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Abstract

Ageing brings about a number of functional changes across many cognitive domains; slowed language
production (Horton, Spieler, & Shriberg, 2010), reduced ability to effectively direct attentional behaviours and
monitor conflict (Wascher, Schneider, Hoffmann, Beste, & Sanger, 2012; West & Schwarb, 2006), and most
well-known are drastic declines in memory (Burke and MacKay, 1997). These cognitive abilities support our
ability to create social bonds: communicating, effectively directing behaviour, and recalling past experiences
(Diamond, 2013; Krueger et al., 2009; McHugh Power, Steptoe, Kee, & Lawlor, 2019). Preservation of cognitive
health becomes increasingly important in later life to prevent social isolation and loneliness (Evans et al.,
2019), which can have significant impacts on mental and physical health during old age (Cacioppo & Cacioppo,
2014; Cacioppo & Hawkley, 2003; Christiansen et al., 2021; Hawton et al., 2011).

This thesis investigated effects of age-related changes in cognition on the experience of social engagement
and inclusion. Study 1 used factor analyses and Structural Equation Modelling (SEM) on data from the first
wave of data collection for the Cam-CAN dataset (Shafto et al., 2014). The factor analysis uncovered
differences in the underpinnings of cognition and social engagement in young and old adults. Structural
Equation Modelling then revealed the interactions between these factors, as influenced by socioeconomic
status (SES). This established a number of interactions between SES, cognition, and social engagement in both
young and old adults, though only in the older group were cognitively mediated associations found. This study
established the framework of differential representations in young and old adults, and highlighted facets of
cognition that supported social engagement in later life. The second study investigated these associations
further using the second wave of Cam-CAN data, where cognitive measures were more targeted. Structural
Equation Modelling in this study showed more discreet relationships between cognition and social
engagement that suggested older adults relied on mediation of specific cognitive abilities for social
engagement. These findings highlight specific cognitive domains that can be targeted in interventions that
address social isolation and loneliness among older adults, including supporting cognitive development in
early adulthood or working to maintain cognitive skills throughout life. The third study of this thesis used
electroencephalography (EEG), to investigate age differences in neural markers of language and executive
function, as well as probing feelings of social inclusion in young and older adults. Several differences were
found across the cognitive domains; older adults had a significantly reduced P300 amplitude in tests of
inhibition, showed little correct/incorrect differences in mid-frontal theta (3-7Hz) in mental-shifting and
showed a reduced left-frontal positivity in correct verbal responses. These findings demonstrate age-related
differences in neurological measures across the three cognitive domains explored, suggesting that these
cognitive processes are more effortful and recruit more global neural resources in older adults.

The research identified age-related differences in cognition, at behavioural and neuronal levels, and
associated such differences with social engagement. By utilising both a large-scale, dataset and extremely
targeted neurocognitive measures | have been able to establish a broad model of associations between social
engagement and cognition at different life-stages, then elaborate on the underlying neurocognitive
mechanisms of language and executive functions. This provides strong evidence for cognitive-social
engagement associations that become more impactful in later-life and highlight neuro-cognitive differences
in older people across multiple domains.
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Introduction

Cognitive Changes in Ageing

Ageing brings about a number of functional changes across many cognitive domains. Cognition describes a
number of processes within the brain that allow us to learn, interact and move through our daily lives.
Linguistically, this can be seen in slower speech rates, longer pauses, and increased use of filler words in the
language domain (Horton et al., 2010). In the executive function domain, this is characterised by reduced
ability to shift one’s attention, direct purposeful behaviour, and monitor conflict (Wascher et al., 2012; West
& Schwarb, 2006). Perhaps most infamously, there are steep declines in memory that impact on the recall of
imagery, words, and places (Burke & Mackay, 1997). An individual’s cognitive ability supports their capacity to
build and maintain social engagement: language is used to communicate, executive function to direct
behaviour, and memory to recall names, faces, and previous experiences (Diamond, 2013; Krueger et al., 2009;
McHugh Power et al.,, 2019). Being able to preserve cognitive health becomes increasingly important in
preventing social isolation and loneliness in the later years of life (Evans et al., 2019), which can contribute to
serious effects on mental and physical health problems during old age, including increasing the risk of
depression, sleep disturbances, cardio-vascular disease, diabetes, and stroke (Cacioppo & Cacioppo, 2014;
Cacioppo & Hawkley, 2003; Christiansen et al., 2021; Hawton et al., 2011).

The aim of this research is to investigate the relationships between cognition, quantified by behavioural and
neurophysiological measures of cognitive ability, and social interaction in later life (while controlling for
socioeconomic background). Establishing the interplay between people’s social and cognitive lives, and the
influence of ageing on these connections, is important if adequate support is to be made available in older
age. Developing this understanding will have significant implications for the ways in which we consider
maintaining social participation and cognitive health in later life. In this chapter, | review the current
understanding of age-related changes across cognitive domains, the association between those changes with
social engagement in later life, and the potential impacts of one’s socioeconomic status on that relationship.
Appropriate methodologies for investigating cognition and the relationships with social interaction will also
be reviewed.

Behavioural evidence of cognitive change in ageing

Intuitively, there is a strong connection between language comprehension and language production in the
brain, but historically age-related changes in language ability were not believed to be equal between the two
systems. The understanding of language has been found to be relatively preserved in normal ageing, whereas
language production becomes impaired to some degree (Shafto & Tyler, 2014). There are several ways in
which older adults, when compared to younger adults, show reduced language production ability. Many
studies have shown that older adults show a higher incidence of tip of the tongue (TOT) word finding
difficulties (Evrard, 2002; Juncos-Rabadan et al., 2010). TOT increases particularly when words are uncommon
or used infrequently, and older participants generated few persistent alternates, i.e., words that share some
features with the target but are not correct (Burke et al., 1991). These word finding failures are commonly
associated with limited ability to retrieve phonological information, caused by deterioration in the connection
between linguistic components of a given word (Burke & Shafto, 2004b). Older adults also show reduced speed
and accuracy in picture and object naming, possibly due to the increased cognitive demand of internal
monitoring of planned speech (Belke & Meyer, 2007; Tsang & Lee, 2003). Finally, older adults demonstrate
greater dysfluency of speech; that is, reduction in flow and rates of an utterance. This disturbance in fluency
is marked by slower speech rates, taking longer pauses during conversational speech and higher dependence
on filler words (Horton et al., 2010).
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While language production shows significant declines, studies have shown that older adults are still able to
identify semantically related words as effectively as their younger counterparts in semantic priming tasks
(Burke & Yee, 1984). The semantic priming effect occurs when the target word is more rapidly and accurately
identified preceding a semantically related ‘prime’ word (Davenport & Potter, 2005), which requires lexical
comprehension of the priming and target word (Burke & Yee, 1984; Laver & Burke, 1993). While this suggests
that older adults perform as well as their younger counterparts in language comprehension tasks, this appears
to only be true when task conditions are optimal. Recent evidence that in older participants comprehension
of spoken language decreased when the listening conditions became more challenging (Peelle et al., 2010),
with similar findings having been observed in reading comprehension tasks with increased distractors (Gao et
al.,, 2012). This suggests that while language comprehension is better preserved during normal ageing,
allocation of attentional resources to support comprehension may become more challenging.

Such attentional resources stem from executive functions, which are a collection of cognitive processes that
govern a person’s actions to direct attention, plan an action, and adapt thoughts and behaviours to achieve
goal-directed behaviour (Diamond, 2013a). These processes have also been found to deteriorate over the
course of normal ageing; as in the above research in reading and listening comprehension, older adults have
shown reduced attentional control when the number of distractors in a task increases (Wascher et al., 2012).
Similar findings have been found in working memory tasks, where increased distraction load resulted in a
reduction in appropriate attentional allocation in older participants (De Beni & Palladino, 2010). Executive
function decline in internal monitoring and working memory manipulation has also been associated with
poorer performance in n-back memory tasks (Clarys, Bugaiska, Tapia, & Alexia Baudouin, 2009). Research has
also shown that older adults make more preservative errors than younger adults in sorting tasks, which
suggests a reduction in self-monitoring for errors, as well as working memory deficits (Zelazo et al., 2004).
Combined, this work demonstrates the multifaceted consequences of ageing on executive functions, which in
turn can have considerable effects on other cognitive domains.

