and gender-related effect modification (Section 2.6, 2.7). The review will
conclude with a summary of findings, discussion of limitations, and identify key areas for

future research (Section 2.8, 2.9).

25



2.2 Social Isolation and Vascular Disease Incidence

2.2.1 CHD Incidence

Six studies examined social isolation in relation to CHD incidence (Reed ez al., 1983; Kawachi
et al., 1996; Eng et al., 2002; Barefoot et al., 2005; Chang et al., 2017; Hakulinen et al., 2018).
To provide a summary of the magnitude of associations and to facilitate comparison across
studies, the risk ratios from studies that used multivariable Cox regression or related analyses
(e.g. discrete time survival analysis, pooled logistic regression with fixed follow-up) are
presented in Figure 2.1. Details for each study are presented in Table 2.1. Only one study
presented evidence of a statistically significant association between social isolation and CHD
incidence (Barefoot et al., 2005). Before and after adjustment for explanatory factors, and using
a composite measure of the diversity of people’s social contact, Barefoot and colleagues
observed a statistically significant trend between decreased frequency of intimate social contact
(i.e. relatives and friends) and increased CHD incidence (Most to least social contact, HR
range: 1.08 [95% CI: 0.65-1.92] to 2.56 [95% CI: 0.94-7.14], p for trend=0.04) (Barefoot et
al., 2005). However, there were no statistically significant associations observed between
decreased social contact with family, friends, neighbours, or work colleagues (i.e. the index
more closely related to that used in the current thesis) and CHD incidence before and after
adjustment for explanatory factors (Most isolated compared to least isolated, HR=1.49, 95%
CI: 0.72-3.03, p for trend=0.36) (Figure 2.1a). The five studies that did not report statistically
significant associations used more conventional methods for measuring social isolation, such
as modified Berkman-Syme social network indices and social isolation scales (Reed ef al.,
1983; Kawachi et al., 1996; Eng et al., 2002; Chang et al., 2017; Hakulinen et al., 2018).
Details of the social isolation indices used in each study are presented in Appendix A (Table

A2.2, pp. 222).

The earliest study examined men of Japanese ancestry living in Hawaii, USA (Reed et al.,
1983). After adjusting for age, this study found statistically significant increases in non-fatal
acute myocardial infarction (AMI) incidence among those who were more compared to least
isolated (Least isolated, incidence rate=22 per 1,000 participants, Most isolated, incidence=26
per 1,000 participants; p for heterogeneity=0.04). CHD incidence was lower among the most
compared to least isolated (Least isolated, incidence rate: 58 per 1,000 participants, Most
isolated incidence rate: 51 per 1,000 participants, p for heterogeneity=0.03). However, after
adjustment for personal characteristics, health behaviours, and physiological factors, no
statistically significant associations were observed between social isolation and CHD or non-
fatal AMI incidence (Reed et al., 1983). The covariates adjusted for in each study are presented
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in Figure 2.2 (Note: this figure will be discussed in greater detail in Section 2.6). As discussed
in Section 1.2.1, AMI is a prevalent subset of CHD diagnoses. It was therefore reasonable to
compare analyses examining AMI outcomes with those examining broader CHD and CVD
outcomes. Analyses of men in the Health Professionals Follow-up Study, did not observe
statistically significant associations between social isolation and CHD incidence nor AMI
incidence in minimally and fully adjusted analyses (Kawachi et al., 1996; Eng et al., 2002).
Among women in the Nurses’ Health Study, social isolation was associated with increased
CHD and non-fatal AMI incidence in minimally-adjusted analyses but this association was
attenuated and not statistically significant after adjusting for explanatory factors (Chang et al.,
2017). These minimally-adjusted associations were largely explained by health behavioural
factors such as smoking and physical activity (Chang et al., 2017). Similar results were found

among over 479,000 women and men in the UK Biobank cohort (Hakulinen et al., 2018).

2.2.2 Stroke Incidence

Two studies examined social isolation in relation to stroke incidence (Kawachi et al., 1996;
Hakulinen et al., 2018) (Table 2.2; Figure 2.1b). These studies are mixed in their findings. In
minimally adjusted analyses, Kawachi and colleagues (1996) observed statistically significant
trends between increased isolation and increased stroke incidence. Adjustment for explanatory
factors attenuated these associations but they remained statistically significant (Most isolated
compared to least isolated, relative risk [RR]=2.02, 95% CI: 1.00-4.08, p for trend<0.01)
(Kawachi et al., 1996). Within the UK Biobank cohort those who were socially isolated had
increased risk of incident stroke in minimally adjusted analyses, however this association was
attenuated and not statistically significant after adjusting for behavioural, psychological, and
physiological factors (Most isolated compared to least isolated, HR=1.06, 95% CI: 0.96-1.19,
p value=0.26) (Hakulinen et al., 2018).

2.2.3 CVD Incidence

One study examined CVD incidence. Valtorta and colleagues (2018) used a broader CVD
outcome measure, in their study using English Longitudinal Study of Ageing data. This study
was unique among those reviewed as it examined social isolation longitudinally and thus
compared participants who were and were not isolated at least once over on average five years
of observation period. They found that compared to participants who did not report social
isolation, those who reported isolation at baseline and in at least one re-survey did not have
increased odds of incident CVD in minimally or fully adjusted analyses (Valtorta, Kanaan, et

al., 2018). Therefore, there was no cumulative association of prolonged social isolation on fatal
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or non-fatal incident CVD. They also showed that social isolation status tended to remain

consistent over the observation period (Valtorta, Kanaan, ef al., 2018).
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Studies by Outcome Gender Risk Ratio (95% Cl)

CHD Incidence

Kawachi et al., 1996 Men 1.14 (0.74,1.73)
Eng et al., 2002 Men —r 0.99 (0.81, 1.20)
Barefoot et al., 2005 Mixed 1.49 (0.72, 3.03)
Chang et al., 2017 Women T 1.09 (0.97, 1.22)
Hakulinen et al., 2018 Mixed - 1.07 (0.99, 1.16)

Stroke Incidence
Kawachi et al., 1996 Men 2.02 (1.00, 4.08)
Hakulinen et al., 2018 Mixed e R 1.06 (0.96, 1.19)

CVD Incidence
Valtorta et al., 2018 Mixed 0.75 (0.42, 1.35)

0.5 1.0 1.5 2.0 2.5

Figure 2.1. Adjusted risk ratios and 95% confidence intervals (Cl) from analyses of social isolation and vascular disease incidence. Note:
Fully adjusted estimates compare most isolated category to least isolated category; Hakulinen et al. 2018 examined AMI incidence. Box size is
inversely proportional to standard error of the risk ratio estimate.
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Table 2.1. Cohort studies published between 1979 and 2018 examining social isolation in relation to vascular disease incidence.

Age and . . . Results
Study (YeDaa:sa g:r:';z d) Gender of g‘;‘n?rf)lga;zzl Soclalnlll?:alzt::):shlps Risk presented for most isolated compared to least
Sample isolated participants unless indicated.
Multivariable Cox Regression and Related Analyses
Barefoot et Copenhagen City Heart |19-93 years; |CHD: Social contact diversity Any social contact:
al., 2005 Study, Denmark Women/Men 427/9573 index HR=1.49, 95% CI: 0.72-3.03, p for trend= 0.36
(1991-1994) Intimate social contact:
HR=2.56, 95% CI: 0.94-7.14, p for trend= 0.04
Chang et al., |Nurses' Health Study, |30-55 years; |CHD: Modified Berkman-Syme  |CHD:
2017 USA (1992) Women 2372/76362 social network index HR=1.09, 95% CI. 0.97-1.22, p for trend=0.17
AMI: AMI:
1964/76362 HR=1.03, 95% CI: 0.91-1.18, p for trend=0.66
Eng et al., Health Professionals  |42-77 years; |CHD: Modified Berkman-Syme  |CHD:
2002 Follow-up Study, USA [Men 1816/17769 social network index RR=0.99, 95% CI: 0.81-1.20, p for trend= 0.14
(1988) AMI: AMI;
618/17769 RR=1.11, 95% CI: 0.80-1.53, p for trend=0.61
Hakulinen et |UK Biobank, UK 40-69 years; |AMI: Social isolation scale HR=1.07, 95% CI: 0.99-1.16, p for heterogeneity=0.11
al., 2018 (2007-2010) Women/Men  |5731/479054
Kawachi et al., |Health Professionals  |42-77 years; |CHD: Berkman-Syme social CHD:
1996 Follow-up Study, USA |Men 403/32624 network index HR=1.14, 95% CI: 0.74-1.73, p for trend=0.06
(1988) AMI: AMI;
275132624 HR=1.00, 95% CI: 0.58-1.71, p for trend=0.19
Valtorta et al., |English Longitudinal 19-93 years; |CVD: Social isolation scale Isolated at one or more time points compared to never
2018 Study of Ageing Waves |Women/Men |571/5397 isolated:
2-4, UK (1991-1994) OR=0.75, 95% CI: 0.42-1.35, p heterogeneity=NR
Logistic Regression and Related Analyses
Reed et al., Honolulu Heart 49-71 years; |CHD: Social network index CHD:
1983 Program, USA (1971) |Men 218/4653 OR=1.05, 95% CI: NR, p for heterogeneity>0.05
AMI: AMI:
95/4653 OR=0.80, 95% CI: NR, p for heterogeneity>0.05

Notes: All studies were prospective cohort studies; HR= Hazard Ratio; RR= Relative Risk; OR= Odds Ratio; Cl= Confidence Interval; NR= Not Reported
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Table 2.2. Cohort studies published between 1979 and 2017 examining social isolation in relation to stroke incidence and mortality.

Age and ] Results
Study (YeDaa:: g::lrclee d) Gender of To?;';;n?ai e;éze Sotl;:l‘;vR“gfaat?gr:Zﬂ.i s Risk presented for most isolated compared to least
P Sample P P isolated participants unless indicated.
Hakulinen et |UK Biobank, UK (2007- |40-69 years; |Incidence Social isolation scale Incidence
al., 2018 2010) Women/Men |3471/5397 HR=1.06, 95% CI. 0.96-1.19, p for heterogeneity=0.26
Kawachi et al., |Health Professionals 42-77 years; |Incidence Berkman-Syme social Incidence
1996 Follow-up Study, USA |Men 104/32624 network index HR=2.02, 95% CI. 1.00-4.08, p for trend<0.01
(1988)
Mortality Mortality
13/32624 HR=3.64, 95% CI: 0.78-16.9, p for trend=0.04

Notes: HR= Hazard Ratio; Cl= Confidence Interval
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Berkman and Syme, 1979
House et al., 1982

Reed et al., 1983
Orth-Gomér and Johnson, 1987
Kaplan et al., 1988

Hirdes and Forbes, 1992
Kawachi et al., 1996

Eng et al., 2002

Berkman et al., 2004
Barefoot et al., 2005
Rodrigues-Laso et al., 2007
Pantell et al., 2013

Steptoe et al., 2013

Yang et al. 2013

Kim et al., 2016

Tanskanen and Anttila, 2016
Chang et al., 2017

Elovainio et al., 2017

Smith et al., 2017

Alcaraz et al., 2018
Hakulinen et al., 2018
Laugesen et al., 2018
Valtorta et al., 2018

FLaE. &

Figure 2.2. Matrix presenting cohort and follow-up exclusion criteria used and explanatory factors adjusted for in the studies reviewed.

Legend:

l Excluded

Adjustment
No adjustment
Not applicable



2.3 Social Isolation and Vascular Disease Mortality

2.3.1 CHD Mortality

Four studies examined social isolation in relation to CHD mortality (Figure 2.3a). Only one
found a statistically significant association between social isolation and CHD mortality (Chang
et al., 2017). Before and after adjusting for all explanatory factors, increased isolation was
associated with increased risk of fatal incident AMI events among women (Table 2.3; Least
compared to most isolated: HR=1.47, 95% CI: 1.09-1.96, p for trend=0.02) (Chang et al.,
2017). AMI mortality also tended to be greater among the more compared to less isolated men,
however these associations were not statistically significant (Kawachi et al., 1996; Eng et al.,
2002) (Table 2.3). It should be noted that in the aforementioned analyses, participants were
censored at the time of their first CHD event whether it was fatal or non-fatal. One study which
counted fatal CHD events that may have been preceded by non-fatal incident events within the
observation period found no statistically significant associations between social isolation and
CHD mortality (Kaplan et al., 1988). With the exception of Chang and colleagues (2017), low
death frequency across levels of social isolation was a common characteristic of each of these

studies (Kaplan et al., 1988; Kawachi et al., 1996; Eng et al., 2002).

2.3.2 Stroke Mortality

One study examined social isolation in relation to stroke mortality (Figure 2.3b; Table 2.2). In
this study only 13 stroke deaths were observed (Kawachi et al., 1996). While Kawachi and
colleagues (1996) found a statistically significant trend (p for trend=0.04) across levels of
social isolation, there were too few cases to derive reliable estimates of association (Figure

2.3b; Table 2.2).

2.3.3 Cardiovascular Disease Mortality

Eight studies examined aggregated CVD mortality outcomes inclusive of CHD and stroke
deaths (Figure 2.3c). Four observed statistically significant associations between social
isolation and CVD mortality (Kawachi et al., 1996; Yang et al., 2013; Elovainio et al., 2017,
Alcaraz et al., 2018) and four did not observe statistically significant associations (Orth-Gomér
and Johnson, 1987; Kaplan et al., 1988; Eng et al., 2002; Berkman et al., 2004) (Table 2.3).
Estimates of association for the most compared to least isolated participants ranged from
HR=1.24 (95% CI: 1.17-1.31) to HR=1.76 (95% CI: 0.97-3.16, p for trend=0.02) (Kawachi et
al., 1996; Elovainio et al., 2017). Within the Cancer Prevention Study-II, Alcaraz and
colleagues’ (2018) reported lower magnitude associations between social isolation and CVD
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mortality among white men (HR=1.29, 95% CI: 1.21-1.38, p for trend<0.0001). Associations
tended to be stronger among women and black men (Table 2.3; HR range: 1.47 [95% CI: 1.21-
1.38] to HR=1.51[95% CI: 1.16-1.97], p for trend for each sub-group < 0.02) (Alcaraz et al.,
2018). Differences in these associations according to race were not statistically significant
(Alcaraz et al., 2018). In the studies that presented unadjusted or minimally adjusted and fully
adjusted regression models, the adjustment for explanatory factors attenuated associations
between social isolation and CVD mortality (Kawachi et al., 1996; Yang et al., 2013; Elovainio
et al., 2017). Before adjustment for explanatory factors, two studies found statistically
significant associations which were attenuated and not statistically significant after adjustment
(Orth-Gomér and Johnson, 1987; Eng et al., 2002). Berkman and colleagues (2004) found no
association between social isolation and CVD among men in the GAZEL cohort before and
after adjustment for explanatory factors. Kaplan and colleagues (1998) did not present results
from minimally adjusted analyses, however, the fully adjusted association was not statistically

significant.
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Studies by Outcome Gender Risk Ratio (95% CI)

CHD Mortality
Kawachi et al., 1996 Men 1.42 (0.72, 2.81)
Eng et al., 2002 Men 1.82 (1.02, 3.23)
Chang et al., 2017 Women —_— 1.47 (1.09, 1.96)
Stroke Mortality
Kawachi et al., 1996 Men 3.64 (0.78, 16.9)
CVD Mortality
Kawachi et al., 1996 Men 1.76 (0.97, 3.16)
Eng et al., 2002 Men 1.37 (0.91, 2.08)
Berkman et al., 2004 Men 1.29 (0.16, 10.4)
Yang et al., 2013 Women —_— 1.47 (1.11, 1.95)
Yang et al., 2013 Men 1.56 (1.16, 2.10)
Elovainio et al.,2017 Mixed - 1.24 (1.17,1.31)
Alcarez et al., 2018 Women (Black race) _— 1.49 (1.14, 1.96)
Alcarez et al., 2018 Men (Black race) _ 1.51 (1.16, 1.97)
Alcarez et al., 2018 Women (White race) - 1.47 (1.37, 1.57)
Alcarez et al., 2018 Men (White race) - 1.29 (1.21, 1.38)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 2.3. Adjusted risk ratios and 95% CI from analyses of social isolation and vascular disease mortality. Note: Fully adjusted estimates
compare most isolated category to least isolated category; Chang et al. 2017, Eng et al. 2002, and Kawachi et al. 1996 examined fatal incident AMI;
w Box size is inversely proportional to standard error of the risk ratio estimate.
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Table 2.3. Cohort studies published between 1979 and 2018 examining social isolation in relation to vascular disease mortality.

Age and . . . Results
Study Data Source Gender of No. of Dea?hs/ Soclal Relatlonships Risk presented for most isolated compared to least
(Years Sampled) Sample Sample Size Measure isolated participants unless indicated.

Multivariable Cox Regression and Related Analyses

Alcaraz et al., |Cancer Prevention 30-90 years; |CVD: Modified Berkman-Syme |Black Women:
2018 Study-Il, USA (1982) Women/Men |33365/580182 social network index HR=1.49, 95% CI: 1.14-1.96, p for trend <0.001
Black Men:
HR=1.51, 95% CI: 1.16-1.97, p for trend=0.02
White Women
HR=1.47, 95% CI: 1.37-1.57, p for trend <0.0001
White Men
HR=1.29, 95% CI: 1.21-1.38, p for trend <0.0001
Berkman et al.,|Electricity of France-Gas|35-50 years; |CVD - Men: Modified Berkman-Syme |HR=1.29, 95% CI: 0.16-10.41, p for trend=0.75
2004 France cohort, France |Women/Men |47/17253 social network index
(1991)
Chang et al., |Nurses' Health Study, |30-55 years; |AMI: Modified Berkman-Syme |HR=1.47, 95% CI: 1.09-1.96, p for trend=0.02
2017 USA (1992) Women 408/76362 social network index
Elovainio et al.,|UK Biobank, UK (2007- |40-69 years; |CVD: Social isolation scale HR=1.24, 95% CI: 1.17-1.31, p for heterogeneity =NR
2017 2010) Women/Men  2032/466901
Eng et al., Health Professionals 42-77 years; |CVD: Modified Berkman-Syme |CVD
2002 Follow-up Study, USA  |Men 320/17769 social network index RR=1.37, 95% CI: 0.91-2.08, p for trend=0.11
(1988) AMI: AMI;
142/17769 RR=1.82, 95% CI: 1.02-3.23, p for trend =0.10
Kawachi et al., |Health Professionals 42-77 years; |CVD: Berkman-Syme social CVD:
1996 Follow-up Study, USA |Men 153/32624 network index HR=1.76, 95% CI. 0.97-3.16, p for trend=0.02
(1988) AMI: AMI;
128/32624 HR=1.42, 95% CI:.0.72-2.81, p for trend=0.13
Yang et al., Third National Health 47 years and |CVD —Women: |Modified Berkman-Syme [Women:
2013 and Nutrition older; 626/3647 social network index HR=1.47, 95% CI. 1.11-1.95, p for heterogeneity <0.01
Examination Survey, Women/Men |CVD — Men: Men:
USA (1988-1994) 648/3082 HR=1.56, 95% CI. 1.16-2.10, p for heterogeneity <0.01
Logistic Regression and Related Analyses
Kaplan et al., |Eastern Finland study, [39-59 years; |CVD: Social connections index |CVD — Men:
1988 Finland (1972-1977) Women/Men  |297/13301 OR=1.80, 95% CI. 0.87-3.70, p for heterogeneity=NR
CHD: CHD - Men:
223/13301 OR=1.72, 95% CI: 0.77-3.84, p for heterogeneity=NR




LE

Orth-Gomér
and Johnson,
1987

Swedish National
Survey of Living
Conditions, Sweden
(1976-1977)

29-74 years;
Women/Men

CVD:
414/17433

Social network interaction
index

OR=1.37, 95% CI. 0.97-1.96, p for heterogeneity=0.08

Notes: All studies were prospective cohort studies; RR= Relative Risk; OR= Odds Ratio; Cl= Confidence Interval; NR= Not Reported




2.4 Social Isolation and All-Cause Mortality

Social isolation was statistically significantly associated with all-cause mortality in 18 of 19
studies (Table 2.4) (Berkman and Syme, 1979; House et al., 1982; Orth-Gomér and Johnson,
1987; Kaplan et al., 1988; Hirdes and Forbes, 1992; Eng et al., 2002; Berkman et al., 2004;
Rodriguez-Laso, Zunzunegui and Otero, 2007; Pantell et al., 2013; Steptoe et al., 2013; Yang
et al., 2013; Tanskanen and Anttila, 2016; Kim et al., 2016; Alcaraz et al., 2018; Smith et al.,
2018; Laugesen et al., 2018). The strength of associations between social isolation and all-
cause mortality varied widely (Figure 2.4). Even among larger and more recent studies, after
adjustment, compared to the least isolated participants, the most isolated had 26% to 80%
greater risk of all-cause mortality (Figure 2.4; Table 2.4) (Pantell et al., 2013; Steptoe et al.,
2013; Yang et al.,2013; Kim et al., 2016; Elovainio et al., 2017; Alcaraz et al., 2018; Laugesen
et al., 2018; Smith et al., 2018). However, only two studies presented findings which were not
consistent with other studies (Kawachi et al., 1996; Barefoot et al., 2005). Similar to their
findings for CHD incidence, Barefoot and colleagues (2005) found statistically significant
associations between intimate social contact, but not any social contact, and all-cause mortality.
Also, whilst using the Berkman-Syme social network index, Kawachi and colleagues (1996)
found no statistically significant associations between increased isolation and all-cause
mortality after adjustment for personal characteristics, health behaviours, and physiological

factors.
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Studies by Outcome Gender Risk Ratio (95% CI)

All-cause Mortality
Kawachi et al., 1996 Men 1.38 (0.99, 1.93)
Eng et al., 2002 Men T 1.20 (0.97, 1.34)
Berkman et al., 2004 Men 2.70 (1.17, 6.23)
Berkman et al., 2004 Women 3.64 (0.72, 18.6)
Barefoot et al., 2005 Mixed 1.23 (0.79, 1.75)
Rodrigues-Laso et al., 2007  Mixed _— 1.30 (1.02, 1.67)
Pantell et al., 2013 Women —_— 1.75 (1.38, 2.23)
Pantell et al., 2013 Men —_— 1.62 (1.29, 2.02)
Steptoe et al., 2013 Mixed — 1.26 (1.07, 1.48)
Yang et al., 2013 Women —_— 1.45 (1.20, 1.75)
Yang et al., 2013 Men —_— 1.53 (1.26, 1.87)
Kim et al., 2016 Mixed —_— 1.84 (1.47, 2.30)
Tanskanen and Anttila, 2016  Mixed = 2.49 (2.48, 2.50)
Elovainio et al., 2017 Mixed . 3 1.26 (1.20, 1.33)
Smith et al., 2017 Mixed —— 1.28 (1.10, 1.50)
Alcarez et al., 2018 Mixed —-— 1.76 (1.64, 1.89)
Laugesen et al., 2018 Women 1.60 (0.83, 2.90)
Laugesen et al., 2018 Men 1.70 (1.10, 2.60)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 2.4. Adjusted risk ratios and 95% Cls from analyses of social isolation and all-cause mortality. Note: Fully adjusted estimates compare
« most isolated category to least isolated category; Box size is inversely proportional to standard error of the risk ratio estimate.
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Table 2.4. Cohort studies published between 1979 and 2018 examining social isolation in relation to all-cause mortality.

Study Data Source Age and No. of Deaths/ Social Relationships Results
(Years Sampled) Gender of Sample Size Measure Risk presented for most isolated compared to the least
Sample isolated participants unless indicated.
Multivariable Cox Regression and Related Analyses
Alcaraz et al., |Cancer Prevention 30-90 years; |83798/580182 Modified Berkman-Syme |Full Sample:
2018 Study-Il, USA Women/Men social network index HR=1.76, 95% CI: 1.64-1.89, p for trend <0.0001
(1982) Black Women:
HR=2.13, 95% CI. 1.44-3.15, p for trend <0.0001
Black Men:
HR=2.34, 95% CI: 1.58-3.46, p for trend <0.01
White Women:
HR=1.84, 95% CI: 1.68-2.01, p for trend <0.0001
White Men:
HR=1.60, 95% CI: 1.41-1.82, p for trend <0.0001
Barefoot et Copenhagen City Heart [19-93 years; |1089/9573 Social contact diversity  |Any social contact:
al., 2005 Study, Denmark Women/Men index HR=1.23, 95% CI: 0.79-1.75, p trend=0.37
(1991-1994) Intimate social contact:
HR=0.46, 95% CI: 0.25-0.85, p trend=0.01
Berkman et  |Electricity of France-Gas |35-50 years;  |Women: Modified Berkman-Syme [Women:
al., 2004 France cohort, France |Women/Men |29/4352 social network index HR=3.64, 95% CI: 0.72-18.58, p for trend=0.01
(1991) Men: Men:
228/12347 HR=2.70, 95% CI: 1.17-6.23, p for trend<0.001
Elovainio et  |UK Biobank, UK 40-69 years; [11593/466901 Social isolation scale HR=1.26, 95% CI: 1.20-1.33, p for heterogeneity =NR
al., 2017 (2007-2010) Women/Men
Eng et al., Health Professionals 42-77 years; [1365/17769 Berkman-Syme social RR=1.20, 95% CI: 0.97-1.34, p for trend=0.01
2002 Follow-up Study, USA  |Men network index
(1988)
Kawachi et al., |Health Professionals 42-77 years; |511/32624 Berkman-Syme social HR=1.38, 95% CI: 0.99-1.93, p for trend =0.06
1996 Follow-up Study, USA [Men network index
(1988)
Kim et al., Korean Longitudinal 45 years and |754/8234 Social engagement index |HR=1.84, 95% CI: 1.47—-2.30, p for trend <0.001
2016 Study of Ageing, Korea |older;
(2006) Women/Men
Laugesen et |How are you? Survey, |25-79 years; |NR/21,604 Modified Berkman-Syme [Women:
al., 2018 Denmark Women/Men social network index HR=1.60, 95% CI=0.83-2.90, p value =NR
(2006) Men:

HR=1.70, 95% CI=1.10-2.60, p value =NR




84

Pantell et al., |Third National Health 47 years and |NR/16,849 Modified Berkman-Syme |Women:
2013 and Nutrition older; social network index HR=1.75, 95% CI. 1.38-2.23, p for heterogeneity <0.001
Examination Survey, Women/Men Men:
USA (1988-1994) HR=1.62, 95% CI. 1.29-2.02, p for heterogeneity <0.001
Rodriguez- Ageing in Leganes 65 years and |352/1174 Family ties index HR=1.30, 95% CI: 1.02-1.67, p value =NR
Laso et al., Study, Spain older;
2007 (1993) Women/Men
Smith et al., |English Longitudinal 50 years and |1261/7731 Social isolation index HR=1.28, 95% CI: 1.10-1.50, p value=NR
2017 Study of Ageing, UK older;
(2004-2005) Women/Men
Steptoe et al., |English Longitudinal 50 years and |918/6500 Social isolation index HR=1.26, 95% CI: 1.07-1.48, p for heterogeneity <0.01
2013 Study of Ageing, UK older;
(2004-2005) Women/Men
Tanskanen Living Conditions 16-93 years; 1472/8650 Social isolation index HR=2.49, 95% CI. 2.48-2.50, p value=NR
and Anttila, Survey, Finland Women/Men
2016 (1994)
Yang et al., Third National Health 47 years and |Women: Modified Berkman-Syme |Women:
2013 and Nutrition older; 1340/3647 social network index HR=1.45, 95% CI. 1.20-1.75, p for heterogeneity <0.001
Examination Survey, Women/Men  |Men: Men:
USA (1988-1994) 1434/3082 HR=1.53, 95% CI. 1.26-1.87, p for heterogeneity <0.001
\Logistic Regression and Related Analyses
Berkman and |Human Population 30-69 years; |Women: Berkman-Syme social Women:
Syme, 1979 |Laboratory survey, Women/Men  |160/2496 network index RR=4.60, 95% CI: NR, p for heterogeneity <0.001
Alameda County, USA Men: Men:
(1965) 211/2229 RR=2.50, 95% CI: NR, p for heterogeneity <0.001
Hirdes and Ontario Longitudinal 45 years; NR/751 Social relationships index |OR=3.33, 95% CI: 1.20-9.09, p for heterogeneity <0.05
Forbes, 1992 |Study of Ageing, Canada|Men
(1959-1978)
House et al., |Tecumseh Community |35-69 years; |Women: Social integration index  |Women
1982 Health Study, USA Women/Men  |87/1431 OR=1.25, 95% CI: NR, p for heterogeneity>0.05
(1967-1969) Men: Men
172/1323 OR=1.51, 95% CI: NR, p for heterogeneity <0.03
Kaplan et al., |Eastern Finland study, |39-59 years; |598/13301 Social connections index |Men
1988 Finland (1972-1977) Women/Men OR=2.00, 95% CI. 1.18-3.39, p for heterogeneity =NR
Orth-Gomér |Swedish National Survey|29-74 years; |841/17433 Social network interaction |OR=1.34, 95% CI: 1.06-1.69, p for heterogeneity =0.02
and Johnson, |of Living Conditions, Women/Men index

1987

Sweden (1976-1977)

Notes: All studies were prospective cohort studies; HR= Hazard Ratio; RR= Relative Risk; OR= Odds Ratio; Cl= Confidence Interval; NR= Not Reported




2.5 Constituent Measures of Social Isolation Indices

Eight studies further examined associations between constituent measures of social isolation
and CHD incidence and mortality, CVD mortality, and all-cause mortality (Table 2.5)
(Kawachi et al., 1996; Eng et al., 2002; Berkman et al., 2004; Barefoot et al., 2005; Pantell et
al., 2013; Chang et al., 2017; Alcaraz et al., 2018; Laugesen et al., 2018).

For CHD Incidence, only two studies examined constituent measures in relation to CHD
incidence and their findings are mixed (Barefoot et al., 2005; Chang et al., 2017). One study
found that those with more frequent contact with their parents had 27% reduced risk of CHD,
but did not study any other constituent variables (Barefoot et al., 2005). The other study found
at least weekly religious service attendance associated with approximately 15% decreased risk
of incident CHD, but no other associations (Chang et al., 2017). No study examined each

constituent measure of isolation in relation to stroke incidence and mortality.

For CHD, CVD and all-cause mortality, being unmarried or not living with a partner was most
consistently and strongly associated with increased risk (Table 2.5). Unmarried people tended
to have approximately 20% to 50% increased risk of CVD and all-cause mortality (Kawachi et
al., 1996; Eng et al., 2002; Pantell et al., 2013; Alcaraz et al., 2018; Laugesen et al., 2018).
Greater variation in the strength of these associations was observed for CHD mortality
(Berkman et al., 2004; Chang et al., 2017). No other associations were observed between
constituent measures of isolation and CHD mortality (Berkman et al., 2004; Chang et al.,

2017).

There was little evidence of statistically significant associations between less frequent contact
with family or friends and CVD and all-cause mortality outcomes (Table 2.5). Only one study
found women who had infrequent contact with family or friends to be at 25% increased risk of
all-cause mortality, however, there was no association among men (Pantell et al., 2013).
Another observed weak inverse associations between number of close friends and CVD and
all-cause mortality (Alcaraz et al., 2018). Three studies did not find associations between
contact with family or friends and CVD or all-cause mortality (Kawachi et al., 1996; Eng et
al., 2002; Laugesen et al., 2018).

Studies of frequency of contact or affiliation with social groups present mixed findings in
relation to mortality outcomes. For frequency of social group participation, inverse associations
with CVD mortality were found in one study (Alcaraz et al., 2018) but not in two others

(Kawachi et al., 1996; Eng et al., 2002). Inverse associations were also observed in relation to
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all-cause mortality in two studies (Eng et al., 2002; Alcaraz et al., 2018) but not in two others
(Kawachi et al., 1996, Laugesen et al., 2018). In another study, club or social group
membership was associated with all-cause mortality among men but not women (Pantell et al.,

2013).

Findings for church membership and religious service attendance in relation to CVD mortality
were mixed but more consistently associated with all-cause mortality (Table 2.5). Alcaraz and
colleagues (2018) found those who attended services less than monthly to have 5% increased
risk of CVD mortality. However, two other studies did not find any associations with CVD
mortality (Kawachi et al., 1996; Eng et al., 2002). Infrequent service attendance was associated
with 9% to 35% increased risk of all-cause mortality in three of four studies (Kawachi et al.,
1996; Eng et al., 2002; Alcaraz et al., 2018). Further, those who did not belong to a church had

a 42% increased risk of all-cause mortality in one study (Kawachi et al., 1996).
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Table 2.5. Associations between social isolation constituent measures and each outcome.

Marital status

Contact with
family or friends

Number of close relatives
or friends

Contact or affiliation with
social groups

Religious service
attendance or affiliation

CHD No association(@ At least monthly contact with  |No association® No association(@ At least weekly attendance:
Incidence parents: HR=0.82, 95% CI: 0.72-0.93@
HR=0.63, 95% CI: 0.42-0.95)
CHD Unmarried. No association(@ No association(@ No association(@
Mortality |HR=1.28, 95% CI: 1.11-1.59 @
Unmarried, women:
HR=3.56, 95% CI: 1.62-7.84()
Unmarried, men:
RR=1.74, 95% CI: 1.18-2.56()
CVD No association(®) No association(® No association(®) No association(® No association(®)
Mortality
Unmarried. Less than seven: Less than monthly: Less than monthly:
HR=1.25, 95% CI: 1.22-1.29() HR=1.04, 95% CI: 1.01-1.07@ |HR=1.15, 95% CI: 1.13-1.18@ |HR=1.05, 95% CI: 1.02-1.08()
HR=1.44, 95% CI: 0.88-2.38(
All-cause |Unmarried: No association© 19 No association(®) No associationt” 9 No association(@
Mortality |HR=1.17, 95% CI: A

1.15-1.19@)
RR=1.27, 95% CI: 1.07-1.50)
HR=1.41, 95% CI: 1.07-1.87"
Unmarried, women:

HR=1.19, 95% CI: 1.03-1.37(
HR=1.70, 95% CI: 1.20-2.40 @

Unmarried, men:
HR=1.23, 95% CI: 1.08-1.40"
HR=1.50, 95% CI- 1.20-2.10 ()

At most three times per week,
women:
HR=1.25, 95% CI: 1.04-1.50"

At most three times per week,
men:
No association

Less than seven:
HR=1.05, 95% CI: 1.03-1.06()

Less than monthly:
HR=1.13, 95% CI: 1.12-1.15@)

At most 10 hours per week:
RR=1.56, 95% CI. 1.04-2.34()

Do not belong to club or
organisation, women:
No association®

Do not belong to club or
organisation, men:
HR=1.15, 95% CI: 1.02-1.31(

Less than monthly:
HR=1.09, 95% CI: 1.07-1.11@)

Less than monthly, women
HR=1.35, 95% CI: 1.17-1.56("

Less than monthly, men
HR=1.27, 95% CI: 1.13-1.42("

Rarely/never attend:
RR=1.15, 95% CI: 1.02-1.30¢)

Not belonging to a church:
HR=1.42, 95% CI: 1.19-1.70

Legend: ? Alcaraz et al., 2018 °Barefoot et al., 2005 °Berkman et al., 2004 Chang et al., 2017 °Eng et al., 2002  Kawachi et al.,

hPantell et al., 2013

1996 9Laugesen et al. 2018




2.6 Bias Analysis and Explanatory Factors

To assess the quality of each study, the Cochrane Collaboration’s generic Risk of Bias
assessment tool was used (McGuinness, 2019). Overall, there was some concern of bias,
primarily due to reverse causation or confounding, for most of the reviewed studies (Figure
2.5). Almost all studies were at low risk of bias due to measurement error in the exposure (e.g.
indices of social isolation with at most two constituent measures) or in the outcome (e.g.
unspecified data source used to ascertain outcomes) (Figure 2.5). There was at least some
concern of confounding bias in most studies and reverse causation bias in each study (Figure

2.5).

Studies were judged as having high risk of reverse causation bias if the cohort exclusion criteria
did not include vascular disease, or if outcomes occurring within two years of follow-up were
not censored and models did not adjust for baseline health status. Studies were judged as having
some concern of bias if their exclusion criteria did not include vascular disease, cancer and
poor/fair self-rated. The reviewed studies varied in their approaches to addressing reverse
causation (Figure 2.2). All studies The most common approach to addressing reverse causation
bias was excluding participants with vascular disease at baseline (Kaplan et al., 1988; Kawachi
et al., 1996; Eng et al., 2002; Berkman et al., 2004; Barefoot et al., 2005; Chang et al., 2017,
Elovainio et al., 2017; Alcaraz et al., 2018; Hakulinen et al., 2018; Valtorta, Kanaan, et al.,
2018). Four studies which did not exclude participants based on prevalent disease, censored
vascular disease events or deaths occurring within two years of baseline (Pantell et al., 2013;
Steptoe et al., 2013; Tanskanen and Anttila, 2016; Smith et al., 2018). Eight studies did not
exclude participants with these characteristics or censor events occurring within two years of
baseline (Berkman and Syme, 1979; House et al., 1982; Reed et al., 1983; Orth-Gomer and
Johnson, 1987; Rodriguez-Laso et al., 2007; Yang et al., 2013; Kim et al., 2016; Laugesen et
al., 2018). These studies tended to account for baseline health by adjusting regression analyses

for self-reported chronic diseases at baseline.

Heterogeneity was also observed in the explanatory factors adjusted for in the reviewed studies
(Figure 2.2). More recent studies tended to have low risk of bias due to confounding (Figure
2.5). However, at least some concern of confounding was observed in most studies (Figure
2.5). High risk of confounding was judged if the study did not adjust for smoking. Some
concern of bias was judged if models were adjusted for at most two health behavioural factors
(as listed in Figure 2.2) but they were not also adjusted for personal characteristics like
socioeconomic position or disability or physiological factors. Almost every study adjusted their
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analyses for personal characteristics including age, gender, and socioeconomic position.
Eleven studies additionally adjusted for race and ethnicity, geographic region, and/or disability
(Berkman and Syme, 1979; Kaplan et al., 1988; Eng et al., 2002; Rodriguez-Laso et al., 2007,
Steptoe et al., 2013; Yang et al., 2013; Chang et al., 2017; Elovainio et al., 2017; Alcaraz et
al., 2018; Hakulinen et al., 2018). With the exception of Steptoe and colleagues (2013), all
studies adjusted for at least one health behavioural factor such as smoking, alcohol intake,
physical activity, and diet or body mass index. Seven studies adjusted for each of these health
behaviours (Reed et al., 1983; Eng et al., 2002; Barefoot et al., 2005; Yang et al., 2013; Chang
et al., 2017; Elovainio et al., 2017; Hakulinen et al., 2018). The most commonly examined
physiological factors were related to chronic conditions reported at baseline (e.g.
cardiovascular diseases, diabetes). Ten studies examined blood pressure and lipids (House et
al., 1982; Reed et al., 1983; Kaplan et al., 1988; Eng et al., 2002; Barefoot et al., 2005; Pantell
etal.,2013; Chang et al., 2017; Elovainio et al., 2017; Hakulinen et al., 2018; Valtorta, Kanaan,
et al., 2018). Seven studies adjusted for self-reported physical health (Berkman et al., 2004;
Rodriguez-Laso et al., 2007; Pantell et al., 2013; Yang et al., 2013; Kim et al., 2016; Elovainio
et al., 2017; Laugesen et al., 2018). Only three studies examined inflammatory biomarkers
such as c-reactive protein and/or other metabolites such as serum glucose and albumin (Reed
et al., 1983; Barefoot et al., 2005; Yang et al., 2013). Nine studies adjusted for depressive
symptoms to account for psychological factors (Berkman et al., 2004; Rodriguez-Laso et al.,
2007; Steptoe et al., 2013; Chang et al., 2017; Elovainio et al., 2017; Hakulinen et al., 2018;
Laugesen et al., 2018; Smith et al., 2018). This was the only psychological factor examined in

the reviewed studies.
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Risk of bias domains

Study
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D1: Measurement Error — Exposure High risk of bias

D2: Measurement Error — Outcome .\ S(I)gmenconcerlns of bias
D3: Reverse Causation + Low risk of bias

D4: Confounding

Figure 2.5. Risk of bias assessment for each reviewed study.
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Three of the reviewed studies quantitatively assessed the degree to which specific explanatory
factors confounded or mediated associations between social isolation and vascular disease or
mortality. Previous analyses of UK Biobank data compared risk ratios from models that were
minimally adjusted for age, gender, and ethnicity, and additionally adjusted for each group of
explanatory factors (i.e. personal characteristics, health behaviours, physiological factors, and
psychological factors) (Elovainio et al., 2017; Hakulinen et al., 2018). To calculate a
percentage of excess risk mediated (PERM), the difference between minimally and explanatory
factor adjusted models was divided by the difference between the minimally adjusted model
and the value one (Elovainio et al., 2017; Hakulinen et al., 2018). Chang and colleagues
calculated a similar measure of mediation however they assessed change in risk ratios (per one
standard deviation increase in social integration index score) between models that adjusted for
age, gender, education, income, physiological factors, and depressive symptoms, and models
that additionally adjusted for health behaviours (Chang et al., 2017). These studies generated

similar findings.

Health behaviours, particularly smoking, explained approximately 50% of excess vascular
disease incidence associated with social isolation (Chang et al., 2017; Hakulinen et al., 2018).
Compared to vascular disease incidence, health behaviours explained lower proportions of
associations between social isolation and vascular disease mortality (CVD, PERM=35%; AMI,
percent mediated=18%) and all-cause mortality (PERM=34%), but still tended to explain the
largest proportions of excess mortality (Chang et al., 2017; Elovainio et al., 2017). Only the
UK Biobank analyses examined multiple groups of explanatory factors. Compared to health
behaviours, socioeconomic position and self-rated health explained similar proportions of
associations with mortality (i.e. 31% to 35%) (Elovainio et al., 2017). Socioeconomic position
also explained similar proportions of excess vascular disease incidence (i.e. AMI, PERM=48%
and stroke, PERM=55%) (Hakulinen et al., 2018). Physiological and psychological factors
tended to explain the lowest proportions of associations with vascular disease incidence and
mortality (i.e. 4% to 28%) (Elovainio et al., 2017; Hakulinen et al., 2018). After adjusting for
all explanatory factors, minimally adjusted associations were attenuated by 83% and 84% for
AMI and stroke incidence, and 64% for CVD and all-cause mortality (Elovainio et al., 2017;
Hakulinen et al., 2018).

48



2.7 Effect Modification
2.7.1 Age Differences

To address confounding due to age-related factors, all studies adjusted their analyses for
participant age at baseline (Tables 2.6 and 2.7). To assess modification of associations by age,
some studies additionally conducted sub-group analyses to compare associations between
social isolation and vascular disease incidence (Hakulinen ef al., 2018), CVD mortality (Yang
et al., 2013), and all-cause mortality (Berkman and Syme, 1979; Yang et al., 2013; Elovainio
etal.,2017) across age groups. Overall, it is unclear from these studies whether social isolation
is more or less strongly associated with vascular disease and mortality among younger versus
older adults. Berkman and Syme (1979) found that associations between social isolation and
all-cause mortality tended to be stronger among men 30 to 59 years old than those who were
60 to 69 years old (Table 2.4). Among women, these associations were strongest among those
aged 30 to 49 and 60 to 69 years old compared to women aged 50 to 59 years old (Table 2.4).
In unadjusted sensitivity analyses, Elovainio and colleagues (2017) found that associations
with all-cause mortality were similar among those aged 37 to 60 years, and weaker among
those 61 to 73 years of age. A similar pattern was observed for CHD incidence in another study
using UK Biobank data (Hakulinen et al., 2018). However, associations between social
isolation and stroke incidence tended to be strongest among those aged 61 to 73 years, and
weaker among those 37 to 60 years old (Hakulinen et al., 2018). Finally, Yang and colleagues
(2013) did not observe a statistically significant association between social isolation and CVD
mortality and all-cause mortality among those 40 to 64 years old but did observe associations
among those 65 years and older. A limitation of these studies is that none tested whether any
variation in associations between social isolation and vascular disease or mortality across age

groups was statistically significant.

2.7.2 Gender Differences

To address confounding, all studies examining mixed gender cohorts adjusted their analyses
for gender or completed their analyses in women and men separately (Tables 2.6 and 2.7). It
remains unclear from the reviewed studies whether associations between social isolation and
vascular disease or mortality vary by gender. Only Hakulinen and colleagues (2018) compared
associations between social isolation and vascular disease incidence across men and women.
Stronger associations were observed among men compared to women in minimally adjusted
sensitivity analyses (Hakulinen et al., 2018). Six studies examined associations between social
isolation and mortality outcomes (Pantell et al., 2013; Yang et al., 2013; Kim et al., 2016;

Elovainio et al., 2017; Alcaraz et al., 2018; Laugesen et al., 2018). Two observed stronger
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associations between social isolation and CVD and all-cause mortality among men compared
to women (Yang et al., 2013; Elovainio et al., 2017). Among studies focused on all-cause
mortality, one found increased all-cause mortality among isolated men but not women
(Laugesen et al., 2018). Another observed stronger associations between social isolation and
all-cause mortality among men than women (Kim ef al., 2016), and another observed stronger
associations among women than men (Pantell et al, 2013). However, none of the
aforementioned studies tested the statistical significance of differences in these associations by
gender. Among those that did, Alcaraz and colleagues (2018) found statistically significant
differences according to gender among white, but not black, women and men. Within this
study, the most isolated women had statistically significantly greater risk of CVD mortality
(Women: HR=1.47, 95% CI. 1.37-1.57; Men: HR=1.29, 95% CI. 1.21-1.38; p for
interaction<0.0001) and all-cause mortality (Women: HR=1.84, 95% CI: 1.68-2.01; Men:
HR=1.60, 95% CI: 1.41-1.82; p for interaction<0.0001) than the most isolated men. In contrast,
Steptoe and colleagues (2013) found no statistically significant differences in associations

between social isolation and all-cause mortality by gender.

