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Abstract 

Background  Components of social connection are associated with mortality, but research examining their inde‑
pendent and combined effects in the same dataset is lacking. This study aimed to examine the independent 
and combined associations between functional and structural components of social connection and mortality.

Methods  Analysis of 458,146 participants with full data from the UK Biobank cohort linked to mortality registers. 
Social connection was assessed using two functional (frequency of ability to confide in someone close and often feel‑
ing lonely) and three structural (frequency of friends/family visits, weekly group activities, and living alone) compo‑
nent measures. Cox proportional hazard models were used to examine the associations with all-cause and cardiovas‑
cular disease (CVD) mortality.

Results  Over a median of 12.6 years (IQR 11.9–13.3) follow-up, 33,135 (7.2%) participants died, including 5112 (1.1%) 
CVD deaths. All social connection measures were independently associated with both outcomes. Friends/family visit 
frequencies < monthly were associated with a higher risk of mortality indicating a threshold effect. There were interac‑
tions between living alone and friends/family visits and between living alone and weekly group activity. For example, 
compared with daily friends/family visits-not living alone, there was higher all-cause mortality for daily visits-living 
alone (HR 1.19 [95% CI 1.12–1.26]), for never having visits-not living alone (1.33 [1.22–1.46]), and for never having 
visits-living alone (1.77 [1.61–1.95]). Never having friends/family visits whilst living alone potentially counteracted 
benefits from other components as mortality risks were highest for those reporting both never having visits and living 
alone regardless of weekly group activity or functional components. When all measures were combined into overall 
functional and structural components, there was an interaction between components: compared with participants 
defined as not isolated by both components, those considered isolated by both components had higher CVD mortal‑
ity (HR 1.63 [1.51–1.76]) than each component alone (functional isolation 1.17 [1.06–1.29]; structural isolation 1.27 
[1.18–1.36]).

Conclusions  This work suggests (1) a potential threshold effect for friends/family visits, (2) that those who live alone 
with additional concurrent markers of structural isolation may represent a high-risk population, (3) that beneficial 
associations for some types of social connection might not be felt when other types of social connection are absent, 
and (4) considering both functional and structural components of social connection may help to identify the most 
isolated in society.
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Background
Social connection is a complex phenomenon that encom-
passes numerous emotional, physical, and behavioural 
aspects of human interaction. Social connection can 
be classified into inter-related conceptual components, 
including functional (e.g. subjective feelings of loneliness) 
and structural components  (e.g. objective frequency of 
social contacts) [1, 2]. Deficits of either component are 
associated with a higher risk of all-cause mortality and 
cardiovascular disease (CVD) [3–7]. The mechanisms by 
which components of social connection are associated 
with mortality are unclear and may vary by component, 
or by the measure used, but are thought to be mediated 
via direct (e.g. altered blood pressure, poorer immune 
function, neurodevelopmental impairment) [8–10] and 
indirect effects (e.g. via poorer mental health or wellbe-
ing, lower physical activity, or higher tobacco and alco-
hol consumption) [11–15]. Further explanations involve 
reverse causality, whereby long-term health conditions or 
disabilities can impair people’s ability to form or sustain 
relationships [16, 17]. Nevertheless, the prevalence of a 
lack of social connection (9.2–14.4% of the global popula-
tion are estimated to feel lonely and 25% of adults world-
wide may be socially isolated) [18, 19] and the associated 
mortality justify attempts to understand how each com-
ponent impacts on mortality in order to develop targeted 
interventions (Table 1).

Often, only moderate or weak correlations are 
observed between different components, which may 
reflect the dependent and independent relation-
ships between them [20–23]. For example, individuals 
with a shrinking social network might feel lonelier as 
a result, whilst others with a growing social network 
could also feel increasingly lonely if the quality of 
those relationships is poor. Adding to the challenge of 

understanding how different components of social con-
nection are associated with adverse health outcomes 
is the numerous heterogeneous ways by which studies 
have operationalised and measured different aspects of 
each component [15, 24–27]. Prior studies have often 
focussed on a single-item measure, for example, show-
ing that a ‘sense of loneliness’ (functional) or living 
alone (structural) is independently associated with a 
higher risk of all-cause mortality [28, 29]. Alternatively, 
some studies have used composite scales or indices but 
still with a focus on a single component of social con-
nection (e.g. Revised UCLA Loneliness Scale measuring 
the functional component or the Berkman-Syme Social 
Network Index measuring the structural component) 
[30, 31]. A meta-analysis of prospective studies examin-
ing the association between both subjective (functional) 
or objective (structural) isolation and all-cause mortal-
ity found the average effect sizes to be similar (26–32% 
increased likelihood of mortality) for each type of isola-
tion [3]. However, the effect sizes represent the aggre-
gate effects of different measures with no consideration 
of the strength of the association of individual meas-
ures on health outcomes. Furthermore, meta-analyses 
that have quantified associations between measures 
of social connection and mortality have highlighted 
the lack of studies that include measures of both func-
tional and structural components or that examine for 
potential synergistic interactions between them [3–5]. 
Indeed, a lack of research examining different compo-
nents of social connection in the same dataset to dis-
entangle their independent, additive, and multiplicative 
effects was highlighted in a recent US Surgeon Gen-
eral’s Advisory [32]. These are missed opportunities, 
as a more detailed understanding of the health impact 
of different components of social connection and their 
interactions could help guide policy and interventions 
designed to increase and enhance social connectedness 
and improve related health outcomes.

Previous studies often refer to functional and struc-
tural components of social connection as loneliness 
and social isolation, respectively. However, the social 
connection framework offers advantages for concep-
tualising and studying both the separate and combined 
effects of different social measures. Firstly, the termi-
nology of social connection is more neutral than ‘lone-
liness’ or ‘isolation’ and thereby implies a spectrum 
of either beneficial or detrimental associations. Sec-
ondly, studies often lack methodological or theoretical 

Table 1  Components of social connection (Taken from Holt-
Lundstad, 2018) [1]

Component Definition Example measures

Functional Functions provided by, 
or perceived to be avail‑
able because of, social 
relationships

Received support
Perceptions of social support
Perceived loneliness

Structural Existence of and inter‑
connections among dif‑
ferent social relationships 
and roles

Marital status
Living alone or not
Social networks
Social integration
Social isolation
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underpinnings and use loneliness and social isolation 
as catch all phrases, which, whilst supposedly widely 
understood, may be interpreted differently depend-
ing on the researcher. Thirdly, social connection offers 
a broad framework that encapsulates both loneliness 
and social isolation alongside but separately from other 
measures of social connection. For example, a subjec-
tive feeling of loneliness can be considered a measure 
of the functional component but so too can perceptions 
of social support, which may not always be perceived 
as loneliness. Therefore, the terminology of the social 
connection framework remains flexible and inclusive 
whilst avoiding some assumptions around loneliness or 
social isolation and, as a result, could help when inter-
preting estimates of the separate and combined effects 
of various social measures.

The first aim of this study was to understand the 
strength of the association between independent meas-
ures of functional and structural social connection and 
all-cause and CVD mortality. The second aim was to 
understand if and how these measures interact with 
one another in combined associations with adverse 
health outcomes. Our study was guided by the following 
research questions (RQ):

	RQ1.	 What is the strength of association between two 
functional measures of social connection—fre-
quency of ability to confide and perceived loneli-
ness—and all-cause and CVD mortality, and is 
there an interaction between the measures?

	RQ2.	 What is the strength of association between three 
structural measures of social connection—fre-
quency of friends and family visits, weekly leisure/
social activities, and living alone—and all-cause 
and CVD mortality, and is there an interaction 
between these measures?

	RQ3.	 What is the pattern of the combined association 
between measures of (a) functional and (b) struc-
tural components of social connection and all-
cause and CVD mortality?

	RQ4.	 Is there an interaction between functional and 
structural components of social connection for all-
cause and CVD mortality?

Methods
Study design and participants
We analysed baseline data from the UK Biobank study 
which recruited 502,536 participants via postal invi-
tation between 2006 and 2010. Participants attended 
one of 22 assessment centres in England, Scotland, or 
Wales to complete a questionnaire and nurse-led inter-
view and have physical measurements taken [33]. More 
details of the UK Biobank procedures and assessments 

can be found online (biobank.ndph.ox.ac.uk/ukb/) and in 
the study protocol [34]. We excluded those without full 
data on all variables used in analyses (n = 44,390 [8.8%]) 
as detailed below (participant flowchart—Additional 
file  1: Fig. S1). Participants who reported ‘do not know’ 
or ‘prefer not to answer’ for any variable were considered 
missing.

Outcome ascertainment
UK Biobank participants consented to data linkage to 
national mortality registers. We examined two adverse 
health outcomes: all-cause and CVD mortality. Any 
International Classification of Diseases (10th Revision) 
codes from I05 to I99, Z86.7, G45, and G46 given as 
the primary cause of death were chosen to define CVD 
deaths after discussion by two primary care clinicians 
(HMEF and FSM). These codes likely represent chronic 
CVD diseases, including cerebrovascular disease, with 
only acute rheumatic fever (I00–I02) excluded. Dates and 
causes of death are contained within death certificates 
provided by linkage to the National Health Service (NHS) 
Information Centre (England and Wales) and the NHS 
Central Register (Scotland). Censoring dates varied by 
country of baseline assessment (England and Wales, 30 
September 2021; Scotland, 31 October 2021).