Neurophysiological changes in ageing

Effects of neurophysiological ageing on Language

The behavioural changes outlined above are underpinned by structural and functional changes in the brain
throughout the life-course. Supporting behavioural research, neuroimaging studies have evidenced
neurological changes in the brain that are associated with declines in language in later life. Language specific
brain regions are typically localised to the left hemisphere, specifically the temporal cortex and surrounding
structures (Plante et al., 2015). This includes functions such as sound processing for comprehension of speech
in the auditory cortex (Forseth et al., 2020) and visual processing for word recognition in the visual cortex
(Cohen et al., 2002). Deficits in speech production in ageing likely occur due to changes in cognitive domains
required for the formation and output of speech, such as lexical decisions, and phonological selection
(Buchsbaum et al., 2001b; Maril et al., 2001; Zatorre et al., 1996a). Indeed, age-related decline is seen in the
hippocampus and lateral prefrontal cortex that impedes working memory and memory consolidation, which
in turn make word retrieval and information manipulation increasingly difficult (Wingfield & Grossman, 2006).
Research has demonstrated a shift from region specific, task-based neural activation in verbal encoding tasks
in younger adults, to simultaneous under-recruitment of brain regions associated with semantic information
and generalised activation of frontal brain regions in older adults (Logan et al., 2002). This more widespread,
but less dynamic, activation is believed to impede task performance and has been suggested to indicate a
decline in neural efficiency in language tasks (Cabeza et al., 2002). Even adults deemed “good” at sentence
comprehension showed reduced activation (compared to younger adults) in regions typically associated with
language comprehension, but increased activation in regions more associated with working memory load
(Grossman et al., 2002). This is indicative of working memory recruitment as a compensatory function in the
older brain when linguistic abilities begin to deteriorate in older age (Wingfield and Grossman, 2006).
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Degradation of white matter integrity in the left anterior insula and left arcuate fasciculus, brain structures
associated phonological processing and production, have been correlated with increased word finding
difficulties in normally ageing participants (Shafto et al., 2007; Stamatakis et al., 2011). Older adults’ brain
activity in successful word finding is generally found to be comparable to that of younger adults, recruiting the
anterior cingulate, inferior frontal and insular cortices, all associated with cognitive control and monitoring
(Wierenga et al., 2008). When word finding is unsuccessful it appears that these regions are not recruited
effectively, suggesting that word finding failures are, in part, due to deterioration of other supporting cognitive
features like cognitive control (Shafto & Tyler, 2014).

Effects of neurophysiological ageing on Executive Functions

Due to the fact that executive functions are numerous and multifaceted they are not confined to a narrow
brain area, but instead a network of functionally and structurally interlaced regions that rely on interaction to
facilitate the processes (Yuan & Raz, 2014b).

Common regions of activation during executive function tasks are predominantly found in the frontal lobe; a
meta-analysis investigating regions active during the Wisconsin Card Sorting Test (WCST), which relies on task-
switching and response inhibition, showed consistent findings of increased activation in the prefrontal cortex,
anterior cingulate cortex, and inferior parietal lobule, with additional recruitment of the ventral prefrontal
cortex (Buchsbaum et al., 2005). Further meta-analysis showed that research repeatedly finds that the Stroop
task, drawing on conflict monitoring and again on response suppression, elicits an increase in activation in the
anterior cingulate and inferior frontal gyrus (Laird et al., 2005). Lesion studies have also demonstrated the
importance of frontal regions in executive functions; patients with frontal lesions perform significantly worse
on the WCST, tests of verbal fluency and the Stroop test than healthy controls (Alvarez & Emory, 2006).
Research has also shown that older adults have different patterns of activation in tasks that put high demands
on working memory compared to younger adults, suggesting that, with age comes functional changes that
contribute to reduction of executive abilities (Rypma et al., 2001). However, studies of working memory find
an extensive network of regions beyond the prefrontal cortex, such as the premotor cortex and posterior
parietal cortex (Owen et al., 2005; Yendiki et al., 2010), this suggests that while executive functions draw
mainly from frontal cortices, they are a multi-region, brain-wide network.

The changes in executive functions have also been demonstrated using electroencephalography (EEG), which
has highlighted age-related electrophysiological changes in regulative control and conflict monitoring (West
& Schwarb, 2006). This research showed that older adults had a stronger reliance on frontal processes during
tasks that required on-going information processing (regulative control) that younger adults did not and that
expected EEG correlates of conflict monitoring, while observed in young participants, were reversed in older
adults. This suggests that in ageing as the structure of the brain changes, particularly frontal regions employed
in these processes, so do the functional processes, perhaps to compensate for the structural shift. Studies
have also shown that the older participants have a reduction of posterior P300 amplitude and delayed latency
in auditory and visual odd-ball tasks, (Fjell & Walhovd, 2001; O’Connell et al., 2012). The P300 is implicated in
response inhibition in the stop-signal and go-nogo tasks (Huster et al., 2013), successful inhibition of a
response is associated with an early peak (Ramautar et al., 2004), as such the differences in older participants
P300 may suggest a neurological slowing in inhibition. Odd-ball tasks have also shown ageing effects have also
been seen in the N200 component, wherein latencies of the component increase linearly with age (Enoki et
al.,, 1993). The N200 reflects a number of executive functions such as inhibition, conflict monitoring and
attentional control (Botvinick et al., 2001; Folstein & Van Petten, 2007; Huster et al., 2013) and increased
response pressure has shown increased N200 amplitudes in conditions where participants are required to
respond rather than inhibit (Band et al., 2003), participants with high N200 amplitudes made fewer errors
(Schmajuk et al., 2006). Similarly, to the ageing effects on the P300, the increased latency in the N200 may
reflect a cognitive slowing in ageing.
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Overlap of Language and Executive Functions

Cognitive functions rarely exist in isolation; as such, these processes often share overlapping structural and
functional features within the brain. As discussed above, the prefrontal and anterior cingulate cortices are
both associated with many aspects of language and executive processing, suggesting that these regions
support cognitive sub-mechanisms common to both language and executive functions. Language and
executive functions are often investigated using tasks that do not clearly differentiate between the two
systems, for example verbal fluency tasks where the participant is asked to generate as many words as possible
under time constraints, either in a category (often animals) or starting with a certain letter, respectively.
Similarly, the Stroop task requires a participant to name the colour of the target stimuli when faced with
semantically incongruent information, e.g., the participant should name the colours of the letters of a target
word “RED” when the word itself says “GREEN” (Van der Elst et al., 2006). Both of these tests draw from
language and executive function as linguistic ability is needed to generate the words and executive ability is
needed to facilitate recall, produce the response, monitor past responses, and inhibit incorrect ones (Shao et
al., 2014). Working memory is also a vital part of both language and executive functioning. Working memory
is needed to facilitate attentional direction and updating in executive processing (Clarys, Bugaiska, Tapia, &
Alexia Baudouin, 2009; De Beni & Palladino, 2010); in language, working memory is needed to process
incoming information and select appropriate responses (Baddeley, 2003; Baddeley & Hitch, 1974). Overlap
between the systems can be observed in the electrophysiological behaviours of the brain, which can be
measured using electroencephalography (EEG). We have discussed how both language and executive
functions require self-monitoring of behaviours and speech output for mistakes, or error-monitoring. Error
monitoring is associated with a distinct negative deflection in EEG signals known as error-related negativity
(ERN). The ERN is an event related potential (ERP) observed in brain activity 100ms post-error, it is rapid onset
means that it can be observed before the motor response of an error (Gehring et al., 1993)., suggesting errors
can be detected internally before awareness in the individual (O’Connell et al., 2007). As self-monitoring
becomes more effortful in later life speech and behavioural errors more common (Belke & Meyer, 2007; Birdi
et al., 1997; West & Schwarb, 2006); it may be that internal self-regulation represented by the ERN, becomes
affected by ageing. A similar component, Correct Response Negativity (CRN), that occurs over a similar time
course in correct responses (Imhof & Risseler, 2019), response confidence and attentional allocation have
been found modulate the amplitude of this ERP (Files et al., 2021; Matsuhashi et al., 2021). However, there is
little research characterising age-related changes in either ERN or CRN, if ageing is accompanied by increased
errors, one might predict a change in this neurological feature.

Social factors and cognitive changes in later life

Cognition is not the only facet of one’s life that changes in later life, social engagement can also be affected
by advancing age. Social engagement refers to the amount an individual participates in social groups within
their community and broader society. These interactions can be considered in two ways: (1) the structure,
meaning the size of the network and (2) the frequency of interaction and the function, which contributes to
the feeling of satisfaction and perceived levels of support received through the interaction (Keller-Cohen et
al., 2006). There is evidence to support the relationship between both aspects of social interaction and
preservation of cognitive ability: a lower risk of cognitive decline is associated with higher levels of social
participation, engagement in leisure activities, diversity of social contacts, and greater frequency of contact
with friends and family (Bassuk et al., 1999; Fabrigoule et al., 1995; Zunzunegui et al., 2003). Additionally, a
study of Swedish adults over 75 years showed that there was an increased risk of dementia in people who
were living alone and had no social contact. This risk increase was not observed in those who lived alone but
experienced fulfilling social contact, even if it was infrequent (Fratiglioni et al., 2000). Such findings suggest
that, while the structural aspect must be present for social interaction to exist, the quality of social interactions
should not be overlooked.
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It is of great importance to understand the impacts of cognitive health on social engagement in later life
because social isolation and increased feelings of loneliness are associated with serious negative physical
health outcomes and increased mortality rates similar to those of clinical risk factors (McHugh Power et al.,
2019). Social support, having people that can help physically or emotionally during difficult periods of time, is
vital for mental and physical health throughout life (Ozbay et al., 2007). Reduced social bonds have been
associated with a substantial increased risk of chronic heart disease and stroke (Valtorta et al., 2016), and
increased mortality rates in those suffering from heart disease (Murberg & Bru, 2001). Social isolation and lack
of social support has also been linked to type two diabetes, with living alone being a particularly strong
predictor of type two diabetes diagnosis in older women (Brinkhues et al., 2017). Lower levels of social
engagement, particularly poor social support, has been associated with a significantly increased risk of
developing dementia in later life, whereas good social engagement was found to somewhat protect against
this risk (Fratiglioni et al., 2000). There is also evidence of adverse effects of social isolation on quality of sleep
for adults over 60 years old, independent of one’s own perception of loneliness (Yu et al., 2018). Research has
shown that subjective perceptions of isolation from family and friends is associated with more depressive
symptoms (Taylor et al., 2018). Conversely, research indicates that greater instances of social interaction
promote and improve quality of life in elderly populations (Datta et al., 2016).