2.8 Summary

This review of 23 studies examining multidimensional indices of structural isolation within
general adult populations found stronger evidence of associations between social isolation and
vascular disease mortality and all-cause mortality than vascular disease incidence. Explanatory
factors, particularly health behaviours, tended to explain associations between social isolation
and CHD incidence. After adjustment for explanatory factors, minimally adjusted associations
with vascular disease and all-cause mortality were attenuated but remained statistically
significant. In the few studies that examined social isolation in relation to stroke incidence and
mortality, associations were generally inconsistent in magnitude. Marital status and living
alone tended to be more consistently and strongly associated with CVD and all-cause mortality
compared to other constituent measures of social isolation indices. There was also some
evidence to suggest that infrequent contact with social groups or religious service attendance
was associated with increased all-cause mortality. Few studies formally tested whether
statistically significant differences by age and gender exist in associations between social
isolation and vascular disease or mortality. It thus remains unclear whether age and gender
represent modifiers of associations. Further research on large prospective cohorts is warranted
to generate more robust estimates of any associations between social isolation, vascular
disease, and mortality, to examine potential explanatory pathways, and to assess whether any

associations are sensitive to modification by age and gender.
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Contrary to Valtorta and colleagues’ (2016) meta-analysis, the reviewed studies present little
evidence of associations between social isolation and vascular disease incidence. This contrast
may be due in part to the conflation of structural and perceived isolation measures within the
analysis by Valtorta and colleagues (2016), and the consistency of structural isolation measures
assessed within the current review. Further research is needed among large cohorts to examine
associations between social isolation and stroke incidence. Among the two studies that
examined stroke incidence, one was underpowered to generate reliable associations, and the
other found no association after adjustment for explanatory factors. While many previous
studies have individually examined social contact, group participation, and living alone in
relation to vascular disease incidence and all-cause mortality (Floud et al., 2015; Holt-Lunstad
et al., 2015; Shor and Roelfs, 2015), among the reviewed studies, few compared multiple
constituent measures of social isolation in relation to vascular disease incidence. Among
constituent measures there was only weak evidence of associations between increased
frequency of contact with family members and religious service attendance and decreased CHD

incidence (Barefoot et al., 2005; Chang et al., 2017).

There was stronger evidence suggesting that social isolation is associated with increased
vascular disease mortality. While only a quarter of the studies examining CHD-specific
mortality found statistically significant associations, those that did not may have been
underpowered to detect associations. Studies observing statistically significant associations
tended to be larger than those which did not find statistically significant associations. The only
study examining stroke-specific mortality found a statistically significant association, however,
this study observed very few stroke deaths. Half of the studies examining aggregated CVD
mortality measures found statistically significant associations. The strength of associations
between CHD and CVD varied considerably from 20% to 76% increased mortality among the
most isolated participants compared to the least isolated. Such variation may be explained by
differences in the measurement of social isolation (e.g. different constituent measures
examined) and outcomes (e.g. differences in the amount of follow-up time and breadth of
diagnoses included within the outcome measure). Due to sparse data bias, studies examining
multi-category social isolation indices with smaller sample sizes may also have overestimated
associations (Greenland, Mansournia and Altman, 2016). Indeed, larger prospective analyses
found the most isolated participants to have 20% to 30% greater vascular disease mortality than
the least isolated (Chang et al., 2017; Elovainio et al., 2017; Alcaraz et al., 2018). This estimate
is consistent with Holt-Lunstad and colleagues’ meta-analysis (2015a). There was some
evidence to suggest that isolated women may have greater risk of vascular disease mortality

than isolated men (Alcaraz et al., 2018). No studies assessed the statistical significance of any
51



effect modification according to age. Among constituent measures of social isolation, being
unmarried or living without a partner was most consistently and strongly associated with
increased risk of vascular disease mortality. Patterns of associations with vascular disease

mortality were not apparent among other constituent measures.

Greater social isolation was consistently associated with increased all-cause mortality. The
strength of these associations varied considerably, ranging from 26% to 80% greater mortality
among the most isolated compared to least isolated participants. While varied, these estimates
are more consistent than those observed in previous meta-analyses which included studies that
were and were not restricted to general community-based adult populations (Holt-Lunstad et
al., 2010, 2015). It remains unclear whether gender-differences exist in associations between
social isolation and all-cause mortality as two studies presented contrasting evidence of effect
modification by gender (Steptoe et al., 2013; Alcaraz et al., 2018). No studies formally assessed
effect modification by age. Among the constituent measures, again marital status was most
consistently associated with mortality. Infrequent social group participation and religious
service attendance also tended to be associated with increased all-cause mortality, however

these associations were weaker than those for marital status and living alone.

Many reviewed studies made some attempt to minimise reverse causation bias, most often by
excluding participants with a history of vascular disease, and/or by adjusting regression models
for chronic conditions at baseline. However, reverse causation bias remains an important
limitation of the reviewed studies because these exclusions and adjustments do not account for
sub-clinical vascular disease. Therefore, future research should use more thorough approaches
to minimising reverse causation bias such as excluding participants with a history of vascular

disease and those reporting fair or poor self-rated health at baseline.

Generally, the reviewed studies appropriately adjusted for several important personal
characteristics, health behavioural, physiological, and psychological explanatory factors.
Potentially contributing to variation in the magnitude of associations between social isolation
and mortality outcomes was heterogeneity in the types of variables adjusted for and the
distribution of these explanatory factors within the analysed samples. If causal inferences are
to be made about social isolation in relation to vascular disease and mortality, it is important
for future research to quantify the degree to which associations can be explained by potential
confounders and mediators. In particular, a stronger understanding is needed of the degree to

which physiological factors explain any associations.
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2.9 Conclusions

It remains unclear whether social isolation is associated with incident vascular disease. There
is greater evidence for associations with vascular disease mortality and all-cause mortality.
However, even among methodologically similar studies, there is still considerable variation in
the magnitude of associations. Confounding and reverse causation remain important limitations
of this evidence. Few studies have investigated whether there are age or gender differences in
any associations between social isolation, vascular disease, and mortality. Further prospective
research on large healthy cohorts of general adult populations is needed to more robustly
estimate the aforementioned associations, examine which factors explain any associations, and
to test whether any associations vary by age, gender, or other factors. The analyses presented

in Chapter 3 analyses were aimed at addressing these limitations of previous research.
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3  Social Isolation in Relation to Vascular Disease and
Mortality within the Million Women Study

3.1 Introduction

3.1.1 Background

Previous research suggests that social isolation is associated with increased risk of developing
and dying from vascular disease and all-cause mortality (Holt-Lunstad et al., 2015; Valtorta,
Kanaan, Gilbody, Ronzi, ef al., 2016; Elovainio et al., 2017). There are however important
methodological limitations to previous research which complicate causal inferences and may

impede the design of effective interventions to prevent social isolation and/or its potential

health effects.

Many studies lack sufficient sample sizes for reliable analyses of multidimensional measures
of social isolation (Holt-Lunstad et al., 2015; Valtorta, Kanaan, Gilbody, Ronzi, ef al., 2016).
This is particularly the case for studies examining vascular disease mortality and when
stratifying cohorts according to age-group (Kawachi et al., 1996; Eng et al., 2002; Berkman et
al., 2004; Barefoot et al., 2005; Yang et al., 2013). Larger sample sizes enable more robust
estimation of associations and in terms of mitigating reverse causation bias, have greater
capacity for excluding individuals whose health status may lead them to become more isolated
(e.g. those with CHD, stroke or other chronic diseases at baseline) (Chang et al., 2017,
Elovainio et al., 2017; Alcaraz et al., 2018; Hakulinen et al., 2018). Few previous studies
exclude individuals on the basis of self-rated health (Figure 2.2). Previous studies suggest that
poor/fair self-rated health may indicate sub-clinical disease or general illness that may cause
less frequent social interaction (Floud et al., 2015; Liu and Floud, 2017; Liu et al., 2017). Thus,
even in the largest studies to date, it is difficult to rule out reverse causation bias. One final
advantage of research using large cohorts is that they are better able to estimate associations
between constituent measures of multidimensional social isolation indices and outcomes.
However, few large prospective studies have examined both the composite measures of social
isolation and constituent measures concurrently (Chang et al., 2017; Alcaraz et al., 2018;
Laugesen ef al., 2018). Doing so may clarify whether specific types of relationships or social

contact are more or less relevant to health.
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As discussed in Section 2.6, most previous prospective studies of general adult populations
adjust for several explanatory factors. However, few have attempted to quantify the degree to
which these factors explain associations between social isolation and vascular disease or
mortality (Chang et al., 2017; Elovainio et al., 2017; Hakulinen et al., 2018). Analysing
changes in the magnitude of associations after adjusting for these factors may clarify which,
and how much of any, associations are explained by personal characteristics, health

behavioural, and physiological factors.

As described in Section 1.4.2, personal characteristics such as age are believed to confound
and/or modify associations between social isolation and health. From the few studies that have
compared associations between social isolation and vascular disease outcomes across multiple
age groups, it remains unclear whether age-differences exist (Berkman and Syme, 1979; Yang
et al., 2013; Hakulinen et al., 2018). This is in part because previous studies did not formally
test whether differences in associations by age-group were statistically significant. If indeed
age represents a modifier of associations, it may be a useful indicator of high-risk individuals

towards whom prevention efforts should be targeted.

The Million Women Study 12-year re-survey collected data on structural dimensions of social
isolation from over 580,000 UK women. This dataset provided an unprecedented opportunity
to examine social isolation in relation to vascular disease and mortality whilst addressing the

limitations and gaps of previous research.

3.1.2 Objectives of Chapter

The purpose of this chapter is to understand if and how social isolation influences vascular
disease incidence, vascular disease mortality, and all-cause mortality among UK women. This

research will address three objectives.

1. To examine whether social isolation is associated with vascular disease incidence,

vascular disease mortality, and all-cause mortality, while:
e minimising bias due to reverse causation;

e cxamining how much of any association is explained by personal characteristics,

health behaviours, and physiological factors.

2. To examine constituent measures of social isolation such as, frequency of contact with
family or friends, frequency of contact with social groups, and living alone, in relation

to vascular disease incidence, mortality, and all-cause mortality.
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3. To examine whether any associations between social isolation and vascular disease vary

by age.

3.2 Methods
3.2.1 Study Design and Participants

The Million Women Study is a longitudinal cohort study initiated in 1996 primarily to examine
use of hormone replacement therapy in relation to breast cancer incidence and mortality (Green
et al., 2018). As part of the National Health Service Breast Screening Programme, all women
registered with the National Health Service (NHS) from England and Scotland, aged 50 to 64,
were mailed invitations from NHS screening centres to participate in mammography every
three years (Green et al., 2018). Between the years 1996 and 2001, accompanying the cancer
screening invitation was the Million Women Study recruitment questionnaire. This detailed
questionnaire collected data related to demographics, lifestyle, socioeconomic circumstances,
physical characteristics (e.g. height, weight), health status, and medical history. Ethical
approval for the Million Women Study primary data collection and secondary analyses was

granted by the Oxford and Anglia Multi-Centre Research Ethics Committee.

Approximately 1.32 million women consented to participate in the Million Women Study by
completing and returning the questionnaire by post or when they attended the screening centre
(Green et al., 2018). At recruitment, the Million Women Study participants were on average
56 years of age, 13% attained tertiary education, 20% were active smokers, 21% engaged in
strenuous exercise more than once per week, and their mean body mass index (BMI) was 26
kg/m? (Green et al., 2018). Since the year 2000, these women have been invited to participate
in five re-surveys at approximately three, eight, 12, 15, and 18 years from the date the
recruitment questionnaire was completed. Each questionnaire and further information
regarding the collected data and access policies are available

online (http://www.millionwomenstudy.org).

Using a prospective cohort study design, this chapter presents analyses of the 12-year re-survey
data which was completed between 2009 and 2012. Approximately 1.26 million women were
invited to complete the 12-year re-survey and 586,881 (46%) completed it. The 12-year re-
survey was selected as the baseline data source for these analyses because it was the first re-
survey to include questions on contact with family and friends, social group participation, and

household occupancy. A sample of this questionnaire is presented in Appendix B (pp.231).
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3.2.2 Social Isolation

Within the 12-year re-survey questionnaire, participants were asked about frequency of contact
(i.e. in person, email, telephone) with family members, friends, and groups, as well as
household occupancy. These questions as they appear in the questionnaire are presented in
Figure 3.1. For each category of social contact, possible responses included “rarely/never,”
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“monthly,” “weekly/fortnightly,” and “most days.” To optimize statistical power and align
with previous research, the “rarely/never” and “monthly” categories were combined to create
an ‘“at most monthly” category for each social contact variable (Elovainio et al., 2017;
Hakulinen et al., 2018). Additionally, measures for contact with family and friends were
aggregated into one variable measuring frequency of contact with family or friends. Social
group contact variable was also dichotomised by aggregating “most days” and
“weekly/fortnightly” categories to create an “at least weekly/fortnightly” category. Living
alone status was ascertained by household occupancy. Participants reporting a household
occupancy of “0” or “1” were coded as living alone. Marital status is also often included in
social isolation indices (Table A2.2, pp.222). Marital status was not measured in the 12-year

re-survey, but marital status at the 9-year re-survey was highly correlated with living alone

(Spearman correlation, p=0.72).

A noteworthy limitation of previous research examining associations between social isolation
and health is substantial heterogeneity in the methods used for measuring social isolation (Holt-
Lunstad ef al., 2015; Valtorta, Kanaan, Gilbody and Hanratty, 2016). To assess the combined
role of social contact and living alone, a social contact index (SCI) was constructed (Figure
3.2). The design of the SCI was informed by commonly used indices (e.g. social network index
and social isolation scale) in order to make the results of the current analysis more comparable
with previous research (Berkman and Syme, 1979; Steptoe et al., 2013; Elovainio et al., 2017).
Participants were given a score of one if they had social contact with family or friends “at most
monthly,” or if they had contact with groups “at most monthly,” or if they were living alone.
These individual scores were summed to calculate the overall SCI. The SCI scores thus ranged
from zero (least isolated) to three (most isolated). Given the low number of participants with a
SCI value of three, participants with scores of two and three were grouped into the most isolated

category.
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5. How often do you contact (e.g. phone, meet, email):

Rarely/ Weekly/ Most

never  Monthly fortnightly  days
Family? O O O 0
Friends? O O O O
Groups (e.g. religious, WI,
fitness, adult education)? = - - -
8. How many people live in your Number of

household? people
(incl. you)

Figure 3.1. Excerpts of the social contact and household occupancy questions from
the Million Women Study 12-year re-survey questionnaire.

Frequency of Contact Frequency of Contact Living Alone
with Family or Friends with Social Groups
+ +
1 point for 1 point for 1 point for
“At Most Monthly” “At Most Monthly” “Yes”
Y

Social Contact Index (SCI)

score

Y Y Y
"Least Isolated" "Moderately Isolated" "Most Isolated”
SCl score=0 SCl score= 1 SCl score=2or 3

Figure 3.2. Social contact index score and social isolation category derivation
diagram.



3.2.3 Outcomes

Health outcomes data for this thesis were accessed through NHS Digital and linked to the
Million Women Study data using person-specific NHS numbers and dates of birth. NHS Digital
is a branch of the NHS which stores and maintains hospital record data (formerly referred to
as Hospital Episode Statistics) in addition to cancer registration and death certificate data from
the Office for National Statistics. For each hospital episode identified with a CHD or stroke
diagnosis as a primary or contributory cause of hospitalisation, the admission and discharge
dates were extracted. Additional data sourced from NHS Digital include cancer registration
dates, death dates, diagnosis codes for the primary cause of death or cancer, and follow-up
codes identifying those who passed away or emigrated. Linkage was virtually complete with

less than 1.0% of participants lost to follow-up (Green et al., 2018).

The five outcomes of interest were time to first CHD event (International Classification of
Diseases 10th Revision [ICD-10] codes: 120 to 125; ICD-9 codes: 410 to 414) and first
cerebrovascular disease event (hereafter referred to as stroke) event (ICD-10 codes: 160 to 169;
ICD-9 codes: 430 to 438), time to CHD death and stroke death, and time to death from any
cause (World Health Organisation, 2010). First CHD and stroke events were defined as a
participant’s first hospital admission or death during the observation period due to CHD or
stroke. It was hypothesized that non-vascular primary causes of morbidity may be instigated
by underlying vascular disease events. Therefore, incident CHD and stroke events included
hospitalisations that recorded the diagnosis as either the primary or contributory cause.
Accounting for primary and contributory diagnoses of vascular disease was believed to enable
more accurate estimations of vascular disease incidence. Only primary causes of death were
used to ascertain mortality due to CHD or stroke. Time to death outcomes were defined as
deaths occurring during the observation period and caused by CHD, stroke, or any diagnosis.
Only primary causes of death were used for the incidence and mortality outcomes because of

interest was the diagnosis that clinicians believed was most responsible for causing death.
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3.2.4 Explanatory Factors

As discussed in Section 1.4.4, for brevity of discussion, potential confounding or mediating
factors are referred to collectively in this thesis as explanatory factors because they may explain
associations between social isolation and health. Each group of explanatory factors and their
hypothesised relationship with social isolation and the outcomes examined are presented in
Figure 3.3. This analysis-specific model conceptualises personal characteristics (i.e. age at
recruitment, recruitment region, socioeconomic deprivation, educational attainment, self-
reported disabilities) specifically as potential confounders because older individuals, those of
lower socioeconomic position, and experiencing greater disability may face greater barriers to
having frequent and meaningful social contact (Nicholson, 2012; Cotterell, Buffel and
Phillipson, 2018; Holt-Lunstad, 2018b). There is also little evidence to suggest that social
isolation would cause these factors to change. It should be noted that attained age was also
examined as a modifier of associations. Health behaviours (i.e. physical activity, smoking,
alcohol intake, body mass index [BMI]) and physiological factors (i.e. self-reported
hypertension and diabetes) were conceptualised as mediators of associations because other
recognised conceptual models for social relationships and health, and relevant studies tend to
conceptualise them as mediators (Section 1.4.4; Berkman and Krishna, 2014; Chang et al.,
2017; Elovainio et al., 2017; Holt-Lunstad, 2018b). However, given the challenges with
ascertaining causality in the current analysis and previous research, this thesis research

acknowledges that these factors may also represent confounders (Kim and Kawachi, 2018).

Personal
Characteristics
» Health Behaviours v
Social Isolation > Health
» Physiological Factors A

Figure 3.3. Analysis-specific conceptualisation of factors potentially modifying,
confounding, and mediating associations between social isolation, vascular disease
and mortality.
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The categories for each explanatory factor is presented in Table 3.1. With the exception of
socioeconomic deprivation, data for each variable was derived from the Million Women Study
questionnaires. Birth and recruitment cohort were used to measure age at recruitment. Data on
region of recruitment and educational qualifications was also sourced from the recruitment
questionnaire. The 12-year re-survey questions used to measure disability were chosen
according to the Washington Group on Disability Statistics’ short set questionnaire which is a
validated and internationally recognised tool for assessing disability (Groce and Mont, 2017).
Consistent with previous Million Women Study analyses, participants that reported at least one
functional limitation, sensory deficit, or receipt of disability benefits were compared to those
without any of these characteristics (Floud et al, 2017). To ascertain socioeconomic
deprivation, participant postcode at the 12-year re-survey was linked to the English Index of

Multiple Deprivation (IMD) 2010.

The IMD 2010 Income Domain was used as proxy measure of individual-level socioeconomic
deprivation. Income is one of eight IMD domains which constitute the overall IMD score. An
advantage of using the IMD for this thesis research is that the additional domains could be used
to examine multiple neighbourhood factors as effect modifiers in Chapter 5. However, the
overall score also includes domains measuring health and disability using similar morbidity
and mortality data as the vascular disease outcome measures examined in the current analysis.
The current analysis specifically examined the income domain to avoid underestimating any
associations between social isolation and vascular disease after adjustment for deprivation. As
discussed in greater detail in Section 5.2.4, IMD income domain scores represent the proportion
of residents within small geographic areas called lower super output areas (LSOA) receiving
income support benefits (McLennan et al., 2011). An important limitation of using the English
IMD 2010 is that these scores cannot be generated for those who were living in Scotland at
recruitment. While a Scottish IMD exists (in addition to Welsh and Northern Irish indices), the
ONS recommends that the English and Scottish IMD scores are not combined for analyses of
the UK population (Smith et al., 2015). This is because the rankings of scores within each

domain differ across these jurisdictions.

Almost all health behavioural and physiological factors were derived from the 12-year re-
survey. Due to low proportions of women reporting participation in strenuous physical activity,
moderate and strenuous physical activity (days per week) was averaged across summer and
winter months. Smoking status was ascertained from one question about whether participants
had ever smoked tobacco. Alcohol intake was derived from questions about whether
participants consumed alcohol within the past year, and if so, the total number of units
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consumed per week. Body mass index (BMI) was used as a proxy for diet quality (Ford et al.,
2014). Height at recruitment and weight at the 12-year re-survey was used to calculate BMI.
BMI values under 25.0 kg/m? was referred to as “desirable” due to few women having
underweight BMI values (i.e. <18.5 kg/m?). Self-reported diagnoses of hypertension and

diabetes were used as proxy indicators of physiological dysregulation and were derived from

single questions asking about medical history.

Table 3.1. Description of covariates adjusted for in Cox regression analyses.

F?g::)arng:g[‘yp Explanatory Factor Categories
Personal Birth cohort <1930
Characteristics 1931-1949

21950

Recruitment cohort

1996, 1997, 1998, 1999, 2000, 22001

Region of Recruitment

Oxford, East Anglia, South West,
Thames, West Midlands, North York,
Trent, North West (Mersey), North West
(Manchester/Lancaster)

Socioeconomic deprivation

Least deprived

(Index of Multiple Deprivation 2010)  Moderately deprived
Most deprived

Educational qualifications Tertiary (college/university or
equivalent)

Secondary (O/A levels or equivalent)
Technical (teaching and nursing)
None

Self-reported disability

None

At least one (i.e. difficulty performing
activities of self-care, walking up a flight
of stairs and having a slow walking
pace or inability to walk, poor self-rated
memory, poor eyesight, and/or poor
hearing)

Health Frequency of strenuous or Rarely/never
Behavioural moderate exercise Sometimes (1-3 days/week)
Factors Most Days (4-6 days/week)
Daily
Smoking status Current
Never
Former
Weekly alcohol intake 0 units
1-6 units
=7 units
Body Mass Index Desirable (<25 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (=30 kg/m?)
Physiological Self-reported history of hypertension Yes, No
Factors Self-reported history of diabetes Yes, No




3.2.5 Statistical Analyses

In total, 586,881 participants were considered for analysis. Participants were first excluded if
they had missing survey completion dates (n=2). Women recruited from Scotland (n=39,117)
were excluded because it was not possible to ascertain socioeconomic deprivation for them
using the English IMD 2010. To mitigate reverse causation bias, participants were also
excluded if they had previous hospital admissions for CHD or stroke (n=42,509) or had self-
reported history of cardiovascular disease or stroke (n=34,564). Participants were also
excluded if they had previous cancer registrations (n=51,337) because like vascular disease
cancer represents a major cause of death and disability which may impede a person’s capacity
for social interaction. As presented in Figure A3.1 (pp. 225), for any given level of SCI score,
women with fair or poor self-rated health had greater risk of each outcome compared to those
with good or excellent health. Since self-rated health may indicate sub-clinical illness which
may impede social interaction and be associated with mortality, women reporting fair, poor or
missing self-rated health (n=74,148) were also excluded from analysis (Floud et al., 2015; Liu
et al., 2017). Finally, those with missing responses to any of the social contact or household

occupancy questions, and thus having missing SCI scores, were excluded (n=19,035).

Participants were observed from the time of survey completion to time of event, death, loss to
follow-up or 31 March 2017 as this was the latest date for which NHS Digital data was
available. Cox regression was used to estimate hazard ratios (referred to hereafter as relative
risks [RRs]) and 95% confidence intervals (CIs). All regression models were minimally
adjusted for age at the 12-year re-survey indirectly by stratifying by birth and recruitment
cohort. Stratifying analyses of Million Women Study data by these variables is advised by the
Cancer Epidemiology Unit in order to account for the calendar effects of hormone replacement
therapy cessation observed within this cohort in the early 2000s. Minimally adjusted models
also controlled for region of recruitment to account for regional variation in breast cancer
screening program recruitment. Fully adjusted models additionally controlled for further
personal characteristics (i.e. socioeconomic deprivation, education, disability), health
behaviours (i.e. smoking, alcohol intake, physical activity, body mass index), and physiological

factors (i.e. hypertension, diabetes).

Minimally and fully adjusted models were examined for associations between social isolation
and CHD and stroke incidence, CHD and stroke mortality, and all-cause mortality. Differences
in RRs across levels of each exposure were tested using likelihood ratio (LR) tests of
heterogeneity. Missing data for the covariates (<5.0% for all variables except frequency of

physical activity, 9.9%) were assigned to a separate category. To examine the assumption of
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proportional hazards, log-log plots and Schoenfeld residuals were assessed; the assumption
was found to be reasonable. Spearman’s correlation coefficients were used to assess correlation
among the covariates. Each pairwise combination of covariates was below p =0.20 suggesting

that multicollinearity was unlikely.

To quantify the amount that any associations between social isolation and each outcome were
explained by covariates, the LR y? test statistic attenuation method was used (Parish et al.,
2009; Floud et al., 2016). The LR y? test statistic for the differences in RRs across levels of
SCI score from the minimally adjusted model was compared with those from a series of models
which adjusted for each explanatory factor and for each group of explanatory factors. After
each adjustment, the percentage attenuation in the minimally adjusted LR y? test statistic was

LRX? g
calculated as <1 — 24
LR

min

) -100, where LRy? . is the LR ? test statistic of the minimally

adjusted model, and LRy? i is that of the model adjusted for additional explanatory factors.

LRy? . represents a measure of the improvement of goodness of fit due to SCI score, before

min

adjustment of additional explanatory factors. The difference in LRy? . and LRy? . values

min adj
is a measure of how much of that improvement is due to additional explanatory factors. After

adjusting for all covariates, larger reductionsin LR y? (e.g. 80%) indicates that any

min
remaining associations are more likely to be explained by residual confounding compared

to smaller reductions (e.g. 30%).

To examine associations between each constituent measure of the SCI score and each outcome,

minimally and fully adjusted analyses were conducted.

Sub-group analyses were performed by attained age over the follow-up period to examine age-
differences in any associations between social isolation and each outcome. Attained age was
used to define sub-groups because it was believed to more accurately reflect a person’s baseline
risk of vascular disease and mortality which may evolve over several years of observation.
LR tests of interaction were used to test for interaction between social isolation and attained
age (i.e. under 75 years old compared to at least 75 years old during the observation period) in
relation to each outcome. Seventy-five was used as the age threshold because the 12-year re-
survey cohort was primarily composed of older adults and 75 years represents the upper age
threshold for premature cardiovascular disease and death (British Heart Foundation, 2018a;

Office for National Statistics, 2018a). Premature morbidity and mortality is considered more
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preventable because it is less likely to be influenced by comorbid conditions and the natural

progression of disease (Office for National Statistics, 2018a).

To examine whether associations varied according to CHD and stroke sub-type, sensitivity
analyses were conducted in relation to myocardial infarction (ICD-10 codes: 121 and 122; ICD-
9 codes: 410 and 411), ischaemic stroke (ICD-10 code: 163; ICD-9 code: 434), and
haemorrhagic stroke (ICD-10 codes: 160 and 161; ICD-9 codes: 430 to 432) (World Health
Organisation, 2010). To further investigate reverse causation bias within the results, post-hoc
sensitivity analyses examined social isolation in relation to each outcome after excluding the
first two years of follow-up. Finally, to assess whether the SCI constituent measures
confounded one another, each constituent measure was re-examined in relation to each
outcome with mutual adjustment for each other constituent measure (e.g. analyses of living
alone were additionally adjusted for frequency of contact with family or friends, and contact

with groups).

All analyses were conducted using Stata 14.1 (StataCorp, College Station, TX, USA).

3.3 Results

In total, 326,169 women without previous vascular disease, cancer, or fair/poor self-rated
health at baseline were included in the analysis. Cohort characteristics are presented in Table
3.2. During a follow-up period of on average 5.9 (SD= 1.2) years, there were 10,876 incident
CHD events, 559 CHD deaths, 6,281 incident stroke events, 587 stroke deaths, and 9,667
deaths from any cause. At baseline, the mean age of participants was 67.7 years (SD= 4.5).
Approximately 11.9% of participants were within the most isolated SCI score category. Few
women (2.0%) reported at most monthly contact with family members or friends, while 48.1%
reported at most monthly contact with groups, and almost a quarter (23.6%) of participants
lived alone. The most isolated women tended to be more deprived, less educated, current
smokers, inactive and have higher BMI than the least isolated women. They were also more

likely to report experiencing disability and a history of hypertension and diabetes.
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Table 3.2. Baseline characteristics of participants by level of social isolation and
details of follow-up.

Social Contact Index score

0 1 2
Overall Least Moderately Most
Isolated Isolated Isolated
n=125,712 n=161,515 n=38,942
Characteristics N=326,169 (38.5%) (49.5%) (11.9%)
Mean Age (SD) 67.7 (4.5) 67.3(4.2) 67.7(4.5 68.7(4.9)
Most deprived tertile (%) 13.5 9.6 14.8 21.0
No educational qualifications (%) 27.9 18.4 32.5 39.2
At most monthly social contact with:
Family or friends (%) 2.0 0.0 0.8 13.2
Groups (%) 48.1 0.0 73.3 99.2
Living alone (%) 23.6 0.0 25.9 89.9
Current smoker (%) 55 2.4 6.4 11.6
=7 units alcohol per week (%) 31.7 34.4 30.8 26.7
Rarely/never, exercise (%) 7.2 5.1 8.2 10.5
BMI 230 kg/m? (%) 16.9 14.4 18.4 19.1
At least one disability (%) 13.6 104 14.6 19.3
History of hypertension (%) 19.0 17.4 19.8 21.3
History of diabetes (%) 3.3 2.6 3.5 4.4
Follow-up for Vascular Disease Incidence and Mortality Outcomes
Incident CHD events (n) 10,876 3,728 5,491 1,657
Mean years of follow-up per person (SD) 5.8(1.3) 5.9(1.2) 5.8(1.3) 5.7(1.3)
Person-years (1000s) 1901 738 939 224
Incident Stroke events (n) 6,281 1,957 3,218 1,106
Mean years of follow-up per person (SD) 5.9(1.2) 5.9(1.2) 5.9(1.2) 5.8(1.3)
Person-years (1000s) 1916 744 947 226
CHD deaths (n) 559 140 280 139
Mean years of follow-up per person (SD) 5.9(1.1) 5.9(1.1) 5.9(1.2) 5.9(1.2)
Person-years (1000s) 1929 748 953 228
Stroke deaths (n) 587 163 296 128
Mean years of follow-up per person (SD) 5.9(1.1) 5.9(1.1) 5.9(1.2) 5.9(1.2)
Person-years (1000s) 1,929 748 953 228
All-cause deaths (n) 9,667 2,886 4,976 1,805
Mean years of follow-up per person (SD) 5.9(1.1) 5.9(1.1) 5.9(1.2) 5.9(1.2)
Person-years (1000s) 1,929 748 953 228

Notes: Percentages calculated based on women with complete information for each specific
variable.
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3.3.1 Prospective Analyses of CHD Incidence

With minimal adjustment for age and region, compared to the least isolated women, greater
social isolation was associated with increased CHD incidence (Figure 3.4). These associations
were strongly attenuated and marginally statistically significant after additional adjustment for
personal characteristics, health behavioural, and physiological factors (Table 3.3, Figure 3.4;
Moderately Isolated: RR=1.00, 95% CI: 0.96-1.04; Most Isolated: RR=1.07, 95% CI: 1.01-
1.14; p=0.04). Adjustment for all explanatory factors resulted in a 92% attenuation in the
minimally adjusted LR y? test statistic (Table 3.3). Adjustment for health behavioural factors
explained a 77% attenuation in the minimally adjusted LR y? test statistic (Table 3.3). After
full adjustment, living alone, and frequency of contact with family, friends, and social groups

were not statistically significantly associated with incident CHD (Figure 3.5).

3.3.2 Prospective Analyses of Stroke Incidence

Before and after adjustment, greater social isolation was associated with increased stroke
incidence (Figure 3.4). After adjustment, compared to the least isolated women, moderately
isolated and most isolated women had 11% and 28% increased risk of incident stroke
respectively (Figure 3.4, Moderately Isolated: RR=1.11, 95% CI: 1.05-1.17, Most Isolated:
RR=1.28, 95% CI: 1.19-1.38, p<0.0001). Adjustment for all explanatory factors resulted in a
67% attenuation in the minimally adjusted LR y? test statistic (Table 3.3). Again, adjustment
for health behavioural factors resulted in the greatest degree of attenuation of minimally
adjusted associations. Each constituent measure of the social contact index was associated with
stroke incidence after adjustment (Figure 3.5). While at most monthly contact with family or
friends had the highest magnitude of association with stroke incidence, this association had
wider confidence intervals than the other constituent measures (Figure 3.5,
Weekly/Fortnightly: RR=1.07, 95% CI: 1.01-1.13; At Most Monthly: RR=1.25, 95% CI: 1.07-
1.45; p<0.01). Compared to living with others, living alone was associated with 16% greater
stroke incidence (Figure 3.5, RR=1.16, 95% CI: 1.10-1.22; p<0.01). Compared to at least
weekly/fortnightly contact, at most monthly contact with social groups was associated with 8%

greater stroke incidence (Figure 3.4, RR=1.08, 95% CI: 1.03-1.14; p<0.01).
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CHD Incidence
Social Contact Index
Least Isolated
Moderately Isolated

Most Isolated

Stroke Incidence
Social Contact Index

Least Isolated
Moderately Isolated

Most Isolated

alcohol, physical activity, BMI, hypertension, and diabetes.

No. of
events

3728
5491
1657

1957
3218
1106

Minimally Adjusted

1 2 3

RR (95% CI)

1.11 (1.07, 1.16)

1.30 (1.22, 1.37)
Heterogeneity: p<0.0001

1.20 (1.13,1.27)

1.51(1.40, 1.63)
Heterogeneity: p<0.0001

Fully Adjusted

1 2
Figure 3.4. Minimally and fully adjusted RR and 95% CI for social isolation in relation to
vascular disease incidence. The size of the square boxes are inversely proportional to the
standard error of the relative risk estimate. Minimally adjusted models included: age and
region. Fully adjusted models included: age, region, deprivation, education, disability, smoking,

RR (95% CI)

1.00 (0.96, 1.04)
1.07 (1.01, 1.14)
Heterogeneity: p=0.04

1.1 (1.05, 1.17)

1.28 (1.19, 1.38)
Heterogeneity: p<0.0001
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Table 3.3. RR and 95% CI for CHD and stroke incidence by level of social isolation after adjustment for each group of

covariates.
Least Moderately Most p for hetero- LR 2 % Attenuation
Isolated Isolated Isolated geneity in LR y?

CHD INCIDENCE

No. of first CHD events 3,728 5,491 1,657

Age, region (minimally adjusted) 1.00 (-) 1.11 (1.07, 1.16) 1.30 (1.22,1.37) <0.0001 76 -

Age, region, personal characteristics 1.00 (-) 1.05 (1.01, 1.10) 1.18 (1.11,1.25) <0.0001 29 62
Age, region, deprivation 1.00 (-) 1.10 (1.05, 1.14) 1.26 (1.19,1.34) <0.0001 60 22
Age, region, education 1.00 (-) 1.08 (1.03, 1.12) 1.24 (1.17,1.31) <0.0001 49 36
Age, region, disability 1.00 (-) 1.09 (1.05, 1.14) 1.25 (1.17,1.32) <0.0001 54 29

Age, region, health behaviour factors 1.00 (-) 1.03 (0.99, 1.08) 1.14 (1.07,1.21) <0.001 18 77
Age, region, smoking 1.00 (-) 1.08 (1.03, 1.12) 1.21 (1.14,1.28) <0.0001 39 48
Age, region, alcohol 1.00 (-) 1.10 (1.06, 1.15) 1.27 (1.19,1.34) <0.0001 63 18
Age, region, physical activity 1.00 (-) 1.09 (1.05, 1.14) 1.26 (1.19,1.34) <0.0001 61 20
Age, region, body mass index 1.00 (-) 1.09 (1.05, 1.14) 1.27 (1.20,1.35) <0.0001 63 17

Age, region, physiological factors 1.00 (-) 1.10 (1.05, 1.14) 1.26 (1.19,1.34) <0.0001 62 19
Age, region, hypertension 1.00 (-) 1.10 (1.06, 1.15) 1.28 (1.21,1.36) <0.0001 68 10
Age, region, diabetes 1.00 (-) 1.10 (1.06, 1.15) 1.28 (1.21,1.36) <0.0001 69 10

Fully adjusted 1.00 (-) 1.00 (0.96, 1.04) 1.07 (1.01, 1.14) 0.040 6 92

STROKE INCIDENCE

No. of first stroke events 1,957 3,218 1,106

Age, region (minimally adjusted) 1.00 (-) 1.20 (1.13,1.27) 1.51 (1.40,1.63) <0.0001 117 -

Age, region, personal characteristics 1.00 (-) 1.16 (1.10, 1.23) 142 (1.32,1.54) <0.0001 82 30
Age, region, deprivation 1.00 (-) 1.19 (1.12, 1.26) 1.48 (1.38,1.60) <0.0001 105 10
Age, region, education 1.00 (-) 1.19 (1.12, 1.26) 1.48 (1.37,1.60) <0.0001 103 12
Age, region, disability 1.00 (-) 1.18 (1.12, 1.25) 1.46 (1.36,1.57) <0.0001 99 16

Age, region, health behaviour factors 1.00 (-) 1.13 (1.07,1.19) 1.33 (1.23,1.43) <0.0001 53 54
Age, region, smoking 1.00 (-) 1.15 (1.09, 1.22) 1.39 (1.28,1.49) <0.0001 71 39
Age, region, alcohol 1.00 (-) 1.19 (1.13, 1.26) 1.49 (1.38,1.60) <0.0001 108 8
Age, region, physical activity 1.00 (-) 1.18 (1.11, 1.25) 1.47 (1.36,1.58) <0.0001 100 14
Age, region, body mass index 1.00 (-) 1.20 (1.13,1.27) 1.51 (1.40,1.62) <0.0001 116 1

Age, region, physiological factors 1.00 (-) 1.19 (1.13, 1.26) 1.49 (1.38,1.60) <0.0001 109 7
Age, region, hypertension 1.00 (-) 1.19 (1.13, 1.26) 1.49 (1.39,1.61) <0.0001 111 6
Age, region, diabetes 1.00 (-) 1.20 (1.13,1.27) 1.51 (1.40,1.62) <0.0001 115 2

Fully adjusted 1.00 (-) 1.11 (1.05,1.17) 1.28 (1.19,1.38) <0.0001 39 67




Fully Adjusted

No. of
events RR (95% CI)
CHD INCIDENCE
Contact with Family or Friends
Most Days 7332
Weekly/Fortnightly 3295 ! 0.98 (0.94, 1.02)
At Most Monthly 249 1.07 (0.94, 1.22)
Heterogeneity: p=0.33
Contact with Groups
At Least Weekly/Fortnightly 5308
At Most Monthly 5568 - 1.02 (0.98, 1.06)
Heterogeneity: p=0.44
Living Alone
No 7852
Yes 3024 - 1.03 (0.99, 1.08)
Heterogeneity: p=0.14
STROKE INCIDENCE
Contact with Family or Friends
Most Days 4042
Weekly/Fortnightly 2070 = 1.07 (1.01, 1.13)
At Most Monthly 169 - 1.25 (1.07, 1.45)
Heterogeneity: p<0.01
Contact with Groups
At Least Weekly/Fortnightly 3012
At Most Monthly 3269 = 1.08 (1.03, 1.14)
Heterogeneity: p<0.01
Living Alone
No 4253
Yes 2028 = 1.16 (1.10, 1.22)
Heterogeneity: p<0.0001

1 2 3

Figure 3.5. Fully adjusted RR and 95% CI for each social contact variable
in relation to vascular disease incidence. The size of the square boxes are
inversely proportional to the standard error of the relative risk estimate.



3.3.3 Prospective Analyses of CHD Mortality

Greater social isolation was associated with increased CHD mortality in minimally and fully
adjusted analyses (Figure 3.6). After full adjustment, and compared to the least isolated, the
moderately isolated and the most isolated women had 20% and 80% greater CHD mortality
respectively (Figure 3.6, Moderately Isolated: RR=1.20, 95% CI: 0.97-1.47, Most Isolated:
RR=1.80, 95% CI: 1.41-2.31, p<0.0001). The minimally adjusted LR 7? test statistic decreased
by 64% after adjustment for all explanatory factors (Table 3.4). Health behavioural factors,
particularly smoking, again accounted for the greatest proportion of minimally adjusted
associations between social isolation and CHD mortality (Table 3.4). Among the measures
comprising the social contact index, only living alone was statistically significantly associated
with increased CHD mortality after full adjustment (Figure 3.7, Living alone: RR=1.48, 95%
CI: 1.25-1.77, p<0.0001).