Functional and structural component measures
Two functional and three structural component meas-
ures of social connection used in previous studies were 
examined in this study (Table 2) [7, 23, 35, 36]. For fre-
quency of friend and family visits, the categories of ‘never 
or almost never’ and ‘no friends or family outside house-
hold’ were collapsed into a single category, ‘never’. This 
was justified on the basis that these responses are similar 
and there being few participants with no friends or fam-
ily outside the household (n = 1031). For simplicity, cat-
egories for ordinal variables were renamed as ‘daily’, ‘2–4 

Table 2  Functional and structural component measures and 
categories

Component Measure Categories

Functional Frequency of ability 
to confide in someone 
close

daily, 2-4 times a week, 
weekly, monthly, 
once every 3 months, 
and never

Often feeling lonely yes, no

Structural Frequency of friends 
and family visits

daily, 2-4 times a week, 
weekly, monthly, 
once every 3 months, 
and never

Weekly group activity yes, no

Living alone yes, no
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times a week’, ‘weekly’, ‘monthly’, ‘once every 3  months’, 
and ‘never’.

Covariate data
Baseline self-reported sex (female, male), ethnicity 
(White, mixed, Asian or Asian British, Black or Black 
British, Chinese, or other ethnic groups), smoking sta-
tus (current, never/former), alcohol intake (> vs. ≤ 35 
[females] and > vs. ≤ 50 [males] weekly units of alco-
hol—previously identified cut-offs for high risk drinking 
in England and UK Biobank), [37, 38] and self-reported 
physical activity levels (< vs. ≥ 450 MET [metabolic equiv-
alent of task] min per week as per UK physical activity 
guidelines) [39, 40] were used as potential explanatory 
variables. A count of baseline self-reported long-term 
conditions confirmed at nurse-led interview was based 
on a list of 43 long-term conditions [41]. Month of 
assessment was included as a covariate as self-reported 
measures of social connection may vary by season [42]. 
Socioeconomic position was measured using the area-
based measure of deprivation and Townsend index (com-
prising car ownership, household overcrowding, owner 
occupation, and unemployment) and was based on pre-
ceding census data and postcode of residence at recruit-
ment and analysed as a continuous variable [43]. Body 
mass index (BMI) was calculated by trained personnel at 
baseline assessment and used as a continuous measure 
(kg/m2).

Statistical analysis
We compared those participants with complete data to 
those with missing data using descriptive statistics. For 
our main analyses, we used time-to-event analysis (Cox 
proportional hazard models) to examine the associations 
between exposures and mortality outcomes for those 
participants with full data only. Follow-up time was cal-
culated as the time difference between the date of assess-
ment and either the censor date or the date of death, 
whichever occurred first. Additional file  1: Table  S1 
shows the analyses performed and the corresponding 
research question each analysis addresses. Measures 
of social connection and the covariates included in our 
models may be highly correlated and lead to multicol-
linearity and model instability [44]. Therefore, to detect 
potential multicollinearity, we calculated generalised var-
iance inflation factors (GVIF) for all variables included 
in our Cox models using a linear regression model with 
follow-up time as the outcome [45].

Functional component analyses
First, we examined the association between each func-
tional component measure (frequency of ability to con-
fide in someone close and often feeling lonely) and 

adverse health outcomes separately, adjusting for the 
known and likely confounders: sex, ethnicity, Townsend 
index, and month of assessment, smoking status, alcohol 
intake, physical activity, BMI, long-term condition count, 
frequency of friend and family visits, weekly group activ-
ity, living alone, and mutually for frequency of ability to 
confide/often feeling lonely (analyses 1 and 2, Additional 
file 1: Table S1). Next, we examined the combined asso-
ciation of both functional component measures (with 
a single reference group of almost daily ability to con-
fide in someone close and not often feeling lonely) and 
their interactions for adverse health outcomes (analysis 
3, Additional file 1: Table S1). To provide sufficient data 
for interpretation, we explored the interactions on both 
multiplicative and additive scales by calculating estimates 
for multiplicative interaction, relative excess risk of inter-
action (RERI), attributable portion (AP), and a synergy 
index (SI) [46]. The interaction tests require four expo-
sure groups which meant dichotomising the ordinal vari-
able of frequency of ability to confide in someone close. 
To inform dichotomisation, we used results from the 
independent and mutually adjusted association between 
the ordinal variable and adverse health outcomes. There-
fore, the dichotomous confide variable was coded as 
(≥ once every 3 months vs. never). To examine the inter-
actions between functional and structural components, 
we created a new dichotomous ‘functional isolation’ 
variable. Functional isolation was defined using the inde-
pendent and mutually adjusted associations with adverse 
health outcomes of each functional component measure 
and therefore coded as either never able to confide or 
(yes) often feeling lonely. We examined the associations 
between this new variable and adverse health outcomes 
(analysis 4, Additional file 1: Table S1).

Structural component analyses
Next, we examined the association between each of the 
structural component measures (frequency of friends 
and family visits, weekly group activity, and living alone) 
and adverse health outcomes separately, with models 
adjusted as above but with mutual adjustment for each 
structural measure and the new functional isolation vari-
able (analyses 5–7, Additional file 1: Table S1). Then, to 
examine the joint associations and interactions between 
the structural component measures, we examined the 
associations and interactions between (1) frequency 
of friends and family visits and engagement in weekly 
group activity, (2) frequency of friends and family visits 
and living alone, and (3) weekly group activity and living 
alone (analyses 8–9 and 11, Additional file  1: Table  S1). 
To examine the interactions, we dichotomised the ordi-
nal variable of frequency of friends fand family visits 
as ≥ monthly/ < monthly based on its independent and 
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mutually adjusted associations with adverse health out-
comes. Where there was evidence for interaction, we also 
examined the stratified associations (analyses 10 and 12, 
Additional file 1: Table S1). We then combined the three 
structural component measures into a new dichotomous 
‘structural isolation’ variable, coding structural isolation 
as having less than monthly friends and family visits or 
no weekly group activity or living alone. We examined 
the association between this new variable and adverse 
health outcomes (analysis 13, Additional file 1: Table S1).

Functional and structural components together
To examine the combined effect of functional and struc-
tural measures together and to assess the impact on any 
dose–response relationship, we examined the associa-
tions between (1) frequency of ability to confide in some-
one close, often feeling lonely, structural isolation, and 
adverse health outcomes (analysis 14, Additional file  1: 
Table S1) and (2) frequency of friends and family visits, 
weekly group activity, living alone, functional isolation, 
and adverse health outcomes (analysis 15, Additional 
file 1: Table S1). Finally, we examined the combined asso-
ciations and interaction between the two new overall 
functional and structural isolation variables and adverse 
health outcomes (analysis 16, Additional file 1: Table S1).

Sensitivity analyses
Accounting for participants’ prior health status is critical 
for estimating the associations between social connection 
and adverse health [3]. To reduce the chance that find-
ings could be explained by reverse causality (e.g. where 
poor baseline health status would explain both reduced 
social connectedness and higher mortality), we repeated 
all analyses after excluding all those who reported having 
CVD (diabetes, coronary heart disease, atrial fibrillation, 
chronic heart failure, chronic kidney disease, hyperten-
sion, stroke/transient ischaemic attack, or peripheral vas-
cular disease) or cancer at baseline as well as those who 
died within 2  years of recruitment (analysis 17, Addi-
tional file 1:Table S1).

All analyses were conducted using the R statistical soft-
ware version 4.2.0.

Results
Descriptive statistics
A total of 44,390 (8.8%) participants with missing data 
were excluded. Compared with those with complete 
data, participants with missing data were more likely 
to be male, older, from minority ethnic backgrounds, 
have been assessed in spring or summer months (April 
to September), be from more deprived areas, be current 
smokers, have low physical activity levels, have a higher 
BMI, and have more long-term conditions (Additional 

file 1: Table S2). After excluding those without full data, 
458,146 (91.2%) UK Biobank participants were included 
in the main analyses. The mean age of participants was 
56.5  years (standard deviation [SD] 8.1; range 38–73), 
54.7% were women, and 95.5% were of white ethnicity 
(Table 3). Generally, compared to all participants, those 
reporting any measure of reduced social connection were 
more likely to be from a minority ethnic background, be 
more deprived, engage in more unhealthy behaviours 
(smoking, high alcohol intake, and low physical activity 
levels), have a higher BMI, and have more long-term con-
ditions. Of those who reported each measure of reduced 
social connection, there was variation in the percentage 
who were female: often feeling lonely (62.9% women), not 
engaging in weekly group activities (55.1% women), liv-
ing alone (58.5% women), never able to confide in some-
one close (40.9% women), and friend and family visits less 
than monthly (42.0% women). GVIF values, calculated 
to detect multicollinearity, ranged from 1.00 to 1.16 and 
were well below the proposed threshold of 10 (Additional 
file 1: Table S3) [44]. This reduced the concern of multi-
collinearity and strengthened the argument for including 
all the social connection measures as separate variables 
in the models.