Social isolation, a reduction of contact with social support, can have a serious impact on the physical and
mental health of a person, and it is of note that this is still true if the isolation is perceived and not objective
(Cacioppo & Hawkley, 2009; Manemann et al., 2018). Longitudinal research has demonstrated that loneliness
and social isolation are associated with general measures of cognition (verbal fluency, immediate and delayed
recall), which is mediated somewhat by level of educational attainment (Shankar et al., 2013). More
specifically, an individual’s perception of their degree of isolation (loneliness) has been shown to impact on
lifetime change in IQ and cognitive ability (Gow et al., 2007), and is a predictor of dementia in later-life (Wilson
et al., 2007). This has been further exemplified using experimental manipulations, where even though there
is no real change to the participant’s actual level of isolation, the perception of decreased inclusion caused
significant change in the participant’s cognitive ability (Baumeister et al., 2002; Cacioppo et al., 2006).
Additionally, loneliness interacts with executive functions: attentional and emotional regulation have both
been found to be impacted by loneliness, as well as decreasing likelihood to engage in physical activity
(Cacioppo et al., 2000; Hawkley et al., 2009). Baumeister and colleagues found that increased anticipation of
loneliness was detrimental to self-regulatory behaviours and high-level cognition (Baumeister et al., 2005).

Investigation into how socioeconomic factors, such as educational background, occupation, or income, might
differentially impact specific cognitive domains remains somewhat sparse. There is research showing a
relationship between level of education and executive function ability (St Clair-Thompson & Gathercole, 2006),
but much of the research into the interactions between executive function and socioeconomic status (SES)
factors focuses largely on early developmental periods. Such research has shown that children from lower SES
backgrounds have poorer performance in working memory, inhibition control and attention orienting tasks
(Lipina & Posner, 2012; Mezzacappa, 2004). A study using EEG in children showed differences in ERP amplitude
in a selective attention task based on maternal educational attainment (Stevens, Lauinger, & Neville, 2009).
Behavioural performance was similar in both high- and low-SES groups: the low-SES group showed a greater
neural response for the unattended channels, suggesting that high-SES children were better at directing
attention to one stimulus over a distractor. Additionally, these executive function differences have also been
shown to persist into mid-life (Singh-Manoux et al., 2005; Turrell et al., 2002), but it is not clear how this
continues into old age. While this research can be informative for how SES might influence executive function
in advancing age, further investigation into these interactions is needed so that we can more fully understand
not only the nature of these interactions but the implications they may have for our wellbeing as we age.
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Similar evidence for the impact of SES on language largely focuses on early developmental periods with little
consideration for the effects of SES throughout the life course. It has been demonstrated that SES influences
language ability during childhood and development in that children from more advantaged backgrounds have
larger vocabularies (Hart & Risley, 1995). A study using functional magnetic resonance imaging (fMRI) showed
positive correlations in activation between brain regions associated with phonological awareness and word
recognition in children from low-SES backgrounds, but no such relationship in high-SES (Noble et al., 2006). As
with research in SES and executive functions these studies provide evidence of interactions between SES and
language, though how this may develop with age remains largely unexplored. This thesis will aim to
characterise how this advantage at a younger age translates to ability in later-life and attempt to shed light on
the potential protective elements of SES on specific cognitive abilities.

The implications of this research are that our social lives, and how we perceive ourselves in them, are deeply
intertwined with our cognitive lives. However, the direction of the nature of the relationship between our two
selves is yet to be clearly defined, particularly within the context of ageing. The goal of this research is to not
only define the relationships and interactions between all three elements of interest. In particular this research
will focus on the influence of age and background on self-monitoring of errors in the brain, an element of
cognition that has the potential to link language and executive function. Further to this, this thesis will
investigate how such changes in our ability to monitor and regulate our own errors affects perception of
loneliness in ageing.

Research of this Thesis

The research presented here used a dual approach to investigate the relationship between cognition and social
engagement in older people. Secondary data from a wide scale dataset was used to model interactions
between SES, cognition, and social engagement across the adult lifespan, allowing for examination of a large
population with several broad measures of cognition and social engagement. Primary data collection then
explored such interactions using targeted measures of cognition and neural activity in a smaller sample,
allowing for specific manipulation of the elements of interest to better develop understanding of the
cognition-social engagement interactions.

The first study of this thesis used data from the first cohort of the Cambridge Centre of Ageing Neuroscience
(Cam-CAN) dataset, large, cross-sectional, adult-lifespan, population-representative sample containing a
wealth of SES, cognition, and social engagement measures (Shafto, Tyler, Dixon, Taylor, Rowe, et al., 2014).
This study used exploratory and confirmatory factor analysis to examine the underlying relationships in the
cognitive and social engagement variables, which allowed for accurate characterisation of how cognitive
abilities and social connections were represented in the sample. SEM analysis was then used to investigate
the relationships between these factors in two age groups. The methodology used in this study allowed for a
data driven approach to understanding age-based interactions between the social and cognitive factors. The
findings of this initial study stood as a framework for the cognition-social interactions that was probed in
subsequent studies in this thesis. Building on the findings of Study 1, Study 2 used specific cognitive measures
from the second wave of Cam-CAN dataset. The targeted measures of this study aimed to investigate the
discrete facets of cognition that may influence social engagement, which has not been fully teased apart by
previous research. SEM was also employed in Study 2 to establish more nuanced connections between the
cognitive and social measures to deepen our understanding of these interactions.

Finally, with a theoretical basis established in the previous studies, Study 3 investigated the relationships
observed in Study 1 and Study 2 by using specific experimental manipulations of language and executive
functions while recording electroencephalography (EEG) and detailed questionnaires probing participants’
experiences of social support and isolation. This research aimed to identify associations between these
features and perception of social inclusion, not previously been evidenced in the literature.
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Methodologies

Factor Analysis and Structural Equation Modelling

This thesis aims to explore complex and intricate interactions between multiple elements of human life,
accomplished using a number of methodologies. Factor analysis allows data to be regrouped based on
underlying relationships defined by shared variance (Yong & Pearce, 2013). There are two main techniques in
factor analysis; exploratory (EFA) and confirmatory (CFA); EFA determines the underlying constructs within a
dataset, whereas CFA confirms a priori hypotheses based on representations of variables within factors (Child,
2006). Factor analyses allows for numerous measured, observed variables to be condensed via dimension
reduction into fewer latent, unobserved variables (Bartholomew et al., 2011) EFA is useful when the
underlying relationships within the data are less clear, or an a priori assumption for the relationship has not
been made, allowing for the discovery of influencing factors within the data (Child, 2006). Alternatively, when
the structure of the factors linking measures together is known CFA is a more useful tool and can be applied
to the dataset to determine whether the hypothesised factor structure is accurate (Streiner, 1994). This
restructuring of the variables places measures with shared variance into descriptive categories representative
of the underlying constructs within the data (Yong & Pearce, 2013). This is particularly useful when using large
datasets, such as the one used in this thesis, as it allows for the assembly of various cognitive and social
measures into descriptive factors for further analysis.

Once the constructs within the data have been established, Structural Equation Modelling (SEM) can then be
used to ascertain the relationships between the latent variables themselves (Streiner, 2006). SEM combines
CFA and path analysis to test multiple potential interrelationships simultaneously, indicating causality be the
fit of the model to the data.

In studies 1 and 2 of this thesis, the data was explored using EFA to establish suitable social engagement and
cognitive factors based on the measures and data with the Cambridge Centre for Ageing and Neuroscience
(Cam-CAN) dataset. This exploration informs CFA to create latent social and cognitive variables used with SEM
analysis of both the first and second wave of data collected to investigate the relationships between SES,
cognition, and social engagement.

Electrophysiology

Cognitive processes often occur rapidly in the brain, making capture of the neural unpinning of these processes
difficult — though possible — with behavioural or fMRI methods. However, using EEG allows for real-time
capture of global brain activity that might otherwise be missed. It is a non-invasive method of neuroimaging,
with electrodes being placed on the participant’s scalp to record electrophysiological activity within the brain.

EEG can measure spontaneous fluctuations in the voltage of the brain’s electrical activity (Markand, 2014)
such changes in activity are directly related to the ion exchange of neurons which supports the change in
potentials of a neuron which allows for between neuron communication (Kandel & Squire, 2000). The
electrical exchanges between individual neurons are far too small to be captured by EEG, rather the data
collected during EEG represents the summation of synchronous activity of millions of similarly aligned
neurons, allowing for detection of a change in field potentials (Teplan, 2002). It is because of this the signal is
believed to come from pyramidal cells found in the cortex, as their alignment is suitable to be captured by EEG
and they fire synchronously (Teplan, 2002).

Analysis of EEG in the frequency domain can be used to investigate neural oscillations in frequencies from 0-
100Hz, which have been identified as a set of coherent bands: delta (1-4Hz), theta (4-8Hz), alpha (8-12Hz),
beta (13-30Hz), ) and gamma (>30Hz) which are associated with a number of cognitive states and changes
(Markand, 2014). Analysis of EEG signals in the time domain can also be used to characterise event related
potentials (ERPs): distinct positive and negative voltage changes in electrophysiological behaviour in response
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to an event or presentation of stimuli (Luck, 2005). These EEG analysis techniques can be used to determine
age-related functional changes within the brain, and as such the third study of this thesis will use these
techniques to investigate language and executive function processing in the brain, and the relationship of the
brain activity to social engagement in participants.