3.3.4 Prospective Analyses of Stroke Mortality

Greater social isolation was associated with increased stroke mortality in minimally and fully
adjusted analyses (Figure 3.6). Compared to the other outcomes examined, minimally adjusted
associations between social isolation and stroke mortality were explained to a lesser degree by
personal characteristics, health behaviours, and physiological factors (Table 3.4, LR y? test
statistic attenuation: 41%). After adjustment, compared to the least isolated women, the
moderately isolated and the most isolated women had 21% and 70% greater stroke mortality
respectively (Table 3.4, Moderately Isolated: RR=1.21, 95% CI: 1.00-1.47, Most Isolated:
RR=1.71, 95% CI: 1.34-2.18, p<0.001). Among the constituent measures of the social contact
index, living alone had the strongest association with stroke mortality. Compared to women
who lived with others, those who lived alone had 31% greater stroke mortality (Figure 3.7,
RR=1.31, 95% CI: 1.10-1.56, p<0.01). Associations were also observed between contact with
groups and stroke mortality. Compared to women with at least weekly/fortnightly contact with
social groups, those with at most monthly contact had 23% greater stroke mortality (Figure 3.7,
RR=1.23, 95% CI:. 1.04-1.46, p=0.02). Like CHD mortality, the associations between
frequency of contact with family or friends and stroke mortality exhibited wide confidence
intervals (Figure 3.7). However, for stroke mortality this association was marginally
statistically significant (p=0.04). It should be noted that for both CHD and stroke mortality,

only around 20 cases were observed in the at most monthly family or friend contact category.
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CHD Mortality
Social Contact Index

Least Isolated
Moderately Isolated

Most Isolated

Stroke Mortality
Social Contact Index

Least Isolated
Moderately Isolated

Most Isolated

All-cause Mortality
Social Contact Index

Least Isolated
Moderately Isolated

Most Isolated

No. of
deaths

140
280
139

163
296
128

2886
4976
1805

Minimally Adjusted

1

2

RR (95% CI)

1.45 (1.19, 1.78)

—=> 265(2.09, 3.36)
Heterogeneity: p<0.0001

1.28 (1.06, 1.56)
1.97 (1.56, 2.49)

Heterogeneity: p<0.0001

1.27 (1.21, 1.33)
1.72 (1.62, 1.83)
Heterogeneity: p<0.0001

3

Fully Adjusted

1 2

RR (95% CI)

1.20 (0.97, 1.47)
1.80 (1.41, 2.31)
Heterogeneity: p<0.0001

1.21 (1.00, 1.47)
1.71 (1.34, 2.18)

Heterogeneity: p<0.001

1.11 (1.06, 1.16)
1.32 (1.24, 1.40)
Heterogeneity: p<0.0001

Figure 3.6. Minimally and fully adjusted RR and 95% CI for social isolation in relation
to vascular disease and all-cause mortality. The size of the square boxes are inversely
proportional to the standard error of the relative risk estimate. Minimally adjusted models
included: age and region. Fully adjusted models included: age, region, deprivation,
education, disability, smoking, alcohol, physical activity, BMI, hypertension, and diabetes.
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Table 3.4. RR and 95% CI for CHD and stroke mortality by level of social isolation after adjustment for each group of

covariates.
Least Moderately Most p for hetero- LR 2 % Attenuation
Isolated Isolated Isolated geneity X in LR 2

CHD MORTALITY

No. of CHD deaths 140 280 139

Age, region (minimally adjusted) 1.00 (-) 1.45 (1.19, 1.78) 2.65 (2.09, 3.36) <0.0001 62 -

Age, region, personal characteristics 1.00 (-) 1.37 (1.11, 1.68) 2.35 (1.84,2.99) <0.0001 52 26
Age, region, deprivation 1.00 (-) 1.42 (1.16, 1.75) 2.53 (1.99, 3.22) <0.0001 56 10
Age, region, education 1.00 (-) 1.42 (1.16, 1.74) 255 (2.01,3.25) <0.0001 56 10
Age, region, disability 1.00 (-) 1.41 (1.15,1.73) 249 (1.96,3.16) <0.0001 27 13

Age, region, health behaviour factors 1.00 (-) 1.22 (0.99, 1.50) 1.89 (1.48,2.42) <0.0001 36 57
Age, region, smoking 1.00 (-) 1.31 (1.06, 1.60) 211 (1.66,2.69) <0.0001 56 42
Age, region, alcohol 1.00 (-) 1.42 (1.16, 1.75) 253 (1.99, 3.21) <0.0001 55 10
Age, region, physical activity 1.00 (-) 1.40 (1.15,1.72) 250 (1.97,3.18) <0.0001 59 11
Age, region, body mass index 1.00 (-) 1.43 (1.17,1.75) 2.59 (2.04,3.28) <0.0001 52 5

Age, region, physiological factors 1.00 (-) 1.43 (1.17,1.75) 2.57 (2.03, 3.26) <0.0001 61 6
Age, region, hypertension 1.00 (-) 1.45 (1.18,1.77) 2.62 (2.07,3.32) <0.0001 60 2
Age, region, diabetes 1.00 (-) 1.44 (1.17,1.76) 2.60 (2.05,3.29) <0.0001 54 4

Fully adjusted 1.00 (-) 1.20 (0.97,1.47) 1.80 (1.41,2.31) <0.0001 22 64

STROKE MORTALITY

No. of stroke deaths 163 296 128

Age, region (minimally adjusted) 1.00 (-) 1.28 (1.06, 1.56) 1.97 (1.56, 2.49) <0.0001 31 -

Age, region, personal characteristics 1.00 (-) 1.27 (1.05, 1.54) 1.91 (1.50, 2.43) <0.0001 27 12
Age, region, deprivation 1.00 (-) 1.27 (1.05, 1.54) 1.92 (1.52,2.43) <0.0001 28 8
Age, region, education 1.00 (-) 1.30 (1.07, 1.58) 2.00 (1.57,2.53) <0.0001 31 -2
Age, region, disability 1.00 (-) 1.26 (1.04, 1.53) 1.91 (1.51,2.42) <0.0001 28 9

Age, region, health behaviour factors 1.00 (-) 1.21 (0.99, 1.46) 1.72 (1.35,2.18) <0.0001 19 38
Age, region, smoking 1.00 (-) 1.23 (1.02, 1.50) 1.81 (1.42,2.29) <0.0001 23 25
Age, region, alcohol 1.00 (-) 1.27 (1.05, 1.54) 1.92 (1.52,2.43) <0.0001 29 7
Age, region, physical activity 1.00(-) 1.25 (1.03, 1.52) 1.90 (1.50,2.40) <0.0001 28 11
Age, region, body mass index 1.00(-) 1.30 (1.07, 1.57) 1.97 (1.56,2.50) <0.0001 31 -1

Age, region, physiological factors 1.00 (-) 1.28 (1.06, 1.55) 1.96 (1.55,2.47) <0.0001 30 2
Age, region, hypertension 1.00(-) 1.28 (1.06, 1.55) 1.95 (1.55,2.47) <0.0001 30 2
Age, region, diabetes 1.00 (-) 1.28 (1.06, 1.56) 1.97 (1.56,2.49) <0.0001 31 0

Fully adjusted 1.00 (-) 1.21 (1.00, 1.47) 1.71 (1.34,2.18) <0.001 18 41




Fully Adjusted

Heterogeneity: p<0.0001

2 3

No. of
deaths RR (95% CI)
CHD MORTALITY
Contact with Family or Friends
Most Days 367
Weekly/Fortnightly 172 - 1.00 (0.83, 1.20)
At Most Monthly 20 1.47 (0.94, 2.32)
Heterogeneity: p=0.28
Contact with Groups
At Least Weekly/Fortnightly 235
At Most Monthly 324 —— 1.18 (0.99, 1.41)
Heterogeneity: p=0.06
Living Alone
No 337
Yes 222 —a— 1.48 (1.25,1.77)
Heterogeneity: p<0.0001
STROKE MORTALITY
Contact with Family or Friends
Most Days 360
Weekly/Fortnightly 208 —— 1.20 (1.01, 1.42)
At Most Monthly 19 1.53 (0.97, 2.44)
Heterogeneity: p=0.04
Contact with Groups
At Least Weekly/Fortnightly 267
At Most Monthly 320 —— 1.23 (1.04, 1.46)
Heterogeneity: p=0.02
Living Alone
No 370
Yes 217 —-— 1.31 (1.10, 1.56)
Heterogeneity: p<0.01
ALL-CAUSE MORTALITY
Contact with Family or Friends
Most Days 6216
Weekly/Fortnightly 3158 1 1.08 (1.03, 1.12)
At Most Monthly 293 1.36 (1.21, 1.53)
Heterogeneity: p<0.0001
Contact with Groups
At Least Weekly/Fortnightly 4396
At Most Monthly 5271 - 1.12 (1.07,1.17)
Heterogeneity: p<0.0001
Living Alone
No 6581
Yes 3086 F 1.14 (1.09, 1.19)
1

Figure 3.7. Fully adjusted RR and 95% CI for each social contact variable in
relation to vascular disease and all-cause mortality. The size of the square

boxes are inversely proportional to the standard error of the relative risk estimate.
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3.3.5 Prospective Analyses of All-cause Mortality

Greater social isolation was associated with increased all-cause mortality in minimally and
fully adjusted analyses (Figure 3.6). The minimally adjusted association was attenuated by 76%
after adjustment for explanatory factors (Table 3.5). Health behaviours alone accounted for
66% of the observed attenuation in the LR y? test statistic. After adjustment for explanatory
factors, compared to the least isolated women, moderately isolated and the most isolated
women had 11% and 32% greater all-cause mortality respectively (Table 3.5, Moderately
Isolated: RR=1.11, 95% CI: 1.06-1.16, Most Isolated: RR=1.32, 95% CI: 1.24-1.40, p<0.0001).
Each constituent measure of the social contact index was associated with all-cause mortality
(Figure 3.7). Among them, frequency of contact with family or friends exhibited the strongest
associations with at most monthly contact associated with a 36% increased risk of death (Figure
3.7, Weekly/Fortnightly contact: RR=1.08, 95% CI: 1.03-1.12; At Most Monthly: RR=1.36,
95% CI: 1.21-1.53, p<0.0001). However, like stroke mortality, lower variation was observed
in estimates of association for living alone and contact with social groups in relation to all-

cause mortality (Figure 3.7).
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Table 3.5. RR and 95% CI for all-cause mortality by level of social isolation after adjustment for each group of covariates.

Least Moderately Most p for hetero- » % Attenuation

9L

Isolated Isolated Isolated geneity LRx in LR y?
ALL-CAUSE MORTALITY
No. of deaths 2,886 4,976 1,805
Age, region (minimally adjusted) 1.00 () 1.27 (1.21,1.33) 1.72 (1.62,1.83) <0.0001 314 -
Age, region, personal characteristics 1.00 (-) 1.20 (1.15, 1.26) 1.55 (1.46,1.65) <0.0001 198 37
Age, region, deprivation 1.00 (-) 1.25 (1.19, 1.30) 1.65 (1.56,1.76) <0.0001 266 15
Age, region, education 1.00 (-) 1.24 (1.18,1.30) 1.66 (1.56,1.76) <0.0001 263 16
Age, region, disability 1.00 (-) 1.24 (1.19, 1.30) 1.64 (1.55,1.74) <0.0001 261 17
Age, region, health behaviour factors 1.00 () 1.14 (1.09, 1.19) 1.39 (1.30,1.47) <0.0001 108 66
Age, region, smoking 1.00 (-) 1.19 (1.13, 1.24) 1.49 (1.40,1.58) <0.0001 162 48
Age, region, alcohol 1.00 (-) 1.26 (1.20, 1.31) 1.68 (1.58,1.78) <0.0001 284 10
Age, region, physical activity 1.00 (-) 1.24 (1.18,1.30) 1.65 (1.56,1.76) <0.0001 267 15
Age, region, body mass index 1.00 (-) 1.26 (1.20, 1.32) 1.70 (1.60,1.80) <0.0001 298 5
Age, region, physiological factors 1.00 () 1.26 (1.20, 1.32) 1.70 (1.60,1.80) <0.0001 299 5
Age, region, hypertension 1.00 (-) 1.27 (1.21,1.33) 1.71 (1.62,1.82) <0.0001 310 1
Age, region, diabetes 1.00 (-) 1.26 (1.21,1.32) 1.70 (1.61,1.81) <0.0001 303 4
Fully adjusted 1.00 (-) 1.11 (1.06, 1.16) 1.32 (1.24,1.40) <0.0001 75 76




3.3.6 Age Differences

No statistically significant interaction was observed between social isolation and attained age

in relation to each outcome (Table 3.6).

3.3.7 Sensitivity Analyses

Among the 10,876 incident CHD events, 2,738 were AMI events. Fully adjusted analyses
found no statistically significant associations between social isolation and AMI incidence
(Table A3.1, pp.226, Moderately Isolated: RR=0.99, 95% CI: 0.91-1.08, Most Isolated:
RR=1.10, 95% CI: 0.97-1.23, p=0.20). Among the 6,281 first stroke events, 2,592 events were
ischaemic strokes, and 1,033 events were haemorrhagic strokes. After full adjustment,
associations between social isolation and any first stroke event were generally consistent with
both stroke sub-types, however the association with haemorrhagic stroke became only
marginally statistically significant (Table A3.1, Moderately Isolated: RR=1.00, 95% CI: 0.87-
1.15, Most Isolated: RR=1.25, 95% CI: 1.04 -1.52, p=0.04). Among the 559 CHD deaths, 264
were due to AMI. Compared to CHD mortality, after full adjustment, weaker associations were
observed between social isolation and AMI mortality (Table A3.1, Moderately Isolated:
RR=1.06, 95% CI: 0.78-1.42, Most Isolated: RR=1.61, 95% CI: 1.12-2.30; p=0.02). Among
the 587 stroke deaths, 45 were ischaemic strokes and 305 were haemorrhagic strokes. Few
ischaemic stroke deaths were observed across levels of social isolation and while social
isolation was associated with ischaemic stroke mortality there was large variation in the
magnitude of associations. After full adjustment, the association between social isolation and
haemorrhagic stroke mortality was consistent in magnitude with the association between social

isolation and any stroke mortality (Table A3.1).

After excluding the first two years of follow-up, the association between social isolation and
CHD incidence was consistent with associations from the main analysis but no longer
statistically significant (Table A3.2, pp.227, Moderately Isolated: RR=1.00, 95% CI: 0.95-
1.06, Most Isolated: RR=1.06, 95% CI: 0.99-1.14, p=0.22). After excluding two years of
follow-up, associations between social isolation, stroke incidence, stroke mortality, and all-
cause mortality were attenuated but remained statistically significant (Table A3.2).
Associations between social isolation and CHD mortality increased in magnitude after
excluding follow-up (Table A3.2, Moderately Isolated: RR=1.35, 95% CI: 1.06-1.71, Most
Isolated: RR=2.10, 95% CI: 1.58-2.79, p<0.0001).
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Estimates of association observed in analyses which mutually adjusted of each SCI constituent

measure were virtually the same as the main results examining each SCI constituent measure

without adjustment for the other constituent measures (Table A3.3, pp.228).

Table 3.6. RR and 95% CI of social isolation in relation to vascular disease incidence

and mortality by attained age.

<75 275
No. of o No. of o p for
Cases RR(95% Cl) Cases RR(95% Cl) interaction
CHD Incidence
Least Isolated 2,511 1.00 (-) 1,217 1.00 (-) 0.07
Moderately Isolated 3,390 0.97 (0.92,1.02) 2,101 1.05 (0.98, 1.13)
Most Isolated 866 1.02 (0.94,1.10) 791 1.16 (1.06, 1.27)
Stroke Incidence
Least Isolated 1,079 1.00 (-) 878 1.00 (-) 0.85
Moderately Isolated 1,653 1.10 (1.01,1.19) 1,565 1.11 (1.02, 1.20)
Most Isolated 473 1.25 (1.12,1.40) 633 1.31 (1.18, 1.45)
CHD Mortality
Least Isolated 75 1.00 (-) 65 1.00 (- 0.59
Moderately Isolated 135 1.07 (0.80,1.44) 145 1.31 (0.97,1.76)
Most Isolated 64 1.75 (1.23,249) 75 1.86 (1.31,2.63)
Stroke Mortality
Least Isolated 88 1.00 (-) 75 1.00 (-) 0.79
Moderately Isolated 134 1.12 (0.85,1.48) 162 1.29 (0.98, 1.70)
Most Isolated 50 1.64 (1.14,2.36) 78 1.77 (1.28,2.47)
All-Cause Mortality
Least Isolated 1,666 1.00 (-) 1,220 1.00 (-) 0.07
Moderately Isolated 2,607 1.09 (1.02,1.16) 2,369 1.13 (1.06, 1.22)
Most Isolated 850 1.38 (1.27,1.50) 955 1.27 (1.16, 1.38)
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3.4 Discussion

In this prospective analysis of 326,169 women without previous vascular disease, cancer, or
fair/poor self-rated health at baseline, social isolation was associated with CHD and stroke
incidence, CHD and stroke mortality, and all-cause mortality. After full adjustment, compared
to the least isolated women, the most isolated women had approximately 7% greater CHD
incidence, 28% greater stroke incidence, 80% greater CHD mortality, 71% greater stroke
mortality, and 32% increased all-cause mortality. Adjustment for explanatory factors
attenuated minimally adjusted associations between social isolation and vascular disease
incidence and all-cause mortality to a greater degree than for associations with vascular disease
mortality. Personal characteristics and health behaviours, in particular, may largely explain
associations between social isolation and vascular disease incidence and all-cause mortality.
The strength of associations between social isolation and vascular disease mortality represent
compelling evidence of associations not fully explained by traditional explanatory factors.
However, as with vascular disease incidence, measurement error in the factors adjusted for, or
unmeasured explanatory factors may further account for the excess risk observed among the
most isolated participants. Among the measures constituting social isolation, not one was
associated with CHD incidence. Living alone tended to have the strongest associations with
stroke incidence and each mortality outcome while associations with contact with family or
friends and groups were generally weaker and mixed in terms of statistical significance. No
statistically significant age-differences in the associations between social isolation, vascular

disease, and mortality were observed.
Little Evidence of Association between Social Isolation and CHD Incidence

After applying thorough cohort exclusion criteria and fully adjusting analyses for explanatory
factors, CHD and stroke incidence was 7% and 28% greater, respectively, among the most
isolated women compared to the least isolated women. A recent meta-analysis of prospective
studies found that people with poor social relationships (i.e. socially isolated or lonely) were
approximately 30% more likely to develop CHD and stroke (Valtorta, Kanaan, Gilbody, Ronzi,
etal.,2016). However, several studies included in this review did not exclude participants with
underlying vascular disease or adjust for explanatory factors such as socioeconomic status and
health behaviours. After studies with greater risk of bias were excluded, associations with CHD
and stroke incidence were not statistically significant. Beyond those reviewed by Valtorta and
colleagues (2016), several prospective studies using composite indices of social isolation have

not found significant associations between social isolation and CHD incidence (Kawachi et al.,
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1996; Barefoot et al., 2005; Chang et al., 2017; Hakulinen et al., 2018; Valtorta, Kanaan, et
al., 2018).

The association between social isolation and CHD incidence observed in the current analysis
may be explained by bias for a few reasons. First, adjustment for personal characteristics, health
behaviours, and physiological factors almost completely attenuated the minimally association
with CHD incidence. Thus, the remaining association may be due to residual confounding.
Second, not one SCI constituent measure was associated with CHD incidence, making it
difficult to understand exactly which aspect of social isolation could impact the development
of CHD. Third, associations were not observed between social isolation and incident AMI thus
challenging the hypothesis that social isolation promotes stress responses which lead to
vascular inflammation and the development of AMI (Section 1.4.4). When these potential
biases are considered alongside the findings of previous research, there remains little evidence

of association between social isolation and the development of CHD.
Evidence of Weak Association between Social Isolation and Stroke Incidence

Few previous studies examined social isolation in relation to stroke incidence, and those that
have present contrasting findings (Kawachi et al., 1996; Hakulinen et al., 2018) (Table 2.2).
After adjusting for explanatory factors, the current analysis found that compared to the least
isolated women, the moderately isolated and the most isolated women had 11% and 28%
greater stroke incidence, respectively. This association was consistent for ischaemic and
haemorrhagic stroke subtypes (Table A3.2, pp.227). The current analysis adds to the literature

base with evidence of weak associations between social isolation and stroke incidence.

Kawachi and colleagues (1996) found that compared to the least isolated men, the most isolated
men had increased risk of incident stroke (Most Isolated: RR=2.02, 95% CI: 1.00-4.08, p for
trend<0.01). A related study among American adults using the Lubben social network scale
(i.e. a scale similar to the Berkman Syme social network index but includes functional
dimensions of social isolation) found that compared to the least isolated adults, the most
isolated had a 44% increased risk of incident stroke (Small Social Network RR=1.44, 95% CI.
1.02-2.04, p=not reported; Nagayoshi et al., 2014). Among UK Biobank participants,
Hakulinen and colleagues (2018) did not find statistically significant associations between
social isolation and stroke incidence after adjustment for a broader collection of covariates
including depressive symptoms, blood pressure, and hand-grip strength (RR=1.06, 95% CI:
0.96-1.19, p=0.26). However, a potentially important difference between the current analysis

and Hakulinen and colleagues (2018) is the structure of the social isolation variables analysed.
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While similar measures were used to ascertain social isolation in the current study, Hakulinen
and colleagues (2018) grouped those with scores of zero and one as “not isolated” and those
with scores of two and three as “isolated.” This dichotomisation may have underestimated
associations. People who were moderately isolated (i.e. score of one) may have increased the
baseline hazard of the reference group thus making differences between isolated and non-

isolated groups less stark.

The association between social isolation and stroke incidence observed in the current analysis
could be explained by unmeasured confounding. Adjustment for explanatory factors attenuated
minimally adjusted associations between social isolation and stroke incidence by 67%. While
personal characteristics and health behaviours such as smoking explained much of the
minimally adjusted association, it remains possible that other unmeasured confounding or
mediating factors could explain the excess risk observed. Indeed, previous research offers little
explanation for why social isolation would be associated with the development of stroke but
not CHD. While these diseases share pathological similarities, such as atherosclerosis-related
ischaemia, stroke can also be caused by blood clots and blood vessel ruptures in the brain.
Factors that were under- or unaccounted for in the current analysis which may further explain
the observed association may include clinically measured blood pressure and serum cholesterol
levels (versus self-reported history of hypertension), and history of atrial fibrillation (Meschia
et al., 2014). Further research is needed to understand if and how social isolation is associated

with stroke incidence.
Stronger Evidence of Associations between Social Isolation and Mortality

The current findings in relation to mortality outcomes are compelling and strengthen the
evidence for associations between social isolation and vascular disease mortality. The most
isolated women had 80% and 71% greater CHD and stroke mortality compared to the least
isolated women, respectively. The magnitude of associations with vascular disease mortality
observed in the current analysis tend to be stronger than those of previous studies. Past studies
suggest that compared to less isolated adults, the most isolated have 24% to 76% greater CHD
and CVD mortality (Kawachi et al., 1996; Yang et al., 2013; Chang et al., 2017; Elovainio et
al., 2017; Alcaraz et al., 2018). Heterogeneity in the methodological characteristics of these
studies such as populations sampled, and the measurement of social isolation, explanatory
factors, and outcomes may explain some of this variation in the strength of association.
Compared to vascular disease incidence, the explanatory factors adjusted for in the current
analysis explained lesser proportions of the minimally adjusted associations between social
isolation and CHD and stroke mortality (64% and 41% attenuation of the LR y? test statistic
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respectively). It thus remains possible that unmeasured confounding or mediating factors, such

as help-seeking behaviours, could further explain the associations observed.

Given the time-sensitive nature of CHD and stroke prognosis and that living alone can impede
or delay help-seeking behaviour (e.g. calling emergency medical services), the associations
between social isolation and vascular disease mortality could be in part explained by delays in
seeking health care after acute vascular disease events (DeVon et al., 2010; Fonarow ef al.,
2011; Canvin et al., 2018). Living with a partner or frequent contact with relatives and friends
may also assist with post-hospitalization recovery, chronic disease management, or provide
emotional support (Udell et al., 2012; Berkman and Krishna, 2014; Floud et al., 2014). The
role of social support and help-seeking is indirectly supported by evidence from the current
analysis which suggests that only those who are within the most isolated groups may be at
increased risk of death. Moderate isolation tended to have weaker and statistically non-
significant associations with vascular disease mortality compared to associations among the
most isolated. Also, when considering the constituent measures of the SCI, living alone was an
experience shared by approximately 90% of women in the most isolated group and tended to
have the strongest associations with CHD and stroke mortality. Living alone was also highly
correlated with marital status reported at the 9-year re-survey. Among the constituent measures
of social isolation, previous studies more consistently find the strongest associations between
being married or living with a partner and mortality outcomes (Kawachi et al., 1996; Eng et
al., 2002; Pantell et al., 2013; Chang et al., 2017; Alcaraz et al., 2018; Laugesen et al., 2018).
Previous analyses of the Million Women Study cohort have also found that compared to
unmarried or unpartnered women, those who were married or living with a partner had similar
risk of developing CHD but lower risk of dying from CHD (Floud et al., 2014). Further
research is needed to examine the role of functional dimensions of isolation such as social
support and behaviours such as timely help-seeking in explaining associations between social

isolation and vascular disease mortality.

It should be noted that the vascular disease mortality outcomes examined in the current analysis
were slightly different from previous studies which examined fatal incident AMI (Kawachi et
al., 1996; Chang et al., 2017). These previous analyses censored individuals at the time of their
first non-fatal vascular disease event during the observation period. As discussed in Section
1.4.5, for consistency with previous studies focused on mortality outcomes, analyses of
mortality in this thesis did not censor individuals with incident non-fatal vascular disease
during the observation period (Yang et al., 2013; Elovainio et al., 2017; Alcaraz et al., 2018).

As a result, during the observation period of the current analysis, some participants may have
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suffered a non-fatal incident event, then have been treated, and then at another time experienced
a fatal event. Some participants’ baseline hazard of vascular disease mortality may thus have
changed to a greater extent than others during the observation period. Given that when studying
older adults it is possible for baseline hazard to evolve over several years of observation, the

mortality outcomes used in the current analysis may make the results more generalizable.

For all-cause mortality, the results of the current analysis were generally consistent with
previous research. After adjustment for explanatory factors, the moderately isolated and most
isolated women had 11% and 32% greater all-cause mortality than the least isolated women,
respectively. In their meta-analysis of 52 studies, Holt-Lunstad and colleagues (2015)
estimated that compared to those who were less isolated, the most isolated had 30% greater
likelihood of death from any cause (OR=1.30, 95% CI:1.16-1.46). Recent prospective analyses
of the English Longitudinal Study of Ageing and UK Biobank cohorts which examine indices
similar to the SCI also reported 26% and 30% greater mortality among the most isolated
compared to less isolated participants (Steptoe et al., 2013; Elovainio et al., 2017; Smith et al.,
2018). Previous prospective studies examining adapted Berkman Syme social network indices
with four levels of social isolation tended to observe stronger but less consistent associations
(Figure 2.3) (Kawachi et al., 1996; Berkman et al., 2004; Pantell et al., 2013; Yang et al., 2013;
Alcaraz et al., 2018). However, these studies tend to be smaller than the current analysis and
previous UK Biobank analyses. Lower case frequencies distributed across four categories of
isolation could lead to overestimation of the strength of association (Greenland et al., 2016).
All-cause mortality is a useful general indicator of population health but it measures an
abundance of causes of death which may vary in their association with social isolation and
potentially confounding factors. Given that in the current analysis adjustment for explanatory
factors attenuated the minimally adjusted association by 76%, unmeasured confounding may
at least in-part explain the excess mortality observed. However, like vascular disease mortality,
delays in seeking care may be a relevant explanatory pathway for other sudden-onset conditions

which all-cause mortality would measure.
Age-Differences

Personal characteristics such as age are believed to modify associations between social
isolation and health. As summarised in Section 2.8, previous prospective studies which
additionally examined age-differences in associations between social isolation, vascular
disease, and mortality tended to crudely compare associations across subgroups defined by age
at baseline. Not one of these studies formally tested whether any interaction between age and

social isolation was statistically significant. In the current analysis, with the exception of
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associations with all-cause mortality, higher magnitude associations tended to be observed
among isolated women who were at least 75 years old compared to those who were under 75
years old. These differences were not meaningful however as no statistically significant
interaction between social isolation and age was observed for each outcome. Despite evidence
suggesting that older adults are at greater risk of social isolation and having more limited access
to emotional support than younger adults, the current analysis suggests that these factors may
have little bearing on if and how social isolation affects vascular disease and mortality (Wilson
et al., 2010; Marit et al., 2012; Nicholson, 2012; Shor et al., 2013). The current analysis
suggests that age may be more appropriately conceptualised as a confounder of associations
between social isolation, vascular disease, and mortality. It should be noted that the mean age
of the Million Women Study 12-year re-survey cohort was 68 years old (Table 3.2). The under
75 group did not have a large number of adults of working age and those who live with
dependents. Therefore, the current analysis may have underestimated age-differences across
these sub-groups. Further research within younger cohorts (e.g. 40 years old and older) presents

an opportunity to test the replicability of associations observed within this older cohort.
Strengths and Limitations

The key strengths and novel aspects of the current analysis are the large sample size, and the
thorough approach taken to mitigate reverse causation, to account for confounding bias, and to
examine the role of potential explanatory factors. This analysis improves upon similar studies
among large UK cohorts as it excluded women reporting poor or fair self-rated health in
addition to those diagnosed with vascular disease or cancer (Elovainio et al., 2017; Hakulinen
et al., 2018). Furthermore, this analysis more closely examined and compared associations
across constituent measures of social isolation and each outcome. The current analysis has
limitations which merit discussion. Social isolation is a socially undesirable experience which
carries a degree of stigma. The associations observed may be underestimated due to over-
reporting of social contact frequency. However, measurement error of social isolation is not
believed to be a concern given that the proportion of people represented in the most isolated
category is consistent with previous studies among older adults in the UK (Beach and Bamford,
2014; Elovainio et al., 2017). Also, given that social isolation was measured at one point in
time, it was not possible to ascertain the duration of exposure to social isolation. Longitudinal
measurements of exposures are useful for examining conditions such as vascular disease which
develop over many years. Despite this, the current findings are believed to be robust as social

isolation levels among older adults tend to remain stable over time (Valtorta, Kanaan, et al.,
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2018). Finally, measurement error in the covariates adjusted for may also contribute some

degree of under or over estimation of associations.

3.5 Conclusion and Future Directions

The current analysis was among the first and largest to examine CHD and stroke incidence and
mortality within a generally healthy population of community-based women. After accounting
for reverse causation and explanatory factors, the most isolated women tended to have similar
risk of developing CHD as the least isolated women. However, there remained evidence that
socially isolated women were at greater risk of incident stroke and death from CHD, stroke,
and any cause. These fully adjusted associations did not vary across those who were under or
at least 75 years old. As hypothesised in Section 2.7, the current analysis suggests that the
health behaviours of more isolated women explain a considerable proportion of their increased
risk of vascular disease and mortality. However, further research is needed to better understand
what additional factors may, at least in-part, explain the strong associations between social
isolation and vascular disease mortality and all-cause mortality. Among these factors are
functional dimensions of social isolation which will be investigated further in Chapter 6. The
next chapter of this thesis will examine the reproducibility of these findings within a mixed

gender sample of 500,000 middle-aged and older adults from the UK.
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4  Social Isolation in Relation to Vascular Disease
Incidence and Mortality within the UK Biobank

4.1 Introduction

4.1.1 Background

Using data from the Million Women Study, Chapter 3 addressed many of the methodological
limitations of previous research. The analysis found that within a generally healthy population
of women, social isolation was more strongly associated with vascular disease mortality than
with vascular disease incidence. The Million Women Study 12-year re-survey cohort was
suitable for studying social isolation among older women. However, given that most
participants were older than state pension age (60 years old in 2009; 65 years old as of 2010),
the working and social lives (i.e. social interaction with colleagues, participation in social
activities, household occupancy) of this cohort was likely to be different to that of middle-aged
adults (Thurley and Mclnnes, 2018). While the Million Women Study analyses did not find
statistically significant differences in associations between those who were younger and older
than 75 years, there were too few participants to compare associations among those of working
age (e.g. less than 65 years old). At approximately the same time as the Million Women Study
12-year re-survey, the UK Biobank collected data on over 500,000 women and men aged 40 to
69 years old. The UK Biobank data provided an opportunity to examine social isolation,
vascular disease, and mortality within a younger, mixed-gender sample of adults living in the

UK.

Two previous studies have examined social isolation in relation to vascular disease incidence
and CVD mortality within the UK Biobank cohort (Elovainio et al., 2017; Hakulinen et al.,
2018). These studies used an index of social contact frequency and living alone similar to the
social contact index (SCI). However, scores were dichotomised to compare the most isolated
participants to those who were less isolated. Approximately 9.0% (approximately n=42,500)
of participants within the UK Biobank were socially isolated according to this measure
(Elovainio et al., 2017; Hakulinen ef al., 2018). Among 479,054 UK Biobank participants
(mean follow-up= 7.1 years), Hakulinen and colleagues (2018) found a minimally adjusted
association between social isolation and incident AMI and stroke. However, these associations

were no longer statistically significant after adjusting for explanatory factors (Most Isolated
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compared to Less Isolated: AMI, fully adjusted RR=1.07, 95% CI: 0.99-1.16, n=5,731; Stroke,
fully adjusted RR=1.06, 95% CI. 0.96-1.19, n=3,471) (Hakulinen et al., 2018). Within a smaller
sub-sample (N=466,901, mean follow-up= 6.5 years), Elovainio and colleagues (2017) found
that compared to less isolated participants, those who were isolated had 24% greater risk of
death from CVD (fully adjusted RR=1.24, 95% CI: 1.17-1.31, n=2,032) and 26% increased
risk of death from any cause (fully adjusted RR=1.26, 95% CI: 1.20-1.33, n=11,593). Again
the adjustment for explanatory factors, particularly personal characteristics and health
behaviours explained the greatest degree of attenuation in the minimally adjusted associations

(Elovainio et al., 2017).

The potential for reverse causation remains an important limitation of these studies because
while people with pre-existing vascular disease were excluded and the presence of chronic
disease at baseline was adjusted for, participants were not excluded based on self-rated health.
As discussed in Section 2.1 and 2.10, fair or poor self-rated health could indicate sub-clinical
vascular disease which may cause people to become more socially isolated. In the presence of
reverse causation, the direction of any associations becomes obscured, and associations can be
overestimated as individuals with higher baseline risk will be overrepresented in the more
isolated categories (Section 2.10). Another limitation of Elovainio and colleagues (2017) is that
their CVD mortality outcome aggregated CHD deaths and stroke deaths. It thus remains
unclear whether differences exist in the strength of associations between social isolation and

mortality due to distinct vascular diseases like CHD and stroke.

As discussed in Section 1.4.2, social isolation is believed to affect women and men differently
due in-part to differing social expectations for giving and receiving social support. To assess
gender-differences, previous studies examining social isolation in relation to vascular disease
and mortality tended to crudely compare estimates of association across gender sub-groups
(Section 2.9). Only two studies formally assessed the statistical significance of any interaction
between gender and social isolation (Steptoe et al., 2013; Alcaraz et al., 2018). Overall,
previous studies present mixed findings in terms of the magnitude of associations within and
across gender subgroups, as well as in the statistical significance of any effect modification by
gender (Section 2.9). Further research among large prospective cohorts is warranted in order
to accurately estimate any associations within gender subgroups and to test for statistical

interaction between social isolation and gender.
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4.1.2 Objectives of Chapter

The purpose of Chapter 4 is to understand if and how social isolation influences vascular
disease incidence, vascular disease mortality, and all-cause mortality within the UK Biobank
cohort and to compare any associations with those found in the Million Women Study analysis.

This research will address three objectives.

1. To examine whether social isolation is associated with vascular disease incidence,

vascular disease mortality, and all-cause mortality, while:
e minimising bias due to reverse causation;

e cxamining how much of any association is explained by personal characteristics,

health behaviours, and physiological factors.

2. To examine associations between individual measures of social isolation such as,
frequency of contact with family or friends, contact with social groups, and living alone,

and vascular disease incidence, vascular disease mortality, and all-cause mortality.

3. To examine whether any associations between social isolation and the aforementioned

outcomes vary by gender.

4.2 Methods
4.2.1 Study Design and Participants

The UK Biobank resource is a large prospective cohort study of 502,543 UK adults.
Approximately 9.2 million adults aged 40 to 69 years old, who were registered with the NHS,
and living within reasonable proximity (40 kilometres) to one of 22 UK Biobank assessment
centres in England, Scotland, and Wales were invited via mail to participate (Fry et al., 2017).
Between 2006 and 2010, 503,317 women and men consented to and completed the baseline
assessment representing a 5.5% response rate (Fry et al., 2017). Compared to the general UK
population targeted for recruitment, participants tended to be older, to live in less deprived
neighbourhoods, and were less likely to be obese, to smoke, or consume alcohol on a daily
basis (Fry et al, 2017). Baseline assessments involved a self-administered
electronic touchscreen questionnaire, nurse-led verbal interview, physical measurements, and
urine and blood sampling (UK Biobank, 2007). To ascertain health outcomes the UK Biobank
is linked to NHS Digital hospital records, primary care records, and cancer and death registry

databases (Sudlow et al., 2015). Ethics approval for primary data collection and subsequent
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analysis was granted under a Human Tissue Authority (HTA) license by the
Northwest Multicentre Research  Ethics Committee  (16/NW/0274) (UK  Biobank,
2007). Further details related to the study protocol and specific data collected can be accessed
online (UK Biobank, 2007, 2018). This analysis was approved by the UK Biobank
Coordinating Centre (Application ID: 28946).

4.2.2 Social Isolation

The UK Biobank touchscreen questionnaire included questions related to frequency of in-
person contact with family, friends, or groups, as well as household occupancy (See Box A-C,
Figure 4.1 for the questions as they appear on the questionnaire). This frequency of contact
with family or friends question refers to in-person contact whereas in the Million Women
Study, this question also included email or telephone contact. In order to maintain consistency
with the Million Women Study analysis, the categories “2-4 times a week,” and “about once a
week” were aggregated to derive a “weekly” category, and “about once a month,” “once every
few months,” and “No friends/family outside household” were aggregated for the “at most

2 <6

monthly” category. Therefore, the analysis compared “almost daily,” “weekly,” and “at most
monthly” categories. To derive the frequency of group contact variable, individuals who
selected at least one of the listed group activities (Box B, Figure 4.1) were categorised as having
“at least weekly” contact with groups, whereas those who selected “none of the above” were
categorised as having “less than weekly” contact with groups. To derive the living alone
variable, all participants who entered “1” for the household occupancy question were

categorised as living alone (Box C, Figure 4.1).

As presented in Figure 4.2 and previously described in Section 3.2.2, these social contact and
living alone variables were aggregated to create a summative social contact index (SCI) score
variable which was used to ascertain levels of social isolation. Participants were given a score
of one if they had social contact with family or friends “at most monthly,” if they did not have
weekly contact with groups, or if they were living alone. These scores were summed to
calculate the overall SCI which ranged from zero (least isolated) to three (most isolated).

Participants with scores of two and three were grouped into the most isolated category.

4.2.3 Outcomes

Using the procedures described in Chapter 3 (Section 3.2.3), the same five outcomes were
examined in this analysis. They are the following: time to first CHD event, time to first stroke

event, time to CHD death, time to stroke death, and time to death from any cause.
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A. Frequency of contact with family or friends

How often do you visit friends or family or have them visit you?

Almost daily

2-4 times a week

About once a week

About once a month

Once every few months

Never or almost never

No friends/family outside household
Do not know

Prefer not to answer

Oooooo4oogog

B. Frequency of contact with groups

Which of the following do you attend once a week or more often?
(You can select more than one)

Sports club or gym
Pub or social club
Religious group
Adult education class
Other group activity
None of the above
Prefer not to answer

OoDooogod

C. Living alone

Including yourself, how many people are living together in your household?
(Include those who usually live in the house such as students living away from home during
term, partners in the armed forces or professions such as pilots)

} people

1 18l 19 Clear

4 5 6 Do not know

1 2 3 Prefer not to answer
0

Figure 4.1. Social relationships related questions (A-C) upon which social
contact and living alone variables were derived.
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Frequency of Contact Weekly Contact with Living Alone
with Family or Friends Social Groups
+ +
1 point for 1 point for 1 point for
“At Most Monthly” “No” “Yes”
Y

Social Contact Index (SCI)

score
Y Y Y

"Least Isolated” "Moderately Isolated" "Most Isolated"

SCl score=0 SCl score= 1 SCl score=2o0r3

Figure 4.2. Derivation of the social contact index within the UK Biobank cohort.

4.2.4 Explanatory Factors

The UK Biobank touchscreen questionnaire was used to measure personal characteristics,
health behaviours and physiological factors. These explanatory factors and their categories are
shown in Table 4.1. To maintain consistency with the Million Women Study analysis, the
current analysis examined similar explanatory factors as in Chapter 3 and used the same model
to visualize the hypothesised relationships between social isolation, these factors, and the
outcomes (Figure 4.3). Personal characteristics (age, gender, region of recruitment,
socioeconomic deprivation, education, disability) were conceptualised as potential
confounders. It should be noted that gender was also examined as modifier of associations.
Health behavioural factors (physical activity, smoking, alcohol intake, body mass index
[BMI]), and physiological factors (self-reported diagnoses of hypertension and diabetes, and
prescription of cholesterol lowering medication) were conceptualised as potential mediators.
Within the UK Biobank, some variables such as blood pressure were measured using multiple
methods (e.g. self-reported history of hypertension and manual blood pressure measurement at
baseline). The explanatory factors included in the current analysis were selected for having
near complete observations, and their structure was determined to maintain consistency with
the Million Women Study analysis. Several considerations about the UK Biobank variables

and how they compare to the Million Women Study analysis variables are worth noting.
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Table 4.1. Description of variables adjusted for in Cox regression analyses.

Explanatory Explanatory Factor Values/Categories
Factor Group
Personal Age Date of birth to date of censoring
Characteristics Gender Female, Male

Region of Recruitment

East Anglia, East midlands, London,
North east, North west, South east, South
west, Wales, West midlands, Yorkshire &
Humber

Socioeconomic deprivation

Least deprived

(Townsend deprivation index) Moderately deprived

Most deprived
Educational attainment Tertiary

Secondary

Less than secondary
Receipt of disability or mobility Yes, No

allowance

Health Frequency of strenuous or Rarely/never
Behavioural moderate exercise Sometimes (1-3 days/week)
Factors Most Days (4-6 days/week)
Daily
Smoking status Current
Never
Former
Alcohol intake 0 days per week
1-4 days per week
=5 days per week
Body Mass Index Desirable (<25 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (=30 kg/m?)
Physiological Self-reported history of hypertension Yes, No
Factors Self-reported history of diabetes Yes, No
Taking cholesterol lowering Yes, No
medication
Personal
Characteristics
v —>»| Health Behaviours v
Social Isolation —> Health
A

» Physiological Factors

Figure 4.3. Analysis-specific conceptualisation of factors potentially modifying,
confounding, and mediating associations between social isolation, vascular disease

and mortality.
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Biological sex recorded at baseline from NHS primary care records was used as a proxy for
participant gender. Within the touchscreen questionnaire, participants are able to confirm or
amend their sex when they complete the touchscreen questionnaire, but self-identified gender
was not collected. Region of recruitment is the European Electoral Region that each
participant’s assessment centre was located. These regions align closely with the Million
Women Study recruitment regions. Unlike the Million Women Study, the UK Biobank did not
assess multiple dimensions of functional limitation and disability. Therefore, a disability score
variable using the Washington Group criteria could not be calculated. In the current analysis,
disability was ascertained based on receipt of state disability or mobility benefits (e.g.
attendance or disability living allowance, or blue badge). At the time this analysis was
conducted, IMD 2010 data was not available for UK Biobank participants. Therefore, the

Townsend index was used as a proxy for individual-level socioeconomic deprivation.

The Townsend index is commonly used in UK health research as a proxy indicator of
individual-level socioeconomic position (Adams, Ryan and White, 2005; Shavers, 2007).
Townsend scores are calculated based on the proportion of households within enumeration
districts (i.e. geographic areas of on average 200 households or approximately 450 people) that
do not own a car, are not owner occupied, are overcrowded (i.e. greater than one person per
room), and the proportion of residents that are economically active but unemployed
(Townsend, Beattie and Phillimore, 1988; Office of National Statistics, 2017). The UK
Biobank derived Townsend scores based on data from the 2001 census which was linked using
participant postcode at the time they attended the UK Biobank assessment centre. Within the
Million Women Study analysis, the Townsend index and IMD 2010 were moderately
correlated (p=0.42), and previous research suggests that they are comparably correlated with

morbidity and mortality (Jordan, Roderick and Martin, 2004; McLennan et al., 2011).

Similar questions about health behaviours and physiological factors were asked in the UK
Biobank touchscreen questionnaire and the Million Women Study 12-year re-survey. There are
however two differences in the explanatory factors examined worth noting. First, UK Biobank
participants were asked to report the number of days per week they consumed alcohol in the
past year, versus, the number of units consumed per week as in the Million Women Study. The
categories used for alcohol intake were chosen to compare those who drink approximately daily
and less than daily with those who never or formerly consumed alcohol. Secondly, self-reported
prescription of cholesterol medications was included as a physiological explanatory factor in

the current analysis to adjust for exposure to high serum cholesterol levels before medication
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was prescribed, and potential residual hypercholesterolemia after prescription. The Million
Women Study analysis did not adjust for hypercholesterolemia because information related to
self-reported diagnosis, serum cholesterol, or cholesterol medications were not available for

the 12-year resurvey cohort.

4.2.5 Statistical Analyses

Similar cohort exclusion criteria as Chapter 3 (Section 3.2.5) were used to ensure the results
from this analysis were comparable. In total, 502,543 adults from the UK were considered for
this analysis. Participants were then excluded if they met the following criteria: were recruited
from Scotland (n=35,845); had previous hospital admissions for CHD or stroke (n=21,726);
had previous cancer registrations (n=29,647); self-reported a previous diagnosis of MI, angina,
stroke, or cancer (n=20,159); if they reported fair or poor self-rated health (n=92,195); or had

missing data related to social contact or living alone (n=6,058).

Participants were observed from the time of survey completion to time of event, death, loss to
follow-up or 31 January 2016. Cox regression was used to estimate relative risks (RR) and 95%
confidence intervals (CI). To adjust for age, all models used attained age (i.e. date of birth to
date of event or censored) as the underlying time variable. Minimally adjusted models
additionally stratified by gender and adjusted for recruitment region as a covariate. Further
adjustment was made for additional personal characteristics, health behavioural factors, and
physiological factors. Missing data for the covariates (<2.0% for all variables) were assigned
to a separate category. To examine the assumption of proportional hazards, log-log plots and

Schoenfeld residuals were assessed. The assumption was found to be reasonable.

For objectives one and two, differences in RRs across levels of each exposure were tested for
all models using the likelihood ratio (LR) test of heterogeneity. To address objective one, the
LR y? attenuation method described in Section 3.2.5 was again used to assess the extent to
which each covariate and group of covariates explained associations between social isolation
and each outcome. To address objective two, fully adjusted analyses were conducted for each
SCI score constituent variable in relation to each outcome. To address objective three, gender
differences in associations between social isolation and each outcome were assessed using fully
adjusted sub-group analyses. Differences between women and men in these associations were
assessed using the LR test of interaction. To further investigate reverse causation bias within
the results, sensitivity analyses examined social isolation in relation to each outcome after

excluding the first two years of follow-up.

All analyses were conducted using Stata 15.1 (StataCorp College Station, TX, USA).
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4.3 Results

In total, 296,913 participants without previous vascular disease, cancer, or fair/poor self-rated
health at baseline were included in the analysis. Characteristics of this cohort are presented in
Table 4.2. During a mean follow-up period of 6.9 years (SD: 0.9), there were 7,028 incident
CHD events, 2,287 incident stroke events, 440 CHD deaths, 203 stroke deaths, and 4,694
deaths from any cause. Participants were on average 56 years old (SD: 8.1) and 55.8%
identified as female. Approximately 12.6% of participants were within the most isolated SCI
score category. Under a quarter of participants reported living alone (16.6%) and having at
most monthly contact with relatives or friends (21.6%). Over a quarter of participants reported
less than weekly contact with groups (27.8%). The most isolated participants tended to be more
deprived, less educated, current smokers, have higher BMI, and be less physically active than
the least isolated women. However, they tended to consume alcohol less frequently and
exhibited only marginal differences according to self-reported diagnoses of hypertension and
diabetes, prescription of cholesterol medications, and receipt of disability or mobility

allowance.