Association with adverse health outcomes
After a median follow-up of 12.6 years (IQR 11.9–13.3), 
there were 33,135 (7.2%) deaths, of which 5112 (1.1%) 
were CVD deaths.

Functional component measures—independent associations 
(RQ1)
Models of the association between the frequency of the 
ability to confide in someone close and outcomes showed 
that participants who reported never being able to con-
fide were associated with higher all-cause and CVD mor-
tality compared with the reference group of those who 
reported being able to confide daily: HR 1.07 (95% CI 
1.03–1.10) and 1.17 (1.09–1.26), respectively (Table 4 and 
Fig.  1). Indeed, for both outcomes, there were no sub-
stantial differences in effect sizes across all categories of 
frequency in the ability to confide in someone close apart 
from never able to confide. Models of the association 
between often feeling lonely and outcomes showed that 
compared to those who reported not often feeling lonely, 
those often feeling lonely were also associated with 
higher all-cause and CVD mortality: HR 1.06 (1.03–1.09) 
and 1.08 (1.00–1.16) (Table 4 and Fig. 1).

Functional component measures—combined associations 
and interactions (RQ1)
Models examining the combined associations (Addi-
tional file 1: Table S4) and interactions (Additional file 1: 
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Table S5) between the frequency of ability to confide and 
often feeling lonely for adverse health outcomes did not 
provide clear evidence for interaction on either multi-
plicative or additive scales. Based on the pattern of their 
independent and mutually adjusted associations across 
both outcomes (Table  4), we combined both measures 
into a new dichotomous functional isolation variable, 

with isolation coded as reporting either never able to 
confide, often feeling lonely, or both. Compared to those 
with no functional isolation (self-reporting able to con-
fide at least every 3  months and not often lonely), par-
ticipants with functional isolation were associated with 
higher all-cause and CVD mortality: HR 1.08 (1.06–1.11) 
and 1.16 (1.09–1.23) (Table 4 and Fig. 1).

Table 3  Descriptive characteristics of the study participants by measures of functional and structural components of social 
connection

Figures given are N (column %) or mean (SD)

BMI body mass index
a Asian or Asian British
b Black or Black British
c October-March; higher Townsend index equates to higher levels of deprivation; high alcohol intake, > 35 (females) and > 50 (males) weekly units of alcohol; low 
physical activity, < 450 MET minutes per week

Functional component measures Structural component measures Total

Never able to 
confide in someone 
close

Often feels lonely Friends and family 
visits less than 
monthly

Does not engage 
in weekly group 
activities

Lives alone

N 66,638 83,915 37,580 137,801 84,472 458,146

Female 27,285 (40.9%) 52,818 (62.9%) 15,775 (42.0%) 75,912 (55.1%) 49,409 (58.5%) 250,761 (54.7%)

Age 57.3 (7.9) 55.5 (8.0) 55.4 (7.9) 56.0 (8.0) 57.8 (7.9) 56.5 (8.1)

Ethnicity
  White 63,067 (94.6%) 78,476 (93.5%) 34,328 (91.3%) 131,333 (95.3%) 80,670 (95.5%) 437,462 (95.5%)

  Mixed 424 (0.6%) 653 (0.8%) 305 (0.8%) 890 (0.6%) 622 (0.7%) 2646 (0.6%)

  Asiana 1166 (1.7%) 1866 (2.2%) 872 (2.3%) 2412 (1.8%) 717 (0.8%) 6931 (1.5%)

  Blackb 1181 (1.8%) 1748 (2.1%) 1198 (3.2%) 1625 (1.2%) 1615 (1.9%) 6499 (1.4%)

  Chinese 233 (0.3%) 202 (0.2%) 248 (0.7%) 452 (0.3%) 161 (0.2%) 1148 (0.3%)

  ‘Others’ 567 (0.9%) 970 (1.2%) 629 (1.7%) 1089 (0.8%) 687 (0.8%) 3460 (0.8%)

Month of assessment
  January 4831 (7.2%) 5693 (6.8%) 2600 (6.9%) 9858 (7.2%) 5834 (6.9%) 32,468 (7.1%)

  February 5655 (8.5%) 6880 (8.2%) 3009 (8.0%) 11,285 (8.2%) 7086 (8.4%) 37,992 (8.3%)

  March 6638 (10.0%) 8329 (9.9%) 3657 (9.7%) 13,711 (9.9%) 8520 (10.1%) 45,314 (9.9%)

  April 5842 (8.8%) 7305 (8.7%) 2986 (7.9%) 11,843 (8.6%) 7189 (8.5%) 39,690 (8.7%)

  May 6792 (10.2%) 8879 (10.6%) 3826 (10.2%) 14,199 (10.3%) 8886 (10.5%) 46,858 (10.2%)

  June 6697 (10.0%) 8752 (10.4%) 3850 (10.2%) 14,259 (10.3%) 8951 (10.6%) 46,677 (10.2%)

  July 5661 (8.5%) 7359 (8.8%) 3329 (8.9%) 12,063 (8.8%) 7230 (8.6%) 38,956 (8.5%)

  August 4927 (7.4%) 6373 (7.6%) 2788 (7.4%) 10,592 (7.7%) 6479 (7.7%) 34,372 (7.5%)

  September 4601 (6.9%) 5961 (7.1%) 2666 (7.1%) 9688 (7.0%) 5826 (6.9%) 32,942 (7.2%)

  October 5501 (8.3%) 7016 (8.4%) 3277 (8.7%) 11,378 (8.3%) 6822 (8.1%) 38,783 (8.5%)

  November 5576 (8.4%) 6861 (8.2%) 3294 (8.8%) 11,220 (8.1%) 6976 (8.3%) 38,202 (8.3%)

  December 3917 (5.9%) 4507 (5.4%) 2298 (6.1%) 7705 (5.6%) 4673 (5.5%) 25,892 (5.7%)

Winter assessmentc 32,118 (48.2%) 39,286 (46.8%) 18,135 (48.3%) 65,157 (47.3%) 39,911 (47.2%) 218,651 (47.7%)

Townsend index  − 0.99 (3.27)  − 0.63 (3.34)  − 0.77 (3.36)  − 1.14 (3.14)  − 0.03 (3.43)  − 1.39 (3.04)

Current smoker 9035 (13.6%) 12,673 (15.1%) 4983 (13.3%) 18,510 (13.4%) 13,083 (15.5%) 47,234 (10.3%)

High alcohol intake 6747 (10.1%) 7625 (9.1%) 3900 (10.4%) 9238 (6.7%) 8400 (9.9%) 41,125 (9.0%)

Low physical activity 15,755 (23.6%) 20,149 (24.0%) 8778 (23.4%) 37,802 (27.4%) 16,946 (20.1%) 89,942 (19.6%)

BMI, kg/m2 28.0 (4.96) 28.0 (5.39) 27.5 (5.05) 27.7 (5.09) 27.6 (5.20) 27.4 (4.78)

Number of long-term 
conditions

1.32 (1.31) 1.51 (1.41) 1.24 (1.27) 1.28 (1.30) 1.40 (1.35) 1.20 (1.23)
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Structural component measures—independent associations 
(RQ2)
Fully adjusted models of associations between the fre-
quency of friends and family visits and all-cause mor-
tality showed that participants who reported visits with 
friends and family less often than once a month were 
associated with substantially higher risk of all-cause mor-
tality: HRs (95% CI) for once every 3 months and never 
were 1.11 (1.05–1.17) and 1.39 (1.30–1.49), respectively 
(Table 5 and Fig. 1). The same pattern was observed for 
CVD mortality but with stronger associations and wider 
confidence intervals (Table  5). Compared with those 
who reported engaging in weekly group activity, those 
who reported not engaging in weekly group activity 
had higher all-cause and CVD mortality: HRs (95% CIs) 
were 1.13 (1.11–1.16) and 1.10 (1.04–1.17), respectively 
(Table 5 and Fig. 1). Equivalent estimates for those who 
reported living alone, compared with those who lived 

with at least one other, were 1.25 (1.22–1.29) and 1.48 
(1.38–1.57) (Table 5 and Fig. 1).