Hypothesis

The overarching hypothesis of this thesis is that older people will be significantly different in their cognitive
performance compared to the younger participants, with cognition mediating the relationship between social
background and social engagement. | predict that in all studies older people will show a greater reliance on
cognitive abilities to support and facilitate social engagement and interaction than their younger
counterparts. In Study 1 and Study 2 this will be exemplified by a greater number of mediating relationships
between measures of cognition and social engagement, and in Study 3 the neurological responses of the older
participants will have greater correlations with social inclusion measures.

Finally, specific to the Study 3, | predict that older adults will show differences in the amplitude and latency of
the electrophysiological measurements of cognition, compared to the young adult group, with these
differences being associated with performance in the cognitive tasks and feelings of social inclusion.

Aims and Objectives

The aim of my thesis was to investigate the relationships between socioeconomic background, language and
executive function, and social interaction in later life using the range of analytic methodologies and data
types discussed above.

Study 1 aimed to characterise the age-related differences in connections between cognitive and social
measures, using broad definitions of cognition to establish the structure of these relationships and create a
framework that subsequent studies could advance upon. The relationships established in this study were the
framework for the subsequent studies of this thesis.

The aim of Study 2 was to use more targeted measures of cognition to replicate and extend the findings of
the first study. This research demonstrated how specific measures of cognition were able to reveal more
nuanced relationships between cognition and social measures, identifying intricate pathways between
specific domains of cognition and social engagement in older participants.

Finally, Study 3 aimed to build further on the findings of Study 1 and Study 2 by using electrophysiological
markers of cognition and questionnaires targeting social isolation and inclusion. In this study | demonstrated
a neural underpinning of age-related differences in cognition, particularly in executive functions, which
would be undetectable from behavioural measures alone.

The combined findings from these studies have significant implications for the ways in which we consider
maintaining social participation and cognitive health in later life. Based on the findings of this thesis, future
work should focus on the relationship between executive functions and social engagement in older adults to
develop interventions that target these domains, which can then support continuous social connections in
our later years.
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Abstract

Ageing is associated with declines in cognition, which presents challenges for maintaining social connections.
In the current study, we explored the associations between domains of cognition, social engagement, and
socioeconomic status (SES), separately for younger and older adults. Data from the Cambridge Centre for
Ageing and Neuroscience (Cam-CAN) were analysed using exploratory and confirmatory factor analysis, and
structural equation modelling (SEM). Factor analyses showed that the older participant group (aged 50 years
or older) had differential separation of the cognitive domains and greater complexity in associations between
SES and cognition. Additionally, social engagement was reflected differently between the two groups: the
factors in the Under 50 group related to who was being communicated with (family vs. friends); factors in the
Over 50 group reflected how communication took place (synchronously vs asynchronously). The SEM analyses
indicated that language and memory were important mediators between SES and social engagement in older
adults. Younger participants (aged under 50 years) showed separate direct associations between SES and
cognition and between SES and social engagement, suggesting that higher SES separately accounts for the
variability in cognitive ability and social involvement. These findings demonstrate that with greater age comes
increased complexity between cognition and social interactions, and a reliance on specific cognitive faculties
to support and maintain social engagement. It also demonstrates the need for age-based interventions when
combating issues surrounding loneliness and social isolation, including support of cognitive development
throughout early adulthood and maintenance of cognitive ability in later life.

27



Introduction

An individual’s cognitive ability supports their capacity to build and maintain social engagement: language is
used to communicate, executive function to direct behaviour, and memory to recall names, faces, and
previous experiences (Diamond, 2013; Krueger et al., 2009; McHugh Power, Steptoe, Kee, and Lawlor, 2019).
Being able to preserve cognitive health becomes increasingly important in preventing social isolation and
loneliness in the later years of life (Evans et al., 2019). However, extant empirical evidence offers little
specificity regarding the cognitive domains, as such we currently do not know which aspects of cognitive
function are important for maintaining social interaction and connection throughout life. Research looking at
the interaction between cognitive ability and social participation commonly focuses on a general
conceptualisation of cognition (e.g., Borgeest, Henson, Shafto, Samu, and Kievit, 2020; Holtzman et al., 2004).
The current research, instead, focuses on two cognitive components likely to be the most important for
formation and preservation of social bonds. Specifically, we explore the ability to produce and understand
language, which is intuitively part of social connection, and facets of memory function that are intrinsic to daily
living. Thus, the current research examines the relationships between distinct aspects of cognition and social
engagement among adults of different ages, and the influences of these cognitive domains on the relationship
between socioeconomic status and social interaction.

Humans enjoy interacting and communicating with other humans, and when opportunities for social
interaction are taken away from us, we often feel uncomfortable and experience negative emotional
responses (Qualter et al., 2015). Language and the ability to communicate are fundamental in supporting those
social communications. However, ageing is known to cause language-based cognitive difficulties that make
social interaction more difficult for individuals as they move into old age. For example, older adults show a
greater incidence of tip-of-tongue (ToT) word finding problems, where the desired word may feel just out of
memory’s reach, particularly for uncommon or infrequent words (Burke, MacKay, Worthley, and Wade, 1991;
Evrard, 2002; Juncos-Rabadan, Facal, Rodriguez, and Pereiro, 2010); significant decreases in picture and object
naming speed and accuracy (Belke and Meyer, 2007; Tsang and Lee, 2003); and slowing of speech such that
they take longer conversational pauses and show a greater dependence on filler words (Horton, Spieler, and
Shriberg, 2010). There is significant atrophy of brain structures throughout the ageing process, including pre-
frontal, temporal, and cingulate cortices (Fjell et al., 2009), which support error detection in language
production and phonological processing for comprehension (Buchsbaum, Hickok, and Humphries, 2001; Maril,
Wagner, and Schacter, 2001; Zatorre, Meyer, Gjedde, and Evans, 1996). This ultimately means social
communication is likely to become more difficult over the course of healthy ageing.

Social communication relies strongly on one’s working memory for both language comprehension and
production. Working memory is needed to retrieve and appropriately manipulate stored linguistic
information, then plan the correct spoken output (Goldrick, Ferreira, Miozzo, Martin and Slevc, 2014). The
phonological loop, a central component of working memory, facilitates the processing of incoming auditory
(or visual in the case of written language) information for language comprehension (Baddeley and Hitch, 1974;
Baddeley, 2003). The phonological loop also plays a role in language production, either appraising out-going
information for speech or for internal rehearsal for later recall (Baddeley, 2003). However, another component
of working memory, the central executive, changes during the ageing process (Salthouse and Babcock, 1992).
For example, older people demonstrate difficulty in discarding irrelevant information in memory updating
tasks, when compared to younger people (De Beni and Palladino, 2010); slowing in working memory updating
ability has been associated with decreased reaction times in picture naming tasks (Piai and Roelofs, 2013),
suggesting that a reduction working memory capacity can contribute to slowed word generation. Similarly,
neuroimaging studies have shown that increased working memory demands elicit different patterns of
activation in the prefrontal cortex in older adults compared to younger (Rypma, Prabhakaran, Desmond, and
Gabrieli, 2001), suggesting that ageing brings about both a biological and cognitive shifts in working memory
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processes. Such changes in the neural underpinnings of working memory mean that it is likely to be harder for
older adults to engage in successful social interaction because they find it increasingly difficult to follow and
shift focus in conversations due to greater demands on deteriorating executive faculties.

The preservation of these cognitive skills is vital in later life to support social interaction and reduce the
potential for feelings of loneliness. Ageing presents a number of challenges in maintaining such social
connections, including reduced mobility, reduced physical ability, and loss of close relations (Jylha, 2004; van
den Berg, Kemperman, de Kleijn, and Borgers, 2016). Additionally, as reviewed above, old age is often
accompanied by changes in cognitive functions, making the evaluation of anti-social behaviour more
challenging and reconnection with social groups more difficult. Supporting that thesis, recent research has
found that preservation of cognitive skills into later life predicts lower reports of perceived loneliness in older
people (Sin, Shao, and Lee, 2020), suggesting that greater preservation of cognitive skills affects how
connected older people feel to others. Because social isolation and loneliness can have serious effects on
mental and physical health problems during old age, including increasing the risk of depression, sleep
disturbances, cardio-vascular disease, diabetes, and stroke (Cacioppo and Cacioppo, 2014; Cacioppo and
Hawkley, 2003; Christiansen et al., 2021; Hawton et al., 2011), there is a need to explore factors that can
reduce such negative social consequences. In the current study, we explore the role of cognitive ability in social
engagement across adulthood, exploring how those aspects of cognitive skill influence different types of social
interactions.

When modelling the connections between social and cognitive domains, it is also important to consider how
the complex interactions between cognitive ability and social engagement are influenced by socioeconomic
background. Lower educational attainment has been linked prospectively to cognitive performance at
different life stages, with lower education individuals showing more variability in neuropsychological test
results across the lifespan, with patterns of performance being domain specific (Ardila, Ostrosky-Solis, Rosselli,
and Gomez, 2000). Further research has shown that educational attainment can mediate the negative effects
of social isolation on cognitive ability in elderly populations (Shankar, Hamer, McMunn, And, and Steptoe,
2013). Key elements of socioeconomic status (SES), such as educational attainment and household income,
have also been associated with increased connectivity in resting-state brain networks and increased cognitive
performance (Shen et al., 2018). There are also strong indications that higher levels of socioeconomic status
are associated with preservation of cognitive abilities and feelings of greater social connection (Borgeest et
al., 2020; Cacioppo et al., 2000; Hawkley, Thisted, and Cacioppo, 2009; Shankar et al., 2013). However, there
remain questions about how changes in specific cognitive domains may be influenced by socioeconomic
status, and, in turn, the consequences for social interaction. In the current study we aim to fill that gap in our
knowledge.