The UK Biobank (UKB) cohort was on average 10 years younger than the Million Women
Study (MWS) cohort and using the Townsend deprivation index had a greater proportion of
people living in the most deprived neighbourhoods (UKB: 29.0%; MWS: 13.5%). Unlike the
Million Women Study, which assessed frequency of any social contact (i.e. phone, email, in-
person), the UK Biobank assessed frequency of in-person contact with family or friends. It is
thus difficult to compare frequency of contact with family or friends across cohorts (At most
monthly contact, UKB: 21.6%; MWS: 2.0%). Compared to the Million Women Study cohort,
UK Biobank participants tended to have more frequent contact with groups (Less than Weekly,
UKB: 27.8%; At most monthly contact, MWS: 48.1%), and fewer lived alone (UKB: 16.6%;
MWS: 23.6%). As evidence of differences in the working lives and living arrangements of
participants in these cohorts, post-hoc descriptive analyses found that a greater proportion of
UK Biobank participants were currently working (UK Biobank: 62.7% [n=186,376], Million
Women Study: 17.0% [r=55,830]), lived in multi-occupant households (Mean household
occupants, UK Biobank: 2.5 [SD=1.3], Million Women Study: 1.9 [SD=0.7], and lived in urban
areas (Proportion of participants living in jurisdictions with at least 10,000 residents, UK

Biobank: 84.5% [n=248,446], Million Women Study: 69.7% [1n=227,306]).

There were small differences in the proportion of current smokers (UKB: 8.3%; MWS: 5.5%),
physically inactive individuals (UKB: 9.7%; MWS: 7.2%), and those with BMI greater or equal
to 30 kg/m?> (UKB: 18.6%; MWS: 16.9%). In both cohorts, approximately 20.0% of

95



participants reported previous diagnoses of hypertension and 3.0% reported previous diagnoses
of diabetes. Due to differences in the response categories for educational attainment, disability,
and alcohol intake, it is difficult to compare the cohorts on these characteristics. However, the
proportions of participants with these characteristics changed in a consistent pattern across
levels of social isolation. Compared to the least isolated participants, the most isolated tended

to have lower educational attainment, greater disability, less frequent alcohol consumption
(Table 3.2 and 4.2).
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Table 4.2. Baseline characteristics of participants by level of social isolation and
details of follow-up.

Social Contact Index score

0 1 2
Overall Least Moderately Most
Isolated, Isolated, Isolated,

N=296,913  n=141,426 n=117,879 n=37,608
(47.6%)  (39.7%)  (12.6%)

Characteristics

Mean Age (SD) 56.0 (8.1) 56.2(8.1) 55.9(8.1) 55.5(7.9)
Female (%) 55.8 56.9 56.0 50.9
Most deprived tertile (%) 29.0 244 31.2 39.4
Less than secondary education (%) 13.3 12.4 14.0 14.7
Receipt of disability/mobility allowance (%) 1.7 1.4 1.8 2.2
At most monthly social contact with family

or friends (%) 21.6 0.0 30.9 74.2
Less than weekly contact with groups (%) 27.8 0.0 43.2 83.6
Living alone (%) 16.6 0.0 25.9 50.1
Current smoker (%) 8.3 6.8 8.9 12.0
Alcohol consumed =5 days per week (%) 21.7 22.5 211 20.7
Rarely/never, exercise (%) 9.7 6.7 11.2 15.9
BMI 230 kg/m? (%) 18.6 17.9 19.0 20.1
History of hypertension (%) 20.3 20.1 20.3 20.8
History of diabetes (%) 26 24 27 3.2
Taking cholesterol medication (%) 10.6 10.9 10.4 10.6

Follow-up for Vascular Disease Incidence and Mortality Outcomes

Incident CHD events (n) 7,028 3,428 2,709 891
Mean years of follow-up per person (SD) 6.8(1.1) 6.8(1.1) 6.8(1.1) 6.8(1.1)
Person-years (1000s) 2020 964 802 255

Incident Stroke events (n) 2,287 1,034 908 345
Mean years of follow-up per person (SD) 6.9(1.0) 6.9(0.9) 6.9(1.0) 6.8(1.0)
Person-years (1000s) 2037 972 808 256

CHD deaths (n) 440 167 190 83
Mean years of follow-up per person (SD) 6.9(0.9) 6.9(0.9) 6.9(0.9) 6.8(0.9)
Person-years (1000s) 2044 975 811 257

Stroke deaths (n) 203 79 79 45
Mean years of follow-up per person (SD) 6.9(0.9) 6.9(0.9) 6.9(0.9) 6.8(0.9)
Person-years (1000s) 2044 975 811 257

All-cause deaths (n) 4,694 2,003 1,918 773
Mean years of follow-up per person (SD) 6.9(0.9) 6.9(0.9) 6.9(0.9) 6.8(0.9)
Person-years (1000s) 2044 975 811 257

Note: Percentages calculated based on women with complete information for each specific variable.
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4.3.1 Prospective Analyses of CHD Incidence

Social isolation was not associated with CHD incidence in minimally nor fully adjusted
analyses (Figure 4.4). For this reason, attenuation in the LR y? test statistic was not assessed.
While no associations were observed among any of the SCI score constituent measures, it
should be noted that the association between frequency of contact with family or friends and

CHD incidence was marginally statistically non-significant (p=0.05; Figure 4.5).

4.3.2 Prospective Analyses of Stroke Incidence

After minimal adjustment for age, gender, and region of recruitment, greater social isolation
was associated with increased stroke incidence (Figure 4.4). This association was attenuated
after further adjustment for all personal characteristics, health behavioural factors, and
physiological factors (Figure 4.4, Table 4.3). After full adjustment, the most isolated
participants had 23% greater stroke incidence than the least isolated participants (Figure 4.4,
Moderately Isolated: RR=1.05, 95% CI: 0.96-1.15; Most Isolated: RR=1.23, 95% CI: 1.09-
1.40, p<0.01). Personal characteristics and health behavioural factors, particularly deprivation
and smoking, explained the greatest proportions of the minimally adjusted association (Table
4.3). The minimally adjusted association attenuated by 8% after adjusting for physiological
factors. Overall, the association attenuated by 56% after full adjustment. Among the SCI score
constituent measures, living alone had the strongest association with incident stroke (Figure
4.5, RR=1.18, 95% CI: 1.06-1.31, p<0.01). Weekly contact with family or friends was
associated with 12% decreased risk of incident stroke compared to almost daily contact,
however, no association was observed for at most monthly contact (Figure 4.5, Weekly:
RR=0.88, 95% CI. 0.78-0.99; At Most Monthly: RR=1.04, 95% CI: 0.90-1.21; p<0.01).

Frequency of contact with groups was not associated with stroke incidence (Figure 4.5).
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CHD INCIDENCE
Social Contact Index

Least Isolated
Moderately Isolated

Most Isolated

STROKE INCIDENCE
Social Contact Index
Least Isolated
Moderately Isolated

Most Isolated

No. of
events

3428
2709
891

1034
908
345

Minimally Adjusted

1

1 2 3

RR (95% Cl)

0.99 (0.94, 1.04)
1.02 (0.95, 1.10)
Heterogeneity: p=0.65

1.10 (1.01, 1.21)

1.36 (1.21, 1.54)
Heterogeneity: p<0.0001

Fully Adjusted

1

2

3

RR (95% Cl)

0.95 (0.90, 1.00)

0.94 (0.88, 1.02)
Heterogeneity: p=0.10

1.05 (0.96, 1.15)
1.23 (1.09, 1.40)
Heterogeneity: p<0.01

Figure 4.4. Minimally and fully adjusted RR and 95% CI for social isolation in relation
to vascular disease incidence. The size of the square boxes is inversely proportional to
the standard error of the relative risk estimate. Minimally adjusted models included: age,
gender, region. Fully adjusted models included: age, gender, region, deprivation, education,
disability, smoking, alcohol, physical activity, BMI, hypertension, diabetes, cholesterol

medications.
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Table 4.3. RR and 95% CI for stroke incidence by level of social isolation after adjustment for each group of covariates.

Least Moderately Most p for hetero- LR 2 % Attenuation
STROKE INCIDENCE Isolated Isolated Isolated geneity X in LR y2
No. of first stroke events 1,034 908 345
Age, gender, region (minimally adjusted) 1.00 () 1.10 (1.01,1.21) 1.36 (1.21,1.54) <0.0001 23.86 -
Age, gender, region, personal characteristics 1.00 (-) 1.08 (0.98,1.18) 1.30 (1.15, 1.47) <0.001 16.30 32
Age, gender, region, deprivation 1.00 (-) 1.08 (0.99,1.18) 1.31 (1.16, 1.48) <0.001 17.94 25
Age, gender, region, education 1.00 (-) 1.10 (1.00,1.20) 1.35 (1.20,1.53) <0.0001 22.33 6
Age, gender, region, disability 1.00 (-) 1.10 (1.00,1.20) 1.35 (1.19,1.52) <0.0001 22.06 8
Age, gender, region, health behaviour factors 1.00 (-) 1.07 (0.98,1.18) 1.28 (1.13, 1.45) <0.001 15.04 37
Age, gender, region, smoking 1.00 (-) 1.08 (0.99,1.18) 1.31 (1.16, 1.48) <0.001 17.70 26
Age, gender, region, alcohol 1.00 (-) 1.10 (1.00,1.20) 1.34 (1.19,1.52) <0.0001 21.54 10
Age, gender, region, physical activity 1.00 (-) 1.10 (1.01,1.20) 1.36 (1.20, 1.54) <0.0001 22.84 4
Age, gender, region, body mass index 1.00 (-) 1.10 (1.01,1.20) 1.36 (1.20, 1.54) <0.0001 23.33 2
Age, gender, region, physiological factors 1.00 () 1.10 (1.00,1.20) 1.35 (1.19,1.52) <0.0001 21.93 8
Age, gender, region, hypertension 1.00 (-) 1.10 (1.00,1.20) 1.35 (1.20, 1.53) <0.0001 22.71 5
Age, gender, region, diabetes 1.00 (-) 1.10 (1.01,1.20) 1.35 (1.20, 1.53) <0.0001 22.80 4
Age, gender, region, cholesterol medications 1.00 (-) 1.10 (1.01,1.21) 1.36 (1.21, 1.54) <0.0001 23.91 0
Fully adjusted 1.00 () 1.05 (0.96,1.15) 1.23 (1.09, 1.40) <0.01 10.55 56




Fully Adjusted

No. of
events RR (95% CI)
CHD INCIDENCE
Contact with Family or Friends
Almost daily 880
Weekly 4756 0.98 (0.92, 1.06)
At Most Monthly 1392 0.92 (0.84, 1.00)
Heterogeneity: p=0.05
Contact with Groups
At least weekly 5071
Less than weekly 1957 - 0.99 (0.94, 1.05)
Heterogeneity: p=0.82
Living Alone
No 5816
Yes 1212 = 0.96 (0.90, 1.03)
Heterogeneity: p=0.24
STROKE INCIDENCE
Contact with Family or Friends
Almost daily 321
Weekly 1453 i 0.88 (0.78, 0.99)
At Most Monthly 513 1.04 (0.90, 1.21)
Heterogeneity: p<0.01
Contact with Groups
At least weekly 1661
Less than weekly 626 = 0.99 (0.90, 1.09)
Heterogeneity: p=0.80
Living Alone
No 1793
Yes 494 = 1.18 (1.06, 1.31)
Heterogeneity: p<0.01

1 2 3

Figure 4.5. Fully adjusted RR and 95% CI for each social contact variable in relation
vascular disease incidence. The size of the square boxes is inversely proportional to the
standard error of the relative risk estimate.
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4.3.3 Prospective Analyses of CHD Mortality

In minimally and fully adjusted analyses, social isolation was associated with CHD mortality
(Figure 4.6). After full adjustment, compared to the least isolated participants, the moderately
isolated and most isolated participants had 34% and 68% increased risk of death due to CHD,
respectively (Figure 4.6, Moderately Isolated: RR=1.34, 95% CI: 1.09-1.66; Most Isolated:
RR=1.68, 95% CI: 1.28-2.21, p<0.001). Among the covariates, personal characteristics and
health behaviours again explained the greatest degree of the minimally adjusted association
between social isolation and CHD mortality (Table 4.4). Deprivation and smoking each
accounted for 20% and 18% of this association (Table 4.4). Overall, the association was
attenuated by 38% after full adjustment (Table 4.4). The only SCI score constituent variable
that was associated with CHD mortality after full adjustment was living alone (Figure 4.7,

RR=1.70, 95% CI: 1.37-2.12, p<0.0001).

4.3.4 Prospective Analyses of Stroke Mortality

Social isolation was associated with an increased risk of stroke mortality in minimally and fully
adjusted analyses (Figure 4.6). After full adjustment, the most isolated participants had a two-
fold increase in their risk of death from stroke (Figure 4.6, Moderately Isolated: RR=1.14, 95%
CI: 0.83-1.56; Most Isolated: RR=1.92, 95% CI: 1.32-2.81, p<0.01). Like CHD mortality,
personal characteristics and health behavioural factors explained the greatest degree of the
minimally adjusted associations between social isolation and stroke mortality (Table 4.5,
Percentage attenuation in LR %2, Personal characteristics: 23%, Health behaviours: 26%).
Overall, the association was attenuated by 41% after full adjustment (Table 4.5). Among the
SCI score constituent variables, only frequency of contact with family or friends was associated
with stroke mortality (Figure 4.7, Weekly: RR=0.91, 95% CI: 0.60-1.39; At Most Monthly:
RR=1.68, 95% CI: 1.05-2.67; p<0.01).
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Minimally Adjusted Fully Adjusted

No. of
deaths RR (95% CI) RR (95% ClI)
CHD MORTALITY
Social Contact Index
Least Isolated 167
Moderately Isolated 190 —— 1.44 (1.17,1.77) —— 1.34 (1.09, 1.66)
Most Isolated 83 —a— 1.93 (1.48, 2.51) —a— 1.68 (1.28, 2.21)
Heterogeneity: p<0.0001 Heterogeneity: p<0.001
STROKE MORTALITY
Social Contact Index
Least Isolated 79
Moderately Isolated 79 T 1.25(0.92,1.71) —-—— 1.14 (0.83, 1.56)
Most Isolated 45 —=—> 234 (1.62, 3.39) —s— 1.92(1.32,2.81)
Heterogeneity: p<0.0001 Heterogeneity: p<0.01
ALL-CAUSE MORTALITY
Social Contact Index
Least Isolated 2003
Moderately Isolated 1918 % 1.20 (1.13, 1.28) 1 1.14 (1.07,1.21)
Most Isolated 773 1.57 (1.44,1.70) 1.38 (1.27, 1.51)
Heterogeneity: p<0.0001 Heterogeneity: p<0.0001
1 2 3 1 2 3

Figure 4.6. Minimally and fully adjusted RR and 95% CI for social isolation in relation
to mortality outcomes. The size of the square boxes is inversely proportional to the
standard error of the relative risk estimate. Minimally adjusted models included: age, gender,
region. Fully adjusted models included: age, gender, region, deprivation, education,
disability, smoking, alcohol, physical activity, BMI, hypertension, diabetes, cholesterol
medications.
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Table 4.4. RR and 95% CI for CHD mortality by level of social isolation after adjustment for each group of covariates.

Least Moderately Most p for hetero- LR 2 % Attenuation
CHD MORTALITY Isolated Isolated Isolated geneity X in LR x2
No. of CHD deaths 167 190 83
Age, gender, region (minimally adjusted) 1.00 () 1.44 (1.17,1.77) 1.93 (1.48, 2.51) <0.0001 25.31 -
Age, gender, region, personal characteristics 1.00 () 1.38 (1.12,1.70) 1.77 (1.35, 2.31) <0.0001 19.06 25
Age, gender, region, deprivation 1.00 (-) 139 (1.13,1.71) 1.80 (1.38, 2.35) <0.0001 20.13 20
Age, gender, region, education 1.00 (-) 1.42 (1.15,1.75) 1.90 (1.46, 2.48) <0.0001 2414 5
Age, gender, region, disability 1.00 (-) 1.43 (1.16,1.76) 1.90 (1.46, 2.47) <0.0001 24.19 4
Age, gender, region, health behaviour factors 1.00 (-) 1.39 (1.13,1.72) 1.82 (1.39, 2.37) <0.0001 20.70 18
Age, gender, region, smoking 1.00 (-) 139 (1.13,1.72) 1.80 (1.38, 2.35) <0.0001 20.65 18
Age, gender, region, alcohol 1.00 (-) 143 (1.16,1.76) 1.91 (1.47,2.49) <0.0001 24.72 2
Age, gender, region, physical activity 1.00 (-) 1.44 (1.17,1.77) 1.93 (1.48,2.52) <0.0001 25.33 0
Age, gender, region, body mass index 1.00 (-) 144 (1.17,1.77) 1.93 (1.48,2.51) <0.0001 25.38 0
Age, gender, region, physiological factors 1.00 () 1.42 (1.15,1.75) 1.88 (1.44, 2.45) <0.0001 23.51 7
Age, gender, region, hypertension 1.00 (-) 1.43 (1.16,1.76) 1.91 (1.46, 2.49) <0.0001 24.67 3
Age, gender, region, diabetes 1.00 (-) 1.42 (1.16,1.75) 1.90 (1.46, 2.47) <0.0001 24.20 4
Age, gender, region, cholesterol medications 1.00 (-) 144 (1.17,1.77) 1.93 (1.48,2.51) <0.0001 25.38 0
Fully adjusted 1.00 () 1.34 (1.09,1.66) 1.68 (1.28, 2.21) <0.001 15.64 38
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Table 4.5. RR and 95% CI for stroke mortality by level of social isolation after adjustment for each group of covariates.

Least Moderately Most p for hetero- LR 2 % Attenuation
STROKE MORTALITY Isolated Isolated Isolated geneity X in LR 2
No. of stroke deaths 79 79 45
Age, gender, region (minimally adjusted) 1.00 () 1.25 (0.92,1.71) 2.34 (1.62, 3.39) <0.0001 18.62 -
Age, gender, region, personal characteristics 1.00 (-) 1.19 (0.87,1.63) 2.11 (1.45, 3.06) <0.001 14.35 23
Age, gender, region, deprivation 1.00 (-) 1.21 (0.89,1.66) 2.18 (1.50, 3.16) <0.001 15.54 17
Age, gender, region, education 1.00 (-) 1.23 (0.90,1.68) 2.27 (1.57, 3.28) <0.001 17.30 7
Age, gender, region, disability 1.00 (-) 1.24 (0.91,1.70) 2.30 (1.59, 3.33) <0.001 17.86 4
Age, gender, region, health behaviour factors 1.00 (-) 1.19 (0.87,1.63) 2.09 (1.44, 3.04) <0.001 13.85 26
Age, gender, region, smoking 1.00 (-) 1.22 (0.89,1.67) 2.19 (1.51, 3.17) <0.001 15.83 15
Age, gender, region, alcohol 1.00 (-) 1.25 (0.92,1.71) 2.33 (1.61, 3.36) <0.001 18.26 2
Age, gender, region, physical activity 1.00 (-) 1.23 (0.90,1.69) 2.26 (1.56, 3.28) <0.001 16.99 9
Age, gender, region, body mass index 1.00 (-) 1.25 (0.91,1.71) 2.32 (1.60, 3.35) <0.001 18.16 2
Age, gender, region, physiological factors 1.00 () 1.24 (0.91,1.70) 2.30 (1.59, 3.33) <0.001 17.93 4
Age, gender, region, hypertension 1.00 (-) 1.25 (0.92,1.71) 2.33 (1.61, 3.37) <0.001 18.37 1
Age, gender, region, diabetes 1.00 (-) 1.25 (0.91,1.71) 2.32 (1.60, 3.35) <0.001 18.13 3
Age, gender, region, cholesterol medications 1.00 (-) 1.26 (0.92,1.72) 2.34 (1.62, 3.39) <0.0001 18.61 0
Fully adjusted 1.00 () 1.14 (0.83,1.56) 1.92 (1.32, 2.81) <0.01 11.02 41




Fully Adjusted

No. of
deaths RR (95% CI)
CHD MORTALITY
Contact with Family or Friends
Almost daily 52
Weekly 278 a— 0.95 (0.70, 1.28)
At Most Monthly 110 ——— 1.12 (0.80, 1.57)
Heterogeneity: p=0.34
Contact with Groups
At least weekly 307
Less than weekly 133 - 1.11 (0.91, 1.37)
Heterogeneity: p=0.31
Living Alone
No 318
Yes 122 —a— 1.70 (1.37, 2.12)
Heterogeneity: p<0.0001
STROKE MORTALITY
Contact with Family or Friends
Almost daily 27
Weekly 116 <— 0.91 (0.60, 1.39)
At Most Monthly 60 1.68 (1.05, 2.67)
Heterogeneity: p<0.01
Contact with Groups
At least weekly 141
Less than weekly 62 <m— 1.08 (0.79, 1.46)
Heterogeneity: p=0.64
Living Alone
No 150
Yes 53 T 1.32 (0.95, 1.82)
Heterogeneity: p=0.10
ALL-CAUSE MORTALITY
Contact with Family or Friends
Almost daily 573
Weekly 3024 1 1.01(0.92, 1.11)
At Most Monthly 1097 — 1.21 (1.09, 1.35)
Heterogeneity: p<0.0001
Contact with Groups
At least weekly 3358
Less than weekly 1336 = 1.01 (0.95, 1.08)
Heterogeneity: p=0.73
Living Alone
No 3573
Yes 1121 = 1.36 (1.27, 1.45)
Heterogeneity: p<0.0001

1 2 3

Figure 4.7. Fully adjusted RR and 95% ClI for each social contact variable in
relation mortality outcomes. The size of the square boxes is inversely proportional
to the standard error of the relative risk estimate.
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4.3.6 Prospective Analyses of All-cause Mortality

Social isolation was associated with increased all-cause mortality in minimally and fully
adjusted analyses (Figure 4.6). After full adjustment, moderately isolated participants and the
most isolated participants had 14% and 38% greater all-cause mortality compared to the least
isolated participants (Figure 4.6, Moderately Isolated: RR=1.14, 95% CI: 1.07-1.21; Most
Isolated: RR=1.38, 95% CI: 1.27-1.51, p<0.0001). Health behaviours explained the largest
degree of the minimally adjusted association between social isolation and all-cause mortality,
however like vascular disease mortality, personal characteristics also contributed considerably
to the association (Table 4.6, percentage attenuation in LR y?, personal characteristics: 25%,
health behaviours: 36%). Physiological factors explained 5% attenuation in the association.
Overall, the explanatory factors examined accounted for 50% of the minimally adjusted
association between social isolation and all-cause mortality (Table 4.6). Among the SCI score
constituent measures, living alone was most strongly associated with all-cause mortality
(Figure 4.7, RR=1.36, 95% CI: 1.27-1.45, p<0.0001). Weaker associations were observed for
frequency of contact with family or friends (Figure 4.7, Weekly: RR=1.01, 95% CI: 0.92-1.11;
At Most Monthly: RR=1.21, 95% CI: 1.09-1.35; p<0.0001). Frequency of contact with social

groups was not associated with all-cause mortality (Figure 4.7).

4.3.7 Gender Differences

There was no statistically significant interaction between social isolation and gender in fully-

adjusted associations between social isolation and any of the outcomes (Table 4.7).

4.3.8 Sensitivity Analyses

After excluding the first two years of follow-up, fully adjusted associations between social
isolation and stroke incidence and mortality outcomes remained consistent with the main
results (Table A4.1, pp.230, Stroke Incidence, Moderately Isolated: RR=0.99, 95% CI: 0.90-
1.10, Most Isolated: RR=1.24, 95% CI: 1.07-1.42, p<0.01; CHD Mortality, Moderately
Isolated: RR=1.29, 95% CI: 1.02-1.64, Most Isolated: RR=1.58, 95% CI: 1.16-2.16, p<0.01;
Stroke Mortality, Moderately Isolated: RR=1.14, 95% CI: 0.81-1.61, Most Isolated: RR=1.72,
95% CI: 1.12-2.62; p=0.05; All-cause Mortality, Moderately Isolated: RR=1.11, 95% CI: 1.04-
1.19, Most Isolated: RR=1.37, 95% CI: 1.25-1.50; p<0.0001). The findings for social isolation
and CHD incidence were consistent with the main results however, the test of heterogeneity
was marginally statistically significant (Table A4.1, CHD incidence, Moderately Isolated:
RR=0.93, 95% CI: 0.87-0.98, Most Isolated: RR=0.95, 95% CI: 0.87-1.04, p=0.03).
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Table 4.6. RR and 95% CI for all-cause mortality by level of social isolation after adjustment for each group of
covariates.

Least Moderately Most p for hetero- % Attenuation

2
ALL-CAUSE MORTALITY Isolated Isolated Isolated geneity LRx in LR x2
No. of all-cause deaths 2,003 1,918 773
Age, gender, region (minimally adjusted) 1.00 () 1.20 (1.13,1.28) 1.57 (1.44,1.70) <0.0001 110.13 -
Age, gender, region, personal characteristics 1.00 () 1.17 (1.10,1.24) 1.48 (1.36, 1.61) <0.0001 82.54 25
Age, gender, region, deprivation 1.00 (-) 1.18 (1.11,1.26) 1.50 (1.38, 1.63) <0.0001 89.53 19
Age, gender, region, education 1.00 (-) 1.19 (1.12,1.27) 1.55 (1.42,1.68) <0.0001 103.62 6
Age, gender, region, disability 1.00 (-) 1.19 (1.12,1.27) 1.55 (1.42,1.68) <0.0001 103.66 6
Age, gender, region, health behaviour factors 1.00 () 1.16 (1.09, 1.23) 1.44 (1.32, 1.56) <0.0001 70.88 36
Age, gender, region, smoking 1.00 (-) 1.17 (1.10,1.25) 1.48 (1.36, 1.61) <0.0001 84.28 23
Age, gender, region, alcohol 1.00 (-) 1.20 (1.13,1.28) 1.55 (1.42,1.68) <0.0001 104.86 5
Age, gender, region, physical activity 1.00 (-) 1.19 (1.12,1.27) 1.54 (1.42,1.68) <0.0001 101.24 8
Age, gender, region, body mass index 1.00 (-) 1.20 (1.13,1.28) 1.55 (1.43,1.69) <0.0001 106.71 3
Age, gender, region, physiological factors 1.00 () 1.20 (1.12,1.27) 1.55 (1.43, 1.68) <0.0001 104.94 5
Age, gender, region, hypertension 1.00 (-) 1.20 (1.13,1.28) 1.56 (1.44,1.70) <0.0001 108.44 2
Age, gender, region, diabetes 1.00 (-) 1.20 (1.12,1.28) 1.55 (1.43,1.69) <0.0001 106.39 3
Age, gender, region, cholesterol medications  1.00 (-) 1.20 (1.13,1.28) 1.57 (1.44,1.70) <0.0001 110.20 0
Fully adjusted 1.00 () 1.14 (1.07,1.21) 1.38 (1.27, 1.51) <0.0001 55.22 50




Table 4.7. Fully adjusted relative risks and 95% CI of social isolation in relation to
vascular disease incidence and mortality outcomes by gender.

CHD Incidence
Least Isolated
Moderately Isolated
Most Isolated

Stroke Incidence
Least Isolated
Moderately Isolated
Most Isolated

CHD Mortality
Least Isolated
Moderately Isolated
Most Isolated

Stroke Mortality
Least Isolated
Moderately Isolated
Most Isolated

All-Cause Mortality
Least Isolated
Moderately Isolated
Most Isolated

Female Male

No.of  pr 959% Cl No.of - pr 95% cl __pfor
Cases Cases interaction
1,137 1.00 (-) 2,294 1.00 (-) 0.87
919 0.94 (0.86,1.03) 1,791 0.95 (0.89, 1.01)

279 0.95 (0.84,1.09) 612 0.93 (0.84, 1.01)

435 1.00 (-) 599 1.00 (- 0.41
401 1.07 (0.93,1.22) 507 1.04 (0.92, 1.17)

151 1.36 (1.12, 1.64) 194 1.14 (0.97, 1.35)

31 1.00 (- 139 1.00 (-) 0.95
36 1.26 (0.78,2.05) 155 1.36 (1.08, 1.72)

15 172 (0.91,324) 68 1.68 (1.25,2.27)

38 1.00 (-) 41 1.00 (-) 0.50
48 1.35 (0.88,2.08) 31 0.93 (0.58, 1.49)

24 206 (1.22,350) 21 1.85 (1.07,3.17)

855 1.00 (-) 1165 1.00 (-) 0.68
831 1.11 (1.01,1.22) 1103 1.16 (1.07, 1.26)

299 1.34 (1.17,1.53) 475 1.43 (1.28, 1.60)
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4.4 Discussion

Among 296,913 women and men without previous vascular disease, cancer, or fair/poor self-
rated health at baseline, there was stronger evidence of associations between social isolation
and mortality than between social isolation and vascular disease incidence. After minimal
adjustment for age, gender and region of recruitment, social isolation was associated with all
outcomes except for CHD incidence. Before and after further adjustment for explanatory
factors, greater isolation remained associated with increased stroke incidence, CHD and stroke
mortality, and all-cause mortality. Adjustment for explanatory factors, particularly health
behaviours such as smoking and personal characteristics such as socioeconomic deprivation,
explained the largest amount of minimally adjusted associations. Among the constituent
measures of social isolation, living alone had the strongest associations with stroke incidence,
CHD mortality, and all-cause mortality. Frequency of contact with family or friends was the
only measure associated with stroke mortality. There was little evidence for gender differences
in associations between social isolation, vascular disease and mortality. As with the preceding
analysis of the Million Women Study, the weaker association observed in relation to stroke
incidence and associations with mortality outcomes may remain vulnerable to reverse causation
bias, measurement error in the explanatory factors adjusted for, or explanation by unmeasured

confounders or mediators.
Findings in Context: Million Women Study Analysis

Despite differences in demographic and social contact characteristics of the UK Biobank and
Million Women Study cohorts, the current analysis findings align with those from the Million
Women Study analysis (Figure 4.8). The prevalence of social isolation was consistent across
both cohorts where approximately 12.0% of participants were categorized as most isolated
(Most isolated: UK Biobank n=37,608; Million Women Study #»=38,942). However, compared
to participants of the Million Women Study, those participating in the UK Biobank tended to
have less frequent contact with family or friends, more frequent contact with groups, and fewer
were living alone. This could be in part explained by differences in the questions used to
measure social contact. The UK Biobank asked participants about the frequency of in-person
contact as opposed to any contact (i.e. including telephone or email) and asked about at least
weekly participation in social groups and activities. These differences may also be reflective
of UK Biobank participants being on average 10 years younger, and more likely to be working,

and living with family members than Million Women Study participants.
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Figure 4.8. RR and 95% CI for the most isolated compared to least isolated participants in relation to each outcome examined in the Million
Women Study analysis, the current analysis, and previous UK Biobank analyses. Note: Shape size is inversely proportional to standard error.



Unlike the Million Women Study analysis, the current analysis did not find a minimally
adjusted association between social isolation and CHD incidence (Figure 4.4). This could be
explained by the younger UK Biobank participants having lower baseline risk of CHD and thus
associations may have been influenced less by unmeasured indicators of poor health compared
to the Million Women Study analysis. Both analyses found weaker associations between social
isolation and stroke incidence, and stronger associations with the mortality outcomes (Figure
4.8). In the current analysis, the most isolated participants had a 23% increased risk of incident
stroke, 68% and 92% increased risk of death from CHD and stroke respectively, and a 38%
increased risk of death from any cause. These estimates are consistent with the Million Women
Study analysis considering the social contact questions were slightly different (i.e. any contact
versus in-person contact) and there were fewer cases observed within the UK Biobank analysis.
Due in part to the lower number of deaths, estimates of association for social isolation in
relation to stroke mortality are more imprecise compared to the Million Women Study analysis

(Figure 4.8).
Findings in Context: Previous UK Biobank Analyses

Two previous studies using UK Biobank data have examined social isolation in relation to
vascular disease incidence and mortality (Elovainio et al., 2017; Hakulinen et al., 2018). In
these studies, the proportion of participants within the most isolated category was slightly lower
(9.0% [n=42,500]) than in the current analysis (12.6% [#=37,608]). The larger proportion of
isolated participants in the current analysis may be due to subtle differences in the cut-off used
for infrequent contact with family or friends. At most monthly as opposed to less than monthly
was used in the current analysis to maintain consistency with the Million Women Study
analysis. Previous UK Biobank cohorts were similar to the current analysis cohort on most
other characteristics except for health status at baseline. Approximately half of the previously
studied cohorts had at least one chronic disease at baseline and included participants reporting

fair and poor self-rated (Elovainio et al., 2017; Hakulinen et al., 2018).

Among 479,054 UK Biobank participants, Hakulinen and colleagues (2018) found that after
minimally adjusting for age, gender, and ethnicity, isolated participants (using a binary measure
based on an index of social contact and living alone) had 43% and 39% increased risk of
incident AMI and stroke over a seven-year follow-up period (Figure 4.8). After adjustment for
personal characteristics, health behaviours, physiological factors, psychological factors, and

baseline health status, these associations were attenuated to 7% and 6% increased risk for AMI
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and stroke respectively, and were not statistically significant (Hakulinen et al., 2018). In
contrast to Hakulinen and colleagues (2018), the current analysis did not find a minimally
adjusted association with CHD incidence, and after adjustment, social isolation remained

associated with stroke incidence.

These contrasting findings may be explained by differences in cohort exclusion criteria, the
social isolation measures used, and the explanatory factors adjusted for. Given that Hakulinen
and colleagues (2018) did not exclude participants of fair or poor self-rated health, the
minimally adjusted association with AMI incidence may be explained by their cohort having
poorer baseline health than the current analysis cohort. The absence of association between
social isolation and stroke incidence could be in part explained by the binary structure of the
social isolation variable used. If those whom in the current analysis were categorised as
moderately isolated were grouped together with the least isolated participants, as was done in
Hakulinen and colleagues (2018), one might expect the baseline risk of stroke to increase
within the least isolated group and thus reduce the magnitude of difference in baseline risk
between the most and less isolated groups. As a result, fully adjusted analyses may have
underestimated associations between social isolation and stroke incidence. Lastly, the previous
UK Biobank analysis adjusted for a broader set of explanatory factors including depressive
symptoms (i.e. frequency of depressed mood, unenthusiasm/disinterest, tiredness/lethargy, and
tenseness/restlessness within past two weeks), hand-grip strength, and clinically assessed blood
pressure. This may to some degree contribute to greater attenuation of the association with

stroke incidence.

Compared to another previous UK Biobank analysis (Elovainio et al., 2017), the current
analysis found stronger albeit generally consistent associations between social isolation and
vascular disease mortality and all-cause mortality (Figure 4.8). Among 466,901 UK Biobank
participants, Elovainio and colleagues (2017) found that compared to non-isolated participants,
those who were isolated had 30% and 24% increased risk of CVD and all-cause mortality,
respectively. The higher magnitude associations found in the current analysis may be explained
by differences in the measurement of vascular disease mortality, social isolation, and
explanatory factors. First, the broad CVD mortality (ICD-10 codes 105-189) measure used by
Elovainio and colleagues (2017) may include causes of death which have little evidence of
associations with social isolation (e.g. disease of the myocardium or cardiac valves, rheumatic
and pulmonary heart disease, or hypertensive diseases). The inclusion of such causes of death
may have attenuated the association. The lower frequency of cause-specific deaths in the

current analysis likely contributes to the wider confidence intervals for CHD and stroke
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mortality associations. While more strongly associated, the magnitude of association may be
less precise than in Elovainio and colleagues (2017). Second, as in Hakulinen and colleagues
(2018), the binary social isolation variable used by Elovainio and colleagues (2017) may also
contribute to lower magnitude associations. Finally, the associations found in Elovainio and
colleagues (2017) may also have been attenuated to a greater degree than in the current analysis
by the broader set of explanatory factors examined including those from Hakulinen et al. (2018)

and additionally cognitive performance.
Findings in Context: Previous Prospective Studies Overall

Similar to this analysis among a healthy adult population, several other studies among general
adult populations have not observed statistically significant associations between social
isolation and the onset of CHD or AMI (Table 2.1) (Kawachi et al., 1996; Eng et al., 2002;
Barefoot et al., 2005; Chang et al., 2017). In light of these previous and the current findings,
the marginally statistically significant association found in the Million Women Study analysis
is not strongly supported. While a meta-analysis by Valtorta and colleagues (2016) found social
isolation to be associated with increased risk of incident CHD (pooled RR=1.29, 95% CI: 1.04-
1.59, n=11), this finding may be biased by heterogeneity in the exposure variables and
adjustment for explanatory variables. Indeed, after studies at greater risk of bias were excluded
from their analysis, associations with CHD incidence increased in magnitude and imprecision
(pooled RR=1.42, 95% CI: 1.00-2.01, n=7) (Valtorta, Kanaan, Gilbody, Ronzi, et al., 2016).
Furthermore, in the current analysis there were no statistically significant gender differences in
this association, or any associations between the SCI score constituent variables and CHD
incidence. These findings in combination with previous research suggest that any association
between social isolation and CHD incidence is likely the result of confounding by factors such
as socioeconomic deprivation, or explained by deleterious health behaviours such as smoking

(Section 3.4; Chang et al., 2017; Hakulinen et al., 2018).

Valtorta and colleagues (2016) found social isolation associated with 32% increased risk of
incident stroke events. However, after studies at greater risk of bias were excluded from their
analysis, associations with stroke incidence were marginally statistically non-significant
(pooled RR=1.30, 95% CI: 0.98-1.71, n=4) (Valtorta, Kanaan, Gilbody, Ronzi, et al., 2016).
Within the current analysis the most isolated UK Biobank participants had a 26% increased
risk of incident stroke compared to the least isolated participants. This could suggest that social
contact and living with others may reduce one’s risk of developing a stroke. Consistent with
the Million Women Study analysis, living alone was likely the driver of this association.

Increased stroke incidence among more isolated people could at least in part be explained by
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spending less time around others who may detect symptoms of sub-clinical cerebrovascular
disease (e.g. transient ischaemic attacks) and initiate healthcare seeking before the onset of a
full stroke. While this hypothesis has yet to be investigated directly, research suggests that
people who do not live alone are more likely to seek care earlier upon stroke and transient
ischemic attack symptom onset (Faiz et al., 2014). More frequent social contact may also
encourage people to utilise preventative health services which may reduce stroke risk (Stafford
et al., 2018). However, residual and unmeasured confounding bias cannot be ruled out. In the
current analysis, the Million Women Study analysis, and Hakulinen and colleagues’ (2018)
analysis, personal characteristics, health behaviours, and physiological factors explained over
55% of the minimally adjusted association between social isolation and stroke incidence. It
remains possible that unmeasured confounding factors may further explain the observed

association.

Particularly after excluding the first two years of follow-up, the current findings in relation to
CHD, stroke, and all-cause mortality, were consistent with other prospective studies (Kawachi
et al., 1996; Yang et al., 2013; Chang et al., 2017; Alcaraz et al., 2018) beyond the previous
UK Biobank analyses (Elovainio et al., 2017; Hakulinen et al., 2018). Previous research
suggests that those who are more isolated have a 29% to 76% increased risk of CHD or CVD
mortality (Kawachi et al., 1996; Yang et al., 2013; Chang et al., 2017; Alcaraz et al., 2018).
The current analysis results were within this range. A stronger association was observed
between social isolation and stroke mortality. This association with stroke mortality may
however be overestimated given the low ratio of deaths in the most isolated category to the
number of explanatory factors (i.e. less than 4 deaths per covariate) (Greenland et al., 2016).
According to Greenland and colleagues (2016), in the presence of sparse data, estimates of
association can be biased away from the null. However, adjustment for explanatory factors
would also be expected to be inflate associations further away from the null. In the current
analysis, attenuation was observed after adjustment for explanatory factors. While the
relatively low number of stroke deaths may still contribute to imprecision in the estimates of
association, sparse data bias is thus not believed to affect the interpretation of results. Beyond
Hakulinen and colleagues (2018), only one other study examined stroke mortality, however,
too few cases of stroke were observed to reliably estimate associations with social isolation
(Kawachi et al., 1996). The magnitude of associations observed in recent studies examining
social isolation and all-cause mortality range from 26% to 80% increased mortality among the
most isolated compared to least isolated participants (Pantell et al., 2013; Steptoe et al., 2013;
Yang et al., 2013; Kim et al., 2016; Alcaraz et al., 2018; Laugesen et al., 2018; Smith et al.,

2018). The 38% increased mortality observed among the most isolated participants in the
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current analysis is within range and also consistent with Holt-Lunstad and colleagues’ (2015)

meta-analysis.

In the current and Million Women Study analyses as well as in other previous studies, personal
characteristics and health behaviours most strongly attenuated associations between social
isolation, vascular disease, and mortality (Chang et al., 2017; Elovainio et al., 2017; Hakulinen
et al., 2018). Compared to the Million Women Study analysis, personal characteristics, health
behavioural factors and physiological factors tended to explain a lower degree of the unadjusted
associations between social isolation and stroke incidence (MWS: 67%; UKB: 56%), CHD
mortality (MWS: 64%; UKB: 43%), stroke mortality (MWS: 41%; UKB: 42%), and all-cause
mortality (MWS: 76%; UKB: 51%). These differences may be due to differences in the
covariate measurement and sample demographics. Particularly in the UK Biobank cohort,
socioeconomic factors and health behaviours explained similar proportions of minimally
adjusted associations (Tables 4.3-4.6) (Elovainio et al., 2017; Hakulinen et al., 2018). While
socioeconomic deprivation may itself confound these associations, previous research from the
Million Women Study suggests that much of the attenuation attributed to adjustment for
deprivation may be explained by health behaviours (Floud et al., 2016). Therefore, health
behaviours likely are key factors explaining how social isolation could affect vascular disease

and mortality.

This was the first analysis of UK Biobank data to examine the constituent measures of social
isolation in relation to vascular disease and mortality outcomes. Within the Million Women
Study and the current analyses, living alone tended to have the strongest associations with
mortality outcomes. A recent meta-analysis suggested that those who live alone have a 32%
increased risk of all-cause mortality (Holt-Lunstad ef al., 2015). This estimate is consistent
with the 16% to 40% range observed in the current and Million Women Study analyses, and
previous studies examining related variables such as marital status (Kawachi et al., 1996; Eng
et al., 2002; Pantell et al., 2013). As discussed in Section 3.4, further research is needed to
understand how much assistance in seeking timely medical care could explain associations

between social isolation and mortality.

Frequency of contact with family or friends, whether in-person (UK Biobank analysis) or
additionally via telephone or email (Million Women Study analysis), exhibited statistically
significant associations with stroke incidence and mortality, and all-cause mortality, but not
CHD incidence or mortality. However, it should be noted that the wide confidence intervals
for stroke mortality suggest that there were too few deaths to reliably measure this association.