Structural component measures—combined associations 
and interactions (RQ2)

Frequency of friends and family visits and weekly group 
activity  Models of combined associations between 
frequency of friends and family visits and weekly group 
activity (reference group of daily friends and family visits 
and engaging in weekly group activity) showed higher all-
cause mortality associated with never having friends and 
family visits irrespective of whether participants reported 
engaging in weekly group activity (HR 1.50 [1.37–1.64]) 
or not (HR 1.49 [1.36–1.65]) (Fig. 2 and Additional file 1: 
Table  S6). A similar pattern was present for CVD mor-
tality (Fig.  2 and Additional file  1: Table  S6). There was 
a lack of evidence for an interaction between the two 

Table 4  Models of association between functional component measures and all-cause and CVD mortality

Models adjusted for sex, ethnicity, Townsend index, month of assessment, smoking, alcohol, physical activity, BMI, long-term condition count, frequency of friend and 
family visits, weekly group activity, living alone, and mutually for frequency of ability to confide in someone close and often feels lonely

HR hazard ratio, LCI lower confidence interval, UCI upper confidence interval
a Functional isolation defined as never able to confide in someone close or often feels lonely for which models were adjusted as above but without adjusting for the 
frequency of ability to confide in someone close or often feels lonely

Outcome Measure Number Deaths (%) HR LCI UCI

All-cause mortality Frequency of ability to confide in someone close
Daily 246,851 16,588 (6.7%) 1 (ref ) – –
2–4 times a week 44,267 2787 (6.3%) 0.99 0.95 1.03

Weekly 50,320 3556 (7.1%) 1.00 0.96 1.04

Monthly 24,403 1766 (7.2%) 1.01 0.96 1.06

Once every 3 months 25,667 1893 (7.4%) 0.99 0.94 1.03

Never 66,638 6545 (9.8%) 1.07 1.03 1.10

Often feels lonely
No 374,231 26,182 (7.0%) 1 (ref ) – –

Yes 83,915 6953 (8.3%) 1.06 1.03 1.09

Functional isolationa

No 329,312 21,831 (6.6%) 1 (ref ) – –

Yes 128,834 11,304 (8.8%) 1.08 1.06 1.11

CVD mortality Frequency of ability to confide in someone close
Daily 246,851 2425 (1.0%) 1 (ref ) – –

2–4 times a week 44,267 380 (0.9%) 0.96 0.86 1.07

Weekly 50,320 504 (1.0%) 0.99 0.90 1.09

Monthly 24,403 272 (1.1%) 1.06 0.93 1.20

Once every 3 months 25,667 300 (1.2%) 1.05 0.93 1.18

Never 66,638 1231 (1.8%) 1.17 1.09 1.26

Often feels lonely
No 374,231 3932 (1.1%) 1 (ref ) – –

Yes 83,915 1180 (1.4%) 1.08 1.00 1.16

Functional isolationa

No 329,312 3140 (1.0%) 1 (ref ) – –

Yes 128,834 1972 (1.5%) 1.16 1.09 1.23
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exposures of friend and family visit frequency (≥ monthly 
versus < monthly) and weekly group activity for both all-
cause and CVD mortality (Additional file 1: Table S7).

Frequency of friends and family visits and living 
alone  Combined associations between frequency of 
friends and family visits and living alone (reference group 
of daily friends and family visits and not living alone) 
showed those who reported living alone had markedly 
stronger associations with each of the adverse health out-
comes at every level of friend and family visit frequency 
(Fig. 2 and Additional file 1: Table S8). For example, com-
pared with daily friends and family visits and not living 
alone, all-cause mortality HRs for those who reported 
never having friends and family visits were 1.33 (1.22–
1.46) in those not living alone and 1.77 (1.61–1.95) in 
those living alone. Tests for interaction provided some 
evidence for a multiplicative interaction between friend 
and family visit frequency and living alone for all-cause 
(HR 1.11 [1.03–1.20]) but less so for CVD mortality (HR 
1.07 [0.90–1.27]) (Additional file  1: Table  S9). However, 
tests were suggestive of an additive interaction for CVD 
mortality (RERI 0.27 [− 0.01, 0.57]; AP 0.13 [− 0.02, 0.25]; 
SI 1.35 [0.99, 1.86]). This was consistent with the mark-
edly higher HRs for CVD mortality in those never hav-
ing friends and family visits who also lived alone (HR 2.23 

[1.82–2.73]) compared with those never having friends 
and family visits but not living alone (HR 1.49 [1.21–
1.84]) (Additional file 1: Table S8). In view of the evidence 
for interaction, stratified models were performed. Exam-
ining participants who reported not living alone and 
living alone separately showed that the relative associa-
tion with all-cause mortality of never having friends and 
family visits, compared to daily visits, was very similar 
in those living alone HR (1.40 [1.26–1.55]) as when the 
same comparison was made in those not living alone 
(HRs 1.36 [1.24–1.50]) (Additional file 1: Table S10). The 
same pattern was seen for CVD mortality (Additional 
file 1: Table S10). This is consistent with a stronger inde-
pendent association with adverse health outcomes for 
never having friends and family visits compared with liv-
ing alone (Table 5 and Fig. 1).

Weekly group activity and living alone  Combined asso-
ciations between weekly group activity and living alone 
(reference group of [yes] engaging in weekly group activ-
ity and not living alone) showed those who reported liv-
ing alone had markedly stronger associations with each 
of the adverse health outcomes whether they engaged in 
weekly group activity or not (Additional file 1: Table S11). 
For example, compared with those who reported engag-
ing in weekly group activity and not living alone, all-cause 

Fig. 1  Models of association between functional and structural component measures and all-cause mortality. Models were adjusted for sex, 
ethnicity, Townsend index, month of assessment, smoking, alcohol, physical activity, BMI, long-term condition count, and mutually for each 
of the functional and structural component measures. Functional isolation defined as either never able to confide or often feels lonely. Structural 
isolation defined as having < monthly friends and family visits or not engaging in weekly group activity or living alone
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mortality HRs for those who reported no weekly group 
activity were 1.11 (1.08–1.14) in those not living alone 
and 1.46 (1.40–1.52) in those living alone. Tests for inter-
action provided some evidence for a multiplicative inter-
action between weekly group activity and living alone for 
all-cause (HR 1.07 [1.02–1.13]) but less so for CVD mor-
tality (HR 1.05 [0.93–1.19]) (Additional file 1: Table S12). 
However, tests were more suggestive of an additive inter-
action for CVD mortality (RERI 0.12 [− 0.06, 0.30]; AP 
0.07 [− 0.04, 0.17]; SI 1.23 [0.90, 1.67]). Models stratified 
by living alone showed that, compared with those who 

reported engaging weekly group activity, the association 
with all-cause mortality for those not engaging in weekly 
group activity was higher among those living alone (HR 
1.19 [1.14–1.25]) than when the same comparison was 
made among those not living alone (HRs 1.11 [1.08–
1.14]) (Additional file 1: Table S13). The same pattern was 
seen for CVD mortality (Additional file 1: Table S13).

Frequency of friends and family visits, weekly group activ-
ity, and living alone combined  Based on the pattern of 
their independent associations with both adverse health 

Table 5  Models of association between structural component measures and all-cause and CVD mortality

Models adjusted for sex; ethnicity; Townsend index; month of assessment; smoking; alcohol; physical activity; BMI; long-term condition count; new dichotomous 
loneliness variable—never or almost never able to confide in someone close OR often feeling lonely; and mutually for frequency of friend and family visits, weekly 
group activity, and living alone

HR hazard ratio, LCI lower confidence interval, UCI upper confidence interval
a Structural isolation defined as friends and family visits < monthly or no weekly group activity or living alone for which models were adjusted as above but without 
adjusting for frequency of friends and family visits, weekly group activity, or living alone

Outcome Measure Number Deaths (%) HR LCI UCI

All-cause mortality Frequency of friends and family visits
Daily 53,581 4548 (8.5%) 1 (ref )

2–4 times a week 141,881 10,491 (7.4%) 0.98 0.95 1.02

Weekly 163,720 10,693 (6.5%) 0.98 0.95 1.02

Monthly 61,384 4021 (6.6%) 1.02 0.98 1.07

Once every 3 months 30,026 2327 (7.7%) 1.11 1.05 1.17

Never 7554 1055 (14.0%) 1.39 1.30 1.49

Engages in weekly group activity
Yes 320,345 22,047 (6.9%) 1 (ref )

No 137,801 11,088 (8.0%) 1.13 1.11 1.16

Lives alone
No 373,674 24,228 (6.5%) 1 (ref )

Yes 84,472 8907 (10.5%) 1.25 1.22 1.29

Structural isolationa

No 242,570 14,952 (6.2%) 1 (ref ) – –

Yes 215,576 18,183 (8.4%) 1.23 1.20 1.26

CVD mortality Frequency of friends and family visits
Daily 53,581 694 (1.3%) 1 (ref )

2–4 times a week 141,881 1524 (1.1%) 0.95 0.86 1.04

Weekly 163,720 1614 (1.0%) 0.95 0.87 1.04

Monthly 61,384 627 (1.0%) 0.99 0.89 1.11

Once every 3 months 30,026 418 (1.4%) 1.16 1.03 1.32

Never 7554 235 (3.1%) 1.53 1.32 1.78

Engages in weekly group activity
No 320,345 3367 (1.1%) 1 (ref )

Yes 137,801 1745 (1.3%) 1.10 1.04 1.17

Lives alone
No 373,674 3547 (0.9%) 1 (ref )

Yes 84,472 1565 (1.9%) 1.48 1.38 1.57

Structural isolationa

No 242,570 2139 (0.9%) 1 (ref ) – –

Yes 215,576 2973 (1.4%) 1.35 1.28 1.43
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outcomes, we combined all three structural component 
measures into an overall dichotomous structural isola-
tion variable, with isolation coded as < monthly friends 
or family visits, or not engaging in weekly group activity, 
or living alone. Compared to those without, participants 
with structural isolation were associated with higher all-
cause and CVD mortality: HR 1.23 (1.20–1.26) and 1.35 
(1.28–1.43) (Table 4 and Fig. 1).