Extant research has indicated some connections between social engagement, cognitive domains, and
socioeconomic background, but it offers no suggestion of how these elements may interact in a fully
integrative model, or of the effects of ageing on such relationships. The current study extends this previous
work to explore how these aspects interact and influence each other at different stages of adulthood. To
investigate these relationships, we apply Exploratory and Confirmatory Factor Analysis (EFA/CFA) and
Structural Equation Modelling (SEM) to data from the large, cross-sectional, adult-lifespan, population-
representative sample from the Cambridge Centre of Ageing and Neuroscience (Cam-CAN) cohort, drawing
from the stage one dataset (N = 3000; Shafto et al., 2014). This dataset contains many measures of ability in
specific cognitive domains appropriate for this research and has measures of social involvement and
socioeconomic status. SEM has previously been used in this context to model “successful” ageing, showing
that engagement in both physical and social activity decreases the likelihood of physical and mental decline in
later life (Doyle, Mc Kee, and Sherriff, 2012), and that social structure in ageing, in combination with physical
and cognitive support, are important (Hess, 2001). We use data from the full sample of Cam-CAN so that we
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can explore the relationships of SES, social engagement, and targeted language and executive function abilities
across the lifespan.

The key hypothesis of this study is that cognitive ability factors will interact differentially with SES and social
interaction factors for young and older adults, indicative of the cognitive ageing process. Additionally,
maintained ability in cognitive functions, including language and memory, will have a greater influence on
social participation for those in the older adult group, likely due to cognitive changes associated with ageing.
Regardless of age, we expect that socioeconomic background will be influential to both cognitive and social
factors across age groups.

Method

Participants

A total of 1491 participants were sampled from the Stage One cohort of Cambridge Centre for Ageing and
Neuroscience (Cam-CAN; for full details on recruitment protocol see the Cam-CAN protocol; Shafto et al.,
2014). The data was collected in 2011, whereby eligible individuals aged 18 and over were randomly drawn
from GP registers, to ensure adequate representation of the population and reduce bias that could be
introduced through recruitment via advertisement. Potential participants were then sampled from iteratively
to secure sufficient numbers per age decile, accounting for a 30% response rate. Invitation letters included an
option to decline study participation (further reducing selection bias), those that did not decline to take part
received a home visit with the researchers. Data was collected from 3000 participants in the first stage (86%

(N=3000)

|

2871 Stage 1 Cam-CAN
Participants with sufficient
questionnaire data

|

2107 Participants included for
analysis based on neurological
history

[

{ Cam-CAN Whole Cohort J

777 participants initially

1330 participants
included in Under 50 -
subgroup

initially included in Over
50 -subgroup

759 Included after removing 1234 Included after
participants with missing factor removing participants with
analysis data missing factor analysis data

930 Included after removing J

participants with SES data

561 Included after removing
participants with SES data

of which were British natives), from this initial sample, participants were excluded from the current analyses
based on completeness of questionnaires, history of neurological conditions, and pronounced language
production and comprehension difficulties (N = 893 excluded). We created two age-based sub-samples: under
50 years old (18-49) and 50 years old or older (50-98; henceforth called ‘Over 50’). Participants were excluded
due to missing data at various stages (see Figure 1), leaving the Under 50 sub-sample N = 546 (mean age =
35.90, SD =8.10, 324 female), and the Over 50 sub-sample N =930 (mean age =71.84,SD = 11.32, 525 female).

Figure 1: participant inclusion cascade (for full exclusion criteria see supplementary).

Participant group cut-offs (<50/>50 years old) were chosen due to evidence of significant brain structural
differences after 50 years of age (Ge et al., 2002). Additionally, median division of large groups has been argued
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to be a robust method of dichotomizing data, allowing for a clearer comparison between groups, without
significant loss of power or data integrity (lacobucci et al., 2015).

Socioeconomic Measures

For both participant groups, Educational Attainment and Average Household Income were used as measures
of socioeconomic status (SES), collected as part of a home interview. Country of Birth, Shift Work,
Employment, and Retirement Status were considered for use as SES measures, but due to insufficient variance
within these variables it was not possible to use them in this analysis (See supplementary material for full
details). Participants’ Educational Attainment was derived using a culmination score of qualifications achieved
based on the Life Experience Questionnaire score (Valenzuela and Sachdev, 2007).

Average Household Income was scored 1-5 based on total household income before tax; 1: Less than £18,000,
2: £18,000 to £30,999, 3: £31,000 to £51,999, 4: £52,000 to £100,000 5: Greater than £100,000. Average
Household Income in those that reported to be retired was found to have a similar distribution to the general
sample

Cognitive Measures

A number of cognitive measures collected as part of Cam-CAN’s Stage One cognitive assessment were
identified as appropriate variables for use in this study as they probed the cognitive domains of interest (see
Table 1). These measures were included in an exploratory factor analysis (EFA) prior to the present study (the
full exploration is not reported here, see supplementary materials); parallel analysis was conducted to
establish the appropriate number of factors to be extracted and avoid over-extraction in EFA (Patil et al., 2008).
Confirmatory factor analysis was then conducted in Mplus Version 8.4 (Muthén and Muthén, 2019) to ensure
the goodness of fit of these factors to the data. Note that while the parallel analysis and subsequent EFA of
the Over 50 sample suggested that four factors would be appropriate, the CFA of four factors was not found
to be a good fit and so the factors in this group were reduced to three.

CFA VariableComposite score Cam-CAN Variable
Name variable name

C1 Generate “S” Words Number of S Words
Cc2 Simple repetition Repeat Apple

Repeat Table
Repeat Penny

Cc3 Subtracting 7 backwards|Serial 7 answers
(o] Spell "World" Forwards Spell WORLD
Cc5 Spell "World" BackwardsSpell WORLD backwards
C6 Recall Simple Word Recall Apple
Recall Table

Recall Penny

Cc7 Generate "P" Words Number of P words

Cc8 Generate Animal Names Number of animals

c9 Complete Verbal Close your eyes
Instructions Look at ceiling

Tap shoulders
Touch right ear
Nod your head

Cc10 Complete Written Complete a written sentence
Sentence
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CFA VariableComposite score
Name variable name
C11 Complex Repetition
C12 Picture Identification
(naming)
C13 Picture
(pointing)
ci4 Single Word Reading
C15 Visuospatial score
C16 Abstract Thinking Score
Cc17

score

Cam-CAN Variable

Repeat Hippopotamus
Repeat Eccentricity
Repeat Unintelligible
Repeat Statistician

Repeat Above beyond and below
Repeat No ifs ands or buts
Name Pencil

Name Watch

Name Kangaroo

Name Penguin

Name Anchor

Name Camel

Name Harp

Name Rhinoceros

Name Barrel

Name Crown

Name Crocodile/Alligator
Name Accordion

IdentificationPoint Monarchy

Point Marsupial

Point Antarctic

Point Nautical

Read Sew

Read Pint

Read Soot

Read Dough

Read Height

Copy overlapping pentagons
Copy wire cube

Draw clock face

All numbers

Set hands to 11:10

How are apple and banana alike?
How are shirt and dress alike?
How are table and chair alike?
How are plant and animal alike?

Self-Reported memoryDo you feel you have problems with your memory?

What day of the week it is
Repeating same story/message
Forget family/friends have died
Forget month/year

Can do something again before realising have done it

before
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CFA VariableComposite score Cam-CAN Variable

Name variable name
Great difficulty finding way around known places
Problem knowing where things are
Difficulty remembering what have read
Difficulty following a TV programme
My memory difficulties have a major impact on my ability
for everyday things

C18 Spot the Word Score Spot the word real test completed

Table 1: Variables included in Cognitive Item EFA and CFA for both Under and Over 50 sub-groups.

Three factors were derived for the under 50 sample: Language Development (labelled as such due to this factor
loading onto abilities thought to develop in childhood, including vocabulary, picture naming and irregular word
reading), Verbal Fluency (this factor loads on three spontaneous naming tasks, thought to represent verbal
fluency ability), and Working Memory (so called as tasks thought to tap working memory load onto this factor,
spelling “World” forward and backward) (Figure 2). The initial EFA of the Over 50 data suggested four factors
would be appropriate, however CFA analysis revealed that it was necessary to constrain the data further to
three factors for the over 50 sample: Verbal Fluency (as above, three naming tasks loaded together in this
factor), Language and Working Memory (named as such due to this factor loading onto memory based tasks
such as word repetition, following experimenter instructions, and forward and backward spelling, and
linguistic ability tasks such as written a sentence and identifying images), and Long Term Memory (here
participant’s self-reported memory abilities and delayed word recall load onto the factor) (Figure 3).

cl3 cl4
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744 o cl c7 8 c4 c5
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Language Verbal Working
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Figure 2: Under 50 Confirmatory Factor Analysis Structures of cognitive measures (variable key in Table 1)
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Figure 3: Over 50 Confirmatory Factor Analysis Structures of cognitive measures (variable key in Table 1)

There are distinctions in all factors between the two age groups: the language factor in the older group also
included elements of memory, the verbal fluency factor had the addition of the spot the word task (which also
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draws on memory, Wall et al., 1994), and the memory factor in this group reflects long term memory, rather
than working memory.