Like co-habitation, more regular contact with family or friends is believed to promote timely
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help-seeking (Berkman and Krishna, 2014; Holt-Lunstad, 2018b). The availability of
emotional support enabled by having these closer relationships is also believed to buffer stress
arising from perceived isolation (Hawkley and Cacioppo, 2010; Berkman and Krishna, 2014;
Holt-Lunstad, 2018b). The associations between contact with family or friends and stroke
incidence and all-cause mortality suggest that explanatory factors such as assistance in help-
seeking and emotional support may more relevant to stroke pathophysiology than CHD
pathophysiology. However, these associations tended to be weak and it remains possible that

they are at least in-part explained by unmeasured confounding factors.
Gender Differences

The associations observed between social isolation vascular disease incidence, vascular disease
mortality, and all-cause mortality were consistent across women and men. Previous studies
examining gender differences in associations between social isolation and mortality tend to
crudely compare the magnitude of associations across women and men (House et al., 1982;
Kaplan et al., 1988; Yang et al., 2013; Elovainio ef al., 2017). Alcaraz and colleagues (2018)
did however find statistically significant evidence of gender differences. In their study,
compared to the most isolated men, the most isolated women had increased risk of death from
CVD and any cause (Alcaraz et al., 2018). In contrast, Steptoe and colleagues (2013) found no
statistically significant differences in associations between social isolation and all-cause
mortality by gender. As highlighted in Sections 1.4.2 and 2.7, previous research offers few
explanations for how associations between social isolation and vascular disease outcomes may
vary by gender. The current analysis when considered alongside previous research presents
little evidence that explanatory pathways linking social isolation and mortality are influenced

gender.
Strengths and Limitations

The primary strength of the current analysis is its size. The large sample size enabled for robust
estimation of associations between social isolation, vascular disease, and mortality, whilst
applying thorough exclusion criteria to minimise reverse causation bias. The current analysis
is also among the first and largest to formally examine gender differences and the role of
constituent measures of social isolation in the aforementioned associations. In addition to the
methodological limitations of measuring social isolation discussed in Section 3.4, a few other
limitations merit consideration. As discussed, bias due to reverse causation and confounding
by unmeasured explanatory factors cannot be ruled out. However, the current analysis

thoroughly sought to mitigate bias from reverse causation by excluding participants with

117



previous vascular disease, cancer, or if they reported their health as poor or fair. Additionally,
sensitivity analysis excluding the first two years of follow-up generated consistent findings
with the main analysis. The current analysis additionally assessed several known vascular
disease risk factors, and potential mediators or confounders of associations between social
isolation, vascular disease, and mortality. However potentially relevant psychological and
physiological factors were not examined. As discussed in Section 1.4.4, previous research
suggests that psychological factors such as depression may be more relevant in explaining
associations between functional or perceived dimensions of social isolation as opposed to
structural dimensions. This hypothesis was supported by previous UK Biobank analyses
(Elovainio et al., 2017; Hakulinen et al., 2018). For this reason, and to maintain consistency
with the Million Women Study analysis, the role of psychological factors were not examined
in the current analysis. Chapter 6 of this thesis will examine the role psychological factors as
explanatory pathways linking structural, functional, and perceived dimensions of social
isolation and mortality. Due to data availability limitations, broader physiological factors such
as inflammatory biomarkers of vascular inflammation were not examined. While vascular
inflammation may further explain the associations observed, previous research examining
associations between social isolation and inflammatory biomarkers is inconclusive (Ford,
Loucks and Berkman, 2006; Loucks, Berkman, et al., 2006; Loucks, Sullivan, et al., 2006;
Shankar et al., 2011; Yang et al., 2013). Gender effect modification analyses may have been
underpowered to detect differences given the low number of CHD and stroke deaths observed
within female and male sub-groups. Since this was the first study identified to examine gender
differences in associations between social isolation and vascular disease mortality, further
research among large cohorts would clarify the degree to which this is a limitation. Finally, the
response rate for UK Biobank participation was 5.5% (Fry et al., 2017). The UK Biobank
acknowledges the following:

“while...participants are not representative of the general population (and
hence cannot be used to provide representative disease prevalence and
incidence rates), valid assessment of exposure-disease relationships are
nonetheless widely generalizable and do not require participants to be

representative of the population at large.” (2017)

Given the consistency between the Million Women Study (46.0% response rate, Section 3.2.1)
and UK Biobank analyses, the associations observed are likely generalisable to healthy adults

within the UK.
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4.5 Conclusion and Future Directions

Within a large prospective cohort of generally healthy women and men, there was stronger
evidence for associations between social isolation and increased vascular disease mortality and
all-cause mortality than vascular disease incidence. These associations were similar across
women and men. As hypothesised in Section 2.5 and confirmed in the current and Million
Women Study analyses, the adoption or maintenance of poor health behaviours (e.g. smoking)
is likely an important explanation for how social isolation may affect these outcomes. Among
the SCI score constituent variables, living alone was most consistently associated with
mortality. These findings highlight the need for further research into functional dimensions of
isolation and help-seeking behaviours also potentially modifying or mediating associations

with mortality.

Among the aims of Chapters 3 and 4 was to generate robust estimates of association for social
isolation in relation to vascular disease and mortality. These chapters additionally assessed the
validity of beliefs related to the nature of these associations such as there being age and gender
differences. Additional factors related to the social and physical environments within which
people live, work, and play are also believed to shape one’s risk of becoming socially isolated
and the degree to which this experience affects health. However little research has examined
whether these factors represent modifiers of associations between social isolation and health
(Marcus et al., 2016). Examining the potential effect modifying role of neighbourhood factors

is the focus of the following chapter.
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5 Neighbourhood Environments, Social Isolation, and
Vascular Disease Incidence and Mortality

5.1 Introduction

5.1.1 Background

The social and physical characteristics of the environments where people live, work, and play
are believed to influence their capacity to build and maintain social relationships as they age
(Berkman and Krishna, 2014; World Health Organization, 2015). Previous reviews suggest
social and physical characteristics of neighbourhoods (here forward referred to as
neighbourhood factors) can influence people’s social relationships by fostering or impeding
opportunities for social interaction and by affecting the quality of social interaction (literature
review search terms and results presented in Table AS5.1, pp.231) (Matsuoka and Kaplan, 2008;
Chaix, 2009; Nicholson, 2009; Abraham, Sommerhalder and Abel, 2010; Talen and
Koschinsky, 2014; Hassen and Kaufman, 2016; Cotterell e al., 2018; Holt-Lunstad, 2018b;
Thurber, Bohmann and Heflinger, 2018). The first hypothesis examined in this chapter is that
social isolation is more prevalent within neighbourhoods that are more deprived, have higher

crime, are further from services, and have less greenspace.

Previous reviews suggest that a wide range of neighbourhood factors may facilitate or impede
interaction among residents. Commonly examined social characteristics include the
socioeconomic status of residents and the nature of relationships and behaviours shared among
residents (e.g. crime, violence, cohesion) (Diez Roux and Mair, 2010). Stigma and distrust
between members of different socioeconomic positions or racial/ethnic backgrounds is
believed to affect the quality of social interaction (Chaix, 2009; Nicholson, 2009; Talen and
Koschinsky, 2014; Cotterell et al., 2018; Thurber et al., 2018). Neighbourhood crime rates and
the condition of public spaces (e.g. vandalism) may influence the appeal and perceived safety
of leaving one’s home for social interaction (Abraham et al., 2010; Nicholson, 2012; Hassen
and Kaufman, 2016). While not directly assessed in this thesis, the social characteristics of the
broader society within which people engage also merit consideration. The size and
sociodemographic composition of an electorate is believed to influence policy decisions
affecting the design of neighbourhoods, investments in public space, and transportation
infrastructure (Chaix, 2009; Cotterell et al., 2018; Holt-Lunstad, 2018b). Cultural norms (e.g.
the Western “individualistic” lifestyle) or widely-held implicit biases (i.e. discrimination) may
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also influence which neighbourhoods people migrate to and the degree to which people interact
within their neighbourhoods (Chaix, 2009; Talen and Koschinsky, 2014; Cotterell et al., 2018;
Thurber et al., 2018).

Physical characteristics of neighbourhoods commonly examined in previous research relate to
the availability of venues for social interaction outside one’s home, geographic factors affecting
the distance to and from these venues, and characteristics of infrastructure which facilitates
transport to and from these venues. In areas with greater geographic distances between people
and venues for social interaction (e.g. houses, shops, cafes, parks), it can be more difficult for
people to travel between where they live and where they socialise (Abraham et al., 2010;
Hassen and Kaufman, 2016). Factors impeding ease of transport, particularly for older adults,
include distance to services and amenities, physical terrain (e.g. steepness of the route), the
availability and quality of pedestrian infrastructure (e.g. sidewalks), and availability of public
transport (Diez Roux and Mair, 2010; Hassen and Kaufman, 2016). Also, characteristics of
how land is used in an area (e.g. residential, industrial, or commercial land development) and
availability of public space, may influence the location and types of venues available for people
to congregate (Diez Roux and Mair, 2010; Hassen and Kaufman, 2016). Greenspace and
publicly accessible spaces such as libraries, community centres, recreational facilities are
believed to facilitate social engagement (Matsuoka and Kaplan, 2008; Chaix, 2009; Abraham
et al., 2010; Talen and Koschinsky, 2014; Hassen and Kaufman, 2016; Cotterell et al., 2018;
Holt-Lunstad, 2018Db).

Despite this body of research suggesting that neighbourhood factors affect the prevalence of
social isolation, most social isolation interventions do not address these factors (Cattan et al.,
2005; Health Quality Ontario, 2008; Valtorta and Hanratty, 2016). This may be due to the lack
of research examining neighbourhood factors as modifiers of associations between social
relationships and health (Chaix, 2009; Marcus et al., 2015; Holt-Lunstad, 2018b). The second
hypothesis examined in this chapter is that social isolation is more detrimental to health in
neighbourhoods that are more deprived, have higher crime, are further from services, and have

less access to greenspace.

Only two identified studies examined whether neighbourhood factors modified associations
between social isolation and mortality (Marcus et al., 2016, 2017). Both studies hypothesised
that mortality risk would be greater among isolated people living in more compared to less
impoverished neighbourhoods. Among over 16,000 American adults participating in the Third

National Health and Nutrition Examination Survey, Marcus and colleagues (2016) observed
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subtle differences in associations between social isolation and all-cause mortality according to
neighbourhood poverty (Most Isolated compared to Less Isolated, High Poverty: RR=1.41,
95% CI: 1.27-1.58, p<0.0001; Low Poverty: RR=1.45, 95% CI: 1.18-1.78, p<0.0001) (Marcus
et al., 2016). However, the statistical significance of effect modification across neighbourhood
poverty strata was not formally assessed. When all-cause mortality among those who were
doubly exposed to isolation and poverty, and singly exposed to isolation or poverty was
compared to participants who were doubly unexposed to isolation and poverty, the strongest
associations between social isolation and mortality were observed among the doubly exposed
(Less Isolated—Low Poverty compared to, Less Isolated—High Poverty: RR=1.10, 95% CI-
0.95-1.28, p=0.19; Most Isolated—Low Poverty: RR=1.42, 95% CI: 1.28-1.59, p<0.0001; Most
Isolated—High Poverty: RR=1.63, 95% CI: 1.35-1.96, p<0.0001) (Marcus ef al., 2016). Using
these estimates of association, measures of effect modification on an additive scale (e.g. relative
excess risk due to interaction, synergy index, attributable proportion due to interaction) were

calculated, however no statistically significant modification was observed.

In a subsequent study, no effect modification by neighbourhood poverty was observed in
relation to cancer mortality (Marcus et al., 2017). Marcus and colleagues’ (2016, 2017)
hypotheses were informed by the Berkman and Krishna model for social relationships and
health. However, the potential mechanisms through which social isolation could be modified
by poverty were not clearly described. Each of these studies emphasise the need for further
research to understand if and how neighbourhood factors, including and beyond those related

to poverty, influence associations between social isolation and health.

5.1.2 Objectives of Chapter

The purpose of the current chapter was to understand the degree to which neighbourhood
factors influence associations between social isolation, vascular disease, and mortality. The

analyses had two primary objectives:

1. To quantify and compare the prevalence of social isolation across four neighbourhood

factors (i.e. socioeconomic deprivation, crime, distance to services, greenspace).

2. To examine whether these neighbourhood factors modify the association between
social isolation and vascular disease incidence, vascular disease mortality, and all-cause

mortality.
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5.2 Methods
5.2.1 Study Design and Participants

This Chapter involved parallel analyses of the Million Women Study 12-year re-survey and
UK Biobank cohorts.

5.2.2 Social Isolation

The social contact index (SCI) scores described in Sections 3.2.2 and 4.2.2 were the primary
exposure variables used to measure social isolation within the Million Women Study and UK
Biobank. To maximise case frequencies across sub-categories of social isolation and
neighbourhood factors, moderately isolated and least isolated participants were grouped
together and compared to the most isolated participants. Dichotomising SCI score was deemed
reasonable given that the strongest associations were observed in Chapters 3 and 4 when
comparing the most isolated and least isolated participants versus the moderately isolated and

least isolated participants.

5.2.3 Outcomes

Participants were observed from the time of baseline survey completion to time of event, death,
loss to follow-up, or end of follow-up (Million Women Study: 31 March 2017; UK Biobank:
31 January 2016). The vascular disease incidence, vascular disease mortality, and all-cause
mortality outcomes examined in Chapters 3 and 4 were examined in the current analysis. They
are the following: time to first CHD event, (ICD-10 codes: 120 to 125; ICD-9 codes: 410 to
414) and time to first stroke event (ICD-10 codes: 160 to 169; ICD-9 codes: 430 to 438), time
to CHD death, time to stroke death, and time to all-cause death (World Health Organisation,
2010). First CHD and stroke events were defined as a participant’s first hospital admission or
death due to CHD or stroke as the primary or secondary diagnosis. CHD, stroke, and all-cause
deaths were defined as participant deaths with CHD, stroke, or any-cause recorded as the

primary cause of death.

5.2.4 Neighbourhood Factors

Four neighbourhood factors were examined in this analysis. They were socioeconomic
deprivation, crime rates, distance to services, and greenspace availability. Each neighbourhood
factor except for greenspace availability was derived from the English Index of Multiple
Deprivation (IMD) 2010. Greenspace availability data was derived from the Generalised Land
Use Database for England (GLUD) 2005. Distance to services data was only available for
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Million Women Study participants, and greenspace availability was only available for UK

Biobank participants.

As discussed in Chapter 3 (Section 3.2.1), the IMD 2010 is a measurement tool which estimates
levels of deprivation experienced by individuals residing within small geographic areas of
approximately 1,500 people known as lower super output areas (LSOA) (McLennan et al.,
2011). The overall IMD 2010 measures deprivation in the following eight domains: income;
employment; education, skills and training; living environment; barriers to housing and social
services; crime; health and disability (McLennan et al., 2011). The Office of National Statistics
constructs neighbourhood socioeconomic deprivation, crime rate, and distance to services
measures using data from the following organisations: Department of Work and Pensions, Her
Majesty’s Revenue and Customs, the Home Office, the Department of Education, police forces,
the National Health Service, Post Office Limited, and MapInfo (McLennan et al., 2011). These
data were current to the year 2008 (McLennan ef al., 2011). To ascertain IMD domain scores
within specific geographic boundaries (e.g. postcode), these data are superimposed onto a
geographic grid using geographic information system (GIS) applications (McLennan et al.,
2011). For this analysis, 2001 LSOA codes were ascertained using the Office of National
Statistics’ Postcode Directory according to Million Women Study participant postcode at the
time of the 12-year re-survey (Office of National Statistics, 2016). IMD scores for each domain
were then ascertained for participants according to their LSOA code using the Department of
Communities and Local Government’s IMD directory (Ministry of Housing Communities and
Local Government, 2011). Further detail regarding the IMD 2010 and each domain’s score
calculation can be found in the IMD 2010 technical report (McLennan et al., 2011).

The UK Biobank ascertained overall and domain-specific IMD 2010 scores for each participant
in their database. However, the distance to services scores were not available in the dataset
because the composite domain within which distance to services scores were nested (i.e.
geographic barriers) was not disaggregated before data linkage. Wheeler (2016) ascertained
measures of greenspace availability for each UK Biobank participant using map grid
coordinates of each participant home’s location and data from the GLUD 2005. The GLUD
2005 contains data on the proportion of land within the 2001 census output areas that are
categorized into the following nine general classifications: greenspace, domestic buildings,
non-domestic buildings, roads, paths, rail, gardens (domestic), other, and unclassified

(Department for Communities and Local Government, 2007).
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In the current analysis, each neighbourhood factor was categorised into tertiles. National tertile
thresholds were used in the analysis of each IMD-derived neighbourhood factor in order to
improve the generalisability of results. However, national tertile thresholds were not available
for the GLUD 2005. Participant neighbourhood was defined as the LSOA of residence for
analyses of socioeconomic deprivation, crime rates, and distance to services. For the analysis

of greenspace availability, the census output area was used to define participant neighbourhood.
Socioeconomic Deprivation

Socioeconomic deprivation was derived from the IMD 2010 income deprivation domain. Using
municipal administrative data, income deprivation scores are calculated according to the
number of resident adults and children within low-income and/or unemployed families
receiving the following benefits: Income Support, Income-based Jobseeker’s Allowance,
Pension Credit, the Child Tax Credit, and subsistence and/or accommodation support
(McLennan et al., 2011). To calculate an income deprivation score, the Office of National
Statistics adds the number of individuals receiving any of these benefits and divides the sum
by the total population of the LSOA (McLennan et al., 2011). In the current analysis and
Chapter 4, socioeconomic deprivation was analysed as a proxy for individual-level
socioeconomic position and was thus conceptualised as a confounder. In this analysis,
socioeconomic deprivation is conceptualised as a potential neighbourhood-level effect
modifier. Socioeconomic deprivation tertiles were referred to as least, moderately, and most

deprived.
Crime Rates

Crime was measured using the crime and disorder domain score which reflects the risk of
personal or material victimisation within each LSOA. Local police forces are required by law
to report notifiable offences related to violence, burglary, theft and criminal damage to the
Home Office with details such as geographic location of each reported offence (McLennan et
al., 2011). The Office of National Statistics uses GIS applications to overlay the location of
each offence with LSOA boundaries (McLennan ef al., 2011). The IMD crime domain is then
calculated based on the rate of violence, burglary, theft, and criminal damage per 1000 people
at risk (McLennan et al., 2011). Crime rate tertiles were referred to as low, moderate, and high

crime.
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Distance to Services

Distance to services was measured using the geographic barriers sub-domain of the “barriers
to housing and social services domain.” Geographic barriers sub-domain scores are derived
from the mean road distance from the geographic centre of each LSOA to the closest general
practitioner surgery, supermarket or convenience store, primary school, and post office. The
distance to services variable was analysed as a proxy measure for the walkability of
participants’ neighbourhoods. Tertiles were referred to as closer, moderate, and further

distance.
Greenspace Availability

Greenspace availability was measured using the GLUD 2005 greenspace percentage 300m
buffer measure. This measures the proportion of land within a 300m diameter of a person's
residence that is classified as greenspace. More specifically, greenspace percentage is the
weighted mean percentage of greenspace within each census output area that a participant’s
300m residential buffer zone intersects (Wheeler, 2016). In the UK Biobank, greenspace
percentage measures were available for 300m and 1km buffer zones (Wheeler, 2016). The
current analysis used the 300m buffer zone measure in order to examine greenspace that was
in closer proximity to participants’ homes and which could in theory be more easily accessed
by participants than greenspace within a 1km buffer zone. GLUD 2005 land use classifications
are based on more specific classifications generated by Ordnance Survey from topographical
and registered land use function data for urban areas greater than six squared kilometres in
England and Wales (Department for Communities and Local Government, 2007; Ordnance
Survey, 2017b). Technical details regarding the derivation of Ordnance Survey’s MasterMap
Greenspace product classifications can be found elsewhere (Ordnance Survey, 2017a).
Greenspace is characterised by Ordnance Survey as woodlands, semi-natural, beach, man-
made or multi-service space that is publicly or privately accessible. These spaces include parks,
community gardens, school grounds, golf courses, playing fields, sports facilities, religious
grounds, and commercial/business amenity greenspace. Greenspace tertiles were referred to as

least, moderate, and most greenspace.
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5.2.5 Explanatory Factors

The same explanatory factors described in Sections 3.2.4 and 4.2.4 were included in the current
analyses with one exception. Unlike Chapters 3 and 4, socioeconomic deprivation was
conceptualised as a neighbourhood factor (i.e. modifier of associations) instead of a proxy
indicator of individual-level socioeconomic position. To adjust for potential confounding by
individual-level socioeconomic position, the current analyses used self-reported educational
attainment. As in Chapters 3 and 4, all other explanatory factors were conceptualised as

potential confounders or mediators of associations between social isolation and each outcome.

5.2.6 Statistical Analyses

The Million Women Study database was updated between the Chapter 3 analysis and the
current analysis. As a result, 586,885 women, versus 586,881, were considered for inclusion.
As in Chapter 4, 502,543 UK Biobank participants were considered for inclusion. Consistent
with Chapters 3 and 4, participants were excluded from the analysis if they were observed with
the following characteristics: missing survey completion dates (Million Women Study: n=2;
UK Biobank: n=0), recruited from Scotland and Wales (Million Women Study: n=39,118; UK
Biobank: n=56,653), previous hospital admissions for or self-reported diagnoses of vascular
disease (Million Women Study: n=77,074; UK Biobank: n=30,325), self-reported or registered
prior cancer diagnoses (Million Women Study: #»=51,338; UK Biobank: n=38,050), reported
fair or poor or missing self-rated health (Million Women Study: n=74,148; UK Biobank:
n=88,103), or missing responses to any of the social contact or household occupancy questions
(Million Women Study: n=19,035; UK Biobank: #=5,934). For the current analyses,
participants were also excluded if they had missing data for IMD income deprivation, crime,
or distance to services measures (Million Women Study: n=3,582; UK Biobank: n=8,382) and
or GLUD greenspace availability (UK Biobank: n=2,500).

To address objective one, social isolation was cross-tabulated against each neighbourhood
factor. Chi-square tests were used to test for associations between social isolation and

neighbourhood factors.

To address objective two, for each neighbourhood factor, analyses of effect modification were
conducted as follows. Cox regression was used to estimate relative risks (RR) and 95%
confidence intervals (CI) for SCI score in relation to each outcome by level of each
neighbourhood factor. Time in study was the underlying time variable for the Million Women
Study analysis and attained age was the underlying time variable for the UK Biobank analysis.

The Million Women Study analysis stratified for birth and recruitment cohort (i.e. age) and
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adjusted for additional personal characteristics (i.e. recruitment region, education, disability),
health behaviours (i.e. smoking, alcohol intake, physical activity, body mass index), and
physiological factors (i.e. hypertension, diabetes). The UK Biobank analyses were stratified by
gender and adjusted for additional personal characteristics (i.e. recruitment region, education,
disability), health behaviours (i.e. smoking, alcohol intake, physical activity, body mass index),
and physiological factors (i.e. hypertension, diabetes, cholesterol medications). To assess effect
modification, an interaction term between the neighbourhood factor and SCI score was fitted.
Models with and without the interaction term were then compared using a likelihood ratio (LR)

test to determine statistical significance.

Pair-wise spearman correlation tests did not indicate multicollinearity among explanatory
factors (p<0.20). Weak to moderate correlation was observed amongst the neighbourhood
factors (p=0.17 to 0.49). Covariates in the Million Women Study and UK Biobank cohorts had
minimal missing data (<5.0% missing observations) except for physical activity in the Million
Women Study (10.0% missing observations). Missing observations were assigned to a separate
category for each variable for analysis. Schoenfeld residuals and log-log plots indicated that

the assumption of proportional hazards was reasonable.

The neighbourhood factors examined were derived from neighbourhood-level data and social
isolation from individual-level social relationships data. Vascular disease incidence and
mortality may be patterned not only by social isolation level, but also by neighbourhood. It was
thus deemed appropriate to assess whether clustering of outcomes within neighbourhoods (i.e.
intra-class correlation) could affect the standard error of the associations between social
isolation and the focal outcomes. Fully-adjusted sensitivity analyses of social isolation and all-
cause mortality by level of socioeconomic deprivation were conducted. To account for intra-
class correlation, robust standard errors were calculated using a clustered sandwich estimator
(Williams, 1995, 2000; Floud et al., 2016). All-cause mortality was specifically chosen for this
sensitivity analysis as it was associated with social isolation in Chapters 3 and 4 and measured
a larger number of deaths which if clustered, would be more likely to affect associations
compared to vascular disease-specific deaths. Socioeconomic deprivation was chosen because

it was the only neighbourhood factor that had previous research with which to compare results.

All analyses were conducted using Stata 15.1 (StataCorp College Station, TX, USA).
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5.3 Results

In total, 322,588 Million Women Study participants and 272,596 UK Biobank participants
without pre-existing vascular disease or cancer or fair/poor self-rated health were included in
this analysis. The current analysis cohorts were smaller than those examined in Chapters 3 and
4 due to the exclusion of people with missing data for IMD 2010 and GLUD measures. Despite
this, the characteristics of both cohorts were similar to those from Chapter 3 and 4 (Tables:
AS5.2, A5.3, pp.232-233; 3.3; 4.2). The mean age was 67.7 (SD=4.5) years and 56 years
(SD=38.1) for the Million Women Study and UK Biobank respectively, and in both cohorts
approximately 12.0% were within the most isolated SCI score category (Million Women Study:
n=38,514; UK Biobank: n=34,483). Compared to the least isolated participants, the most
isolated participants tended to be less educated, have greater disability, to be current smokers,
less physically active, have higher BMI and have pre-existing hypertension and diabetes.
Million Women Study participants were followed for on average 5.9 years (SD= 1.1), and there
were 10,819 incident CHD events, 6,234 incident stroke events, 555 CHD deaths, 584 stroke
deaths, and 9,561 deaths from any cause (Table A5.3, pp.233). UK Biobank participants were
followed for on average 6.8 years (SD=0.9), and there were 6,439 incident CHD events, 2,068
incident stroke events, 405 CHD deaths, 180 stroke deaths, and 4,253 deaths from any cause
(Table AS.3).

Social isolation tended to increase in prevalence in neighbourhoods with greater socioeconomic
deprivation, higher crime rates, and less greenspace (Table 5.1). In contrast to the original
hypothesis, social isolation tended to be more prevalent within neighbourhoods that were closer
to rather than further from services (Table 5.1). The proportion of participants within the most
isolated category varied by approximately five percentage points across levels of each
neighbourhood factor (e.g. Million Women Study, Percentage Most Isolated, Low Crime:
10.3%, Moderate Crime: 12.7%, High Crime: 15.7%; UK Biobank, Percentage Most Isolated,
Low Crime: 10.9%, Moderate Crime: 12.6%, High Crime: 15.0%). More modest variation was
observed according to greenspace availability (UK Biobank, Percentage Most Isolated, Least
Greenspace: 13.9%, Moderate Greenspace: 12.7%, Most Greenspace: 11.4%) and greater
variation was observed according to socioeconomic deprivation in the Million Women Study
(Percentage Most Isolated: Least Deprived: 9.6%, Moderately Deprived: 12.9%, Most
Deprived: 18.5%). Variation in the proportion of participants across levels of isolation and each

neighbourhood factor was statistically significant (unadjusted p<0.0001, Table 5.1).
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Table 5.1. Participants' neighbourhood characteristics by level of

social isolation.

Most
n Isolated p-value
Neighbourhood Factors (%)
A. Million Women Study N=322,588
Socioeconomic Deprivation Tertile
Least Deprived 165,907 9.6 <0.0001
Moderately Deprived 113,059 12.9
Most Deprived 43,622 18.5
Crime Rate Tertile
Low Crime 171,017 10.3 <0.0001
Moderate Crime 99,144 12.7
High Crime 52,427 15.7
Distance to Services Tertile
Closer Distance 64,991 14.9 <0.0001
Moderate Distance 104,860 12.4
Further Distance 152,737 10.3
B. UK Biobank N=272,596
Socioeconomic Deprivation Tertile
Least Deprived 140,317 11.0 <0.0001
Moderately Deprived 85,884 13.0
Most Deprived 46,395 16.9
Crime Rate Tertile
Least Crime 98,194 10.9 <0.0001
Moderate Crime 101,629 12.6
Most Crime 72,773 15.0
Greenspace Availability Tertile
Least Greenspace 89,439 13.9 <0.0001
Moderate Greenspace 88,225 12.7
Most Greenspace 94,932 114

Note: p-value from chi-square test of heterogeneity
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5.3.1 Socioeconomic Deprivation

Vascular Disease Incidence

Within the Million Women Study, no statistically significant differences in associations
between social isolation, CHD incidence, and stroke incidence were observed according to
neighbourhood socioeconomic deprivation. However, the test of interaction for associations
with stroke incidence was marginally statistically non-significant (Table 5.2; p for
interaction=0.05). Within the UK Biobank, no statistically significant differences in
associations between social isolation, CHD incidence, and stroke incidence were observed
according to neighbourhood socioeconomic deprivation. However, the test of interaction for
associations with CHD incidence was marginally statistically non-significant (Table 5.2; p for

interaction=0.05).
Vascular Disease Mortality

Within both cohorts, no statistically significant differences in associations between social
isolation and CHD mortality were observed according to neighbourhood socioeconomic
deprivation (p for interaction>0.31). Within both cohorts, there were statistically significant
differences in the associations between social isolation and stroke mortality according to
neighbourhood deprivation (Table 5.2). From least deprived to most deprived, the most isolated
Million Women Study participants had 81%, 6%, and 92% greater stroke mortality than less
isolated participants respectively (p for interaction=0.04; Table 5.2). The most isolated UK
Biobank participants in the least deprived neighbourhoods had 14% lower stroke mortality than
less isolated participants, and the most isolated participants from moderately and the most
deprived neighbourhoods had 128% and 194% greater stroke mortality than less isolated
participants respectively (p for interaction=0.02; Table 5.2). It should be noted that in the UK
Biobank cohort, few stroke deaths were observed across sub-categories of social isolation and

socioeconomic deprivation tertiles.
All-Cause Mortality

Within the Million Women Study, there were statistically significant differences in the
associations between social isolation and all-cause mortality according to neighbourhood
deprivation (p for interaction<0.01; Table 5.2). From least deprived to most deprived, the most
isolated women had 30%, 9%, and 36% greater all-cause mortality than less isolated women

respectively (Table 5.2). Within the UK Biobank, no statistically significant differences in
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associations between social isolation and all-cause mortality were observed according to

neighbourhood socioeconomic deprivation.

5.3.2 Crime Rates

Vascular Disease Incidence

In both the Million Women Study and UK Biobank cohorts, there were no statistically
significant differences in associations between social isolation, CHD incidence, and stroke

incidence according to neighbourhood crime rates (p for interaction>0.10).
Vascular Disease Mortality

In both the Million Women Study and UK Biobank cohorts, there were no statistically
significant differences in associations between social isolation and CHD mortality according
to neighbourhood crime tertile (p for interaction>0.66). Within the Million Women Study, no
statistically significant differences in associations between social isolation and stroke mortality
were observed according to neighbourhood crime rates (p for interaction=0.95). Within the UK
Biobank, there were statistically significant differences in associations between social isolation
and stroke mortality (p for interaction=0.03; Table 5.3). The most isolated UK Biobank
participants from low crime neighbourhoods had 33% lower stroke mortality than less isolated
participants, and the most isolated participants from moderate and high crime neighbourhoods
had 101% and 183% greater stroke mortality than less isolated participants respectively (Table
5.3). It should be noted that few stroke deaths were observed across sub-categories of social

isolation and neighbourhood crime tertiles.
All-Cause Mortality

Within the Million Women Study, there were statistically significant differences in associations
between social isolation and all-cause mortality according to neighbourhood crime rates (p for
interaction=0.02; Table 5.3). From low crime to high crime, the most isolated women had 15%,
26%, and 39% greater all-cause mortality than less isolated women respectively (Table 5.3).
Within the UK Biobank, no statistically significant differences in associations between social
isolation and all-cause mortality were observed according to neighbourhood crime rates (p for

interaction=0.87).
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Table 5.2. Fully adjusted RR and 95% CI for social isolation in relation to all outcomes
by neighbourhood socioeconomic deprivation tertile.

Least Deprived Moderately Deprived Most Deprived

for
n RR 95% ClI n RR 95% CI n RR 95% CI in’?eract-
ion
A. Million Women Study
CHD Incidence
Less Isolated 4,598 1.00 (-) 3,279 1.00 (-) 1,294 1.00 (- ) 0.35
Most Isolated 640 1.08 (0.99, 1.17) 607 1.03 (0.94, 1.12) 401 1.15 (1.02, 1.28)
Stroke Incidence
Less Isolated 2,605 1.00 (-) 1,866 1.00 (-) 669 1.00 (-) 0.05
Most Isolated 435 1.21 (1.09, 1.34) 393 1.10 (0.99, 1.23) 266 1.38 (1.19, 1.59)
CHD Mortality
Less Isolated 197 1.00 (-) 155 1.00 (-) 65 1.00(-) 0.31
Most Isolated 57 1.83 (1.36, 2.47) 44 1.31 (0.93, 1.83) 37 1.72 (1.15, 2.59)
Stroke Mortality
Less Isolated 218 1.00 (-) 178 1.00 (-) 60 1.00 (-) 0.04
Most Isolated 57 1.81 (1.35,2.43) 37 1.06 (0.74, 1.52) 34 1.92 (1.26, 2.93)
All-Cause Mortality
Less Isolated 3,795 1.00 (-) 2,828 1.00 (-) 1,151 1.00 (-) <0.01
Most Isolated 706 1.30 (1.20, 1.41) 610 1.09 (1.00, 1.19) 471 1.36 (1.22, 1.51)
B. UK Biobank
CHD Incidence
Less Isolated 2,910 1.00 (-) 1,735 1.00 (-) 983 1.00 (-) 0.05
Most Isolated 315 0.87 (0.77,0.97) 284 1.08 (0.95, 1.22) 212 0.96 (0.83, 1.12)
Stroke Incidence
Less Isolated 885 1.00 (-) 562 1.00 (-) 313 1.00 (-) 0.26
Most Isolated 118 1.12 (0.92, 1.35) 93 1.11 (0.89, 1.38) 97 1.40 (1.11, 1.76)
CHD Mortality
Less Isolated 163 1.00 (-) 101 1.00 (-) 63 1.00(-) 0.63
Most Isolated 30 1.45 (0.98, 2.15) 21 1.35(0.84, 2.16) 27 1.82 (1.16, 2.86)
Stroke Mortality
Less Isolated 76 1.00 (-) 36 1.00 (-) 28 1.00(-) 0.02
Most Isolated 8 0.86 (0.41,1.78) 13 2.28 (1.21, 4.32) 19 2.94 (1.63, 5.28)
All-Cause Mortality
Less Isolated 1,735 1.00 (-) 1,172 1.00 (-) 653 1.00 (-) 0.84
Most Isolated 274 1.29 (1.14,1.47) 223 1.25 (1.08, 1.44) 196 1.33 (1.13, 1.56)
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Table 5.3. Fully adjusted RR and 95% CI for social isolation in relation to all outcomes
by neighbourhood crime rate tertile.

A. Million Women Study

CHD Incidence
Less Isolated
Most Isolated

Stroke Incidence

Less Isolated
Most Isolated
CHD Mortality
Less Isolated
Most Isolated
Stroke Mortality
Less Isolated
Most Isolated

All-Cause Mortality

Less Isolated
Most Isolated

B. UK Biobank
CHD Incidence
Less Isolated
Most Isolated

Stroke Incidence

Less Isolated
Most Isolated
CHD Mortality
Less Isolated
Most Isolated
Stroke Mortality
Less Isolated
Most Isolated

All-Cause Mortality

Less Isolated
Most Isolated

Low Crime Moderately Crime High Crime
p for
n RR 95% CI n RR 95% CI n RR 95% CI interact-
ion
4,785 1.00 (-) 2,876 1.00 (-) 1,510 1.00 (-) 0.72
750 1.10 (1.02,1.19) 542 1.06 (0.97,1.16) 356 1.05 (0.93, 1.18)
2,730 1.00 (-) 1,595 1.00 (-) 815 1.00 (-) 0.10
461 1.11 (1.01,1.23) 390 1.30 (1.16,1.45) 243 1.25 (1.08, 1.44)
210 1.00 (-) 138 1.00 (-) 69 1.00 (-) 0.62
63 1.71 (1.29,2.28) 42 1.40(0.99,1.98) 33 1.74 (1.15, 2.65)
236 1.00 (-) 146 1.00 (-) 74 1.00 (-) 0.95
55 1.48 (1.10,2.00) 45 159 (1.14,223) 28 1.54 (0.99, 2.39)
4,020 1.00 (-) 2,416 1.00 (-) 1,338 1.00 (-) 0.02
727 1.15 (1.06, 1.25) 600 1.26 (1.15, 1.38) 460 1.39 (1.25, 1.54)
2,101 1.00 (-) 2,074 1.00 (-) 1,453 1.00 (-) 0.87
260 0.99 (0.87,1.12) 288 0.95 (0.84,1.07) 263 0.95 (0.83, 1.08)
633 1.00 (-) 638 1.00 (-) 489 1.00 (-) 0.66
84 1.10 (0.88,1.38) 108 1.18 (0.96, 1.45) 116 1.27 (1.04, 1.56)
115 1.00 (-) 122 1.00 (-) 90 1.00 (-) 0.95
22 149 (0.94,235) 27 148(0.97,225) 29 1.61(1.06,2.46)
48 1.00 (-) 58 1.00 (-) 34 1.00(-) 0.03
4 067 (0.24,187) 17 2.01(1.16,3.47) 19 2.83 (1.61,4.99)
1,293 1.00 (-) 1,253 1.00 (-) 1,014 1.00 (-) 0.87
212 1.34 (1.16,1.55) 232 1.27 (1.10,1.46) 249 1.29 (1.12, 1.48)
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5.3.3 Distance to Services

In the Million Women Study, there were no statistically significant differences in associations
between social isolation and each outcome according to neighbourhood distance to services

(all associations: p for interaction>0.12; Table 5.4).

5.3.4 Greenspace Availability

Vascular Disease Mortality

Within the UK Biobank, there were statistically significant differences in associations between
social isolation and stroke mortality according to greenspace availability (p for
interaction=0.02; Table 5.5). The most isolated participants from neighbourhoods with the
least and moderate greenspace had 114% and 189% greater stroke mortality than less isolated
participants, and the most isolated participants from neighbourhoods with the most greenspace
had 21% lower stroke mortality than less isolated participants respectively (Table 5.5). It
should be noted that few stroke deaths were observed across sub-categories of social isolation

and neighbourhood greenspace availability tertile.

There was no statistically significant evidence for associations between social isolation and any
other outcomes varying according to neighbourhood greenspace availability (all other

associations: p for interaction>0.74; Table 5.5).

5.3.5 Sensitivity Analyses

After accounting for intra-class correlation, there were negligible changes in the confidence
intervals for associations between social isolation and all-cause mortality by level of

socioeconomic deprivation (Table A5.4, pp.233).
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Table 5.4. Fully adjusted RR and 95% CI for social isolation in relation to all outcomes
by neighbourhood distance to services tertile.

Closer Distance

Moderate Distance

Further Distance

Million Women Study
CHD Incidence
Less Isolated
Most Isolated
Stroke Incidence
Less Isolated
Most Isolated
CHD Mortality
Less Isolated
Most Isolated
Stroke Mortality
Less Isolated
Most Isolated
All-Cause Mortality
Less Isolated
Most Isolated

p for
n RR 95% CI n RR 95% CI n RR 95% ClI interact-
ion
1,979 1.00 (-) 3,007 1.00 (-) 4,185 1.00 (-) 0.83
442 1.05 (0.95,1.16) 558 1.08 (0.98,1.18) 648 1.09 (1.01, 1.19)
1,089 1.00 (-) 1,685 1.00 (-) 2,366 1.00 (-) 0.24
322 1.31 (1.16,1.49) 357 1.15(1.03,1.29) 415 1.16 (1.04, 1.29)
87 1.00 (-) 151 1.00 (-) 179 1.00 (-) 0.12
39 172 (1.17,251) 39 1.21(0.85,1.73) 60 1.93 (1.44,2.60)
96 1.00 (-) 154 1.00 (-) 206 1.00 (-) 0.44
41 184 (1.27,266) 39 1.33(0.93,1.90) 48 1.50 (1.09, 2.06)
1,579 1.00 (-) 2,572 1.00 (-) 3,623 1.00 (-) 0.77
454 122 (1.10,1.36) 633 1.28 (1.17,1.39) 700 1.23 (1.13, 1.34)

Table 5.5. Fully adjusted RR and 95% CI for social isolation in relation to all outcomes
by neighbourhood greenspace availability tertile.

Least Greenspace

Moderate Greenspace

Most Greenspace

UK Biobank

CHD Incidence
Less Isolated
Most Isolated

Stroke Incidence
Less Isolated
Most Isolated

CHD Mortality
Less Isolated
Most Isolated

Stroke Mortality
Less Isolated
Most Isolated

All-Cause Mortality
Less Isolated
Most Isolated

p for
n RR 95% CI n RR 95% CI n RR 95% CI interact-
ion
1,670 1.00 (-) 1,896 1.00 (-) 2,062 1.00 (-) 0.77
276 1.00 (0.88,1.13) 274 0.94 (0.83,1.07) 261 0.94 (0.83, 1.08)
567 1.00 (-) 546 1.00 (-) 647 1.00 (-) 0.84
108 1.18 (0.96,1.45) 95 1.16 (0.94,1.45) 105 1.26 (1.03, 1.55)
113 1.00 (-) 99 1.00 (-) 115 1.00 (-) 0.99
29 1.53 (1.01,2.30) 24 1.50 (0.96, 2.36) 25 1.58 (1.02, 2.43)
43 1.00 (-) 39 1.00 (-) 58 1.00 (-) 0.02
16 214 (1.20,3.82) 18 2.89(1.65,5.08) 6 0.79 (0.34, 1.82)
1,03 1.00 (-) 1,144 1.00 (-) 1,313 1.00 (-) 0.74
234 129 (1.12,1.49) 241 1.36 (1.19,157) 218 1.26 (1.09, 1.46)
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5.4 Discussion

Within two large cohorts of adults in England without vascular disease, cancer, and poor or fair
self-rated health, social isolation was more prevalent in neighbourhoods with greater
deprivation, higher crime, closer proximity to services, and less greenspace. The Million
Women Study and UK Biobank analyses present inconsistent evidence that social isolation was
more detrimental to health in more deprived and higher crime neighbourhoods. In fully adjusted
Million Women Study analyses, the most isolated participants living in the least and most
deprived neighbourhoods tended to have the greatest all-cause mortality compared to
moderately deprived neighbourhoods. This finding did not align with the hypothesis that the
strength of association between social isolation and mortality would increase as socioeconomic
deprivation increased. No differences in associations were observed among UK Biobank
participants according to socioeconomic deprivation. As hypothesised, in the Million Women
Study, greater all-cause mortality was observed among the most isolated participants living in
moderate and high crime neighbourhoods compared to those living in low crime
neighbourhoods. Within the UK Biobank, no such differences were observed across
neighbourhood crime tertiles. Statistically significant effect modification was observed for
associations between social isolation and stroke mortality across neighbourhood deprivation
tertiles in the Million Women Study and UK Biobank. Statistically significant effect
modification on social isolation and stroke mortality was also observed across crime rate
tertiles and greenspace availability in the UK Biobank. However, few stroke deaths were
observed across deprivation, crime, and greenspace tertiles, and the strength of associations
across these tertiles did not vary in the hypothesised directions. Statistically significant effect
modification was not observed according to neighbourhood deprivation, crime rates, or
greenspace availability for any other outcomes. Finally, there was no evidence that social

isolation was more detrimental to health in neighbourhoods that were further from services.
Prevalence of Social Isolation across Neighbourhood Factors

As hypothesised, social isolation tended to be more prevalent in neighbourhoods with greater
deprivation, higher crime, and with lesser greenspace availability. These findings were
supported by previous research (Abraham et al., 2010; Diez Roux and Mair, 2010; Nicholson,
2012; Hassen and Kaufman, 2016). It was also hypothesised that social isolation would be
more prevalent in neighbourhoods that were further from services. However, the bivariate
analyses found lower prevalence of social isolation in these neighbourhoods. An explanation

for this finding could be that individuals living in areas with greater distances between people
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and amenities may place greater value in seeking regular interaction, have stronger cultural
norms around social connection, and thus be less social isolated as observed in previous
qualitative research (Winterton and Warburton, 2011; Menec et al., 2015, 2019). It should be
noted, that variation in the prevalence of social isolation across tertiles of neighbourhood
factors was generally subtle and these bivariate analyses did not adjust for other factors which
may explain the observed heterogeneity (e.g. age demographics of specific neighbourhoods,

cultural factors affecting social interaction).
Effect Modification by Neighbourhood Deprivation and Crime

The general hypothesis explored in the current analysis was the following: certain
neighbourhood environments may influence how social isolation is interpreted and experienced
psychologically, responded to behaviourally, and embodied physiologically, and this may lead
to stronger or weaker associations with health (Krieger, 2001; Berkman and Krishna, 2014;
Kubzansky et al., 2014). The current analyses found some, albeit largely weak and inconsistent,
evidence of effect modification between socioeconomic deprivation, crime rates, and social
isolation. In line with previous research, it was hypothesised that the strength of association
between social isolation and all-cause mortality would increase with greater deprivation and
crime (Marcus et al., 2016). Within the current analysis of the Million Women Study
participants, associations between social isolation and all-cause mortality were strongest
among the least and most deprived neighbourhoods. This represents a novel finding within the
literature as the only other study examining the effect modification of neighbourhood
deprivation on social isolation and mortality observed modestly stronger associations between
social isolation and all-cause mortality in high poverty compared to low poverty
neighbourhoods (High poverty RR=1.41, 95% CI: 1.27-1.58, p<0.0001; Low poverty RR=1.45,
95% CI: 1.18-1.78, p<0.0001). However, in this study the statistical significance of effect
modification on the multiplicative scale was not assessed. If indeed causal associations exist
between social isolation and mortality, the current analysis suggests that living conditions
within the most affluent and most deprived neighbourhoods may share or have unique
characteristics which make social isolation more detrimental to health compared to moderately
deprived neighbourhoods. As hypothesised, within the Million Women Study, associations
between social isolation and all-cause mortality strengthened as neighbourhood crime rates
increased. The current analysis is the first to assess neighbourhood crime as an effect modifier
of these associations, and this finding complements hypotheses originating from previous

qualitative research.
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Given that the effect modification observed for social isolation and all-cause mortality by
socioeconomic deprivation and crime was not replicated within the UK Biobank, and the lack
of strong supporting evidence from previous empirical studies, caution should be exercised
when interpreting these findings. Qualitative research suggests that isolated people in more
deprived and higher crime neighbourhoods may have less access to health and social services
and experience fear or insecurity which is believed to dissuade older adults from engaging
within their communities (Nicholson, 2012; Finlay and Kobayashi, 2018; Portacolone et al.,
2018). People living in more deprived communities may also be predisposed to forming
different types of relationships which may confer different health promoting or deleterious
effects on mortality (Marcus et al., 2015). However, research has yet to offer explanation for
why the magnitude of association between social isolation and mortality would be greater in
the least deprived neighbourhoods and most deprived neighbourhoods than in moderately

deprived neighbourhoods.