Functional and structural component measures—combined 
associations and interactions

Frequency of ability confide, often feeling lonely, and struc-
tural isolation (RQ3)  Examining the combined associa-
tions between the two functional component measures, 
structural isolation, and all-cause mortality showed that, 
when structural isolation was present, reporting never 
being able to confide was associated with similarly higher 
all-cause mortality regardless of often feeling lonely (HR 
1.41 [1.34–1.49]) or not (HR 1.38 [1.32–1.44]) (Fig. 3 and 
Additional file  1: Table  S14). However, when structural 
isolation was absent, there was a greater difference in 
all-cause mortality associated with reporting never able 
to confide between those reporting often feeling lonely 

(HR 1.16 [1.07–1.26]) versus those reporting not often 
lonely (HR 1.07 [1.02–1.12]). A similar pattern was pre-
sent for CVD mortality but with stronger associations 
and wider confidence intervals (Additional file 1: Fig. S2 
and Table S14).

Frequency of friends and family visits, weekly group activ-
ity, living alone, and functional isolation (RQ3)  Joint 
associations between all three structural component 
measures and functional isolation showed that, com-
pared to the reference group of those who reported daily 
friends and family visits, weekly group activity, not liv-
ing alone, and without functional isolation, generally, 
there was a dose–response relationship where the addi-
tion of any of the three structural component measures 
or the addition of functional isolation was associated 
with higher all-cause mortality (Fig.  4 and Additional 
file  1: Table  S15). The highest all-cause mortality was 
observed in those who reported never having friends 
and family visits, not engaging weekly group activity, and 
living alone, but without functional isolation (HR 2.34 
[1.65–3.30]). However, at this maximal level of structural 
isolation, there were relatively few participants without 
functional isolation (n = 170) leading to wide confidence 
intervals in this group and complete overlap with the 

Fig. 2  Models of combined associations between frequency of friends and family visits, weekly group activity or living alone, and all-cause (ACM) 
or CVD mortality (CVDM). Models adjusted for sex, ethnicity, Townsend index, month of assessment, smoking, alcohol intake, physical activity level, 
body mass index, long-term condition count, and mutually for weekly group activity, living alone, and functional isolation
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estimate for otherwise equivalent participants but who 
did report functional isolation (HR 1.99 [1.71–2.31]). 
Similarly, there were comparable estimates with wide 
and almost completely overlapping confidence intervals 
for those who reported never having friends or family 
visits and living alone, but who also reported engaging 
in weekly group activity, either with functional isolation 
(HR 1.98 [1.72–2.27]) or without functional isolation (HR 
2.21 [1.68–2.90]). A similar pattern was present when 
CVD mortality was modelled as the outcome but with 
wider confidence intervals making interpretations more 
challenging (Additional file  1: Fig. S3 and Table  S15). 
Overall, this is consistent with the larger independent 
effects of never having friends and family visits and living 
alone compared with weekly group activity or functional 
isolation (Fig. 1).

Furthermore, in all categories of each of weekly group 
activity (yes/no), living alone (yes/no), and functional 
isolation (yes/no), there was incrementally lower all-
cause mortality associated with increasing frequency in 
friends and family visits up to a level of monthly with 
further increases in frequency in friends and family visits 
being associated with similar levels of all-cause and CVD 
mortality (Fig. 4 and Additional file 1: Table S15). This is 
consistent with the independent effect of frequency of 
friends and family visits (Table 5) where visit frequencies 

less than monthly were associated with adverse health 
outcomes. This suggests there may be a threshold effect 
for this type of social contact above or below which the 
health benefits may be felt or not.

In those not living alone and with no functional isola-
tion, not engaging in weekly group activity was asso-
ciated with higher all-cause mortality compared to 
engaging in weekly group activity at each level of friends 
and family visit frequency apart from those who reported 
never having friends and family visits where the mortality 
was similar (Fig. 4). The same was true in those not living 
alone but with functional isolation and the pattern was 
more striking still in those reporting living alone.

Functional and structural isolation (RQ4)  Combined 
associations of functional and structural components 
overall showed, compared to those with neither func-
tional nor structural isolation, there was higher all-cause 
mortality associated with structural isolation alone (HR 
1.21 [1.17–1.24]) than with functional isolation alone (HR 
1.11 [1.06–1.15]) (Fig. 5 and Additional file 1: Table S16). 
However, participants with both components of isolation 
were associated with the highest all-cause mortality (HR 
1.36 [1.32–1.40]). Consistent with this were results from 
tests for interaction which suggested an additive inter-
action: RERI 0.05 [− 0.01, 0.10], AP 0.03 [− 0.01, 0.07], 
and SI 1.15 [0.97, 1.37] (Additional file 1: Table S17). The 

Fig. 3  Models of combined associations between frequency of ability to confide in someone close, often feeling lonely, structural isolation, 
and all-cause mortality
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Fig. 4  Models of combined associations between frequency of friends and family visits, weekly group activity, living alone, functional isolation, 
and all-cause mortality

Fig. 5  Models of combined associations between categories of functional and structural isolation and adverse health outcomes
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pattern was accentuated for CVD mortality and there 
was evidence of an additive interaction (Fig. 5 and Addi-
tional file 1: Tables S16 and S17).

Sensitivity analyses
Similar results were seen across all sensitivity analyses 
where we excluded those with prior CVD or cancer or 
who died within 2 years of recruitment, albeit often with 
stronger associations and wider confidence intervals 
(Additional file 2: Tables S18-S35).

Discussion
Principal findings
This study shows that two measures of the functional 
component and three measures of the structural compo-
nent of social connection were independently associated 
with all-cause and CVD mortality.

A combination of both measures of the functional 
component was also associated with adverse health out-
comes. Previous studies using these measures to define 
‘loneliness’ in UK Biobank may have underestimated this 
component of social connection as loneliness was only 
defined when both criteria were met [7, 35, 36].

The association between never being able to confide 
in someone close and both adverse health outcomes 
appeared to be stronger when structural isolation was 
present irrespective of a subjective feeling of loneliness. 
When structural isolation was absent, the effect of never 
being able to confide appeared to be stronger among 
those who felt lonely. This highlights the complexity pre-
sent in social connection but also why it may be impor-
tant to consider different measures when exploring the 
combined effects of functional and structural compo-
nents of social connection on health outcomes.

Friends and family visit frequency of less than monthly 
was associated with higher all-cause and CVD mortal-
ity suggestive of a potential threshold effect, where vis-
its up to a level of once a month could be required to 
maximise the benefits associated with these contacts. 
Furthermore, never having friends and family visits was 
associated with the highest all-cause and CVD mortality 
of any of the measures examined, but associations were 
markedly lower for those reporting visits once every 
3 months. If causal, this could suggest large health ben-
efits may be associated with small changes in certain 
measures of social connection in those with a complete 
lack of that type of connection. Replicating this finding 
in other datasets and or identifying which measures of 
social connection would be most beneficial to target, and 
the level of change which would maximise benefit could 
be extremely valuable.

The independent association between living alone and 
both all-cause and CVD mortality and the interactions 

with frequency of friends and family visits and with 
weekly group activity seen here suggests there may be 
high risks for living alone and even higher risks for living 
alone with additional levels of structural isolation (e.g. 
infrequent friends and family contacts or not engaging in 
regular group activity). Whilst it may be difficult or unde-
sirable to change some individuals’ living circumstances, 
our results suggest further investigation into whether 
identifying those who live alone (e.g. by front-line clini-
cians) could be warranted [47, 48].

When three structural component measures were 
examined in combination with functional isolation, the 
risks were similarly higher for all those with no friends 
or family contacts who also lived alone regardless of the 
presence of functional isolation or whether participants 
engaged in group activity. This result suggests there may 
be a hierarchy of components of social connection for 
those who experience numerous types of social discon-
nection. For example, our study showed the lower risk of 
mortality associated with regular group activity appeared 
to be masked by a lack of friends and family visits and liv-
ing alone. Exploring this concept in other datasets could 
highlight targets for intervention for the most isolated in 
society.

Overall combined associations of functional and struc-
tural isolation showed that those defined as isolated by 
both components had the strongest associations with 
adverse health outcomes and there was evidence for an 
additive interaction for CVD mortality. Thus, further 
highlighting the potential importance of considering 
both components together.

Strengths and weaknesses
This study shows the added value of examining the 
adverse health outcomes associated with different indi-
vidual measures of functional and structural compo-
nents of social connection and their joint associations 
and interactions. A major strength of this study includes 
the large sample size of UK Biobank, which allowed us to 
examine the combination of different measures and com-
ponents of social connection whilst adjusting for numer-
ous potential confounders. The large sample size also 
allowed us to conduct sensitivity analyses and show that 
our findings are less likely to be due to reverse causality.