Social Interaction Measures
Similarly, to the cognitive measures, social participation variables were derived from an exploratory factor
analysis (EFA) of Cam-CAN’s social participation questionnaire data (see Table 2) conducted prior to the
present study (see supplementary materials). Again, these factors were established using parallel analysis,
then tested using CFA in Mplus.

CFA Variable Name Variable Name

S1 Total Number of Social Activities*

S2 Total Time Spent at Social Activities*

S3 How often see relatives to speak to?*

S4 How often speak to relatives over phone? *
S5 How often text/email relatives? *

S6 How often to friends/family visit you? *

S7 How often speak to friends over phone? *
S8 How often text/email friends? *

Table 2: Variables in Social Engagement Item EFA and CFA for Both Under and Over 50 sub-groups. * S1 and S2 are both
derived from a single item in the Cam-CAN dataset “Attend any meetings/groups/classes? How Often?” 7 Participants
chose from the following responses: 1. Never 2. Daily 3. 2-3 times a week 4. At least weekly 5. At least monthly 6. Less
often 7. Don’t know 8. No answer 9. Not asked.

The Under 50 sample had 3 factors of social interaction: Social Participation, Communication with Relatives,
and Communication with Friends (Figure 4). The Over 50 sample also had 3 factors of social engagement,
though these were different from those seen in the under 50 sub-group: Asynchronous Communication, Social
Participation, and Synchronous Communication (Figure 5). The factor labels reflect the finding that the
loadings appeared to reflect the communication method in this group, rather than the target group being
communicated with (e.g. “How often text/email relatives?” and “How often text/email friends?” load onto the
same factor, Asynchronous Communication), as seen in the Under 50 group, where (for example) “How often
speak to friends over phone” and “How often text/email friends?” load together to create the factor
Communication with Friends. These factors were then used as the social engagement variables in the analysis
reported here.

sl s2 s3 s4 s5 s6 s7 s8

572
610 430 428

Communication
with Friends

Social Communication

with Relatives
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Figure 4: Under 50 Confirmatory Factor Analysis Structures of social participation measures (variable key in Table 2)

34



s3 = s6

s5 s8 sl s2 |

.602

Asynchronous
Y Synchronous

Communication

Communication

Social
Participation

Figure 5: Over 50 Confirmatory Factor Analysis Structures of social participation measures (variable key in Table 2)

Structural Equation Modelling

The models of interaction between SES, cognition, and social engagement in both age groups were tested
using structural equation modelling (SEM) in Mplus version 8.4 (Muthén and Muthén, 2019), using maximum
likelihood estimation with robust standard error (Hu and Bentler, 2009). The differences in the factor loadings
shown above was taken as confirmation of appropriateness of splitting the sample by age®. Model fit was
evaluated using comparative fit index (CFl), Tucker-Lewis Index (TLI), and root mean square error of
approximation (RMSEA) (Schreiber, Stage, King, Nora, and Barlow, 2006).

Results

Under 50 group

The model fit for the Under 50 group was considered adequate (Marsh and Hau, 1999 ), x2 (167) =903.821,
p <.005; RMSEA = 0.090, 90% CI [0.084, 0.096], p <.001; CFl = 0.784, TLI = 0.782. The two SES measures,
Educational Attainment and Average Household Income, were significantly correlated (r = 0.229, p<.005). Two
of the cognitive factors, Language Development and Verbal Fluency, were significantly correlated (r = 0.523,
p<.005), as were two of the social factors, Communication with Relatives and Communication with Friends (r
=0.378, p<.005). The direct relationships between SES measures, cognition, and social participation measures
in the under 50 sub-sample are shown in Table 3; the full SEM model is shown in Figure 6. Language
Development showed direct associations with both SES measures, Educational Attainment and Average
Household Income, as did Verbal Fluency. Working Memory only showed a direct relationship with Average
Household Income, no association with Educational Attainment was observed.

Social Participation, and Communication with Relatives were directly associated with Educational Attainment
only; there were no paths between social engagement factors and Average Household Income. The model
showed no independent or mediating paths from cognitive variables to social engagement variables.
Communication with friends was found to be independent of all other factors within the model, apart from its
correlation with Communication with Relatives.

Lan initial EFA with three participant groups (18 —29, 30 — 50, 50+) showed no distinction between
the younger and middle age groups.
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Figure 6: Structural Equation Model of Under 50 sub-sample, *p<.05, **p<.01, ***p<.001.

Direct Paths Coefficients 95% Cl
Beta SE Lower Limit \Upper Limit
Educational AttainmentLanguage Development 0.168 0.038 0.070 0.266
Verbal Fluency 0.178 0.051 0.046 0.310
Social Participation 0.111 0.041 0.006 0.216
Communication with Relatives0.253 0.053 0.117 0.389
Average Household Language Development 0.344 0.037 0.248 0.440
Income
Verbal Fluency 0.220 0.054 0.082 0.358
Working Memory 0.843 0.190 0.355 1.332

Table 3: Direct paths in Under 50 sub-sample

Over 50 group
Similarly, to the Under 50 group, the model fit was for the Over 50 group data was adequate, x2 (232) =
3958.925, p <.005; RMSEA = 0.138, 90% Cl [0.134, 0.142], p <.001; CFI = 0.637, TLI = 0.570.

In this group, Asynchronous Communication and Synchronous Communication showed a small but significant
correlation (r = 0.184, p<.001), as did Asynchronous Communication and Social Participation (r = 0.170,
p<.001). No correlations were found between cognitive factors or between SES measures in this group.

The direct relationships between SES measures, cognition, and social participation measures in the over 50
sub-sample are shown in Table 4; indirect relationships are shown in Table 5; the full SEM model is shown in
Figure 7. All three cognitive factors — Verbal Fluency, Language and Working Memory, and Long Term Memory
— were found to have direct relationships with both SES measures, Educational Attainment and Average
Household Income.
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Figure 7: Structural Equation Model of Over 50 sub-sample, *p<.05, **p<.01, ***p<.001.

Asynchronous Communication had direct associations with all three cognitive factors, and with Educational
Attainment, and additional analysis showed that both Verbal Fluency and Language and Working Memory
mediated this latter SES-social relationship. No direct association was found between Asynchronous
Communication and Average Household Income; however, indirect paths via each of the three cognitive
factors significantly mediated this SES-social relationship. Social Participation had a direct relationship with
Educational Attainment, but no direct associations with cognitive factors. Synchronous Communication was
found to be directly influenced by Language and Working Memory, independent of SES measures, and had no
other associations with cognitive factors or SES measures.

37



Direct Paths Coefficients 95% Cl

Beta SE Lower Limit  Upper Limit
Educational Attainment Verbal Fluency 0.300 0.037 0.205 0.396
Language and Working Memory 0.207 0.047 0.086 0.328
Long Term Memory 0.110 0.051 -0.020 0.240
Asynchronous Communication [0.118 0.047 -0.004 0.240
Social Participation 0.158 0.044 0.045 0.272
Average HouseholdVerbal Fluency 0.215 0.037 0.121 0.309
Income
Language and Working Memory 0.280 0.049 0.153 0.408
Long Term Memory 0.258 0.058 0.107 0.409
Language and WorkingSynchronous Communication 0.135 0.045 0.019 0.250
Memory
Table 4: Direct paths in Under 50 sub-sample.
Indirect Paths Coefficients 95% ClI
SES Measure (A) Mediating Social Factor (C) Beta SE Lower Limit \Upper Limit
Cognitive Factor
(B)
Educational Verbal Fluency  |Asynchronous 0.067 0.016 0.026 0.108
Attainment Communication
Language and 0.048 0.014 0.011 0.086
Working Memory
Average HouseholdVerbal Fluency Asynchronous 0.048 0.013 0.015 0.081
Income Communication
Language and 0.066 0.017 0.022 0.110
Working Memory
Long Term 0.075 0.027 0.007 0.143
Memory

Table 5: Indirect paths in over 50 sub-sample.
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Discussion

We investigated the relationships between cognitive domains and social engagement, as influenced by
socioeconomic background, in two different age groups, and both the factor structures and SEMs differed
qualitatively in interesting ways. Data for the older population showed different factor structures of cognitive
domains at the factor level, which notably included a long-term memory factor that was absent in younger
adults, and social factors that were distinguished by communication types — asynchronous vs. synchronous —
rather than groups — family vs. friends — as found for the younger adults. The SEM for the older adult group
revealed a number of direct and indirect relationships between SES, cognition, and social participation,
whereas in the younger population, direct associations were found between SES measures and both cognitive
and social participation measures, and none of the three measures of cognitive ability mediated relationships
between SES and social participation. These findings highlight the importance of maintaining language and
other cognitive functions in later life because they support successful social engagement, partially mediating
the effects of SES.

Confirmatory factor analysis of the Under 50 sub-group supported three cognitive factors: Verbal Fluency;
Working Memory; and Language Development, as indicated by factor loadings on simple and complex
language tasks and categorical reasoning. In the Over 50 sub-group, Verbal Fluency and Language and Working
Memory factors also emerged, however Language and Working Memory was captured within one factor for
this sub-group. In the Over 50 sub-group both Verbal Fluency and Language and Working Memory were
underpinned by different tasks from those found to support these factors in the Under 50s group, where
language and working memory faculties are separated into independent factors.