The statistically significant effect modification observed may be at least in-part explained by
chance and unmeasured confounding. If Bonferroni correction for multiple testing was applied,
effect modification for associations between social isolation and all-cause mortality by
neighbourhood socioeconomic deprivation would remain statistically significant at p for
interaction=0.03 (Bonferroni corrected p-value = p -k ; where p is the observed p-value
[0.0017] and k is the number of significance tests performed [15]) (Bland and Altman, 1995).
However, the Bonferroni corrected p for interaction for all other outcomes and neighbourhood
factors would exceed p for interaction=0.27. While the Bonferroni method is a conservative
approach to accounting for multiple testing, similar results would be found if &=0.01 was used
as the threshold for statistical significance. In summary, the problem of multiple comparisons
further weakens the evidence for effect modification of associations between social isolation

and mortality by neighbourhood deprivation and crime.
Weak Evidence of Modification of Associations between Social Isolation and Stroke Mortality

Statistically significant variation in associations between social isolation and stroke mortality
were observed across tertiles of socioeconomic deprivation, crime rates (UK Biobank only),
and greenspace availability. Caution should be exercised when interpreting these findings. In
the current analysis, low case frequencies may limit the accuracy and reliability of associations
and statistically significant effect modification observed. For the UK Biobank analyses in
particular, at most 20 stroke deaths were observed among the most isolated participants within

the aforementioned tertiles (Tables 5.2, 5.3 and 5.5). The overestimation of associations
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between social isolation within specific tertiles of a neighbourhood factor with few deaths, may
have biased the RR estimates away from the null. The problem of multiple comparisons should
again be considered given that there was only weak evidence of effect modification (p for
interaction range: 0.02 to 0.04). While generally it remains unclear whether associations
between social isolation and stroke mortality are influenced by neighbourhood deprivation,
crime rates, and greenspace, considering the probability of bias in these findings, it is unlikely

that the effect modification observed was meaningful.
Effect Modification by Neighbourhood Distance to Services and Greenspace

Within both the Million Women Study and the UK Biobank, no statistically significant effect
modification was observed according to neighbourhood distance to services and by and large,
greenspace availability. This finding is noteworthy because no previous studies have examined
physical characteristics of neighbourhoods as modifiers of associations between social
isolation and health. It was hypothesised that greater proximity and exposure to greenspace and
venues for social interaction may buffer any deleterious effects of stress induced by social
isolation (Pun, Manjourides and Suh, 2018). The current analyses suggest that factors like
distance to and the availability of venues for social interaction like shops and parks, may not
influence any explanatory pathways linking social isolation, vascular disease, and mortality.
Alternatively, any effect modification could have been too weak to detect because these
neighbourhood factors may be indirectly implicated along potential causal pathways and be
contingent on a several other mediating and confounding factors. However, given the size of
the cohorts examined and the number of incident cases and all-cause deaths observed,

insufficient statistical power was not perceived as a concern for these analyses.
Implications for Intervention

Despite weak evidence of effect modification by neighbourhood factors on associations
between social isolation, vascular disease, and mortality, neighbourhood factors may still be
suitable targets for preventing social isolation and promoting population health. It remains
possible that the baseline risk of mortality may vary across neighbourhood factor tertiles and
thus indicate higher-risk communities who may particularly benefit from targeted
interventions. Due in part to this, some advocate for examining effect modification on
multiplicative and additive scales (VanderWeele and Knol, 2014). Marcus and colleagues
(2016) did not find statistically significant evidence of effect modification on an additive scale.
However, the relative excess risk due to interaction and attributable proportion due to

interaction measures of additive interaction and—to a lesser degree—the synergy index used
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by Marcus and colleagues (2016) may be biased measures of interaction in the presence of
confounding (Skrondal, 2003). Additive hazards regression may be a useful method for
assessing effect modification on an additive scale (Rod et al, 2012). Additive hazards
regression was not implemented in the current analysis because the Million Women Study and
UK Biobank data accommodated the proportional hazards assumption. Therefore, to maintain
consistency throughout this thesis, Cox regression was deemed most appropriate method of
analysis. Future research should examine whether methods for studying additive interaction

such as additive hazards modelling produce similar findings as the current analysis.
Strengths and Limitations

The large size and novel use of data from the IMD 2010 and GLUD 2005 are key strengths of
the current analysis. However, there are limitations which merit discussion. First, there may be
a few sources of measurement error in the neighbourhood factors examined. The Million
Women Study 12-year re-survey and UK Biobank data was predominantly collected between
2010 and 2012, the data used to calculate IMD 2010 scores were collected in 2008, and the
GLUD 2005 uses census output area boundaries used in the 2001 census. There may thus be
misclassification bias from participants moving address, and changes in these neighbourhood
factors or neighbourhood boundaries over time. However, few are believed to have moved
during the observation period and it is unlikely that neighbourhood scores on these IMD
domains nor percentage greenspace would change considerably over this timeframe. Also, the
spatial scale used to define neighbourhoods (i.e. LSOA) may not accurately represent what
participants perceive as their neighbourhood. A person’s perceived neighbourhood, or where
they spend most of their time may not be within the LSOA boundaries. Therefore, it may be
unreasonable to assume that all people within the LSOA have uniform level of exposure. The
distance to services measure does not account for people’s distance to neighbours or access to
other important sources of, or facilitators to social interaction (e.g. public transportation, places
of worship, cafes and restaurants, community centres). Therefore, the distance to services
measure may have misclassified neighbourhoods which in reality are more or less proximal to
sources and facilitators of social interaction and thus attenuated any differences in associations
across distance tertiles. Finally, the neighbourhood factor and social isolation data was
collected at one point in time. It is unclear whether neighbourhood factors preceded the onset
of social isolation, and how long participants were exposed to these factors. While the current
analysis assumes a direction of associations from neighbourhood factors to social isolation to
health outcomes (Figure AS5.1), causal associations between social isolation and the examined
health outcomes have not been established nor can be inferred from these analyses.
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In terms of generalisability, the nature and magnitude of socioeconomic deprivation and
prevalence of crime may differ across unrepresented regions of the UK (e.g. Scotland and
Wales), and other high, middle, and low-income countries. Given the size of both cohorts and
the response rate of the Million Women Study, the generalisability of these findings among
generally healthy adults in the UK is believed to be strong. Despite these limitations, the
findings of the current analysis are robust given the sample size, the thorough approach to

mitigating reverse causation bias, and adjustment for potentially explanatory factors.

5.5 Conclusion and Future Directions

The current analyses were the largest to examine neighbourhood deprivation and first to
examine neighbourhood factors such as crime rates, distance to services, and greenspace
availability as modifiers of associations between social isolation and vascular disease incidence
and mortality. While neighbourhood deprivation, crime rates, distance to services, and
greenspace availability were related to the prevalence of social isolation, there was only weak
and inconsistent evidence that deprivation and crime modified associations between social
isolation and mortality outcomes. There is little evidence to suggest that social isolation
interventions which modify the neighbourhood factors examined, may influence vascular

disease incidence or mortality outcomes within a population.

In order to advance current theories explaining associations between social isolation and health,
it will be essential that future research explicitly defines the hypothesised relationships between
neighbourhood factors, social isolation, and the health outcomes being examined. Such
hypotheses are largely missing from previous research (Marcus ef al., 2016, 2017). Given the
focus of this chapter was to examine neighbourhood factors as effect modifiers, it was beyond
scope to conduct adjusted analyses of neighbourhood factors in relation to social isolation.
Longitudinal research examining neighbourhood environments and the incidence of social
isolation while adjusting for various potential explanatory factors is warranted. Data sources
such as Understanding Society (i.e. UK Household Longitudinal Study) may represent a key
opportunity for this research. To assess the utility of examining effect modification on
multiplicative and additive scales, future research examining neighbourhood factor effect
modification on social isolation and mortality should consider comparing results from Cox
regression and additive hazards models (Rod et al., 2012). Further research examining the
neighbourhood factors included in the current analyses and other neighbourhood factors may
further clarify if and to what the degree any associations between social isolation and health

outcomes are modifiable by neighbourhood factors. Future research into these and other
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neighbourhood factors will be important for municipal planners, policy makers, and service

providers as they design strategies to address social isolation and promote population health.

Until this point, all analyses of social isolation, vascular disease, and mortality examined
structural dimensions of social isolation. Functional and perceived dimensions of social
isolation are another group of factors also believed to influence associations between social
isolation and health. The following chapter is focused on examining if and to what degree this

this is true.
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6 Functional and Perceived Dimensions of Social
|solation in Relation to Mortality within the UK
Biobank

The results presented in Chapters 3 and 4 showed stronger evidence for associations between
social isolation and mortality than between social isolation and vascular disease incidence
within the Million Women Study and UK Biobank cohorts. Compared to the least isolated
participants, those who were most isolated had 68% to 92% increased risk of death from
vascular disease and 30% to 38% increased risk of death from any cause. These analyses
examined structural characteristics of people’s relationships, that is, more objective measures
of social contact frequency, social group participation, and living alone. A potential limitation
of the social contact index (SCI) score is that it is more reflective of the quantity as opposed to
the quality of social relationships. Within health and social science research communities, some
believe that the concept of social isolation should be expanded to include broader dimensions
of social relationships including functional characteristics of relationships (e.g. social support),
and more subjective feelings which accompany perceived isolation (e.g. loneliness and
relationship satisfaction) (Zavaleta et al., 2017; Holt-Lunstad, 2018b; Wister et al., 2019).
Multi-dimensional social isolation measures are believed to provide a more comprehensive and
accurate assessment of the experience of social isolation and potential effects on health (Holt-
Lunstad et al., 2010; Zavaleta et al., 2017; Holt-Lunstad, 2018b; Wister e al., 2019). However,
research has yet to compare the independent associations of structural, functional, and
perceived isolation in relation to mortality while also examining associations between
combinations of more than one dimension (Holt-Lunstad et al., 2015). For example, it is
hypothesised that people who are exposed to either structural or perceived isolation and people
who are exposed to both have greater risk of death than those who are not exposed to either
structural or perceived isolation (Holt-Lunstad ez al., 2015). For brevity, here forward, analyses
examining associations between specific combinations of social isolation dimensions and

mortality will be referred to as “joint associations” or “joint association analyses.”
y

When examining associations between perceived isolation and health it is important to assess
how much of any associations can be explained by depression. Psychological pathways such
as depression were not examined in Chapter 3 and 4 as it was hypothesised that psychological

factors such as depression would be more relevant in explaining associations between
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perceived isolation and health (Uchino et al., 1999; Courtin and Knapp, 2017; Wang et al.,
2018). Evidence from one prospective cohort study of social isolation and mortality found
depressive symptoms to explain a lower proportion of minimally adjusted associations between
structural isolation and mortality compared to perceived isolation and mortality (Elovainio et
al., 2017). However, this analysis of UK Biobank examined perceived isolation using an index
of loneliness which was constituted by a measure of social support and a measure of frequency
of loneliness. Therefore, further analyses are needed to examine the role of depression in any
independent and joint associations between structural, functional (i.e. social support), and

perceived isolation (i.e. loneliness and relationship satisfaction) and mortality.

Associations between structural and perceived dimensions of social isolation have been
compared to established risk factors such as cigarette smoking (House et al., 1988; Kawachi et
al., 1996; Holt-Lunstad et al., 2010; Pantell et al., 2013). Smoking represents a major global
risk factor for disease and premature mortality. Worldwide, approximately 146.8 million
disability adjusted life years (DALYs) and 6.4 million deaths were attributable to smoking in
2015 (Reitsma et al., 2017). The claim that associations between social isolation and health are
comparable to smoking and health has thus gained international attention (Brody, 2013;
National Health Service, 2015; AgeUK, 2017; CBC News, 2017; Tate, 2018; Coughlan, 2019;
Mahder-Bashi and Savage, 2019) and is cited in scientific literature (Patterson, 2016;
Tanskanen and Anttila, 2016; Yang et al., 2016; Courtin and Knapp, 2017). However, research
has yet to rigorously examine whether associations between measures of social isolation and

mortality are indeed equal to that of smoking.

The current chapter will be presented in two parts. Part 1 will examine multiple dimensions of
social isolation in relation to all-cause mortality within the UK Biobank while assessing the
role of depression as an explanatory factor. Part 2 will examine whether independent
associations between structural, functional, or perceived dimensions of social isolation and

mortality are comparable to that of smoking.
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6.1 Part 1 — Functional and Perceived Isolation and Mortality

6.1.1 Background

Functional Isolation

Social support is generally described as a perceived resource available or function carried out
by someone in order to assist another person (Umberson et al., 2010). For this reason, the near
or complete absence of social support can be referred to as functional isolation (Zavaleta et al.,
2017; Holt-Lunstad, 2018b). Social support is often categorised as emotional, informational,
and instrumental. Emotional support relates to demonstrations of empathy and compassion,
informational support relates to sharing helpful information, appraisal, or advice, and
instrumental support relates to sharing material goods and assisting with activities (Shor ef al.,
2013; Berkman and Krishna, 2014). Greater detail and discussion of these concepts is presented

in Section 1.4.3.

Associations between social support and mortality have been studied widely (Holt-Lunstad e?
al., 2010; Umberson et al., 2010; Shor et al., 2013). In their meta-analysis of 73 studies, Holt-
Lunstad and colleagues (2010) estimated people with lower levels of informational,
instrumental, or emotional support had 35% greater mortality compared to those with high
higher levels of support (weighted mean OR=1.35, 95% CI: 1.22-1.49). This estimate may
however be inflated by the inclusion of results from unadjusted analyses. Most recently, Shor
and colleagues (2013) conducted a meta-analysis of 50 studies examining self-reported
informational, instrumental, and emotional support in relation to mortality. Most studies
included in this meta-analysis examined emotional support. After adjusting for covariates,
study participants with lower levels of support had 11% increased mortality compared to those
with higher levels of emotional support (mean HR=1.11, 95% CI: 1.05-1.17, Restimates=121).
However, these studies exhibited substantial heterogeneity (/°=83.4, p<0.05). In sub-group
analyses, compared to participants with high social support, there was stronger evidence for
increased risk among those with no support (mean HR: 1.15, 95% CI: 1.09-1.27, ngudies=74),
as opposed to those with some support (mean HR: 1.08, 95% CI: 0.99-1.17, ngudies=47). While
lacking social support (i.e. functional isolation) is associated with increased mortality, it
remains unclear to what degree associations are explained by structural dimensions of social
isolation, and whether the combination of structural and functional isolation amplifies any

associations (Holt-Lunstad et al., 2010, 2015).
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Perceived Isolation

Perceived isolation is often referred to as loneliness (Section 1.4.3; Berkman and Krishna,
2014; Zavaleta, Samuel and Mills, 2017). Loneliness is defined as "a distressing feeling that
accompanies the perception that one's social needs are not being met by the quantity or
especially the quality of one's social relationships" (Hawkley and Cacioppo, 2010). Among
studies which did and did not adjust for explanatory factors, Holt-Lunstad and colleagues
(2010) estimated that lonely participants had 45% greater mortality compared to those who
were not lonely (weighted mean OR=1.45, 95% CI. 1.08-1.94, n=8). A subsequent meta-
analysis which included analyses focusing on studies adjusting for multiple covariates, found
loneliness to be associated with 26% higher mortality compared to participants who were not
lonely (weighted mean OR=1.26, 95% CI: 1.04-1.53, n=13; Holt-Lunstad et al., 2015). Among
the prospective studies of structural isolation reviewed in Chapter 2, three additionally
examined associations between loneliness and all-cause mortality (Steptoe et al., 2013;
Tanskanen and Anttila, 2016; Elovainio et al., 2017). Note, Steptoe and colleagues (2013) was
previously reviewed by Holt-Lunstad and colleagues (2015). Not one study observed
associations between loneliness and mortality after adjustment for explanatory factors such as
age, gender, socioeconomic factors, health behaviours, baseline physical health status and
depressive symptoms. Furthermore, two studies did not observe statistically significant
interaction between structural measures of social isolation and loneliness (Steptoe et al., 2013;
Tanskanen and Anttila, 2016). However, both studies were relatively small (less than 1,500
deaths) and may be underpowered to detect interaction between structural and perceived
isolation. Larger studies which account for reverse causation and confounding are warranted

to examine joint associations between structural and perceived isolation, and mortality.

Satisfaction with relationships is another approach to measuring perceived dimensions of
isolation (Zavaleta et al., 2017). Few studies have examined general measures of family
relationship and friendship satisfaction in relation to mortality. A larger body of work has
however examined marital satisfaction and health (Robles et al., 2014). Robles and colleagues’
(2014) meta-analysis examining marital satisfaction and mortality found that compared to those
with higher quality relationships with their spouse, those with lower quality relationships had
approximately 50% higher mortality (pooled estimate of association converted to OR in Holt-
Lunstad et al. 2017: OR=1.49, 95% CI: 1.16-1.94). These estimates may however be limited
by reverse causation bias as some of the studies included patients with poor health (e.g. end-
stage renal disease, and cardiovascular disease) at baseline. Particularly in older adulthood,
relationships with family members beyond one’s spouse (e.g. children) and friends may play

147



an important role in one’s life. Further research is needed to understand whether satisfaction

with family relationships and friendships more generally is associated with mortality.

6.1.1.1 Objectives

The primary objective of this Section is to examine whether functional and perceived

dimensions of social isolation are associated with all-cause mortality, while:
e minimising bias due to reverse causation;

e examining how much of any association is explained by personal characteristics, health

behaviours, physiological factors, and depressive symptoms;
e examining whether any associations are independent of structural dimensions, and;

e examining whether experiencing functional or perceived isolation in addition to

structural isolation affects mortality over and above each dimension individually.

6.1.2 Methods

6.1.2.1 Study Design and Participants

Data from UK Biobank was examined for this analysis because participants were asked
questions about frequency of loneliness, availability of confiding support, and relationship
satisfaction. The UK Biobank cohort is described in detail within Section 4.2.1. The Million
Women Study 15-year resurvey also asked participants about loneliness; however, data was
only available for a subsample of participants with a shorter follow-up period (approximately
four years). Due to low death frequencies across levels of the social contact index (SCI) and
loneliness and incomplete data for key covariates like smoking, the Million Women Study data

was not analysed.

6.1.2.2 Exposures

The main exposures examined were functional isolation (i.e. confiding support), and perceived
isolation (i.e. loneliness and relationship satisfaction). In addition to questions regarding
frequency of social contact and living alone, the UK Biobank touchscreen questionnaire asked
participants if they often feel lonely, how often they are able to confide in someone close to
them, and their level of satisfaction with family relationships and friendships. These questions
as they appear in the questionnaire are presented in Figure 6.1. To ascertain those who had at

least some access to confiding support, the following categories were combined: “almost
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daily,” “2-4 times a week,” “about once a week,” “about once a month,” “once every few
months.” Participants who were “never/almost never” able to confide were considered as
having “no support” while those who were able to confide at least every few months were
considered as having “support.” Participants who responded “Yes” to often feeling lonely were
considered “lonely” and those who did not were considered “not lonely.” Relationship
satisfaction questions were added to the touchscreen questionnaire in 2012. As a result, only a
sub-sample of participants completed these questions. Participants were asked, “In general how

satisfied are you with your family relationships?” and “In general how satisfied are you with

99 ¢ 99 ¢

your friendships?” Response options included “extremely happy, moderately

very happy,

extremely unhappy,” “do not know,” and

2% ¢C 2 ¢ 29 ¢

happy,” “moderately unhappy,” “very unhappy,
“prefer not to answer.” It was unclear from previous literature whether there were meaningful
differences in the experience of satisfaction with family relationships versus friendships.
Therefore, these variables were combined in order to assess satisfaction with relationships
generally (i.e. family or friendships). If participants responded extremely, very, or moderately
happy for both family and friendship satisfaction questions, they were considered “satisfied.”
Due to the low frequency of participants who reported being extremely, very, or moderately
unhappy with family relationships and friendships, participants were considered “not fully
satisfied” if they were unhappy with either family relationships or friendships. “Do not know”

and “prefer not to answer” responses were grouped with missing responses for relationship

satisfaction, loneliness, and confiding support variables.

The SCI score described in section 4.1.3 was again used to measure structural social isolation.
Due to low case frequencies within some sub-categories of structural, functional, and perceived
isolation when examining joint associations and participants within “least isolated” and

“moderately isolated” categories were grouped together as in Section 5.2.2.

6.1.2.3 Outcomes

Time to all-cause death was chosen as the outcome of interest because there were insufficient

vascular disease deaths observed across levels of the combined social isolation variables.

6.1.2.4 Explanatory Factors

The current analysis examined the same set of explanatory factors as in Chapter 4 in addition
to depressive symptoms (Table A6.1, pp.234). It was hypothesised that depression may be a
psychological explanatory factor either confounding or mediating associations between
loneliness, confiding support and mortality (Shor et al., 2013; Holt-Lunstad et al., 2015;

Elovainio et al., 2017). Therefore, self-reported frequency of depressed mood was used as a
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proxy measure for depression. UK Biobank participants were asked “Over the past two weeks,
how often have you felt down, depressed or hopeless?” Those responding, “Several days,”
“More than half the days” or “Nearly every day,” were grouped as having depressive
symptoms. Those responding “Not at all” were grouped as not having depressive symptoms.

Those responding, “Do not know” and “Prefer not to answer” were grouped as missing.
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A. Frequency of Loneliness

Do you often feel lonely?

O Yes

O No

O Do not know

O Prefer not to answer

B. Ability to Confide

How often are you able to confide in someone close to you?

01 Almost daily

2-4 times a week
About once a week
About once a month
Once every few months
Never or almost never
Do not know

Prefer not to answer

I Y o

C. Relationship Satisfaction - Family
In general how satisfied are you with your FAMILY RELATIONSHIPS?

Extremely happy
Very happy
Moderately happy
Moderately unhappy
Very unhappy
Extremely unhappy
Do not know

Prefer not to answer

OoOoOooooogadg

D. Relationship Satisfaction - Friends

In general how satisfied are you with your FRIENDSHIPS?

Extremely happy
Very happy
Moderately happy
Moderately unhappy
Very unhappy
Extremely unhappy
Do not know

Prefer not to answer

I O B

Figure 6.1. Confiding support, loneliness and relationship satisfaction questions as
they appear on the UK Biobank touchscreen questionnaire.

151



6.1.2.5 Statistical Analyses

Similar cohort exclusion criteria as described in Section 4.1.5 were used for the current
analysis. In total, 502,543 adults from the UK were considered for this analysis. Participants
were excluded if they met the following criteria: were recruited from Scotland (n=35,845); had
previous hospital admissions for CHD or stroke (#=21,726); had previous cancer registrations
(n=29,647); self-reported a previous diagnosis of MI, angina, stroke, or cancer (n=20,159); if
they reported fair or poor self-rated health (n=92,195); or had missing data for social contact
or living alone variables (n=6,058), or loneliness (#n=3,850), or confiding support (n=8,484).
Analyses of relationship satisfaction additionally excluded persons who were not asked or did

not respond to this question (n=183,356).

Participants were observed from the time of survey completion to time of death, loss to follow-
up, or 31 January 2016. Cox regression was used to estimate relative risks (RR) and 95%
confidence intervals (CI). To adjust for age, all models used attained age as the underlying time
variable. Minimally adjusted models were also stratified by gender and adjusted for recruitment
region. Fully adjusted models further controlled for additional personal characteristics (i.e.
socioeconomic deprivation, education, disability), health behaviours (i.e. smoking, alcohol
intake, physical activity, BMI), physiological factors (i.e. history of hypertension, history of
diabetes, prescription of lipid medications), and psychological factors (i.e. depressed mood).
Missing responses for the covariates (less than 3.5% for all variables) were assigned to a

separate category.

For the Cox regression analyses, first, minimally and fully adjusted models examined
independent associations between confiding support, loneliness, relationship satisfaction, and
SCI score and all-cause mortality. In order to assess the degree to which each covariate and
group of covariates, particularly depressed mood, explained any associations, the same
sequential adjustment approach and LR y? attenuation method described in Section 3.2.5 was
conducted. The fully adjusted model for each dimension of isolation was referred to as Model
1. Likelihood ratio y? attenuation analyses of SCI score were previously conducted in Chapter
4. Structural isolation was included in the current analysis in order to compare associations
across each dimension of isolation using the same sample of people and to examine the degree
to which depressed mood explained minimally adjusted associations between structural

isolation and mortality.
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Next, to assess whether any associations between measures of functional or perceived isolation
were explained by structural isolation, each Model 1 was additionally adjusted for SCI score.
These mutually adjusted models were referred to as Model 2. The LR test of heterogeneity was
used to assess the statistical significance of the associations in both Models 1 and 2. Finally, an
interaction term between structural isolation and each measure of functional and perceived
isolation was added to each respective Model 2. These models were referred to as Model 3. To
test the statistical significance of any interaction, the LR test of interaction was conducted
comparing Model 2 and Model 3. Linear combinations of regression coefficients from Model
3 were used to estimate associations between structural isolation and mortality within strata of

functional and perceived isolation.

To examine the assumption of proportional hazards, log-log plots and Schoenfeld residuals
were assessed. The assumption was found to be reasonable. To assess multicollinearity, pair-
wise spearman correlation coefficients (p) were used. Multicollinearity was not believed to
bias the analyses as only weak correlation (i.e. p<0.20) was observed for all covariates except
for loneliness and depressed mood which had slightly greater correlation (p=0.33). All analyses
were conducted using Stata 15.1 (StataCorp College Station, TX, USA).
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6.1.3 Results

In total, 284,579 participants without previous vascular disease, cancer, or fair/poor self-rated
health at baseline were included in analyses involving loneliness and confiding support.
Characteristics of this cohort are presented in Table 6.1. During a mean follow-up period of
approximately seven years (SD: 0.9), there were 4,469 deaths in total. Approximately 12.5%
(n=35,665) reported never or almost never being able to confide in someone close to them and
14.5% (n=41,129) of participants often or always felt lonely. Approximately 21.1% and 20.1%
of those who did not have confiding support or who felt lonely, respectively, were within the

most isolated SCI score group, compared to 11.3% of those who had support or were not lonely.

Participants reporting no support were more likely to be older and male. Whereas participants
reporting loneliness tended to be slightly younger and female. Compared to participants with
at least some confiding support, participants who lacked confiding support were more likely to
have less education, recently experienced depressed mood, and to be among the most isolated.
Compared to participants who did not often or always feel lonely, those who did tended to be
more deprived, to have recently experienced depressed mood, and to be among the most
isolated. Differences in the proportion of people reporting recent depressed mood across levels
of loneliness were marked (Percent reporting depressed mood, Not Lonely: 12.9%; Lonely:

51.8%; Table 6.1).

Within the sub-sample of 101,223 participants who had complete information for relationship
satisfaction, 1,235 deaths were observed over a mean follow-up time of six years (SD: 0.5)
(Table 6.1). Approximately 6.3% (n=6,423) of participants were somewhat or very dissatisfied
with either their family relationships or friendships. Approximately 23.2% of those who were
not fully satisfied with their relationships, were within the most isolated SCI score group,

compared to 12.0% of those who had support or were not lonely.

Participants who were not fully satisfied with their relationships were slightly younger and
more likely to be male than those who were fully satisfied with their relationships. Compared
to those who were fully satisfied with their relationships, those who were not tended to be more
deprived, to have recently experienced depressed mood, and to be among the most isolated.
Again, the differences in the proportion of people reporting depressed mood across relationship
satisfaction were particularly marked (Percent reporting depressed mood, Satisfied: 16.2%; Not

Fully Satisfied: 50.5%; Table 6.1).
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Table 6.1. Characteristics of UK Biobank cohort by each measure of functional and perceived social isolation.

Characteristics

Mean age (SD)

Female (%)

Less than secondary education (%)
Most Deprived (%)

Receipt of disability allowance (%)
Current smoker (%)

Alcohol consumed = 5 days/week (%)
Rarely/never exercise (%)

BMI = 30 kg/m? (%)

History of hypertension (%)

History of diabetes (%)

Taking cholesterol medications (%)
Depressed mood, past 2 weeks (%)

Structural Isolation
Most Isolated (%)

Follow-up Information
Deaths, n

Mean Follow-up (SD)
Person-years (1000s)

Functional Isolation

Perceived Isolation

Satisfaction with

Confiding Support Loneliness Relationships
- Not Fully
Support No Support Not Lonely Lonely Satisfied Satisfied
n=248,914 n=35,665 n=243,450 n=41,129 n=94,800 n=6,423
(87.5%) (12.5%) (85.5%) (14.5%) (93.7%) (6.3%)
55.9 (8.1) 57.0 (7.9) 56.2 (8.1) 55.1 (8.1) 56.4 (8.1) 53.7 (8.0)
57.9 421 54.2 65.8 56.5 51.5
12.3 18.6 12.7 15.3 11.9 7.9
28.4 30.9 27.5 35.8 31.5 39.0
1.6 2.2 1.5 2.6 1.5 2.2
8.0 9.8 7.8 11.0 7.8 10.7
21.9 21.6 22.3 19.1 21.8 21.5
9.2 12.4 9.3 11.0 8.4 9.6
18.3 20.6 18.2 20.8 18.2 17.7
19.9 22.1 20.3 19.6 20.2 17.3
2.5 3.1 2.6 2.7 2.8 24
104 11.8 10.8 9.3 11.6 8.3
174 25.0 12.9 51.8 16.2 50.5
11.3 21.1 11.3 20.1 12.0 23.2
3,688 781 3,808 661 1,164 71
6.9(0.9) 6.9(0.9) 6.9(0.9) 6.9(0.9) 6.0(0.5) 6.0(0.5)
1,712 247 1,676 283 572 39

Notes: N= 284,579 for analyses of confiding support and loneliness. N=101,223 for analyses of relationship satisfaction; Proportions
calculated from total of participants with complete information for the respective variable; Participants with missing relationship
satisfaction data were included in proportions for loneliness and confiding support, but not relationship satisfaction.



6.1.3.1 Prospective Analyses of Functional Isolation and Mortality

After minimal adjustment for age, gender, and region of recruitment, participants lacking
confiding support had 24% increased mortality compared to those with confiding support
(Table 6.2, RR=1.24, 95% CI. 1.15-1.34, p<0.0001). After full adjustment for personal
characteristics, health behaviours, physiological factors, and depressed mood, participants
lacking confiding support had 18% greater mortality compared to those with confiding support
(Table 6.2, RR=1.18, 95% CI: 1.09-1.27, p<0.0001). These covariates explained 42% of the
minimally adjusted association (Table 6.2). Personal characteristics and health behaviours
accounted for 27% and 26% attenuation in the minimally adjusted associations, respectively.
Depressed mood explained 8% of the association. After Model 1 for confiding support was
additionally adjusted for SCI score, the association was slightly attenuated but remained

statistically significant (Table 6.3, No Support: RR=1.15, 95% CI: 1.06-1.24, p<0.001).

As explained in Section 6.1.2.5, one reason SCI score was included in the current analysis was
to facilitate comparison of associations across each dimension of social isolation (Tables 6.3
and 6.5). After full adjustment, the most isolated participants had 29% higher mortality than
less isolated participants (Table 6.3 and 6.5, Most Isolated: RR=1.29, 95% CI: 1.19-1.40,
2<0.0001). After Model 1 for SCI score was additionally adjusted for confiding support, the
association was slightly attenuated but remained statistically significant (Table 6.3, Most

Isolated: RR=1.27, 95% CI: 1.17-1.38, p<0.0001).

Interaction between SCI score and confiding support was not statistically significant (Table
6.3, p for interaction=0.11). Given the absence of interaction, linear combinations of regression
coefficients from Model 2 for each category of SCI score and confiding support were used to
examine the magnitude of any joint association (Figure 6.2). After full adjustment, participants
who were less isolated and lacked support had 15% greater mortality than those who were less
isolated and had confiding support (Figure 6.2, Less Isolated and No Support: RR=1.15, 95%
CI: 1.06-1.24). Among the most isolated participants, those with support had 27% greater
mortality, and those who lacked support had 46% greater mortality than participants who were
less isolated and had support (Figure 6.2, Most Isolated and Support: RR=1.27, 95% CI: 1.17-
1.38; Most Isolated and No Support: RR=1.46, 95% CI: 1.31-1.62).
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Table 6.2. RR and 95% CI for confiding support in relation to all-cause mortality after adjustment for each group
of covariates.

p for hetero- % Attenuation

Support No Support LR x2

ALL-CAUSE MORTALITY geneity inLR x*
No. of deaths 3,688 781
Age, gender, region (minimally adjusted) 1.00 (-) 1.24 (1.15,1.34) <0.0001 27.9 -
Age, gender, region, personal characteristics 1.00 (-) 1.20 (1.11,1.30) <0.0001 204 27
Age, gender, region, deprivation 1.00 (-) 1.22 (1.13,1.32) <0.0001 24.5 12
Age, gender, region, education 1.00 (-) 1.22 (1.12,1.31) <0.0001 23.2 17
Age, gender, region, disability 1.00 (-) 1.23 (1.14,1.33) <0.0001 26.6 5
Age, gender, region, health behaviour factors 1.00 (-) 1.20 (1.11,1.30) <0.0001 20.6 26
Age, gender, region, smoking 1.00 (-) 1.22 (1.13,1.32) <0.0001 23.8 15
Age, gender, region, alcohol 1.00 (-) 1.23 (1.14,1.33) <0.0001 27.0 3
Age, gender, region, physical activity 1.00 (-) 1.23 (1.14,1.33) <0.0001 25.8 7
Age, gender, region, body mass index 1.00 (-) 1.23 (1.14,1.33) <0.0001 26.7 4
Age, gender, region, physiological factors 1.00 (-) 1.24 (1.14,1.34) <0.0001 27.3 2
Age, gender, region, hypertension 1.00 (-) 1.24 (1.15,1.34) <0.0001 27.6 1
Age, gender, region, diabetes 1.00 (-) 1.24 (1.14,1.34) <0.0001 27.6 1
Age, gender, region, cholesterol medications 1.00 (-) 1.24 (1.15,1.34) <0.0001 28.1 -1
Age, gender, region, depressed mood 1.00 (-) 1.23 (1.14,1.33) <0.0001 25.6 8
Fully adjusted 1.00 (-) 1.18 (1.09, 1.27) <0.0001 16.1 42
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Table 6.3. Fully adjusted RR and 95% CI for confiding support in relation to all-cause mortality before and after adjustment for

SCI score and in combination with SCI score.

Model 1 Model 2 Model 3
Support No Support
p for p for for
RR 95% CI hetero- RR 95% CI hetero- RR 95% CI RR 95% CI _pfor
. . interaction
geneity geneity
SCI Score
Less Isolated, n=3,745 1.00 (-) <0.0001 1.00 (-) <0.0001 1.00 (-) 1.00 (-) 0.11
Most Isolated, n=724 1.29 (1.19, 1.40) 1.27 (1.17,1.38) 1.22 (1.11,1.34) 142 (1.21, 1.66)
Confiding Support
Support, n=3,688 1.00 (-) <0.0001 1.00 (-) <0.001 - - - - -
No Support, n=781 1.18 (1.09, 1.27) 1.15 (1.06, 1.24) - - - -

Notes: Model 1: Confiding support in relation to all-cause mortality adjusted for personal characteristics, health behaviours, physiological factors, and psychological
factors; Model 2: Model 1 additionally adjusted for SCI score; Model 3: Sub-group analysis of SCI score in relation to all-cause mortality within strata of confiding
support and adjusted for personal characteristics, health behaviours, physiological factors, and depressed mood.
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Figure 6.2. Fully adjusted RR and 95% CI for linear combination of regression
coefficients from Model 2 for each level of SCl score and confiding support in relation
to all-cause mortality.
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6.1.3.2 Prospective Analyses of Perceived Isolation and Mortality

After minimal adjustment, lonely participants had 23% increased mortality compared to those
who were not lonely (Table 6.4, RR=1.23, 95% CI: 1.13-1.33, p<0.0001). Adjustment for
explanatory factors attenuated this association by 77%. After full adjustment, lonely
participants had 11% greater mortality than those who were not lonely (Table 6.4, Lonely:
RR=1.11, 95% CI: 1.01-1.21, p=0.02). Personal characteristics and health behaviours
accounted for 48% and 40% attenuation in the minimally adjusted associations, respectively.
Depressed mood explained 30% of the minimally adjusted association. After Model 1 for
loneliness was additionally adjusted for SCI score, the association was attenuated and no longer
statistically significant (Table 6.5, Lonely: RR=1.08, 95% CI: 0.99-1.18, p=0.10). However,
after Model 1 for SCI score was additionally adjusted for loneliness, the association was only

slightly attenuated (Table 6.5, Most Isolated: RR=1.28, 95% CI: 1.18-1.39, p<0.0001).

Interaction between SCI score and loneliness was not statistically significant (p for
interaction=0.83). Again, linear combinations of regression coefficients from Model 2 for each
category of SCI score and loneliness were used to examine the magnitude of any joint
association (Figure 6.3). After full adjustment, participants who were less isolated and lonely
had 9% greater mortality than those who were less isolated and not lonely (Figure 6.3, Less
Isolated - Lonely: RR=1.09, 95% CI: 0.98-1.20). Among the most isolated participants, those
who were grouped as not lonely had 29% greater risk of death and those who were grouped as
lonely had 37% increased risk of death compared to participants who were less isolated and
not lonely (Figure 6.3, Most Isolated and Not Lonely: RR=1.29, 95% CI: 1.17-1.41; Most
Isolated and Lonely: RR=1.37, 95% CI: 1.17-1.59).

In both minimally and fully adjusted models, satisfaction with relationships was not associated
with all-cause mortality (Table 6.6). For this reason, Model 1 was not additionally adjusted for

SCI score, and interaction between SCI score and relationship satisfaction was not examined.
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Table 6.4. RR and 95% CI for loneliness in relation to all-cause mortality after adjustment for each group of

covariates.

Not Lonely

Lonely

p for hetero-

LR x2

% Attenuation

ALL-CAUSE MORTALITY geneity inLRx*
No. of deaths 3,688 781
Age, gender, region (minimally adjusted) 1.00 (-) 1.23 (1.13,1.33) <0.0001 224 -
Age, gender, region, personal characteristics 1.00 (-) 117 (1.08,1.27) <0.001 13.4 40
Age, gender, region, deprivation 1.00 (-) 1.20 (1.10, 1.30) <0.0001 171 24
Age, gender, region, education 1.00 (-) 1.21 (1.12,1.32) <0.0001 19.9 11
Age, gender, region, disability 1.00 (-) 1.21 (1.11,1.31) <0.0001 19.3 14
Age, gender, region, health behaviour factors 1.00 (-) 1.16 (1.07,1.26) <0.001 11.6 48
Age, gender, region, smoking 1.00 (-) 1.18 (1.08, 1.28) <0.001 13.9 38
Age, gender, region, alcohol 1.00 (-) 1.22 (1.13,1.33) <0.0001 21.8 3
Age, gender, region, physical activity 1.00 (-) 1.22 (1.13,1.33) <0.0001 21.5 4
Age, gender, region, body mass index 1.00 (-) 1.22 (1.12,1.32) <0.0001 20.6 8
Age, gender, region, physiological factors 1.00 (-) 1.22 (1.12,1.33) <0.0001 211 6
Age, gender, region, hypertension 1.00 (-) 1.23 (1.13,1.33) <0.0001 221 2
Age, gender, region, diabetes 1.00 (-) 1.22 (1.12,1.33) <0.0001 21.3 5
Age, gender, region, cholesterol medications 1.00 (-) 1.23 (1.13,1.33) <0.0001 22.4 0
Age, gender, region, depressed mood 100 (-) 1.20 (1.10,1.31) <0.0001 15.7 30
Fully adjusted 1.00 (-) 111 (1.01,1.21) 0.02 5.1 77
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Table 6.5. Fully adjusted RR and 95% CI for loneliness in relation to all-cause mortality before and after adjustment for SCI

score and in combination with SCI score.

Model 1 Model 2 Model 3
Not Lonely Lonely
p for p for p for
RR 95% CI hetero- RR 95% CI hetero- RR 95% CI RR 95% CI inter-
geneity geneity action
SCI Score
Less Isolated, n=3,745 1.00 (-) <0.0001 1.00 (-) <0.0001 1.00 (-) 1.00 (-) 0.83
Most Isolated, n=724 1.29 (1.19, 1.40) 1.28 (1.18,1.39) 1.29 (1.17,141) 1.26 (1.06, 1.49)
Loneliness
Not Lonely, n=3,808 1.00 (-) 0.02 1.00 (-) 0.10 - - - -
Lonely, n=661 1.11 (1.01,1.21) 1.08 (0.99, 1.18) - - - -

Notes: Model 1: Loneliness in relation to all-cause mortality adjusted for personal characteristics, health behaviours, physiological factors, and psychological
factors; Model 2: Model 1 additionally adjusted for SCI score; Model 3: Sub-group analysis of SCI score in relation to all-cause mortality within strata of
loneliness and adjusted for personal characteristics, health behaviours, physiological factors, and depressed mood.

Table 6.6. Minimally and fully adjusted RR and 95% CI for relationship satisfaction in
relation to all-cause mortality.

ALL-CAUSE MORTALITY Satisfied Not Fully Satisfied heter‘_‘(’);‘gneity
No. of deaths 1,164 71
Minimally adjusted 1.00 (-) 1.15 (0.91, 1.47) 0.26
Fully adjusted 1.00 (-) 1.13 (0.88, 1.44) 0.35

Notes: Minimally adjusted for age and gender and region of recruitment; Fully adjusted for additional personal
characteristics, health behaviours, physiological factors, and depressed mood.
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Figure 6.3. Fully adjusted RR and 95% CI for linear combination of regression
coefficients from Model 3 for each level of SCI score and loneliness in relation to all-
cause mortality.
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6.1.3.3 Depression as an Explanatory Factor for Structural Isolation

Another reason SCI score was included in the current analysis was to assess the degree to which
depressive symptoms explain associations between structural isolation and mortality (Table
A6.2, pp.230). After minimal adjustment for age, gender, and region of recruitment, compared
to less isolated participants, the most isolated had 43% increased mortality (Table A6.2,
RR=1.43, 95% CI: 1.32-1.55, p<0.0001). After full adjustment, the most isolated participants
had 29% greater mortality than less isolated participants (Table A6.2, RR=1.29, 95% CI: 1.19-
1.40, p<0.0001). Overall, personal characteristics, health behaviours, physiological factors, and
depressed mood, explained 50% of the minimally adjusted association. Health behaviours and
personal characteristics accounted for 36% and 23% attenuation in the minimally adjusted
associations, respectively. Depressed mood explained 4% of the minimally adjusted

association.

6.1.4 Discussion

Among 284,579 adults without vascular disease, cancer, and fair or poor self-rated health, the
current analysis examined functional, perceived, and structural dimensions of social isolation
in relation to all-cause mortality. Functional isolation was assessed using a measure of
confiding support availability. After adjustment for explanatory factors and structural isolation
(i.e. SCI score), lacking confiding support remained associated with approximately 15% excess
mortality compared to those with confiding support. Perceived isolation was assessed using
measures of loneliness and relationship satisfaction. Loneliness was not associated with
mortality after adjustment for explanatory factors and structural isolation. In minimally and
fully adjusted analyses, satisfaction with family relationships and friendships was not
associated with mortality. Depressed mood tended to explain a much larger proportion of the
minimally adjusted association between loneliness and mortality than associations between
structural and functional isolation and mortality. No statistically significant interaction between
structural isolation and either functional or perceived isolation was observed. Therefore, there
was little evidence that combined exposure to structural and functional or structural and
perceived isolation was associated with increased mortality risk over and above the mortality
risk associated with each measure independently. These findings have implications for how
social isolation is measured, current understandings of how social isolation may affect

mortality, and directions for future research.
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Functional Isolation — Confiding Support

The current analysis found that never or almost never being able to confide in someone close
to be associated with 15% increased mortality compared to those who were able to confide at
least sometimes. A previous meta-analysis of 74 studies similarly found that after adjusting for
potential explanatory factors, those who lacked emotional social support had 15% increased
mortality compared to those with some emotional social support (Shor et al., 2013). Previous
research has used a variety of measures to assess social support (Shor et al., 2013).
Heterogeneity in measurement methods may contribute to inconsistency in the findings of
studies published after the meta-analysis search strategy timeframe (Stringhini et al., 2012;
Barger, 2013). More recent studies present inconsistent findings. In their longitudinal analysis
of Whitehall II participants (waves two, five, and seven), Stringhini and colleagues (2012)
examined an index of seven questions from the Close Persons Questionnaire to assess confiding
support. They observed lower all-cause mortality among women within the lowest quartile of
confiding support compared to higher quartiles of support (HR=0.68, 95% CI: 0.49-0.93) and
no associations among men (Stringhini ef al., 2012). Barger (2013) analysed the American
National Health Interview Study cohort (adults 18 years and older). This analysis examined
emotional support using the following question: “How often do you get the social or emotional
support you need — always, usually, sometimes, rarely, or never?” No associations with all-
cause mortality were observed across levels of emotional support among men nor women
(Barger, 2013). In both of the aforementioned analyses, it is unclear whether sufficient cases
were observed across levels of social support to detect associations, particularly if as found in
the current analysis, confiding support has a weak association with mortality. Due to the size
of the current analysis and approaches taken to account for reverse causation and confounding,
the associations observed are believed to be robust. However, given that it measured one
dimension of social support it remains unclear what specific factors explain the association

between confiding support and mortality independent of SCI score.