There are some important limitations to our study. UK 
Biobank has a response rate of 5.5% and is not represent-
ative of the UK general population, which means there 
are risks of collider or selection bias [49]. However, whilst 
prevalence estimates may be inaccurate, strengths of 
association are likely to be more generalisable [50]. There 
remains a possibility of unmeasured confounding despite 
adjusting for numerous potential confounders. We have 
performed numerous analyses in this study which raises 
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the issue of multiple testing. As a result, we only draw 
general conclusions where patterns of results (or dif-
ferences in subgroups) are consistent across analyses of 
both outcomes and sensitivity analyses. The measures 
of social connection examined are self-reported which 
means our results could be affected by misclassification 
bias, leading to under or overestimates depending on the 
presence of random or systematic misclassification [51]. 
The measures used here are also relatively crude and 
binary variables fail to capture severity or dose–response 
relationships. There are numerous alternative meas-
ures of functional and structural components of social 
connection not examined in this study which may be of 
equal or greater importance [2]. Indeed, relationship 
quality (e.g. marital strain) is another key component of 
social connection also associated with mortality [52–54]. 
UK Biobank, and therefore this analysis, lacks data that 
assesses relationship quality for the whole cohort. How-
ever, our study shows that separate measures of different 
components of social connection can interact, and fur-
ther research could examine additional and more com-
plex measures in similar detail.

Comparison with the wider literature
Previous UK Biobank analyses examining both functional 
and structural components of social connection have 
used the same measures as in our analysis but have coded 
the item responses into scales of loneliness and social 
isolation, respectively [7, 35, 36]. For example, Elovainio 
et  al. examined the association between loneliness and 
social isolation and mortality using the same measures 
as in our analysis to create social isolation and loneliness 
scores, but they did not examine the association between 
each measure that comprised the score (frequency of 
friends and family visits) and for the ordinal variables 
(frequency of ability to confide and frequency of friends 
and family visits) they did not estimate the level at which 
these measures were associated with outcomes. Fur-
thermore, their study did not examine the interactions 
between measures or between loneliness and social isola-
tion. Our findings highlight the value of examining sepa-
rate measures of functional and structural components of 
social connection.

Previous studies have examined the interaction 
between functional and structural components of social 
connection, but their results are mixed and are based 
on different multi-item scales or indices of each compo-
nent making comparisons difficult. Some studies found 
no interaction between the two components, [7, 31, 55, 
56] whilst one found a positive interaction (where higher 
functional isolation strengthens the association between 
structural isolation and mortality and vice versa) [57] 
and another found a negative interaction (where higher 

functional isolation weakens the association between 
structural isolation and mortality and vice versa) [58]. 
However, none of these studies examined additive inter-
actions, and none examined the associations or interac-
tion between the separate measures that make up the 
multi-item scales or indices. Our study shows how exam-
ining the underlying associations of separate measures 
that make up each component may be warranted prior to 
defining isolation for each component. In our study, there 
was evidence of an additive interaction between func-
tional and structural components for CVD mortality and 
suggestive of the same for all-cause mortality. Overall, 
our findings highlight why considering both components 
together may be important, particularly when developing 
methods for identifying high-risk target populations for 
intervention.

Our findings differ from those of a meta-analysis of 
prospective studies examining the association between 
objective social isolation (e.g. infrequent social contacts), 
living alone, subjective loneliness, and all-cause mortal-
ity [3]. In that study, the average effect sizes were simi-
lar for social isolation, loneliness, and living alone (29%, 
26%, and 32% increased likelihood of mortality, respec-
tively). In contrast, we found greater effect sizes for those 
with the least frequent friends and family visits and for 
those who live alone compared with the effect sizes for 
not engaging in weekly group activity or those who felt 
lonely. The importance of having some friends and family 
visits highlighted here suggests that these contacts could 
represent a more valuable type of social connection than 
others (e.g. social contact at a weekly group). For exam-
ple, these contacts could reflect high-quality social con-
nections, and therefore, a lack of which would be strongly 
associated with adverse health outcomes. Additionally, 
these types of contacts may provide more practical sup-
port or be more likely to identify subtle deteriorations in 
the health and well-being of an individual. This is consist-
ent with the smaller effect sizes for weekly group activity 
in our study, which featured in studies in the meta-analy-
sis but often as part of multi-item measures of structural 
isolation where its individual impact was not assessed. 
The relatively lower effect size for functional isolation 
seen here compared with the equivalent results for lone-
liness from the meta-analysis, could be explained by a 
less stringent measure of functional isolation used here 
albeit with our measure being based on the associations 
between the individual constituent measures and adverse 
health outcomes.

Previous work has highlighted a lack of evidence for a 
threshold effect of measures of social connection, where 
risk becomes more pronounced at a certain level of iso-
lation [3]. However, our study suggests that a threshold 
effect may exist as mortality associated with friends and 
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family visits frequency was only higher at ‘about once a 
month’ and less often, although this result may be due to 
the categories available (the response items in the origi-
nal questionnaire) and there may indeed be a continuum 
of risk.

Future research
There is no standard measure for social connection. 
However, the independent risks of living alone, and the 
interactions with both friends and family visits and 
weekly group activity, seen here suggests that further 
work is warranted in ascertaining whether living alone 
could represent a single and simple measure that could 
be standardised and included in studies examining social 
connection [59]. Our findings suggest that the benefits of 
group activity could be masked by an overriding negative 
effect of never having friends or family contacts. Further 
examination into the ways in which components of social 
connection interact could inform how intervention tar-
gets might be prioritised, particularly for those who are 
most isolated. Finally, more work is required to under-
stand the role of potential mediators (e.g. mental health 
problems or health behaviours) to further elucidate the 
mechanistic pathways by which social disconnection 
might cause adverse health outcomes and inform future 
interventions.

Conclusions
This study of UK Biobank is the first to examine two 
measures of the functional component and three meas-
ures of the structural component of social connection 
both independently and in combination. Our findings 
suggest that advice, interventions, and policy may need 
to be tailored to address different aspects of social con-
nection and target the highest risk groups. Specifically, 
we show that separate measures of different components 
of social connection may contribute different levels of 
risk of adverse health outcomes, and the combined asso-
ciations and interactions of the measures examined here 
suggest that those who live alone with additional concur-
rent markers of structural isolation may represent a pop-
ulation who could benefit from targeted support.

Abbreviations
AP	� Attributable portion
BMI	� Body mass index
CI	� Confidence intervals
CVD	� Cardiovascular disease
GVIF	� Generalised variance inflation factors
IQR	� Interquartile range
LCI	� Lower confidence interval
MET	� Metabolic equivalent of task
NHS	� National Health Service
RERI	� Relative excess risk of interaction
RQ	� Research question

SD	� Standard deviation
SI	� Synergy index
UCI	� Upper confidence interval

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​023-​03055-7.

Additional file 1: Fig. S1. Flowchart of study participants. Table S1. 
Table of analyses. Table S2. Characteristics of participants with missing 
and complete data. Table S3. Generalised variance inflation factors for 
all variables included in Cox models. Table S4. Combined associations 
between frequency of ability to confide in someone close, feeling lonely, 
and adverse health outcomes. Table S5. Interaction estimates for adverse 
health outcomes for binary exposures of frequency of ability to confide in 
someone close and often feels lonely. Table S6. Combined associations 
between frequency of friends and family visits, engaging in weekly group 
activity, and adverse health outcomes. Table S7. Interaction estimates for 
adverse health outcomes for binary exposures of frequency of friends and 
family visits and weekly group activity. Table S8. Combined associations 
between frequency of friends and family visits, living alone, and adverse 
health outcomes. Table S9. Interaction estimates for adverse health 
outcomes for binary exposures of frequency of friends and family visits 
and living alone. Table S10. Associations between frequency of friends 
and family visits and adverse health outcomes stratified by living alone. 
Table S11. Combined associations between weekly group activity, living 
alone, and adverse health outcomes. Table S12. Interaction estimates for 
adverse health outcomes for binary exposures of weekly group activity 
and living alone. Table S13. Associations between weekly group activity 
and adverse health outcomes stratified by living alone. Table S14. Com‑
bined associations between frequency of ability to confide in someone 
close, often feeling lonely, and structural isolation, and adverse health 
outcomes. Fig. S2. Combined associations between frequency of ability 
to confide in someone close, often feeling lonely, structural isolation, and 
CVD mortality. Table S15. Combined associations between frequency 
of friends and family visits, weekly group activity, living alone, functional 
isolation, and adverse health outcomes. Fig. S3. Combined associations 
between frequency of friends and family visits, weekly group activity, liv‑
ing alone, functional isolation, and CVD mortality. Table S16. Associations 
between functional and structural isolation and adverse health outcomes. 
Table S17. Interaction estimates for adverse health outcomes for binary 
exposures of functional and structural isolation.