The older group factor structure included a Long Term Memory factor, which may capture increased variance
induced by age-related decline in medial temporal lobe-mediated episodic memory (St-Laurent et al., 2011;
Vandermorris et al., 2013). We suggest Long Term Memory is represented in this factor the factor consisted
of questions relating to one’s semantic and episodic memory (simple word recall; memory self-report, which
includes items such as: ‘repeating same story/message’, ‘forget family/friends have died’, ‘can do something
again before realising have done it before’) and spatial memory (Uttl and Graff, 1993; Leon et al., 2013)
(memory self-report items: ‘great difficulty finding way around known places’, ‘problem knowing where things
are’). Alternatively, this factor may reflect a greater need for cognitive compensation due to these age-related
decrements in cognitive abilities (Juncos-Rabadn et al., 2012; Macpherson, Pipingas, and Silberstein, 2009).

The social factors within the Under 50 group represent with whom the individual may be communicating
(relatives vs. friends), but do not distinguish between communication types (synchronous, asynchronous) as
seen in the Over 50 social engagement factor loadings. The difference in factors between the two age groups
could be due to the greater extent of technology’s integration into communications for the Under 50 sub-
group, whereas novel and rapidly changing technology may be more cognitively taxing for the Over 50 sub-
group. Communicative technology, such as smartphones and personal computers, is likely to be less integrated
into daily life for older adults (Frid, Garcia, Laskibar, Etxaniz, and Gonzalez, 2013).

Somewhat surprisingly, we found a relative lack of relationships and mediating pathways in the Under 50
group. As healthy adults in their cognitive prime, perhaps this sub-group does not require significant cognitive
support to maintain social relationships. While previous research has suggested moderate social participation
can support cognition by age 50 (Bowling et al., 2016), our research investigated cognition’s role in supporting
socialising. An unexpected finding is the apparent independence of Communication with Friends from other
factors in the model, which may reflect a tendency for friendships to be established and secure, regardless of
socioeconomic background, at this point in one’s life (Qualter et al., 2015). It may also be a result of variation
in factors not measured in this study, such as personality type (introversion-extroversion). Research has shown
varying results in the relationships between personality type, cognition, and differences in SES that may be of
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influence here (Lynn and Gordon, 1961), though without data regarding personality it is difficult to speculate
the nature of those relationships here.

Interactions were more complex in the older age group (50+ years) model; this could perhaps reflect the
increased variability due to age-related cognitive decline in multiple domains, in turn resulting in more
pronounced associations between cognition and social engagement. Asynchronous Communication showed
relationships with the Long Term Memory, Verbal Fluency, and Language and Working Memory factors in the
older group model. The Verbal Fluency association suggests that ability to access vocabulary is required to
support and maintain asynchronous communications, which becomes more cognitively strenuous during later
life (Burke and Shafto, 2004; Meiran and Gotler, 2010). Reduced ability in vocabulary access could make
generating asynchronous messages more effortful for older adults, so greater ability in this domain is required
for the maintenance of asynchronous communication, such as emailing a friend or family member. Long Term
Memory provides support for continuous, prolonged asynchronous conversation, allowing the individual to
remember to return to the correspondence, recall shared experiences with their conversation partner, and
encode the conversation itself into memory (Holtgraves, 2008). Similarly, the Asynchronous Communication
and Language and Working Memory association provides evidence that maintained ability these in domains
are supportive of ongoing asynchronous communication in later life. In this study this factor consisted of a
number of language production and comprehension tasks, necessary for composing and understanding
correspondence, but also encompassed memory elements needed not only to access vocabulary, but also to
hold the thread of ongoing conversation and motivate a response. This is further supported by the
independent relationship between Language and Working Memory and Synchronous Communication. This
communication modality requires constant monitoring of language input (comprehension) and output
(production), as well as memory resources to accurately follow and mentally update the conversation.

Asynchronous Communication was also associated with Educational Attainment in this group; however,
indirect pathway analysis showed that Verbal Fluency and Language and Working Memory mediate this
relationship. These cognitive domains facilitate vocabulary, memory, self-monitoring, and following
conversation over extended periods of time; their mediation of this relationship suggests that communication
of this type is cognitively taxing for older populations (Wascher et al., 2012). Social Participation, on the other
hand, was associated only with Educational Attainment, and this relationship was not mediated by any
cognitive variables.

Educational Attainment’s relationship Asynchronous Communication suggests that a greater level of
education positively supports this type of communication in the Over 50 group. The relationship observed with
Asynchronous Communication in particular may be because higher education is associated with moving away
from one’s immediate area, which in turn increases the likelihood of having contacts across a wider
geographical range (Leopold, Geissler, and Pink, 2012). Further, professional email correspondence is more
likely to occur in roles that require further education, which in turn may lead to adopting this method of
communication in a social context. However, as noted above, this relationship is indirectly mediated by several
cognitive factors.

Average Household Income was also associated with Asynchronous Communication in the Over 50 group,
suggesting that higher household income may provide more access to technology to communicate, and
provide greater experience of using technology, including the use of personal computers (Niehaves and
Plattfaut, 2014). This relationship between Asynchronous Communication and Average Household Income
was only observed via mediating cognitive pathways: Verbal Fluency, Language and Working Memory, and
Long Term Memory factors all mediate the relationship between Average Household Income and
Asynchronous Communication in the Over 50 group. It is likely that there are cognitive changes that affect
domains relevant to Asynchronous Communication, such as vocabulary selection, language generation, and
memory of the conversation, which become increasingly effortful to draw from with age (Burke et al., 1991;
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Wascher et al., 2012). It may also be the case that those with less advantaged backgrounds may have greater
barriers to access asynchronous communication technology, which, especially considering the Covid-19
pandemic and increasing reliance on communication technology, could contribute to social isolation and
reduce access to care (Ali, Alam, Taylor, and Ashraf, 2021).

The association between Social Participation and Educational Attainment in both age groups suggests that this
element of SES supports a wider social group and provides increased means to facilitate them; it has been
found that men who are married, own a home or a car, and are of higher social status are more likely to engage
socially (Harwood, Pound, and Ebrahim, 2010). The paths between Social Participation and Educational
Attainment were not found to be mediated by any of the cognitive variables, nor was there an association
with Average Household Income in either group.

Previous studies have found relationships between general cognitive function, social engagement, and feelings
of isolation (Borgeest et al., 2020; Keller-Cohen, Fiori, Toler, and Bybee, 2006; Shankar et al., 2013), but in the
current study we found some distinct relationships between social participation and specific aspects of
cognition, particularly in the language domain. There are two implications of these findings: 1) It would be
beneficial to use even more targeted measures of cognition, something that future research should aim to
expand on; and 2) The specific relationships between aspects of cognition and social engagement only in the
older population suggests that there is a shift in reliance on cognitive ability as part of the ageing process.
Thus, given that key cognitive skills have a significant impact on social participation during ageing, it is
important to maintain and practise these cognitive abilities to reduce loneliness, though we give the caveat
that causal direction cannot strictly be determined given that the data are cross-sectional.

We had initially expected that the factor analysis would differentiate between language domains and
executive functions, particularly in the older group. However, despite the reasonable number of cognitive
measures used in the exploratory factor analysis, no distinct executive function factor was established in either
group. Working Memory, which is present in both groups (though incorporated with language in the Over 50
factor structure), likely captures some variability associated with executive functions. The ‘working’ aspect of
working memory refers to active, flexible processing and maintenance of information across multiple systems,
coordinated by a central executive (Baddeley and Hitch, 1974), and the backwards-spelling task in particular
likely places demands on this faculty. Verbal fluency task performance is frontally mediated (Robinson et al.,
2012) and requires goal-directed generation and selection. The lack of an executive function factor could be
due to the high cognitive-domain specificity and relative simplicity of the cognitive tasks and questionnaires
used at this point of the Cam-CAN data collection. Executive functions are complex facets of cognition, and
their measurement typically involves complicated and/or protracted tasks (e.g., dual or multiple task
performance, task switching) that were beyond the scope of this in-home interview phase of the Cam-CAN
project. Though, as discussed above, Working Memory does draw from executive facilities (Baddeley and
Hitch, 1974) suggesting an element of executive function is still reflected in our findings for both Under and
Over 50 groups.

The statistical methods of the study are robust; by conducting EFA to then guide CFA structure to create latent
variables, we are confident of the representations of cognition and social participation within the data. The
use of SEM allows for the exploration of multiple potential interrelationships within one analysis by combining
factor and multiple regression analysis, and it enables the control of key demographic information. However,
there is room for improvement in the cognitive tests used in the factor creation, which are clearly reflected in
the factors themselves; for example, as discussed above, we were unable to establish a distinct executive
function factor from the available measures. Though there is some representation of executive functions in
the verbal fluency factor, this task is often used as language or executive function task interchangeably as
linguistic ability is needed to generate the words and executive ability is needed to facilitate recall and
response (Shao, Janse, Visser, and Meyer, 2014). The current study found that verbal fluency was particularly
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influential in supporting social participation, and past research has shown that this ability deteriorates with
age (Gonzalez-Burgos et al., 2019), but without domain specific measures it is difficult to be certain of the
underlying mechanisms of decline. The aim of future work will be to better delineate the shared and distinct
processes of linguistic and executive domains using more clearly defined measures and data capture
techniques.