Explanations for how social support may influence mortality remain inconclusive (Reblin and
Uchino, 2008; Berkman and Krishna, 2014). As discussed in Sections 3.4 and 4.4, the
availability of someone who can assist another in seeking care during an emergency may be
one mechanism explaining increased mortality among more isolated people and/or those
lacking support. Confidants are also believed to provide appraisal support which may
encourage someone to proactively seek health services (e.g. preventative health services), adopt
health behaviours, and adhere to treatment regimens (Reblin and Uchino, 2008; Berkman and
Krishna, 2014; Stafford ez al., 2018). Emotional support is believed to be particularly important
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for maintaining psychological well-being and self-managing symptoms and treatment regimens
after major health events like diagnosis of myocardial infarction, stroke, or cancer (Barth,
Schneider and von Kanel, 2010; Foster and Fenlon, 2011; Northcott et al., 2016). Social
support is also believed to buffer adverse physiological sequelae of distress from life
circumstances and illness (Uchino ef al., 1999). However, the findings of research examining
such physiological pathways and the buffering effects of social support are inconsistent (Reblin
and Uchino, 2008). Further research is needed to evaluate the delays in seeking care pathway,
and other hypothesised pathways linking social support and mortality, particularly
physiological and psychological.

Perceived Isolation - Loneliness

After adjusting for explanatory factors and structural isolation (i.e. SCI score), and when
combined with SCI score, there was little evidence of association between loneliness and all-
cause mortality. While this finding contrasts the aggregate results of previous meta-analytic
research, several studies support the current findings. In their meta-analysis of 13 studies which
adjusted for covariates, Holt-Lunstad and colleagues (2015) estimated that compared to those
who were less lonely, those who were more lonely had 26% greater mortality (OR=1.26, 95%
CI: 1.04-1.53). An important limitation of this estimate is that the studies examined tended to
be small, included participants from clinical settings (e.g. people with cancer or awaiting
coronary artery bypass grafting), and used several different measures of loneliness. Studies
analysing larger cohorts (1,500 to 6,500 participants) and adjusting for multiple explanatory
factors (e.g. baseline health condition, personal characteristics, health behaviours, depression),
tended not to observe statistically significant associations between loneliness and all-cause
mortality (Sugisawa, Liang and Liu, 1994; Penninx et al., 1997; Patterson and Veenstra, 2010;
Steptoe et al., 2013; Stessman et al., 2014). More recent analyses of the UK Biobank (Elovainio
et al., 2017) and older men in the Netherlands (Julsing et al., 2016) also did not observe
statistically significant associations between loneliness and all-cause mortality after adjusting

for explanatory factors.

While coming to similar conclusions, there are a few differences between the current analysis
of loneliness and Elovainio and colleagues (2017) which merit discussion. First the prevalence
of loneliness in the previous UK Biobank analysis (6.0%) was lower than that observed in the
current analysis (12.5%). This is likely because people were categorised as lonely if they
often/always felt lonely and never/almost never were able to confide in someone close. The

rationale provided for aggregating confiding support and loneliness was that similar measures
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are included in the revised UCLA Loneliness Scale (Elovainio et al., 2017). Associations
between loneliness and mortality may have been underestimated in the previous analysis
because individuals who were lonely but had support, and those who were not lonely but lacked
support were grouped together with those who were not lonely and had support. This may have
increased the baseline hazard of the reference group and thus decreased the differences in
baseline hazard compared to the comparison group. Further, as in the current analysis,
Elovainio and colleagues (2017) found that depressive symptoms explained larger proportions
of associations between loneliness and mortality than structural isolation (i.e. SCI score) and
mortality. A larger degree of attenuation may have been observed in Elovainio and colleagues
(2017) after adjustment for depressive symptoms because beyond depressed mood, their
analyses additionally adjusted for frequency of feelings of un-enthusiasm/disinterest,
tenseness/restlessness, and tiredness/lethargy. Given that people of poor or fair self-rated health
were included in their cohort, adjustment for these additional indicators of depression may have
been accounting for variation attributed to sub-clinical illness rather than depression alone. For
example, the percentage of excess risk mediated by depressive symptoms may be inflated
because lethargy may be reflective of a range of other physical health conditions. In summary,
the current analysis builds upon Elovainio and colleagues (2017), by conceptually
distinguishing between functional and perceived dimensions of isolation, and adjusting for a

more specific indicator of depression.

Holt-Lunstad and colleagues (2015) hypothesised that the combination of loneliness and social
isolation would result in stronger associations than each exposure individually. However, in
the current analysis, no statistically significant interaction was observed. When SCI score and
loneliness exposure variables were combined, isolated participants who were lonely had similar
mortality rates as those who were not lonely. This finding is consistent with two previous
analyses of structural and perceived isolation (Steptoe et al., 2013; Tanskanen and Anttila,
2016). In summary, previous claims of an association between loneliness and mortality may be
based on evidence biased by small samples, confounding, and reverse causation. If indeed a
causal association exists, structural dimensions of social isolation may be more relevant to

preventing premature mortality than perceived dimensions.
Perceived Isolation — Relationship Satisfaction

The current analysis represents the largest general assessment of relationship satisfaction in
relation to mortality in the UK. No associations between satisfaction with relationships and

mortality were observed, however further research is needed to assess the replicability of these
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findings and relevance of other outcomes. Merely 6.3% of UK Biobank participants were
unsatisfied with either family or friendships. It is unclear to what degree this is reflective of the
general population. A survey conducted by the charity, Relate, polled 5,071 of approximately
800,000 YouGov survey participants (16 years and older) and observed that 3.0% of
respondents were “not satisfied at all” with their relationship with their partner (Marjoribanks
and Darnell Bradley, 2017). However, these results should be interpreted with caution as few
details related to selection of participants and survey methods were provided in their report

(Marjoribanks and Darnell Bradley, 2017).

In the current analysis, after adjusting for age, gender and recruitment region, relationship
satisfaction was not statistically significantly associated with all-cause mortality. This may
suggest that relationship satisfaction is not associated with mortality, or the current analysis
was underpowered to detect any association. Indeed, only 71 deaths were observed among
those who were not fully satisfied with family relationships or friendships. Other indicators of
relationship satisfaction may include negative aspects of social relationships (e.g. intimate
partner violence) which along with loneliness may be associated with mental health outcomes
such as depression (Devries et al., 2013; Wang et al., 2018) and cause-specific mortality (e.g.
suicide [Féssberg et al., 2012]). Given that this is the first and largest analysis of general
relationship satisfaction in relation to all-cause mortality, further studies of similar scale are
needed to assess if and to what degree indicators of relationship satisfaction are associated with

mortality and broader health outcomes.
Explanatory Factors

Compared to all other participant characteristics, the most marked differences across
participants were observed for depressed mood. Depressed mood was considerably more
prevalent among those who were lonely, not fully satisfied with relationships, and to a lesser
degree those who lacked confiding support. As hypothesised in Section 1.4.4, for SCI score
and confiding support, depressed mood only explained 4% and 8% of minimally adjusted
associations with mortality, respectively. Consistent with Chapters 3 and 4, personal
characteristics and health behaviours explained the largest degree of these associations between
SCI score, confiding support, and mortality. Depressed mood explained a larger degree of the
minimally adjusted association between loneliness and mortality. While personal
characteristics and health behaviours each accounted for 40% and 48% attenuation in the
minimally adjusted LR y2, depressed mood explained 30% attenuation. This finding was

consistent with other UK Biobank analyses (Elovainio et al., 2017). The current analysis
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suggests that depression may be an important explanatory pathway linking loneliness and
mortality. Given that the current analysis measured loneliness and depressed mood at one point
in time, it remains unclear whether depression represents a confounder or mediator of this
association. However, evidence from the longitudinal Chicago Health, Aging, and Social
Relations Study suggest that changes in loneliness predicts changes in depressive
symptomatology but not vice versa (Cacioppo et al., 2010). The current analysis suggests that
psychological pathways linking social relationships and health are more relevant to perceived
dimensions of isolation than functional and structural dimensions, while health behaviours
remain important pathways for all dimensions. Further research is needed examining the role

of physiological pathways explaining these associations with mortality.
Implications for Measuring Social Isolation

The excess mortality observed among those lacking confiding support suggests that adding
functional measures of isolation to structural indices of isolation may be useful for predicting
mortality. The Lubben Social Network Scale is one example of an index which measures
structural and functional measures of isolation (Lubben, 1988; Ceria et al., 2001; Lubben et
al., 2006). However, there may be little utility in expanding the structural indices of social
isolation to account for perceived isolation. Given that loneliness was moderately correlated
with depression, weakly correlated with SCI score, and weakly attenuated associations between
SCI score and mortality, loneliness may be more appropriately studied as a psychological
explanatory factor for associations between structural isolation and mortality (Berkman et al.,

2000).
Limitations

In addition to limitations discussed in Section 4.4, response bias merits further consideration
for the current analysis. Single-item assessments of perceived isolation were commonly used
in previous studies (Holt-Lunstad et al., 2015). However, direct questions with explicit
reference to loneliness are vulnerable to underreporting due to stigma associated with these
experiences (Gierveld, 1998). Social desirability bias may thus have contributed to
misclassification of loneliness and the underestimation of associations. However, one previous
study examining structural and perceived isolation using multi-item scales for loneliness
(without explicit vocabulary related to loneliness) generated consistent findings as the current
analysis (Steptoe ef al., 2013). Given that there is consistency with previous research and that
questions were asked via self-administered electronic questionnaire, social desirability bias is

not believed to impact the current findings significantly (Bowling, 2005).
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6.2 Part 2 - Comparing Smoking and Social Isolation

6.2.1 Background

It is difficult to assess the accuracy of claims that associations between social isolation and
mortality are comparable to associations between smoking and all-cause mortality. This is
because previous studies compare the magnitude of association for social isolation to that of
smoking from analyses of different cohorts using different methods of analysis (House et al.,
1988; Kawachi et al., 1996; Holt-Lunstad ef al., 2010). The one study which estimated social
isolation and smoking effect estimates within the same cohort may be biased by measurement
error as the binary smoking status variable examined grouped those who never smoked with
former smokers (Pantell ez al., 2013). Given that compared to never smokers, former smokers
tend to have higher mortality for at least 20 years after cessation, such categorisations can
reduce the relative difference in mortality across those who do and do not currently smoke and

thus underestimate effect estimates (Pirie et al., 2013).

In their narrative review of five prospective studies, House and colleagues (1988) compared
associations between social isolation and all-cause mortality (Most Isolated compared to least
isolated, RR range= 1.08 to 4.00) to smoking effect estimates summarised in the 1964 report
of the U.S. Surgeon General’s Advisory Committee on Smoking and Health (U.S. Public
Health Service, 1964). The U.S. Surgeon General’s report summarised analyses of seven large
prospective cohorts from the UK, USA, and Canada on smoking and mortality including those
later cited by Kawachi and colleagues (1996). Within these cohorts, 44% to 83% higher
mortality was observed among current smokers compared to non-smokers (U.S. Public Health
Service, 1964). Compared to non-smokers, mortality rate ratios ranged from 6% to 55% higher
among those who smoked less than 10 cigarettes per day, and 83% to 150% higher among
those who smoked 40 or more cigarettes per day (U.S. Public Health Service, 1964). However,
effect estimates from these earlier studies of smoking and mortality are believed to be
underestimated due in part to grouping former smokers with never smokers and relatively short

follow-up periods (less than five years) (U.S. Public Health Service, 1964).

Holt-Lunstad and colleagues (2010) reference a meta-analysis of 15 prospective studies
examining cigarette consumption in relation to all-cause mortality (Shavelle et al., 2008).
Compared to never smokers, smoking up to 15 cigarettes per day was associated with 47% to
50% higher mortality for men and women respectively. Among both men and women, 15 to
25 cigarettes per day was associated with 102% higher mortality. Smoking over 25 cigarettes

per day was associated with 138% to 166% higher mortality among men and women
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respectively (Shavelle et al., 2008). It is difficult to assess the quality of these meta-analysed
studies, as their characteristics were only described in brief. To make their comparison with
social isolation, Holt-Lunstad and colleagues (2010) transformed pooled estimates for smoking
less than 15 cigarettes per day and plotted these estimates alongside transformed estimates for
social isolation from their meta-analysis (Original estimates: Social relationships overall,
OR=1.50, 95% CI: 1.42-1.59; High versus low social support, OR=1.46, 95% CI: 1.28-1.66;
Complex measures of social integration [i.e most similar to social contact index], OR=1.91,
95% CI: 1.63-2.23; Transformed estimates presented in Figure 6.4). However, the methods
used by Holt-Lunstad and colleagues (2010) to transform estimates for smoking and social
isolation were not described. Nonetheless, this study is often referred to when associations
between social isolation and mortality are equated to the effects of smoking 15 cigarettes per
day on mortality (AgeUK, 2017; CBC News, 2017; Morrison, 2018; Tate, 2018; Coughlan,
2019; Mahder-Bashi and Savage, 2019).

More recently, Thun and colleagues (2013) conducted a pooled analysis of individual data from
seven prospective cohorts of American adults 50 years old and older who were followed for
eight to ten years. Within five contemporary cohorts (i.e. recruited from the years 2000 to
2010), after adjusting for potential confounders and baseline health status, and compared to
never smokers, former smokers had 44% higher mortality (multivariable adjusted RR= 1.45,
95% CI: 1.43-1.48) and current smokers had 176% increased mortality (multivariable adjusted
RR=2.76, 95% CI: 2.69-2.84). Among approximately 1.2 million UK women over 40 years
old who were followed for 12 years, Pirie and colleagues (2013) found similar associations for
current smokers compared to never smokers (adjusted RR=2.76, 95% CI. 2.71-2.81). Mortality
increased substantially depending on the amount smoked. After adjusting for potential
confounders and baseline health status, compared to never smokers, participants who smoked
under 10 cigarettes per day had 98% higher mortality (adjusted RR=1.98, 95% CI: 1.91-2.04),
those who smoked ten to 20 cigarettes per day had 180% higher mortality (adjusted RR= 2.80,
95% CI: not reported [NR]) and over 20 cigarettes per day had 270% increased mortality
(adjusted RR= 3.70, 95% CI: NR) (Pirie et al., 2013). Similar increases in mortality were
observed across cigarette consumption among 205,000 Australian adults 45 years of age and

older (Banks et al., 2015).

Popular media outlets, well-recognised organisations, and the UK Government have made and
referenced claims that associations between social isolation and mortality equate those for
smoking and mortality (National Health Service, 2015; AgeUK, 2017; CBC News, 2017;
Department for Digital Culture Media and Sport, 2018a; Tate, 2018; Coughlan, 2019; Mahder-
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Bashi and Savage, 2019). These claims also often conflate structural isolation with perceived
isolation. However, research has yet to rigorously examine whether associations between

structural, functional, or perceived dimensions of social isolation and mortality are comparable

to cigarette smoking.
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Figure 6. Comparison of odds (InOR) of decreased mortality across several conditions associated with mortality. Note: Effect size of
zero indicates no effect. The effect sizes were estimated from meta analyses: ; A =Shavelle, Paculdo, Strauss, and Kush, 2008 [205]; B = Critchley and
Capewell, 2003 [206]; C=Holman, English, Milne, and Winter, 1996 [207]; D =Fine, Smith, Carson, Meffe, Sankey, Weissfeld, Detsky, and Kapoor, 1994
[208]; E = Taylor, Brown, Ebrahim, Jollife, Noorani, Rees et al., 2004 [209]; F, G = Katzmarzyk, Janssen, and Ardern, 2003 [210]; H = Insua, Sacks, Lau, Lau,
Reitman, Pagano, and Chalmers, 1994 [211]; | = Schwartz, 1994 [212].

doi:10.1371/journal.pmed.1000316.9006

Figure 6.4. Figure presented in Holt-Lunstad et al. (2010) often cited for its comparison of associations between
social isolation and smoking up to 15 cigarettes per day.
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6.2.1.1 Objective

The primary objective was to examine associations between cigarette consumption and all-

cause mortality and compare these associations with those for social isolation.

6.2.2 Methods
6.2.2.1 Study Design and Participants

The current analysis examined a similar cohort as in the Part 1 analyses of confiding support
and loneliness, however additionally excluded participants with missing data for cigarette

consumption (#=9,605).

6.2.2.2 Exposures

At baseline, UK Biobank participants were asked about whether they currently smoked tobacco
(Figure 6.5A). Those who reported not being current smokers were asked about past smoking
status (Figure 6.5B). Participants who reported being current smokers were additionally asked
to enter the average number of cigarettes they consume per day (Figure 6.5C). Responses less
than one (i.e. responses entered as opposed to the option clicked) and greater than 150 were
rejected by the touchscreen questionnaire. A categorical cigarette consumption variable was
used to create separate groups for those who never smoked, former smokers, current smokers
consuming up to 15 cigarettes per day, and current smokers consuming over 15 cigarettes per
day. “Never smokers” were defined as those who responded “I have never smoked” to the past
smoking status question. “Former smokers” were defined as those who responded, “smoked on

EE 19

most or all days,” “smoked occasionally,” or “just tried once or twice.” For the cigarette
consumption question, those who selected “less than one per day” or entered a value from zero
to 15 were grouped as smoking “up to 15” cigarettes per day. Those who entered a value from
16 to 149 were grouped as smoking “over 15 cigarettes per day. Fifteen cigarettes was used
as the threshold because this was the threshold used by Holt-Lunstad and colleagues (2010) in

their comparison of social isolation and smoking.

The dichotomised SCI score variable described in Section 6.1.2.2 was used to measure
structural isolation. The combined variables were also included for comparison because reports
often conflate structural and perceived isolation when referencing Holt-Lunstad and

colleagues’ (2010) claim.
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A. Current Smoking Status

Do you smoke tobacco now?

[1  Yes, on most or all days
1 Only occasionally

[1 No

(1 Prefer not to answer

B. Past Smoking Status

In the past, how often have you smoked tobacco?

Smoked on most or all days
Smoked occasionally

Just tried once or twice

I have never smoked

Prefer not to answer

N

C. Cigarette Consumption

About how many cigarettes do you smoke on average each day?

’ cigarettes
7| 18] 9 Clear
4 5 6 Less than one a day
¥ 1 2 3 Do not know
0 Prefer not to answer

Figure 6.5. Cigarette smoking questions as they appear in the UK Biobank
touchscreen questionnaire.
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6.2.2.3 Outcomes

The all-cause mortality outcome described in Section 6.1.2.3 was used.

6.2.2.4 Explanatory Factors

The explanatory factors described in Section 6.1.2.4 were used with one exception. As opposed
to smoking status, the cigarette consumption variable presented in Section 6.2.2.2 was used for

analyses of structural, functional, and perceived isolation.

6.2.2.5 Statistical Analysis

Fully adjusted Cox regression models were used to examine SCI score, confiding support,
loneliness, and cigarette consumption in relation to all-cause mortality. These models
simultaneously adjusted for personal characteristics, health behaviours, physiological factors
and depressed mood. The LR test of heterogeneity was used to assess the statistical significance

of any associations.

6.2.3 Results

In total, 274,974 participants (mean age=56 years, SD: 8.1) without previous vascular disease,
cancer, or fair/poor self-rated health, and with complete information for social isolation,
loneliness, confiding support and cigarette consumption were included in the analysis. Over a
mean follow-up period of 6.9 years (SD: 0.9), 4,239 deaths were observed. Approximately
34.0% of participants (n=95,119) were former smokers, 3.5% smoked up to 15 cigarettes per
day (n=9,765), and 1.7% smoked over 15 cigarettes per day (n=4,771).

6.2.3.1 Prospective Analysis of Cigarette Consumption and Mortality

After full adjustment, compared to participants who never smoked, former smokers had 27%
increased risk of death, those who smoked up to 15 cigarettes had 145% increased risk of death,
and those who smoked over 15 cigarettes per day had 285% greater risk of death (Figure 6.6,
Former: RR=1.27, 95% CI: 1.19-1.36; Up to 15 cigarettes: RR=2.45, 95% CI: 2.15-2.79; Over
15 cigarettes: RR=3.85, 95% CI: 3.35-4.43, p<0.0001). Associations between SCI score,
confiding support, loneliness, and all-cause mortality were consistent with those presented in

Tables 6.3 and Table 6.5.
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No. of Fully Adjusted

deaths RR (95% CI)

Social Contact Index Score

Less Isolated 3557

Most Isolated 682 = 1.27 (1.17,1.38)
Confiding Support

Support 3488

No Support 751 - 1.20 (1.10, 1.30)
Loneliness

Not Lonely 3616

Lonely 623 - 1.10 (1.00, 1.20)
Cigarettes Smoked per Day

Never 1937

Former 1806 1.27 (1.19, 1.36)

Upto 15 262 245 (2.15, 2.79)

Over 15 234 3.85(3.35, 4.43)

1 2 3 4 5

Figure 6.6. Fully Adjusted RR and 95% CI for cigarette consumption, SCI score, and
combined social isolation measures in relation to all-cause mortality.
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6.2.4 Discussion

Using data from the UK Biobank, the current analysis tested the highly-cited claim that the
association between social isolation and all-cause mortality has the same magnitude as that of
smoking up to 15 cigarettes per day. Among 274,974 participants without previous vascular
disease, cancer, or fair or poor self-rated health, smoking up to and more than 15 cigarettes per
day had much stronger associations with all-cause mortality than social isolation. This finding
was consistent across structural, functional, and perceived dimensions of social isolation.
Equating social isolation and smoking as health risk factors is challenged by differences in their
prevalence, the magnitude of associations each share with mortality, and robustness of evidence
explaining how each are related to health. Investigating popular health claims is important for
effectively communicating health hazards to the public, and for policymakers, appropriately

prioritising the allocation of scarce public health resources.
Comparing Social Isolation and Smoking - Prevalence and Magnitude of Associations

One reason it is inaccurate to equate social isolation and smoking as health risk factors is
because more people are likely exposed to smoking across there lifetime than social isolation,

and smoking is more strongly associated with mortality than social isolation.

Approximately 20.0% of adults in the UK smoke (Reitsma ef al., 2017). Smoking is most
common among those aged 25 to 34 (20.0% to 28.0%) and decreases to approximately 10.0%
among adults of 65 years or older (Cancer Research UK, 2014). Nine to 14.0% of UK adults
40 years and older are believed to be isolated (Beach and Bamford, 2014; Elovainio et al.,
2017). Prevalence estimates for social isolation among adults under 40 years of age are scarce.
Within the current analysis cohort, only approximately 5.0% of participants were current
smokers and 12.5% were among the most isolated. The low proportion of current smokers may
represent evidence of selection bias. Despite this, effect estimates for both exposures observed
were consistent with those observed in other large prospective studies (Jha et al., 2013; Pirie et

al.,2013; Thun et al., 2013; Banks et al., 2015; Elovainio et al., 2017, Section 3.3.5).

Those who smoked up to 15 cigarettes per day compared to those who never smoked, had
excess mortality approximately five times higher than the most isolated participants when
compared to less isolated. Excess mortality among those who smoked over 15 cigarettes per
day was approximately ten times higher than that for the most isolated compared to less isolated
participants. While social isolation was more prevalent than smoking at the time of the UK

Biobank baseline assessment, the population prevalence estimates are more informative for
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assessing smoking’s importance as a risk factor because the health damaging effects of
smoking accrue and persist over decades (International Agency for Research on Cancer, 2004;
U.S. Centers for Disease Control and Prevention, U.S. National Center for Chronic Disease
Prevention and Health Promotion and U.S. Office on Smoking and Health, 2010). Further
longitudinal research is needed to assess whether duration of exposure to isolation over the life
course changes the strength of association of social isolation and mortality. However, even if
so, smoking likely remains a greater burden to population health than social isolation.
Approximately 11.5% of global deaths (6.4 million) were attributable to smoking in 2015
(Reitsma et al., 2017). Estimating how many deaths globally are attributable to social isolation

is not yet possible because it remains unclear what factors explain associations with mortality.
Comparing Social Isolation and Smoking - Explanatory Factors

Mechanisms explaining associations between social isolation and mortality are not as well
defined as they are for smoking. The cigarette as a vector for disease is more objectively
quantified in terms of chemical composition, means of consumption, and intensity and duration
of exposure. These properties have helped researchers delineate causal pathways linking toxins
in and by-products of smoked tobacco to biological changes which cause various diseases
(International Agency for Research on Cancer, 2004; U.S. Centers for Disease Control and
Prevention et al., 2010). This thesis and previous research has not produced robust evidence of
causal associations between social isolation and health (Berkman and Krishna, 2014; Kim and
Kawachi, 2018). It remains unclear if and exactly how structural and functional aspects of
social isolation affect behavioural, psychological, and physiological processes which cause
disease or death. As discussed in Sections 1.4.4, 3.4, and 4.4, there are several potential
mechanisms explaining associations between social isolation and health outcomes, but they are
not conclusive. This is particularly the case for physiological mechanisms (Section 1.4.4).
Confounding and reverse causation biases remain important limitations for inferring causation
from previous and the current analyses of social isolation and mortality. In contrast, cigarette
smoking is recognized as a cause of several cancers, cardiovascular diseases, pulmonary
diseases, nicotine addiction, reproductive conditions, and other conditions (International
Agency for Research on Cancer, 2004; U.S. Centers for Disease Control and Prevention et al.,

2010)
Implications of Health Claims for People and Policymaking

Communicating simple and relatable messages to general audiences is an effective means of

raising awareness about health hazards within a population (Glik, 2007). However, the
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simplicity and inaccuracy of claims comparing social isolation and smoking as health risk
factors may also distort people’s perception of risk; potentially leading them to overestimate
the consequences of social isolation or underestimate the consequences of smoking. Emotional
and behavioural responses to health hazards is shaped by risk perception as opposed to actual
risk (Glik, 2007). Addressing popular health claims are important as they may trigger undue
distress among consumers of this information, and they may misinform evidence-based

policymaking processes.

The absolute frequency, and to a lesser degree the prevalence, of single-occupant households
is increasing across nations in Europe and North America (Office for National Statistics, 2018b;
Eurostat, 2019; Tang et al., 2019; U.S. Census Bureau, 2019). It could be argued that these
statistics indicate that societies are becoming increasingly isolated. However, these statistics
do not measure other dimensions of isolation such as people’s frequency of contact with family,
friends or social groups, and they don’t reflect the preferences of those living alone. Many older
adults for example, may prefer living in their own homes later in life even in spite of living
alone (Reher and Requena, 2018). Among those who prefer to live alone or enjoy lifestyles
with less frequent social contact, a perception that their preferred lifestyle is actively harming
their health to the same degree as smoking may trigger distress. This may particularly be the
case when the claims are framed within the context of a supposed crisis such as the “loneliness
epidemic” (Glik, 2007; Holt-Lunstad, 2018a). To avoid causing undue distress among
consumers of their research findings, scientists must carefully consider the accuracy of claims
coming from their research, current attitudes and beliefs about the topic of their claim, and the

potential impact that changing risk perceptions may have on consumers of their health claim.

Priority setting is necessary and inevitable in public health policymaking and is influenced by
a myriad of factors (Lomas, 2000). Popular health claims that capture public and policymaker
attention can impact the decision making environment, with implications for prioritization and
funding (Lavis et al., 2002; Green and Bennett, 2007). Addressing the potential health
implications of social isolation and loneliness was justification for the UK Government’s recent
£30 million pledge to support its first ever loneliness strategy (Department for Digital Culture
Media and Sport, 2018a). Indeed in her foreword to the strategy, the Prime Minister stated,
“research now shows that loneliness is as damaging to our physical health as smoking”
(Department for Digital Culture Media and Sport, 2018a). This strategy is focused on the
following three objectives: To support research on loneliness and social isolation; support
initiatives aimed at reducing stigma around loneliness; and to consider loneliness within
government’s policymaking and to invest in interventions supporting people during times of
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increased vulnerability to loneliness (e.g. migration, job loss, illness) (Department for Digital
Culture Media and Sport, 2018a). Policies and investments stemming from this strategy may
indeed make important contributions to the health and wellbeing of UK society. However,
investments aimed at addressing loneliness in the UK also coincide with broader reductions in

funding for public health.

Spending at the local authority level on smoking cessation services and wider tobacco control
decreased by an estimated £41 million between 2015 and 2018 despite evidence of the
effectiveness of such programs (Iacobucci, 2018; National Institute for Health and Care
Excellence, 2018a, 2018b). Funding reductions in the central government’s public health grant
is believed to be a primary contributor to local authorities’ reduced spending (Cancer Research
UK and Action on Smoking and Health, 2019). Herein lies another potential consequence of
inaccurate comparisons of social isolation and smoking. Such claims may lead policy makers
to underestimate the hazards of smoking and the benefits of cessation. Without a robust
understanding of the magnitude of smoking’s health effects, policymakers may be more

inclined to reallocate scarce public health resources away from smoking cessation.
Limitations

Compared to population-level estimates, the low proportion of current smokers within the
sample examined suggests that smokers may be underrepresented within the UK Biobank
cohort. Furthermore, while self-reported cigarette smoking measures are generally valid within
general populations, risk of response and recall bias may still affect the accuracy of the cigarette
consumption measure examined (Patrick et al., 1994). Associations between cigarette
consumption and mortality may be underestimated as a result of selection, response, and recall
bias. However, this limitation is not believed to be significant given the consistency of
associations observed in the current analysis with those from similar large prospective analyses

of smoking and mortality (Pirie et al., 2013; Banks et al., 2015)

6.3 Conclusion

This was among the first analyses to estimate associations with mortality within specific
categories of functional, perceived, and structural isolation. It was also the first to test the
widely cited claim that associations between structural and perceived isolation are comparable
to smoking up to 15 cigarettes per day. After accounting for explanatory factors and structural
isolation, functional isolation remained associated with 15% excess risk of all-cause mortality,

whereas perceived isolation was not associated with mortality. Compared to never having
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smoked, cigarette smoking was associated with five to ten-fold greater mortality than structural,
functional and perceived social isolation. Depression explained a greater degree of the
association between perceived isolation and mortality than that between functional and
structural isolation and mortality. Among those who were less isolated and most isolated, there
were no statistically significant increases in mortality according to whether they also lacked
support or were lonely. Expanding the concept of social isolation to include structural and
functional dimensions may strengthen future research examining social isolation and health.
However, at least for examining mortality, the current analysis found little evidence to suggest
that indices of structural isolation would be strengthened by including measures of perceived
isolation. These findings may have important implications for the measurement of social
isolation, public perceptions of social isolation as a hazard to health, and evidence-based public

health policymaking.
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7 Summary and Implications of Findings

7.1 Main Findings

Within two large and generally healthy adult cohorts from the Million Women Study and the
UK Biobank, this thesis generated evidence of strong associations between social isolation and
vascular disease mortality and all-cause mortality but only weak evidence in relation to
vascular disease incidence. These studies were the first analyses of social isolation, with
vascular disease incidence, and vascular disease mortality to focus on people without
previously diagnosed vascular disease, cancer, and/or fair or poor self-rated health in order to
reduce the risk of reverse causation bias. The associations observed were consistent across age
groups and gender, and in contrast to popular claims, associations with all-cause mortality were

five to ten-fold weaker than associations between cigarette smoking and all-cause mortality.

The findings of Chapters 3, 4, and 6 offer little support for social isolation as a risk factor for
vascular disease aetiology and point to delays in seeking care as a potentially important but
unmeasured explanatory factor for associations with vascular disease mortality. The weak and
inconsistent associations observed between social isolation and vascular disease incidence may
draw into question the hypothesis that psychosocial stress from social isolation causes vascular
inflammation which increases one’s risk of incident vascular disease. Further research on large
prospective cohorts is needed to examine the validity of vascular inflammation as physiological
explanatory factor. The personal characteristics, health behavioural, and physiological
explanatory factors adjusted for in this thesis explained only a small proportion of the
associations between social isolation and vascular disease mortality than all-cause mortality
and vascular disease incidence. While it was not possible to measure the degree to which the
most isolated participants experienced delays in seeking care after having suffered an acute
vascular disease event, this thesis provides some support for the hypothesis. For example,
among structural dimensions of social isolation, living alone had the strongest and most
consistent associations with mortality outcomes. Furthermore, even after accounting for
structural dimensions, functional dimensions, namely lacking confiding social support, also
exhibited independent associations with all-cause mortality. Future research is needed to
examine the degree to which delays in seeking care explain associations between social

isolation and mortality outcomes.
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This thesis also generated novel findings which may advance the conceptualisation of social
isolation within epidemiologic research. These were among the first and largest individual
studies to examine independent and joint associations between specific structural, functional,
and perceived dimensions of social isolation and mortality. After accounting for structural
dimensions no statistically significant evidence of association was observed between loneliness
nor relationship satisfaction and mortality (i.e. perceived dimensions of isolation). Also, no
statistically significant interaction was observed between structural and functional or structural
and perceived dimensions of social isolation. Given the aforementioned independent
associations observed between functional isolation and mortality, these findings suggest that
using indices of social isolation constituting structural and functional dimensions may be useful
when examining mortality outcomes. However, perceived dimensions of isolation may be more
appropriately characterised in these analyses as psychological explanatory factors. This thesis
was also the first to utilize data on neighbourhood socioeconomic deprivation, crime,
greenspace availability, and geographic distance to services to examine whether these factors
modify associations between social isolation, vascular disease, and mortality. Chapter 5 found
little evidence of effect modification among these neighbourhood factors. While
neighbourhood factors may help identify people who are more likely to be isolated, there is
insufficient evidence to suggest that intervening on these factors will prevent vascular disease

or mortality by way of reducing social isolation.

This concluding chapter provides a detailed summary of the analyses each chapter presented
in (Section 7.2), and then discuss the implications for future research (Section 7.3) and policy

and intervention (Section 7.4).

7.2 Detailed Summary of Analyses

Chapter 2 reviewed 23 prospective studies published between 1979 and 2018 examining
indices of structural social isolation in relation to vascular disease incidence and mortality and
all-cause mortality among general adult populations. This narrative review found stronger
evidence of associations between social isolation and vascular disease mortality and all-cause
mortality than vascular disease incidence. These findings contrasted a highly cited meta-
analysis examining social isolation in relation to vascular disease incidence. For vascular
disease mortality, after adjusting for explanatory factors, estimates of association ranged from
20% to 76% increased mortality among the most isolated participants compared to least
isolated. For all-cause mortality, after adjusting for explanatory factors, estimates of

association ranged from 26% to 80% increased mortality among the most isolated participants
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compared to least isolated. Few studies were identified that examined social isolation in
relation to stroke incidence and mortality. The findings of these studies were mixed in terms

of the magnitude and statistical significance of associations.

Most studies sought to address reverse causation bias by adjusting for baseline health, and
many additionally excluded participants with vascular disease at baseline. Not one study further
excluded participants based on self-rated health. Small sample size was a limitation of many
studies likely preventing the use of more thorough cohort exclusion criteria and limiting their
capacity to examine CHD and stroke-specific mortality. Most studies adjusted regression
analyses for multiple personal characteristics (e.g. age, gender, socioeconomic position) and
health behavioural factors (e.g. smoking, alcohol intake, physical activity, body mass index).
Fewer studies adjusted for physiological factors (e.g. blood pressure, serum cholesterol,
inflammatory biomarkers). While multiple studies compared associations across age and
gender sub-groups, only two formally assessed effect modification with one finding
statistically significant evidence of effect modification by gender. This narrative review
indicated that further large prospective analyses examining social isolation, vascular disease,

and mortality using more thorough exclusion criteria was warranted.

Using a summative index of frequency of contact with family or friends, frequency of contact
with social groups, and living alone (i.e. social contact index [SCI]), Chapter 3 examined
structural social isolation in relation to vascular disease incidence, vascular disease mortality,
and all-cause mortality within the Million Women Study 12-year re-survey cohort. Among
326,169 women without previous vascular disease, cancer, or fair/poor self-rated health at
baseline, there was stronger evidence of associations between social isolation and mortality
than vascular disease incidence. For vascular disease mortality, after adjusting for explanatory
factors (i.e. personal characteristics, health behavioural factors, and physiological factors), the
most isolated women had 80% (41% to 131%) greater CHD mortality, 71% (34% to 118%)
greater stroke mortality, and 32% (24% to 40%) greater all-cause mortality respectively
compared to least isolated. After adjustment for explanatory factors the most isolated women
had 7% (1% to 14%) greater CHD incidence and 28% (19% to 38%) greater stroke incidence
respectively compared to the least isolated women. This finding may however be explained by
residual confounding. Among the explanatory factors, health behaviours, particularly smoking,
explained the largest proportions of minimally adjusted associations, while physiological
factors explained the lowest proportions of associations. Among the constituent measures of

isolation, living alone had the strongest and most consistent associations with stroke incidence
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and mortality outcomes. There were no statistically significant evidence of effect modification

by attained age (i.e. under or over 75 years old).

Using data from the UK Biobank, Chapter 4 examined the reproducibility of findings from
Chapter 3 within a younger cohort of men and women. Among 296,913 participants without
previous vascular disease, cancer, or fair/poor self-rated health at baseline, there was again
stronger evidence of associations between social isolation and mortality than between social
isolation and vascular disease incidence. For vascular disease mortality, after adjusting for
explanatory factors, the most isolated participants had 68% (28% to 121%) greater CHD
mortality, 92% (32% to 181%) greater stroke mortality, and 38% (27% to 51%) greater all-
cause mortality compared to the least isolated. After adjustment for explanatory factors the
most isolated participants had 23% (9% to 40%) increased stroke incidence compared to the
least isolated participants. Social isolation was not associated with CHD incidence in minimally
nor fully adjusted analyses. Again, health behaviours tended to explain the largest proportions
of minimally adjusted associations for each outcome, and among the constituent measures of
social isolation, living alone was most consistently associated with increased mortality. There

was no evidence of effect modification by gender.

Chapters 3 and 4 make important and novel contributions to the field. First, the large sample
size enabled these analyses to be restricted to generally health adult populations, and to
examine cause-specific mortality. These methods generated robust evidence of associations
between social isolation, and vascular disease mortality, and all-cause mortality. By assessing
changes in the goodness of fit of models adjusted for specific explanatory factors, these
chapters’ findings reinforce prior evidence suggesting that health behaviours, particularly
smoking, are important factors explaining associations between social isolation, vascular
disease, and mortality. Contrastingly, physiological factors were not found to be strong
explanatory factors. This may be due to measurement error in the variables adjusted for or may
indicate that potentially relevant physiological factors such as inflammatory biomarkers (e.g. ¢
reactive protein) were not measured. When considered alongside the weak evidence of
association between social isolation and vascular disease incidence, these findings may
challenge the belief that social isolation triggers physiological processes, which promote
inflammation and cardiometabolic changes that lead to the development of vascular disease.
Based on the degree to which adjustment for explanatory factors attenuated minimally adjusted
associations, it is more likely that residual confounding explains associations observed for
stroke incidence and potentially all-cause mortality. The consistent associations observed
between living alone and vascular disease mortality suggest that delays in seeking medical care
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may at least in-part explain the excess mortality observed among the most isolated people.
These analyses also present strong evidence that the strength of association between social

isolation, vascular disease, and mortality does not vary meaningfully by age and gender.

The focus of Chapter 5 was to understand whether any associations between structural social
isolation, vascular disease, and mortality in the Million Women Study and UK Biobank cohorts
vary according to broader characteristics of one’s neighbourhood. Using the Index of Multiple
Deprivation 2010 and Generalised Land Use Database 2005, these analyses examined effect
modification by neighbourhood socioeconomic deprivation, crime rates, distance to services,
and greenspace availability. Social isolation was more prevalent in neighbourhoods with
greater deprivation, higher crime, and less greenspace. Contrary to what was hypothesised,
there was a greater prevalence of social isolation in neighbourhoods that were closer to
services. Effect modification analyses suggested that associations between social isolation,
vascular disease, and mortality are likely not influenced by the neighbourhood factors
examined. These were the largest analyses to examine neighbourhood deprivation as an effect
modifier on social isolation, and was the first to examine neighbourhood crime rates, distance

to services, and greenspace availability.

Chapter 6 was presented in two parts. Among 284,579 UK Biobank participants, Part 1
examined whether structural, functional, and perceived dimensions of social isolation were
independently and jointly associated with all-cause mortality. After adjustment for explanatory
factors including depressed mood and SCI score (i.e. structural isolation), participants lacking
confiding support (i.e. functional isolation) had 15% (6% to 24%) greater mortality than those
with confiding support. Loneliness (i.e. perceived isolation) was not associated with mortality
after adjustment for explanatory factors and SCI score. Within a subsample of 101,223 UK
Biobank participants, relationship satisfaction (i.e. perceived isolation) was not associated with
mortality in minimally nor fully adjusted analyses. No statistically significant interaction was
observed between structural and functional isolation nor structural and perceived isolation. The
results suggest that expanding the concept of social isolation to include functional dimensions
such as social support may have utility for measuring and studying social isolation in relation
to mortality. This finding also lends support to the potential role of delays in seeking care
representing an explanatory factor explaining excess mortality among the most isolated. This
analysis also suggests that perceived isolation may be more appropriately studied as a
psychological explanatory factor for social isolation and mortality. Part 2 examined the popular
claim that social isolation is as bad for health as smoking 15 cigarettes per day. Among
participants studied in Part 1 that had complete data for cigarette consumption (N=274,974),
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smoking up to 15 cigarettes per day was associated with five to ten-fold greater excess mortality
than structural social isolation. The effect estimates observed for smoking were consistent with

other large prospective analyses.

Chapter 6 analyses were the first to examine joint associations between multiple dimensions of
social isolation and mortality, and to investigate the claim equating associations between social
isolation to that of cigarette smoking. These analyses have implications for how social isolation
is conceptualized in epidemiology, how it is communicated as a health risk factor, and how

policy makers and practitioners approach intervening on social isolation.