Additional file 2: Tables S18-S35 show results from sensitivity analyses 
where those with self-reported prior CVD or cancer or who died with 2 
years of recruitment were excluded. Table S18. Associations between 
frequency of ability to confide in someone close and adverse health out‑
comes. Table S19. Associations between often feeling lonely and adverse 
health outcomes. Table S20. Combined associations between frequency 
of ability to confide in someone close, often feeling lonely and adverse 
health outcomes. Table S21. Interaction estimates for adverse health out‑
comes for binary exposures of never able to confide in someone close and 
often feeling lonely. Table S22. Associations between functional isolation 
and all-cause and CVD mortality. Table S23. Associations between struc‑
tural component measures and all-cause and CVD mortality. Table S24. 
Combined associations between frequency of friends and family visits, 
engaging in weekly group activity, and adverse health outcomes. 
Table S25. Interaction estimates for adverse health outcomes for binary 
exposures of frequency of friends and family visits and weekly group 
activity. Table S26. Combined associations between frequency of friends 
and family visits, living alone, and adverse health outcomes. Table S27. 
Interaction estimates for adverse health outcomes for binary exposures 
of friends and family visits less than monthly and living alone. Table S28. 
Associations between frequency of friends and family visits and adverse 
health outcomes stratified by living alone. Table S29. Combined associa‑
tions between weekly group activity, living alone, and adverse health 
outcomes. Table S30. Interaction estimates for adverse health outcomes 
for binary exposures of weekly group activity and living alone. Table S31. 
Associations between weekly group activity and adverse health outcomes 

https://doi.org/10.1186/s12916-023-03055-7
https://doi.org/10.1186/s12916-023-03055-7


Page 16 of 17Foster et al. BMC Medicine          (2023) 21:384 

stratified by living alone. Table S32. Combined associations between 
frequency of ability to confide in someone close, often feeling lonely, and 
structural isolation, and adverse health outcomes. Table S33. Combined 
associations between frequency of friends and family visits, weekly group 
activity, living alone, functional isolation, and adverse health outcomes. 
Table S34. Combined associations between functional and structural 
isolation and adverse health outcomes. Table S35. Interaction estimates 
for adverse health outcomes for binary exposures of functional and 
structural isolation.

Acknowledgements
We thank the UK Biobank participants. This research uses data provided by 
patients and collected by the NHS as part of their care and support and used 
data assets made available by National Safe Haven as part of the Data and 
Connectivity National Core Study, led by the Health Data Research UK in 
partnership with the Office for National Statistics and funded by UK Research 
and Innovation (research which commenced between 1 October 2020 to 31 
March 2021 grant ref MC_PC_20029; 1 April 2021 to 30 September 2022 grant 
ref MC_PC_20058).

Authors’ contributions
HMEF, JMRG, FSM, and CAO developed the study concept and design. HMEF 
conducted the statistical analysis with support from JMRG, and DL. HMEF, 
JMRG, FSM, CC-M, BDJ, BIN, DL, and CAO interpreted the analysis findings. 
HMEF wrote the first draft supported by CAO. JMRG, FSM, CC-M, BDJ, BIN, 
DL, and CAO critically revised the manuscript. Administrative, technical, and 
material support was provided by HMEF, JMRG, FSM, CC-M, BDJ, BIN, DL, and 
CAO. JMRG, FSM, DL, and CAO supervised the study. CAO is the guarantor of 
the manuscript and accepts full responsibility for the work and the conduct of 
the study, had access to the data, and controlled the decision to publish. All 
authors read and approved the final manuscript. The corresponding author 
attests that all listed authors meet the authorship criteria and that no others 
meeting the criteria have been omitted.

Funding
HMEF is supported by a Medical Research Council Clinical Research 
Training Fellowship (grant number MR/T001585/1). The funder had no 
role in the study design, data collection, data analysis, data interpretation, 
manuscript writing, or decision to publish. No other author had specific 
funding for this work.

Availability of data and materials
UK Biobank data is available to all bona fide researchers to perform health-
related research that is in the public interest. Data access is subject to an appli‑
cation process. Details are available online at https://​www.​ukbio​bank.​ac.​uk/.

Declarations

Ethics approval and consent to participate
The UK Biobank was approved by the North West Multi-centre Research Ethics 
Committee (16/NW/0274). All participants provided written and informed 
consent for data collection, analysis, and record linkage. This study was per‑
formed under UK Biobank application number 14151.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 General Practice and Primary Care, School of Health and Wellbeing, College 
of Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow G12 
8TB, Scotland. 2 School of Cardiovascular and Metabolic Health, College 
of Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow G12 
8TA, Scotland. 3 School of Mathematics and Statistics, The Mathematics 
and Statistics Building, University of Glasgow, Glasgow G12 8SQ, Scotland. 

Received: 23 May 2023   Accepted: 29 August 2023

References
	1.	 Holt-Lunstad J. Why social relationships are important for physical health: 

a systems approach to understanding and modifying risk and protection. 
Annu Rev Psychol. 2018;69:437–58.

	2.	 Holt-Lunstad J. Social connection as a public health issue: the evidence 
and a systemic framework for prioritizing the “social” in social determi‑
nants of health. Annu Rev Public Health. 2022;43:193–213.

	3.	 Holt-Lunstad J, Smith TB, Baker M, Harris T, Stephenson D. Loneliness 
and social isolation as risk factors for mortality: a meta-analytic review. 
Perspect Psychol Sci. 2015;10(2):227–37.

	4.	 Valtorta NK, Kanaan M, Gilbody S, Ronzi S, Hanratty B. Loneliness and 
social isolation as risk factors for coronary heart disease and stroke: sys‑
tematic review and meta-analysis of longitudinal observational studies. 
Heart. 2016;102(13):1009–16.

	5.	 Schutter N, Holwerda TJ, Comijs HC, Stek ML, Peen J, Dekker JJM. Loneli‑
ness, social network size and mortality in older adults: a meta-analysis. 
Eur J Ageing. 2022;19(4):1057–76.

	6.	 Naito R, McKee M, Leong D, et al. Social isolation as a risk factor for all-
cause mortality: systematic review and meta-analysis of cohort studies. 
PLoS ONE. 2023;18(1): e0280308.

	7.	 Hakulinen C, Pulkki-Raback L, Virtanen M, Jokela M, Kivimaki M, Elovainio 
M. Social isolation and loneliness as risk factors for myocardial infarc‑
tion, stroke and mortality: UK Biobank cohort study of 479 054 men and 
women. Heart. 2018;104(18):1536–42.

	8.	 Uchino BN. Social support and health: a review of physiological pro‑
cesses potentially underlying links to disease outcomes. J Behav Med. 
2006;29(4):377–87.

	9.	 Fortmann AL, Gallo LC. Social support and nocturnal blood pressure dip‑
ping: a systematic review. Am J Hypertens. 2013;26(3):302–10.

	10.	 Xiong Y, Hong H, Liu C, Zhang YQ. Social isolation and the brain: effects 
and mechanisms. Mol Psychiatry. 2023;28(1):191–201.

	11.	 Kobayashi LC, Steptoe A. Social isolation, loneliness, and health behaviors at 
older ages: longitudinal cohort study. Ann Behav Med. 2018;52(7):582–93.

	12.	 Lauder W, Mummery K, Jones M, Caperchione C. A comparison of health 
behaviours in lonely and non-lonely populations. Psychol Health Med. 
2006;11(2):233–45.

	13.	 Stokes JE. Social integration, perceived discrimination, and self-esteem in 
mid- and later life: intersections with age and neuroticism. Aging Ment 
Health. 2019;23(6):727–35.

	14.	 Shankar A, McMunn A, Banks J, Steptoe A. Loneliness, social isolation, 
and behavioral and biological health indicators in older adults. Health 
Psychol. 2011;30(4):377–85.

	15.	 Hodgson S, Watts I, Fraser S, Roderick P, Dambha-Miller H. Loneliness, 
social isolation, cardiovascular disease and mortality: a synthesis of the 
literature and conceptual framework. J R Soc Med. 2020;113(5):185–92.

	16.	 Bevilacqua G, Jameson KA, Zhang J, et al. Relationships between non-
communicable disease, social isolation and frailty in community dwelling 
adults in later life: findings from the Hertfordshire Cohort Study. Aging 
Clin Exp Res. 2022;34:105–12.

	17.	 Hajek A, Kretzler B, Konig HH. Multimorbidity, loneliness, and social 
isolation. a systematic review. Int J Environ Res Public Health. 
2020;17(22):8688.

	18.	 Teo RH, Cheng, W.H., Cheng, L.G., Lau, Y., Lau, S.T. Global prevalence of 
social isolation among community-dwelling older adults: a systematic 
review and meta-analysis. Arch Gerontol Geriatrics. 2022;107:104904.

	19.	 Surkalim DL, Luo M, Eres R, et al. The prevalence of loneliness across 113 
countries: systematic review and meta-analysis. BMJ. 2022;376: e067068.

	20.	 Coyle CE, Dugan E. Social isolation, loneliness and health among older 
adults. J Aging Health. 2012;24(8):1346–63.

	21.	 Newall NEG, Menec VH. Loneliness and social isolation of older adults: 
why it is important to examine these social aspects together. J Soc Pers 
Relat. 2019;36(3):925–39.

	22.	 Kung CSJ, Kunz JS, Shields MA. Economic aspects of loneliness in Aus‑
tralia. Aust Econ Rev. 2021;54(1):147–63.

https://www.ukbiobank.ac.uk/


Page 17 of 17Foster et al. BMC Medicine          (2023) 21:384 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	23.	 Kung CSJ, Pudney SE, Shields MA. Economic gradients in loneliness, social 
isolation and social support: evidence from the UK Biobank. Soc Sci Med. 
2022;306: 115122.