7.3 Implications for Future Research

This thesis research revealed several opportunities for future research related to examining
explanatory factors, addressing unmeasured confounding, and effect modification on an

additive scale.
Delays in Seeking Care Explanatory Factors

In theory, those who are more isolated have a greater probability of being alone when vascular
disease events occur. Without others in the vicinity to alert emergency medical services and/or
take a stroke victim to hospital, they may be less likely to get to hospital in time to receive life-
saving therapy. This delay in seeking care may in part explain the excess mortality observed
among the most isolated and those living alone. Future research could examine this explanation
indirectly using Million Women Study or UK Biobank data. One potential analysis could
compare the magnitude of associations between social isolation and vascular disease mortality
across those whose location of death was at home without preceding hospitalization and those
who died in hospital. Secondary outcomes of this research could be time from symptom onset

to arrival to the emergency department and receipt of thrombolytic treatment.
Physiological Explanatory Factors

As discussed in Section 1.4.4, it is difficult to infer that associations between social isolation
and health are causal in part because research on physiological explanatory factors remains
inconclusive. Further research is needed to understand the degree to which physiological
factors such as vascular inflammation and cellular ageing explain associations between social
isolation and health (Berkman and Krishna, 2014; Kim and Kawachi 2018). The UK Biobank
data could be used to assess cross-sectional associations between social isolation and

inflammatory biomarkers (e.g. ¢ reactive protein), proteins implicated in oxidative stress (e.g.
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gamma-glutamyltransferase), and other metabolic biomarkers (e.g. serum cholesterol, glycated
haemoglobin) (UK Biobank, 2015). In the future, data on telomere length will also be available
(UK Biobank, 2019). A noteworthy advantage of UK Biobank data sources is that the size and
diversity of data collected enables researchers to more rigorously account for reverse causation
and confounding biases. While smaller than the UK Biobank, the Understanding Society (i.e.
the UK Household Longitudinal Study) resource is another rich data source. Understanding
Society is a longitudinal cohort study of approximately 20,000 UK adults and children with
repeated measures on social relationships, personal characteristics, health behaviours,
psychological factors, and physiological factors (Understanding Society, 2019b). Among the
physiological factors include inflammatory biomarkers (e.g. ¢ reactive protein, fibrinogen),
hormones (e.g. testosterone, insulin-like growth factor-1), metabolic biomarkers (e.g.
cholesterol, glycated haemoglobin, creatinine) (Benzeval et al., 2014). Understanding Society
can also facilitate analyses of epigenetic factors such as DNA methylation within a subsample
of 1,200 participants (Understanding Society, 2019a). Where statistically significant evidence
of associations between social isolation and these biomarkers exist, percentage attenuation in
the LR x? test statistic could then be used to assess the degree to which these factors explain

associations with health outcomes.
Confounding

Analyses in this thesis and in most previous studies rely on measures of social isolation and
explanatory factors taken at one point in time. These analyses assume that levels of exposure
to social isolation and potentially confounding or mediating factors remain constant over the
observation period and in the time preceding the observation period. These assumptions may
be unreasonable because non-communicable diseases such as CHD and ischaemic stroke
develop over decades. One could argue that if social isolation is causally related to vascular
disease incidence and mortality through biological mechanisms, a person would need to be
exposed to isolation over similarly extended periods of time. Methods from life course
epidemiology may prove useful in future research on social isolation and health. Using
longitudinal designs over multiple stages of life (e.g. childhood, adolescence, and young and
older adulthood) future research may be better able to examine factors which may increase
one’s propensity to become more or less isolated over time, and account for time-varying
exposure to explanatory factors. The Understanding Society and National Longitudinal Study
of Adolescent to Adult Health (Add Health Study) may be valuable data resources for this
research. This research will help clarify the degree to which associations observed in the current
and previous research can be explained by confounding, and the degree to which personal
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characteristics, health behaviours, physiological factors, and psychological factors represent

confounders versus effect mediators.
Effect Modification and Interaction Analyses

Within this thesis research, effect modification was only tested on a multiplicative scale by
comparing models which did and did not include an interaction term between social isolation
and the potential modifiers in question (e.g. age, gender, neighbourhood factors). As discussed
in Sections 5.4 and 5.5, future research may be strengthened by examining modifiers of
associations between social isolation and mortality on additive and multiplicative scales. A
challenge with multiplicative interaction is that baseline risk can vary between different
subgroups, and thus risk ratios could be based on different baseline risks (VanderWeele and
Knol, 2014). Given that with absolute probabilities risk can be observed across all
combinations of two interacting variables, the difference in probabilities across the affected
groups (over and above the probability among those who are unaffected) can be used to
estimate how many lives could be affected by intervention upon one or both factors. This is a
key reason that effect modification on an additive scale is believed to be of greater relevance
for public health (VanderWeele and Knol, 2014). Additive hazards modelling is one method
for modelling an exposure and covariates (including interaction terms) using time-to-event data
(Rod et al., 2012). This method can generate estimates of the number of additional events one
can expect given combined exposure to two or more factors (Rod et al., 2012). Using effect
estimates from traditional linear, logistic and Cox regression, more general inferences can be
made using post-hoc measures such as relative excess risk due to interaction, synergy index,
and attributable proportion due to interaction (Li and Chambless, 2007; VanderWeele and
Knol, 2014). In order to make effect modification analyses more relevant and actionable for
researchers and public health officials, VanderWeele and Knol (2014) advocate for examining
effect modification on both additive and multiplicative scales. However, it should be noted that
these measures of additive effect modification may be biased in the presence of confounding
(Skrondal, 2003; Rod et al., 2012). Also, assumptions of causation are inherent in the
interpretation of results from additive effect modification analysis. Therefore, it may be
inappropriate to apply these methods when examining associations between social isolation
and mortality. Nonetheless, only one study identified examined multiplicative and additive
effect modification in relation to social isolation and mortality and found complementary
results (Marcus et al., 2016). Further research may help reinforce or challenge the utility of

examining both forms of effect modification when examining social isolation and health.
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7.4 Implications for Policy and Intervention

Defining the Purpose and Outcomes of Social Isolation Interventions

Calls-to-action for “tackling” social isolation often cite associations between social isolation
and health as a rationale for intervention (Age UK, 2011; Department for Digital, Culture,
Media and Sport, 2018a). If the purpose of interventions for mitigating social isolation is to
improve health, it is essential that specific health outcomes are defined at the design-stage of
intervention. This thesis research suggests that interventions which address structural
dimensions of social isolation may not have any impact on people’s risk of developing vascular
disease. If the goal is to reduce mortality, those designing interventions should consider that
the structural dimensions of isolation associated with mortality in this thesis still may not be
causally associated and thus intervention may not affect mortality. If causal associations do
exist, Chapters 3, 4, and 6 suggest that living alone and emotional support may be appropriate
avenues for intervention. Given that social isolation has been associated with other health,
healthcare, and general well-being outcomes, many reasons for intervening to prevent social
isolation may have merit (Leigh-Hunt et al., 2017; Valtorta, Collingridge Moore, et al., 2018;
Wang et al., 2018). However, to ensure that resources are invested appropriately, those tasked
with designing and implementing strategies to prevent isolation must carefully consider the

purpose and what evidence suggests are realistic outcomes of intervention.
Who and what to Target through Intervention

Effect modification and interaction analyses can be useful for identifying high-risk sub-groups
of a population that may particularly benefit from intervention. However, Chapters 3, 4, 5, and
6 found that excess mortality among those who were isolated was generally consistent across
age, gender, neighbourhood characteristics. The current research suggests that while
neighbourhood factors may be useful for identifying individuals who are more likely to be
isolated, changing these factors may not influence vascular disease incidence and mortality
through changes in the prevalence of social isolation. This point is important because the
perceived health benefits of preventing social isolation are often used as rationale for
intervening on neighbourhood factors (e.g. by reducing crime, and improving walkability and
access to transportation) (Equal Opportunities Committee, 2015; Holt-Lunstad, 2018b;
Mahder-Bashi and Savage, 2019). It should be noted that there are many benefits to reducing
poverty, lowering crime rates, making communities more pedestrian-friendly, and preserving
greenspace. However, currently there is little evidence to suggest that reductions in social
isolation explain the health benefits of interventions which achieve these goals. Rather than
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potential effect modifiers, Chapters 3, 4, and 6 suggest that explanatory factors like smoking
may represent key factors warranting intervention. Cigarette smoking explained considerable
proportions of associations between social isolation, vascular disease, and mortality. These
results suggest that social isolation may be a useful indicator of people who may particularly

benefit from smoking cessation interventions.
Measuring Social Isolation in Society

To better judge whether the prevalence of social isolation is changing in UK society and
whether it indeed represents a public health crisis, better measurement is needed. Currently,
Public Health England measures and monitors the percentage of adult social care users and
caregivers that have as much social contact as they would like. However these measurements
are not generalizable to the wider UK population and are difficult to compare with traditional
indicators of structural isolation such as frequency of contact, living alone, and marital status
(Public Health England, 2017). The Census has coverage for the population however, it only
includes measures of household occupancy, marital status, and family structure (Office for
National Statistics, 2019). The nationally representative Community Life Survey includes
measures of frequency of contact with family or friends, and social group participation;
however it does not include measures of marital status or living alone (Department for Digital,
Culture, Media and Sport, 2018). One seemingly pragmatic way to improve a nation’s
measurement of social isolation would be to include a single question in the Census similar to
those used in this thesis (e.g. How frequently do you have contact with the following: family
or friends [outside the household]; social groups [e.g. religious community, volunteer
organisations, recreation or fitness, education]). It remains unclear whether any nations
currently include related questions in their Census. However, like employment, family
relationships, friendships, and connection with broader communities bring meaning and
purpose to people’s lives. Social relationships and interaction are fundamental to society. For
this reason, one might argue that they are as important to measure systematically as aspects of

life which are already measured such as employment and means of transport.

7.5 Concluding Statement

Findings from this thesis and their discussion in relation to previous research provides novel
and robust evidence that will inform future research, public discourse, and policy responses to

social isolation in society.
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N=2282 n=4
Retrieved from Retrieved from other
database search sources

Title and Abstract Screening (Excluded: n=2240)
Reasons for Exclusion

Language: Not English

Study design: Not prospective studies; reviews/meta-
analyses Non-community samples or disease-specific
samples.
Main exposure: Unrelated to social isolation,
integration, or not a composite measure of social
network.

Outcomes: Unrelated to vascular disease incidence,
mortality, and all-cause mortality.

Y

Y

Included for
Full-Text Review

n=46 Full-Text Review (Excluded: n=23)
Reasons for Exclusion
Study Design:
Case-cohort design; Effect estimates not reported.
Main exposure:
Social isolation/integration/engagement or composite
measure of social contact was not primary exposure
or was removed from main analysis. Used composite
measures of, or conflating objective social contact
with, social network characteristics (e.g. Lubben
scale, Wenger's typologies), social support (e.g.
access to emotional support), perceived isolation
(e.g. loneliness), and social exclusion (i.e. including
measures poverty).
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Y
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Figure A2.1. Flowchart of literature search results as of 2 November 2018 and the
number of articles screened, included, and rationale for exclusions.
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Table A2.1. Original Medline database literature search strategy executed on 1
December 2017.

1. exp heart arrest/ or exp myocardial ischemia/

2. angina.mp.

3. atheroscler*.mp.

4. ((heart or coronary or artery or ischem* or ischaem* or myocard*) adj3 (disease or attack or

event or infarct®)).mp.

5. cerebrovasc*.mp.

6. exp Stroke/ or stroke.mp.

7. exp mortality/ or exp Death/ or mortality.mp.

8. social isolation.mp. or exp Social Isolation/

9. exp Social Support/ or exp Interpersonal Relations/ or social integration.mp.

10. ((longitudinal adj (study or studies)) or (follow up adj (study or studies)) or (prospective adj
(study or studies)) or (retrospective adj (study or studies)) or (observational adj (study or
studies))).mp.

11. (cohort analy$ or (cohort adj (study or studies))).mp. or exp Cohort Studies/

12. meta analysis.mp. or exp Meta-Analysis/

13. (system* adj3 review*).mp.

14.1or2or3ordorS5or6or7

15.8 0r9

16.100r 11 or 12 or 13

17.14 and 15 and 16

18. limit 17 to yr="1979 -Current"

Note: Addition condition added on 2 November 2018 limiting to searches published from 2017 to 2

November 2018.
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Table A2.2. Summary of indices used to measure social isolation in the reviewed studies.

Study

Measure of Social Isolation

Index Constituent Measures

Alcaraz et al., 2018

Barefoot et al., 2005

Berkman and Syme,
1979;
Kawachi et al., 1996

Berkman et al., 2004

Chang et al., 2017

Elovainio et al., 2017,
Hakulinen et al., 2018

Eng et al., 2002

Modified Berkman-Syme social
network index

Social contact diversity index

Berkman-Syme social network
index

Modified Berkman-Syme social
network index

Modified Berkman-Syme social
network index

Social isolation scale

Modified Berkman-Syme social
network index

Marital status;

Number of close relatives or friends;

Frequency of participation in religious organisation;
Frequency of participation in club meetings or group activities

Frequency of any social contact (parents, children, other family, friends, spouse/partner,
work colleagues [outside working hours], or neighbours);
Frequency of contact with intimate contacts (parents, children, other family, spouse/partner)

Marital status;

Number of close relatives and friends;

Frequency of contact with family and friends;

Church membership;

Formal/informal participation with associations or social organisations

Marital status;
Frequency of contact with family and close friends;
Participation with social organisations

Marital status;

Number of close friends;

Attendance at religious services;

Participation in community or volunteer groups or other organisations (e.g. church-
connected groups/self-help group/charity/public service)

Living alone;
Frequency of contact family and friends;
Frequency of social group participation

Marital status;

Frequency of contact with family and friends;

Religious group affiliation;

Membership in other social or community organisations



€CC

Hirdes and Forbes, 1992  Social relationships index

House et al., 1982

Kaplan et al., 1988

Kim et al., 2016

Laugesen et al., 2018

Orth-Gomér and
Johnson, 1987

Pantell et al. 2013;
Yang et al. 2013

Social integration index

Social connections index

Social engagement index

Modified Berkman-Syme social
network index

Social network interaction index

Modified Berkman-Syme social
network index

Marital status; Number of children; Frequency of contact with family members; Voluntary
association participation

Marital status;

Frequency of visits with friends and relatives;

Going on pleasure drives and picnics;

Formal organisational involvement outside of work (e.g. church attendance or voluntary
association participation);

Active and relatively social leisure (e.g. going to classes or lectures, movies, plays, fairs,
museums);

Passive and relatively solitary leisure (e.g. watching television, listening to the radio,
reading)

Marital status;

Frequency of seeking contact with family/friends;

No. of different homes of family/friends visited per month; Frequency of receiving any social
contact;

Frequency of participation in social organisations

Frequency of contact with friends;

Frequency of contact with mutual benevolence group meetings;

Frequency of attendance at leisure, culture, and sports activities;

Frequency of religious attendance;

Frequency of contact with an alumni meeting, or hometown alumni and clan gatherings

Marital status;

Frequency of family and friends;

Frequency of participation in religious organisation;

Frequency of participation in any of several social groups/activities

Marital status;

Frequency of contact with parents, children, siblings, friends, friends from youth,
neighbours, co-workers, co-workers at work;

Exchange of assistance with neighbours;

Frequency of casual neighbourhood interaction

Marital status;

Frequency of contact with family/friends/neighbours;
Religious service attendance;

Participation in other social organisations
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Reed et al., 1983

Rodriguez-Laso et al.,
2007

Steptoe et al., 2013;
Smith et al., 2017

Tanskanen and Anttila,
2016

Valtorta et al., 2018

Social network index

Family ties index

Social isolation index

Social isolation index

Social isolation scale

Proximity of parents or wife’s parents;

Marital status;

No. of living children;

Household occupancy;

Frequency of social activity participation;

Frequency of discussing serious personal problems;
Frequency of religious service attendance;

No. of social organisations regularly attended

Marital status;
Frequency of contact with children;
Frequency of contact with sibling, niece/nephew or grand-child

Marital status;

Frequency of contact with children;

Frequency of contact with other family members;
Frequency of contact with friends;

Participation with social organisations

Living alone;

Frequency of contact with non-co-inhabiting family (parents, children, and siblings not
belonging to the same household);

Frequency of contact with friends or co-workers outside the work place;

Participation in social organisations or neighbourhood activities

Living alone;

Frequency of contact with their children outside the household;

Frequency of contact with other relatives outside the household;

Frequency of contact with friends;

Frequency of participation in any organisations, religious groups, or committees;
Not currently employed
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Figure A3.1. Minimally adjusted RR and 95% CI of vascular disease incidence and
mortality, and all-cause mortality according to self-rated health and social contact
index score.
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Table A3.1. Fully adjusted RR and 95% CI of social isolation in relation to

CHD and stroke sub-types.

p for
No-of RR 95%Cl  hetero-
ases .
geneity
INCIDENCE
Acute Myocardial Infarction
Least Isolated 902 1.00 (-) 0.20
Moderately Isolated 1,383 0.99 (0.91,1.08)
Most Isolated 453 1.10 (0.97,1.23)
Ischaemic Stroke
Least Isolated 795 1.00 (-) <0.001
Moderately Isolated 1,335  1.11  (1.01, 1.21)
Most Isolated 462 28 (1.14,1.44)
Haemorrhagic Stroke
Least Isolated 369 1.00 (-) 0.04
Moderately Isolated 495 1.00 (0.87,1.15)
Most Isolated 169 1.25 (1.04,1.52)
MORTALITY
Acute Myocardial Infarction
Least Isolated 71 1.00 (-) 0.02
Moderately Isolated 128 1.06 (0.78, 1.42)
Most Isolated 65 1.61 (1.12,2.30)
Ischaemic Stroke
Least Isolated 8 1.00 (-) 0.01
Moderately Isolated 22 1.72 (0.76, 3.92)
Most Isolated 15 3.43 (1.40,8.41)
Haemorrhagic Stroke
Least Isolated 95 1.00 (-) <0.01
Moderately Isolated 145 1.09 (0.84,1.42)
Most Isolated 65 1.73  (1.24,2.41)
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Table A3.2. RRs and 95% Cls for social isolation and each outcome before and after
excluding first two years of follow-up.

CHD Incidence
Least Isolated
Moderately Isolated
Most Isolated

Stroke Incidence
Least Isolated
Moderately Isolated
Most Isolated

CHD Mortality
Least Isolated
Moderately Isolated
Most Isolated

Stroke Mortality
Least Isolated
Moderately Isolated
Most Isolated

All-Cause Mortality
Least Isolated

Fully Adjusted

Fully Adjusted excluding two years

Moderately Isolated 4,976 1.11

Most Isolated

follow-up
n RR 95% CI p-value® n RR 95% CI p-value®
3,728 1.00 (-) 0.04 2,7131.00 (-) 0.22
5,491 1.00 (0.96, 1.04) 3,985 1.00 (0.95, 1.06)
1,657 1.07 (1.01, 1.14) 1,176 1.06 (0.99, 1.14)
1,957 1.00 (-) <0.0001 1,526 1.00 (-) <0.0001
3,218 1.11 (1.05, 1.17) 2,495 1.11 (1.04,1.19)
1,106 1.28 (1.19, 1.38) 832 1.25 (1.15,1.37)
140 1.00 (-) <0.0001 102 1.00 (-) <0.0001
280 1.20 (0.97,1.47) 222 1.35 (1.06, 1.71)
139 1.80 (1.41,2.31) 111 210 (1.58,2.79)
163 1.00 (-) <0.001 135 1.00 (-) 0.02
296 1.21 (1.00, 1.47) 236 1.17 (0.94, 1.45)
128 1.71 (1.34,2.18) 93 1.51 (1.15,2.00)
2,886 1.00 (-) <0.0001 2,436 1.00 (-) <0.0001
(1.06, 1.16) 4,136 1.10 (1.05, 1.16)
1,805 1.32 (1.24, 1.40) 1,491 1.31 (1.22, 1.40)

Note: 2 p for heterogeneity
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Table A3.3. RR and 95% CI for SCI constituent measures in relation to all
outcomes while mutually adjusting for each other constituent measure.

Fully Adjusted p for
hetero-
n RR 95% CI geneity
CHD INCIDENCE
Contact with Family or Friends
Almost daily 7,332 1.00 (- 0.36
Weekly 3,295 0.98 (0.94,1.02)
At most monthly 249 1.07 (0.94, 1.22)
Frequency of Contact with Groups
At least weekly 5,308 1.00 (- 0.41
Less than weekly 5,568 1.02 (0.98, 1.06)
Living Alone
No 7,852 1.00 (- 0.15
Yes 3,024 1.03 (0.99, 1.08)
STROKE INCIDENCE
Contact with Family or Friends
Almost daily 4,042 1.00 (-) <0.01
Weekly 2,070 1.08 (1.02, 1.14)
At most monthly 169 1.25 (1.07, 1.45)
Frequency of Contact with Groups
At least weekly 3,012 1.00 (-) <0.01
Less than weekly 3,269 1.08 (1.03, 1.14)
Living Alone
No 4,253 1.00 (- <0.0001
Yes 2,028 1.18 (1.11,1.24)
CHD MORTALITY
Contact with Family or Friends
Almost daily 367 1.00 (- 0.27
Weekly 172 1.03 (0.86, 1.24)
At most monthly 20 1.48 (0.94, 2.34)
Frequency of Contact with Groups
At least weekly 235 1.00 (- 0.04
Less than weekly 324 1.2 (1.00, 1.43)
Living Alone
No 337 1.00 (- <0.0001
Yes 222 1.51 (1.27,1.80)
STROKE MORTALITY
Contact with Family or Friends
Almost daily 360 1.00 (-) 0.03
Weekly 208 1.22 (1.03, 1.45)
At most monthly 19 1.51 (0.95, 2.41)
Frequency of Contact with Groups
At least weekly 267 1.00 (- 0.02
Less than weekly 320 1.22 (1.03, 1.45)
Living Alone
No 370 1.00 (- <0.001
Yes 217 1.37 (1.15,1.63)
Continued
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p for

Continuation n RR 95% CI hetero-
geneity
ALL-CAUSE MORTALITY
Contact with Family or Friends
Almost daily 6,216 1.00 (-) <0.0001
Weekly 3,158 1.08 (1.04,1.13)
At most monthly 293 1.35 (1.20, 1.52)
Frequency of Contact with Groups
At least weekly 4,396 1.00 (- <0.0001
Less than weekly 5,271 1.11 (1.07,1.16)
Living Alone
No 6,581 1.00 (- <0.0001
Yes 3,086 1.16 (1.11,1.21)
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Table A4.1. RRs and 95% Cls for social isolation and each outcome before and after
excluding first two years of follow-up.

CHD Incidence
Least Isolated
Moderately Isolated
Most Isolated

Stroke Incidence
Least Isolated
Moderately Isolated
Most Isolated

CHD Mortality
Least Isolated
Moderately Isolated
Most Isolated

Stroke Mortality
Least Isolated
Moderately Isolated
Most Isolated

All-Cause Mortality
Least Isolated
Moderately Isolated
Most Isolated

Fully Adjusted

Fully Adjusted excluding two years

follow-up
n RR 95% CI p-value® n RR 95% CI p-value®
3,428 1.00 (-) 0.10 2,539 1.00 (-) 0.03
2,709 0.95 (0.90, 1.00) 1,960 0.93 (0.87, 0.98)
891 0.94 (0.88, 1.02) 668 0.95 (0.87,1.04)
1,034 1.00 (-) <0.01 823 1.00 (-) <0.01
908 1.05 (0.96, 1.15) 680 0.99 (0.90, 1.10)
345 1.23 (1.09, 1.40) 273 1.24 (1.07,1.42)
167 1.00 (-) <0.001 131 1.00 (-) <0.01
190 1.34 (1.09, 1.66) 144 1.29 (1.02, 1.64)
83 1.68 (1.28,2.21) 62 1.58 (1.16, 2.16)
79 1.00 (-) <0.01 67 1.00 (-) 0.05
79 1.14 (0.83, 1.56) 67 1.14 (0.81,1.61)
45 1.92 (1.32,2.81) 34 172 (1.12,2.62)
2,003 1.00 (-) <0.0001 1,751 1.00 (-) <0.0001
1,918 1.14 (1.07,1.21) 1,641 1.11 (1.04, 1.19)
773 1.38 (1.27,1.51) 665 1.37 (1.25,1.50)

Note: 2 p for heterogeneity
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Table A5.1. Literature search strategy and results for reviews on neighbourhood
factors and social relationships, and studies examining these factors in relation to

health.

Databases

Search Terms

Abstracts
Screened

Full-Text
Review

Articles
Included

Ovid MEDLINE Epub
ahead of print, in-process
and other non-indexed
citations, Ovid MEDLINE
Daily and Ovid MEDLINE
(1946-present)/Embase
(1974 to
present)/PsycINFO(1806
to present)

1. social integration.mp. or exp Social
Integration/

2. exp Social Isolation/ or exp
Interpersonal Interaction/ or social
isolat*.mp. or social contact.mp.

3. exp POVERTY AREAS/

4. exp Neighborhoods/ or exp Urban
Environments/ or exp Rural
Environments/ or exp Built
Environment/ or exp Transportation/
or exp Walking/ or walkability.mp. or
exp Deprivation/ or exp Social
Deprivation/ or socioeconomic
deprivation.mp.

5. exp VIOLENT CRIME/ or exp
CRIME!/ or crime.mp.

6. (review or systematic review or
meta analysis).mp. [mp=tx, bt, ti, ab,
hw, tn, ot, dm, mf, dv, kw, fx, dq, nm,
kf, px, rx, ui, sy, tc, id, tm]

7.1and 2

8.30r4o0r5

9.6and 7 and 8

10.7 and 8

11. limit 10 to english language

12. limit 11 to yr="2000 -Current

398

8

2

Web of Science

1.TS=(social isolat* OR social integ*
OR social contact OR social interact*)
DocType=All document types;
Language=All languages;
2.TS=(neighbourhoods OR urban
environments OR rural environments
OR built environment OR
transportation OR walk* OR depriv*
OR soci* depriv* OR poverty OR
impoverish* OR crime) DocType=All
document types; Language=All
languages;

3.(PY=(2000-2018)) AND
LANGUAGE: (English) DocType=All
document types; Language=All
languages;

4.(TI=(review* OR systematic
review*)) AND LANGUAGE: (English)
DocType=All document types;
Language=All languages;
5.(TS=(review* OR systematic
review*)) AND LANGUAGE: (English)
DocType=All document types;
Language=All languages;

6. #5 OR #4 DocType=All document
types; Language=All languages;

7. #6 AND #3 AND #2 AND #1
DocType=All document types;
Language=All languages;

1653

14

Google Scholar

neighborhood, social isolation;
neighbourhoods, health

n/a

Other

Text books and reference list
searching

n/a

Total:

14
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Table A5.2. Baseline characteristics for Million Women Study and UK Biobank participants according to

social isolation status.

Characteristics

Mean Age (SD)
Female (%)
Educational attainment
No educational qualifications (%)
Less than secondary (%)
Disability
At least one disability (%)
Receipt of disability allowance (%)
Frequency of contact with:
Family or friends (% at most monthly)
Social groups (% at most monthly)
Social groups (% less than weekly)
Living alone (%)
Current smoker (%)
Alcohol intake
27 units per week (%)
25 days per week (%)
Rarely/never exercise (%)
BMI =230 kg/m? (%)
History of hypertension (%)
History of diabetes (%)

A. Million Women Study B. UK Biobank
Less Most Less Most
Overall Isolated Isolated Overall Isolated Isolated
N=322,588 n=284,074 n=38,514 N=272,596 n=238,113 n=34,483
(88.1%) (11.9%) (87.3%) (12.6%)
67.7(4.5) 67.5(4.4) 68.7(4.9) 56.1 (8.1) 56.2(8.1) 55.7(7.9)
100 100 100 55.9 56.6 51.1
27.9 26.4 39.3 - - -
- - - 134 13.2 14.9
13.6 12.8 19.3 - - -
- - - 1.6 1.6 2.2
1.9 04 13.1 21.7 141 74.2
48.1 41.2 99.2 - - -
- - - 27.8 19.7 83.6
23.6 14.6 90.0 16.5 11.6 49.9
5.5 4.7 11.6 8.2 7.7 11.9
31.6 32.3 26.7 - - -
- - - 21.8 21.9 20.7
7.2 6.8 10.6 9.5 8.7 15.8
16.9 16.7 19.1 184 18.2 20.1
19.0 18.7 21.3 20.3 20.2 20.9
3.3 3.1 4.4 2.6 2.6 3.2

Notes: Percentages calculated based on participants with complete information for each specific variable.



Table A5.3. Results of follow-up for vascular disease and mortality outcomes among
Million Women Study and UK Biobank participants.

A. Million Women B. UK
Study Biobank
Incident CHD events (n) 10,819 6,439
Mean years of follow-up per person (SD) 5.8(1.3) 6.8(1.0)
Person-years (1000s) 1,879 1,845
Incident Stroke events (n) 6,234 2,068
Mean years of follow-up per person (SD) 5.9(1.2) 6.8(0.9)
Person-years (1000s) 1,895 1,861
CHD deaths (n) 555 405
Mean years of follow-up per person (SD) 5.9(1.1) 6.8(0.9)
Person-years (1000s) 1907 1867
Stroke deaths (n) 584 180
Mean years of follow-up per person (SD) 5.9(1.1) 6.8(0.9)
Person-years (1000s) 1,907 1,867
All-cause deaths (n) 9,561 4,253
Mean years of follow-up per person (SD) 5.9(1.1) 6.8(0.9)
Person-years (1000s) 1,907 1,867

Table A5.4. Fully adjusted RR and 95% CI estimated using robust standard errors for social
isolation and all-cause mortality by neighbourhood socioeconomic deprivation tertile.

Least Deprived Moderately Deprived Most Deprived
n RR 95%CI n RR 95% ClI n RR 95% CI
A. Million Women Study
All-Cause Mortality
Less Isolated 3,795 1.00 (-) 2828 1.00 (-) 1,151 1.00 (-)
Most Isolated 706 1.30 (1.24,1.37) 610 1.09 (1.03,1.15) 471 1.36 (1.23, 1.49)
B. UK Biobank
All-Cause Mortality
Less Isolated 1,735 1.00 (-) 1,172 1.00 (-) 653 1.00 (-)
Most Isolated 274 129 (1.17,1.44) 223 1.25(1.11,1.41) 196 1.33 (1.18, 1.50)
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Table A6.1. Description of variables adjusted for in Cox regression analyses.

Cgvarlate Variables Values/Categories
roup

Personal Age Date of birth to date of censoring
Characteristics Gender Female, Male

Region of Recruitment

East Anglia, East midlands, London,

North east, North west, South east,

South west, Wales, West midlands,

Yorkshire & Humber

Socioeconomic deprivation

Least deprived

(Townsend deprivation index) Moderately deprived

Most deprived
Educational attainment Tertiary

Secondary

Less than secondary
Receipt of disability or mobility Yes, No

allowance

Health Frequency of strenuous or Rarely/never
Behavioural moderate exercise Sometimes (1-3 days/week)
Factors Most Days (4-6 days/week)
Daily
Smoking status Current
Never
Former
Alcohol intake 0 days per week
1-5 days per week
=5 days per week
Body Mass Index Desirable (<25 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (230 kg/m?)
Physiological  Self-reported history of Yes, No
Factors hypertension
Self-reported history of diabetes  Yes, No
Taking cholesterol lowering Yes, No
medication
Psychological Self-reported depressed mood Yes, No

Factors

within past two weeks
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Table A6.2. RR and 95% CI for SCI score in relation to all-cause mortality after adjustment for each
group of covariates.

Less p for hetero- , % Attenuation
ALL-CAUSE MORTALITY Isolated Most Isolated geneity LR y in LR y?
No. of deaths 3,745 724
Age, gender, region (minimally adjusted) 1.00 (-) 1.43 (1.32,1.55) <0.0001 70.7 -
Age, gender, region, personal characteristics 1.00 (-) 1.37 (1.26, 1.48) <0.0001 54.7 23
Age, gender, region, deprivation 1.00 (-) 1.38 (1.27,1.50) <0.0001 57.9 18
Age, gender, region, education 1.00 (-) 142 (1.31,1.54) <0.0001 67.8 4
Age, gender, region, disability 1.00 (-) 142 (1.31,1.53) <0.0001 67.3 5
Age, gender, region, health behaviour factors 1.00 (-) 1.33 (1.23,1.44) <0.0001 45.5 36
Age, gender, region, smoking 1.00 (-) 1.36 (1.26,1.48) <0.0001 53.4 24
Age, gender, region, alcohol 1.00 (-) 142 (1.31,1.54) <0.0001 67.8 4
Age, gender, region, physical activity 1.00 (-) 141 (1.30,1.53) <0.0001 65.2 8
Age, gender, region, body mass index 1.00 (-) 142 (1.31,1.54) <0.0001 68.5 3
Age, gender, region, physiological factors 1.00 (-) 1.42 (1.31,1.53) <0.0001 67.6 4
Age, gender, region, hypertension 1.00 (-) 142 (1.32,1.54) <0.0001 69.7 1
Age, gender, region, diabetes 1.00 (-) 142 (1.31,1.54) <0.0001 68.4 3
Age, gender, region, cholesterol medications  1.00 (-) 1.43 (1.32, 1.55) <0.0001 70.8 0
Age, gender, region, depressed mood 1.00 (-) 1.42 (1.31,1.54) <0.0001 68.1 4
Fully adjusted 1.00 (-) 1.29 (1.19,1.40) <0.0001 35.6 50
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Appendix B: Million Women Study 12-year Re-Survey
Questionnaire
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THE MILLION WOMEN STUDY

Confidential National Study of Women's Health

Any questions? Ring Freephone 0800 262 872

The Million Women Study is a major national study
of women's health supported by public funds.
(see enclosed leaflet and/or www.millionwomenstudy.org)

Over the past few years you have filled out one or more
questionnaires to help with the study. Now we are asking for
your help again. All information provided will be treated with
absolute confidentiality and used for medical research only.

QUESTIONS ABOUT YOU AND YOUR HEALTH. Please use a BLACK PEN if possible

We know it may be difficult to answer some questions, but an approximate answer is better than none.

1. \tl,\{:ltﬁt?isyourdateof | || | H 1 | 9| ’ ‘
2. What is today’s date?l | | | | I | 2 | 0 | I I

3. In general, how would you now rate your:
(please cross the relevant boxes)

excellent good fair poor
overall health?
memory?
quality of life?
quality of sleep?

physical fitness?

ooogoo
oooooogd
ooaood
Oooooogd

eyesight (with glasses, if worn)?
hearing (best ear, with any aids)? E]

4. Do you:

=<
12}

e
have difficulty bathing or dressing yourself?

No
]
have difficulty walking up a flight of stairs? ]
]

have a disability allowance, attendance
allowance or blue badge?

5. How often do you contact (eg phone, meet, email):

rarely/ K
neve{ monthly fo\:'vt%(ieg'%{ly
family? | R ] ]
friends? N O O N
roups (eg religious, WI,

gtnesps,g ult education)? D D D D

6. Inthe last 5 years have you experienced: No Yes

0 0O

0 O
O O

death of a'spouse or partner?
death of any other close relative or friend?
divorce or permanent separation?

! rarely/  some- almost
7. How often do you feel: nev'gr times often  always
tired during the day? O ] O [l
in control? ] J ] ]
happy? O ] L] L]
. number of
8. How many people live in your household? I:I people

(incl. you)
9. How many cars or vans are available for number of

use in your household? vehicles

10. Is your household accommodation:
D rented? |:| owned (or mortgaged)?

D other?

11. When you were about 10 years old,
- was your household accommodation:
[] rented? O owned (or mortgaged)

by your family?
- did your household then have: (you can cross both boxes)
[] anindoor toilet?

[] other?

[T] running hot water?

number
of people
(incl. you)

- how many people usually slept in your
bedroom? (when you were 10 years old)

12. Has your doctor ever said you had:

Yes Age first diagnosed

I:l:‘ years old
I:I:' years old
I:I:‘ years old
I:I:‘ years old
I:l:' years old

Breast cancer? J
Bowel (intestinal) cancer? |:|
Malignant melanoma? |
Cervix cancer/precancer? J

Womb (endometrial) cancer? []

Diabetes? | I:l:‘ years old
High blood pressure? |:| I:I:‘ years old
Osteoporosis? ] I:‘:‘ years old

13. In the last 5 years have you had any broken/fractured bones?

] No [] Yes-once

If Yes,
- which bones? (you can cross more than one box)

[] wrist [] arm [] spine ] hip
[] ankle [] foot [] leg [] other

- about when was your | I ‘ | | | | |

Yes - more
than once

most recent fracture?

- did your most recent fracture result from a fall?

[JNo  []Yes
falls in

14. How many recent falls have you had? |:|:| past year
(0ifnone) o

Supported by Cancer Research UK, the Medical Research Council and the Health and Safety Executive
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LIFESTYLE MEDICATIONS

15. Have you ever regularly worked at night, or on night shifts?
. (at any time between midnight and 6am, for at least 3 nights per month)

[JNo [] Yes
total years
(0 if less than one)

If Yes,
-when did you last work at night? l:l:' ZSﬁﬁ;ﬁ%{%f;ﬁgu

- over how many years in total?

18. How much actual sleep do you get a night? I:I:‘ hours

16. When do you usually go to sleep?
(eg for ten-forty-five put 10:45)

17. When do you usually get up?

19. When you sleep at night, is the room usually:

[] verydark? [ ] dark? [ ] dimlylit? [ ] lit?
rarely/ weekly/  most
20. Do you: neveyr monthly fortnightly days

take medication to sleep?

0o o
have trouble falling asleep? O |

wake up too early in the morning
and cannot fall asleep again? O U

feel refreshed in the morning?

ooog
ooog

21. Do you consider yourself to be:
D a morning person? |:| more morning than evening?

[] an evening person? [ | more evening than morning?

naps per week
(0 if less than one)

- for about how long? l:':l:‘ minutespennap (usually)

23. In a typical week, how much VIGOROUS activity do you do?
eg running, fast swimming or cycling, heavy lifting
Please state both how many days and the total hours a week
(0 if less than one)

In a typical week, how much MODERATE activity do you do?

eg brisk walking, ordinary swimming or cycling, gym, heavy
housework or gardening (0 if less than one)

- summer: I:I DAYS a week AND I:D HOURS a week
- winter: [:I DAYS a week AND |:|:| HOURS a week

24. How would you describe your usual walking pace?
[]brisk [ ]average [ ]slow [ ] cannotwalk

25. In a typical SINGLE DAY, how much LIGHT activity do you do?
eg walking, shopping, cooking, general housework, yoga

summer [ [ | hovs,  wimer[ || DoV,
26. On a typical WEEKDAY (not weekends) how long do you:
watch TV I:‘:‘ hours (L:r?gl S—‘ d%oar?\?/gtrk) |:|:| hours
read I:D hours look arféleartis\}(e:lg E‘:‘ hours

22. How often do you usually nap?

- summer: I:I DAYS a week'»AND HOURS a week

- winter: |:| DAYS a week \AND HOURS a week

27. Have you ever used HRT? [] No [] Yes
If Yes,

; total years of use
- how many years in total? I:I:' (0 if Igss than one)
- are you still using HRT?

|:| No, stopped - if so, when? |:|:| years ago

[ ] Yes, still using

28. Have you EVER used any of these osteoporosis drugs?
(you can cross more than one box)

[[] Mendronate 1 pogamax (daily) JI] Actonel (daily)

10mg (daily)
[ Somg weotty) [ Breriieiay [ 1iOnce a week
O g%?gga [[] Fosavance [C] Actoriel Combi
[l ?,?Q&ii‘é?, [] Didronel [] Didronel PMO

Please write the name(s) of any other osteoporosis drugs
you have used, eg/Aclasta

For office use only

[TTTT]

29. If you EVER used any of the drugs listed in question 28,

total years of use of all types
- for'how,long? I:I:‘ added together (0 if less than one)

- are you still using any of them?
[ ]xNo, stopped - if so, when? |:|:| years ago

E] Yes, still using .

30. Do you regularly take any of the following?
(you can cross more than one box)

[] Aspirin D Insulin injections
[] Prednisolone [] Glucophage
[] Thyroxine [] Avandia

D a statin for cholesterol

eg Lipitor, Zocor, Lipastat |:| other drugs for diabetes

31. About how many years is it since you last had:
(0 if screened less than one year ago; cross box if never screened)

a cervical smear test? yearsago OR [ | never

a breast cancer screen? yearsago OR [_] never

a bowel cancer screen? yearsago OR [ ] never

o

32. Have you had a bone mineral density (eg DEXA) scan?
[] No [] Yes [] not sure

- If Yes, were you told your bone density was:

[] low? [] normal? [] not sure

33. Have you had your blood pressure taken in the last 5 years?

[] No [ Yes [] not sure
- If Yes, were you told it was:
[] high? ] normal? ] low? [] not sure

- what was your blood pressure?

HEEREEE

eg [1]3[0]/[9]0] ]

(leave blank if not sure)
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YOUR DIET TEA, COFFEE, MILK, DIGESTION

34. Any major changes to your diet in the past 5 years?
D No D Yes - because D Yes - for some

of illness other reason
35. Please cross the box(es) if in the past 5 years you:

never D never ate meat D never ate dairy
ate fish or poultry products

never ate
eggs

36. About how many TIMES A WEEK do you usually eat:
- the following vegetables? (0 if none usually)

. cooked

: bean curd foods

cauliflower I:‘j (eg soya, tofu)

cabbages baked beans or pulses

or sprouts (eg lentils, chickpeas)
- the following fruits? (number of times a week; 0 if none usually)

an apple an orange,

pp satsuma, etc

abanana I:Ij a stone fruit (eg plum,

apricot, peach)
a pear I:Ij grapes, berries I:Ij

tinned fruit
RILNES I:I:I (except prunes)
stewed fruit dried fruit

(except prunes) (except prunes)

37. In total how many PIECES OF FRESH FRUIT A WEEK?

number of pieces a week (count one apple, one

D:' banana, 10 grapes, 10 berries etc as one piecé;
0 if none usually)

38. How many tablespoons of SALAD/VEGETABLE A WEEK?
(number of tablespoons a week; 0 if none usually)

raw raw vegetables (except
tomatoes tomato and green salad)
cooked vegetables
green salad ‘:D (except potatoes)
39. How much WHOLEMEAL BREAD A WEEK do you eat?
(0 if none usually)
Slices, rolls etc of wholemeal bread a week
(not white or brown bread)
40. How many bowls of CEREAL A WEEK do you eat?
wholewheat (eg Weetabix,
All-Bran I:‘:‘ Shredded wheat) l:‘:‘
branflakes other cereal (eg oats,
or muesli rice crispies, cornflakes)
41. How much'YOGURT A WEEK do you eat?
dairy yogurt Dj number soya yogurt D:‘ number
or desserts ;Lfén “'or desserts ,‘iLfsm el
42. About how many TIMES A WEEK do you usually eat:
any fish (fresh any meat or poultr
or tinned) (fresh or processed‘
any poulti

oily fish (salmon, any processed meat
sardines, trout, I:Ij (bacon, ham, I:D
mackerel, etc) sausages, etc)

43. How much TEA do you usually drink?

44. How much COFFEE do you usually drink? |:|:| cups

- do you have your tea:

[] veryhot  [] hot

- do you usually add:

[ ] milk [] sugar

cups
a day
¢

[] warm [ ] cool

[] artificial sweetener

a day
- do you have your coffee:

[] veryhot  [] hot

- do you usually add:

(] milk [] sugar

[] warm & [ ] cool

[] artificial sweetener,

45. On average, how much MILK A WEEK do you drink?

include milk in cereal, cocoa, tea, coffee, cooking etc

l:l:l pints OR l:l:‘ litres (0 if less than one)

46. Which type of milk do,you use most often?

[] cow’s milk [ soya milk [] other/none
47. How frequently are you troubled by:

rarely/  lessthan about more

never weekly weekly often
bleeding gums? | ] O |
difficulty swallowing? O O ] |
reflux/heartourn? | ] [l [
constipation? O O O O
intestinal gas (flatulence)? [] ] [l J
diarrhoea? O ] ] |

48. About how many bowel movements
(motions) do you have each week?

times a
week

WEIGHT AND HEIGHT

49. About how much do you weigh now?
| | I stone | | | Ibs OR

50. Compared to about 5 years ago, have you lost weight?

] No [ Yes

If Yes, how did you lose it? (you can cross more than one box)

[] dieting [] iliness [] other

[] exercise

51. What is your:

waist .
hi )
measurement")? inches  OR D:I:'cms

52. What size clothes do you wear now? .
(you can cross more than one box if the size varies)

[J10orless []12 []14 []16 [J18 []20+

53. Are you shorter now than when you were in your 20s/30s?
[] no [] alittle shorter [] noticeably shorter

54. About how tall are you now?
l:' feet l:l:‘ inches l:l:l:l Cs
¢

OR

239



ALCOHOL AND TOBACCO FINALLY...

55. Have you EVER had an alcoholic drink?
¢ [] No, I am a lifelong non-drinker (go to 58) [] Yes
56. Did you have an alcoholic drink in the past year?
[] No [] Yes

- If No, age when you last drank alcohol I:I:‘ years old

57. About how many “units” a week, now and in the past?
a unit = glass of wine, half pint of beer or cider, or 25ml tot of spirits

units of alcohol a week, in total
(0 if less than one)

in your 40s l:l:‘ units of alcohol a week, in total
in your 20s I:I:‘ units of alcohol a week, in total

58. Have you EVER smoked tobacco?
[] Never (goto 64) [ ] Current smoker [_| Ex-smoker

59. Current smokers: might you quit in the next 5 years?
[] No [ Yes [] not sure
60. Ex-smokers: might you restart in the next 5 years?

[] No [ Yes [] not sure

61. Give your ages at starting/stopping, as best you can:
(or cross box if

not applicable)
- first smoked any tobacco l:‘:‘ years old
- began smoking regularly l:l:'
(daily, or on most days) years old, or D N/A
l:l:l yearsold,or [] N/A
I:I:I years old, or 4[] N/A

years old, or [1]'N/A

in past year

- first seriously quit
- last smoked regularly

- last smoked any tobacco

62. How much do/did you generally inhale?
[] slightly [] moderately [] deeply
63. How many cigarettes a day, now and in the past?

typical number of cigarettes a day
(0 if less than one cigarette a day)

in your 40s ED typical number of cigarettes a day

in your 20s I:I:' typical number of cigarettes a day

MEDICAL HISTORY: YOU AND YOUR FAMILY

64. Have YOU (even if already reported) or any of your
BLOOD'RELATIVES ever had, to your knowledge:

PPG”
heart attack [] [] [ ][] [] glaucoma ][] ][] [
e DO OO PR 00000

stoke (] ]I A*§8see OO OO0
eere 00000 e OOOOO
O0000O depression L1 10O
OO0000 &EeEOooooo
npracwre (] ] 100 &ee DO OO0
(10 O O [ ung eancer [][] [ [][]
asthma [] [] [] ][] skincancer [] [ [ [ [

emphysema or prostate ] 1

cHOOdd cancer
MWS-PF/301/0910

in past year

& K o o
R

diabetes

severe arthritis

osteoporosis

=]

4 bronchitis

65. Are you now in paid work?
[] No [] Yes - full time

66. Have you worked for a total of 10 years or more as a:
(you can cross more than one box)

[] Yes - parttime

[] secretary/clerk? [] hairdresser? [] cook?
[] shop worker? [ gardener? ] nurse?
[] factory worker?  [] farm worker? [ ] teacher?
[] flight attendant? ] waitress? [] cleaner?

[] busconductor? [] bar worker? [] telephonist?

minutes per,week
(0 if none)

total years

(0 if less than one)

67. How much do you talk on
a mobile phone?

- How long have you used
a mobile phone?

68. Have you ever regularly used:

No Yes If Yes, for about how long?
total years
mouthwash? ] l:l:l (0 if Iess than one)
underarm
deodorant? L] I:I:' fotaliyears

O O<tl O

talcum powder for
feminine hygiene? | |:|:| YRR
a sunbed? ] |:|:| total years

69. What is your eye colour?
[] blue [] grey
[] green [] hazel

70. Compared to other women, do you have:
[] fewer freckles? [ ] more freckles?

|:| more moles?

[] brown/black

[] other/not sure

.
[] about average?
[] fewer moles? [] about average?

71. If you go out in the summer sun do you:
(you can cross more than one)

[] burn easily? [] tan easily?
72. In the last 5 years about how many number of
holidays did you take in sunny places? I:I:‘ holidays
eg [WIATLTETS]

HlEEEEEEEEEEEE

74. Optional: print your email address below if you might
consider answering similar questions online in the future

[] rarely tan?

73. In which country were you born?

75. Optional: write your phone number (with area code)

HEEEEEEEEEEEE

76. If your name/address has CHANGED or is incorrect
please give the correct details below

For office use only

Thank you for your help! Professor Valerie Beral,
University of Oxford, FREEPOST OX3 7DG.
Please post the completed form back to me.
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