	24.	 Rico-Uribe LA, Caballero FF, Martin-Maria N, Cabello M, Ayuso-Mateos JL, 
Miret M. Association of loneliness with all-cause mortality: a meta-analy‑
sis. PLoS ONE. 2018;13(1): e0190033.

	25.	 Holt-Lunstad J, Smith TB, Layton JB. Social relationships and mortality risk: 
a meta-analytic review. PLoS Med. 2010;7(7): e1000316.

	26.	 Maes M, Qualter P, Lodder GMA, Mund M. How (not) to measure loneli‑
ness: a review of the eight most commonly used scales. Int J Environ Res 
Public Health. 2022;19(17):10816.

	27.	 Mansfield L, Victor C, Meads C, et al. A conceptual review of loneliness 
in adults: qualitative evidence synthesis. Int J Environ Res Public Health, 
2021;18(21):11522.

	28.	 Zhen Z, Feng Q, Gu D. The impacts of unmet needs for long-term care on 
mortality among older adults in China. Journal of Disability Policy Studies. 
2015;25(4):243–51.

	29.	 Lee H, Singh GK. Social Isolation and all-cause and heart disease mortality 
among working-age adults in the United States: the 1998–2014 NHIS-NDI 
Record Linkage Study. Health Equity. 2021;5(1):750–61.

	30.	 Pantell M, Rehkopf D, Jutte D, Syme SL, Balmes J, Adler N. Social isolation: 
a predictor of mortality comparable to traditional clinical risk factors. Am 
J Public Health. 2013;103(11):2056–62.

	31.	 Steptoe A, Shankar A, Demakakos P, Wardle J. Social isolation, loneliness, 
and all-cause mortality in older men and women. Proc Natl Acad Sci U S 
A. 2013;110(15):5797–801.

	32.	 Murthy VH. Our epidemic of loneliness and isolation. The U.S. Surgeon 
General’s Advisory on the healing effects of social connection and com‑
munity. 2023. https://​www.​hhs.​gov/​sites/​defau​lt/​files/​surge​on-​gener​
al-​social-​conne​ction-​advis​ory.​pdf. Accessed 7 Aug 2023.

	33.	 Sudlow C, Gallacher J, Allen N, et al. UK Biobank: an open access resource 
for identifying the causes of a wide range of complex diseases of middle 
and old age. PLoS Med. 2015;12(3): e1001779.

	34.	 UK Biobank: Protocol for a large-scale prospective epidemiological 
resource https://​www.​ukbio​bank.​ac.​uk/​media/​gnkey​h2q/​study-​ratio​nale.​
pdf. (Accessed 01/12/2022 2022).

	35.	 Elovainio M, Hakulinen C, Pulkki-Raback L, et al. Contribution of risk 
factors to excess mortality in isolated and lonely individuals: an analysis 
of data from the UK Biobank cohort study. Lancet Public Health. 
2017;2(6):e260–6.

	36.	 Elovainio M, Lahti J, Pirinen M, et al. Association of social isolation, loneli‑
ness and genetic risk with incidence of dementia: UK Biobank Cohort 
Study. BMJ Open. 2022;12(2): e053936.

	37.	 Jani BD, McQueenie R, Nicholl BI, et al. Association between patterns of 
alcohol consumption (beverage type, frequency and consumption with 
food) and risk of adverse health outcomes: a prospective cohort study. 
BMC Med. 2021;19(1):8.

	38.	 Health Survey for England 2017 - Summary of key findings. 2018.
	39.	 Guidelines for Data Processing and Analysis of the International Physical 

Activity Questionnaire (IPAQ) https://​bioba​nk.​ndph.​ox.​ac.​uk/​showc​ase/​
ukb/​docs/​ipaq_​analy​sis.​pdf. (Accessed 01/12/2022).

	40.	 Department of Health and Social Care, UK. UK Chief Medical Officers’ 
physical activity guidelines. 2019. Published online https://​assets.​publi​
shing.​servi​ce.​gov.​uk/​gover​nment/​uploa​ds/​system/​uploa​ds/​attac​hment_​
data/​file/​832868/​uk-​chief-​medic​al-​offic​ers-​physi​cal-​activ​ity-​guide​lines.​
pdf. Accessed 6 May 2023.

	41.	 Jani BD, Hanlon P, Nicholl BI, et al. Relationship between multimorbidity, 
demographic factors and mortality: findings from the UK Biobank cohort. 
BMC Med. 2019;17(1):74.

	42.	 Victor C, Sulliva MP, Woodbridge R, Thomas M. Dancing with loneliness 
in later life: a pilot study mapping seasonal variations. Open Psychol J. 
2015;8(1):97–104.

	43.	 Townsend B, Phillimore P, Beattie A. Health and deprivation: inequality 
and the North. 1st ed. London: Routledge; 1988.

	44.	 Myers R. Classical and modern regression with applications. 2nd ed. 
Boston: Duxbury Press; 1990.

	45.	 Fox JaM G. Generalized collinearity diagnostics. J Am Stat Assoc. 
1992;87(417):178–83.

	46.	 Knol MJ, VanderWeele TJ. Recommendations for presenting analyses of 
effect modification and interaction. Int J Epidemiol. 2012;41(2):514–20.

	47.	 Dreyer K, Steventon A, Fisher R, Deeny SR. The association between living 
alone and health care utilisation in older adults: a retrospective cohort 
study of electronic health records from a London general practice. BMC 
Geriatr. 2018;18(1):269.

	48.	 Siette J, Cassidy M, Priebe S. Effectiveness of befriending interventions: a 
systematic review and meta-analysis. BMJ Open. 2017;7(4): e014304.

	49.	 Fry A, Littlejohns TJ, Sudlow C, et al. Comparison of sociodemographic 
and health-related characteristics of UK Biobank participants with those 
of the general population. Am J Epidemiol. 2017;186(9):1026–34.

	50.	 Collins R. What makes UK Biobank special? Lancet. 
2012;379(9822):1173–4.

	51.	 Hutcheon JA, Chiolero A, Hanley JA. Random measurement error and 
regression dilution bias. BMJ. 2010;340: c2289.

	52.	 Friedman HS, Tucker JS, Schwartz JE, et al. Psychosocial and behavioral 
predictors of longevity. The aging and death of the “termites”. Am Psychol. 
1995;50(2):69–78.

	53.	 Bookwala J, Gaugler T. Relationship quality and 5-year mortality risk. 
Health Psychol. 2020;39(8):633–41.

	54.	 Uhing A, Williams JS, Garacci E, Egede LE. Gender differences in the 
relationship between social support and strain and mortality among a 
national sample of adults. J Behav Med. 2021;44(5):673–81.

	55.	 Tanskanen J, Anttila T. A prospective study of social isolation, loneliness, 
and mortality in Finland. Am J Public Health. 2016;106(11):2042–8.

	56.	 Yu B, Steptoe A, Chen LJ, Chen YH, Lin CH, Ku PW. Social isolation, loneli‑
ness, and all-cause mortality in patients with cardiovascular disease: a 
10-year follow-up study. Psychosom Med. 2020;82(2):208–14.

	57.	 Beller J, Wagner A. Loneliness, social isolation, their synergistic interaction, 
and mortality. Health Psychol. 2018;37(9):808–13.

	58.	 Stokes AC, Xie W, Lundberg DJ, Glei DA, Weinstein MA. Loneliness, social 
isolation, and all-cause mortality in the United States. SSM Ment Health. 
2021;1:100014.

	59.	 Galvez-Hernandez P, Gonzalez-de Paz L, Muntaner C. Primary care-based 
interventions addressing social isolation and loneliness in older people: a 
scoping review. BMJ Open. 2022;12(2): e057729.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.hhs.gov/sites/default/files/surgeon-general-social-connection-advisory.pdf
https://www.hhs.gov/sites/default/files/surgeon-general-social-connection-advisory.pdf
https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.pdf
https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.pdf
https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/ipaq_analysis.pdf
https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/ipaq_analysis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/832868/uk-chief-medical-officers-physical-activity-guidelines.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/832868/uk-chief-medical-officers-physical-activity-guidelines.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/832868/uk-chief-medical-officers-physical-activity-guidelines.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/832868/uk-chief-medical-officers-physical-activity-guidelines.pdf

	Social connection and mortality in UK Biobank: a prospective cohort analysis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and participants
	Outcome ascertainment
	Functional and structural component measures
	Covariate data
	Statistical analysis
	Functional component analyses
	Structural component analyses
	Functional and structural components together
	Sensitivity analyses

	Results
	Descriptive statistics
	Association with adverse health outcomes
	Functional component measures—independent associations (RQ1)
	Functional component measures—combined associations and interactions (RQ1)
	Structural component measures—independent associations (RQ2)
	Structural component measures—combined associations and interactions (RQ2)
	Functional and structural component measures—combined associations and interactions

	Sensitivity analyses

	Discussion
	Principal findings
	Strengths and weaknesses
	Comparison with the wider literature
	Future research

	Conclusions
	Anchor 33
	Acknowledgements
	References