The current study is not without limitations; the model fit indices for both models are under the traditionally
accepted thresholds of a CFl and TLI greater than 0.95 and RMSEA less than 0.05 are considered to be a good
indication of model fit, however there are a number of reasons why this may be the case beyond without need
to discard the findings. Often goodness of fit (GoF) standards applied to CFA are overly restrictive for factors
with more than 2 or 3 items loading on them, more items loading on factors is desirable for good construct
validity but makes unlikely that the model then reach the .95 GoF cut-off (Marsh et al., 2004). Therefore, we
suggest that the concern of GoF indices being below the expected requirements is likely due to increased
complexity of the language-based factors in both age groups, especially for a medium sample size.
Additionally, it is possible that there are underlying factors that contribute to the relationships that we were
unable to account for, perhaps unrepresented SES elements or deeper measures of social support.
Additionally, the cross-sectional nature of the data imposes constraints on interpretations involving causal
relations. Indeed, the results have been interpreted as cognition mediating social engagement in older adults,
but it is possible that these associations work conversely, or even bi-directionally. Previous research has shown
that increased feelings of loneliness can impact executive functions, and diverse social contact supports
language skills (Adams and Blieszner, 1995; Keller-Cohen et al., 2006), so it is possible that the relationship is
bi-directional, something that cannot be explored without prospective data. Thus, there is a need for
longitudinal research in cognitive — social associations to clearly explore how cognitive ability and social
participation work together over time.

Within this data there was the potential for collinearity of Educational Attainment and Average Household
Income to skew our findings, as these measures might be representative of the same underlying factor.
However, tests of collinearity found that in both Under 50 and Over 50 found that these measures were not
collinear, which can be further exampled in the differences in the relationships between these SES measures
and cognition and social engagement. These findings indicate that while they probably do relate to similar
underlying constructs, Education Attainment and Average Household Income are independent from each
other.

The qualitative differences between the age groups’ models highlight the complex relationship between
cognition and social participation in later life. Where previous research has demonstrated the relationships
between ageing, cognition, and social engagement, our findings highlight the importance of maintaining
specific language skills into old age, to support and strengthen social bonds. Our study showed, relative to the
younger adult group, the older adult group (50 years old and older) showed differences in cognitive domain
and social participation representation at the factor level, and greater complexity of relationships between
SES, cognitive domains, and social participation. We attempted to demonstrate the importance of considering
cognitive domains beyond the umbrella term of “cognition”, instead focusing on the interactions of specific
cognitive elements with social engagement; future work could expand this approach to include other aspects
of cognition known to be affected by age, such as executive functions. These findings highlight areas that may
be of importance when considering interventions in various life stages; in particular, educational and language
development support during young adulthood, with a focus on more general cognitive support in middle to
older adulthood. Employing such an age-specific approach to cognitive intervention may provide individuals
with robust language and general cognitive ability to better support social participation and reduce loneliness
in later life.
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In conclusion, this study provides evidence that social interactions and cognition are represented differently
in populations under and over 50; older population social interactions are characterised by modality of
interaction and more associated with maintained cognitive ability. We demonstrated that socioeconomic
background, particularly Educational Attainment, is influential on both cognitive ability and social interaction
in both age groups; however, these relationships with SES were found to be more numerous in the older
population.
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Supplementary Material

1. Number of participants removed from analysis due to neurological conditions or language

difficulties
Reason for removal Number of participants removed
Stroke 120
Meningitis/Encephalitis 33
Parkinson’s Disease 8
Multiple Sclerosis 4
Serious Head Injury 286
Skull Fracture 13
Severe Stuttering 1
Poor Grasp Language 103
Brain Tumour 5
Alzheimer’s Disease 1
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2. Social Background Cam-CAN variables collected at Stage 1 of Cam-CAN

Cam-CAN Variable number
v73
v15
v6
v4l
v42
v24
v18
v16
v43
va4
v29
v30
v31
v34
v74

Cam-CAN Variable
Which qualifications do you have?
Average total household income?
Type of accommodation?
Number of years worked in this job?
Number of weekly hours?
Ethnic group?
Year first come to live in UK?
Where were you born?
Job involve shift work?
Job involve night shift work?
Ever had paid work?
Current situation - not had paid work?
Current situation - had paid work?
Age retired?

Age completed full time education

Variable recoded? Used in final analysis?

Highest Qualification achieved Yes

N/A Yes

N/A Removed from analysis; lack of variance
N/A Removed from analysis; lack of variance
N/A Removed from analysis; lack of variance
Recoded to Minority status Removed from analysis; lack of variance
recode to years lived in UK Removed from analysis; lack of variance
Born in UK? Removed from analysis; lack of variance
Shift work Removed from analysis; lack of variance
Night Shift work Removed from analysis; lack of variance
N/A Removed from analysis; lack of variance
Working status Removed from analysis; lack of variance
Working status Removed from analysis; lack of variance
Retired? Removed from analysis; lack of variance
N/A Removed due to redundancy
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3. Social interaction Cam-CAN variables from wave 1, used to created EFA scores
Cam-CAN Variable number Cam-CAN Variable Variable recoded?

vo6 Attend any meetings/groups/classes? Separated into Total number of social activities per week and total time spent at

activities (hours per week)

v90 How often see relatives to speak to? N/A
vol How often speak to relatives over phone? |N/A
v92 How often text/email relatives? N/A
vo3 How often to friends/family visit you? N/A
vo4 How often speak to friends over phone? N/A
v95 How often text/email friends? N/A
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4. Table showing Under 50 standard deviation and range in Cognitive measures

Under 50 Std. Deviation Range
Verbal Fluency: Generate S words 5.44 37.00
Simple Repetition 0.26 3.00
Subtracting 7 from 100 1.48 5.00
Spell World Forward 0.09 1.00
Spell World Backward 0.21 1.00
Recall Simple Word 0.44 3.00
Verbal Fluency: Generate P words 5.13 34.00
Verbal Fluency (Animals) 6.20 35.00
Complete Instructions 0.35 2.00
Complete Written Sentence 0.10 1.00
Complex Repetition 0.56 3.00
Picture Identification (Naming) 1.55 18.00
Picture Identification (Pointing) 0.96 7.00
Single Word Reading 0.77 6.00
Visuospatial Score 0.63 4.00
Abstract Thinking Score 0.87 11.00
Self-Reported Memory 0.46 2.00

5. Table showing Over 50 standard deviation and range in cognitive measures

Over 50 Std. Deviation Range
Verbal Fluency: Generate S words  6.04 44.00
Simple Repetition 0.48 3.00
Subtracting 7 from 100 1.57 5.00
Spell World Forward 0.17 1.00
Spell World Backward 0.30 1.00
Recall Simple Word 0.76 3.00
Verbal Fluency: Generate P words 5.94 38.00
Verbal Fluency (Animals) 6.33 39.00
Complete Instructions 0.55 3.00
Complete Written Sentence 0.14 1.00
Complex Repetition 0.74 5.00
Picture Identification (Naming) 1.30 22.00
Picture Identification (Pointing) 0.73 8.00
Single Word Reading 0.52 10.00
Visuospatial Score 1.29 12.00
Abstract Thinking Score 1.30 13.00
Self-Reported Memory 0.67 3.00
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6. Exploratory Factor Analysis
Exploratory Factor Analysis (EFA) was conducted in the first instance using variables from the cognitive
questionnaires (see Table 1.) and social engagement measures (see Table 2.) of the Cam-CAN database. EFA
was used as this method allows for investigation of the underlying relationships between give data points and
can be used in SEM analysis in a similar fashion to latent variables (unlike, for example, Principal Component
Analysis which reduces data to explain the greatest variance and is not appropriate for use in SEM).

As part of the EFA we also employed Parallel Analysis (PA) using O’Connell syntax in SPSS., a method of factor
extraction which compares the eigenvalues extracted from the dataset to the eigenvalues of a randomly
generated correlation matrix of the same dimensions of the real dataset based on sample size and number of
variables. This was deemed more appropriate than using Eigenvalue >1 as this method of factor extraction is
prone to over-extracting factors from the data, which may create superfluous results. Conducting PA showed
that for the cognitive measures EFA four factors were appropriate for the Over 50 sub-group, and three factors
for the Under 50’s group. Further PA showed that three social factors were appropriate for both age groups.

The cognitive and social variables in the Cam-CAN are highly correlated with each other, so it was appropriate
to use an oblique rotation method, in the case of this analysis direct oblimin, rather than orthogonal (varimax),
and maximum likelihood extraction (due to the assumption that data is normally distributed) for the EFA of
cognitive and social factors in both age groups.
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7. Table of Cognitive Ability EFA factor loadings for Under 50 (shaded) and Over 50.

Cognitive Test Under 50 Over 50 Under 50 Over 50 Under 50 Over50
Language Language And Verbal Fluency Verbal Fluency, Working Long Term
Development Working Memory Memory
Memory
Picture Identification (Naming) 0.648 0.805
Picture Identification (Pointing) 0.744 0.744
Single Word Reading 0.624 0.748
Complex Repetition 0.590 0.760
Spot the Word Score 0.558 0.388
Abstract Thinking Score 0.058 0.356
Complete Instructions 0.367
Recall Simple Word 0.659
Complete Written Sentence 0.291
Verbal Fluency: Generate P Words 0.850 0.890
Verbal Fluency: Generate S Words 0.805 0.909
Verbal Fluency: Generate Animals 0.620 0.481
Visuospatial Score 0.259
Simple Repetition 0.077

Subtracting 7 from 100
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Cognitive Test Under 50 Over 50 Under 50 Over 50 Under 50 Over50

Language | Language And Verbal Fluency Verbal Fluency| Working Long Term

Development Working Memory Memory
Memory
Spell World Forward 0.251 1.223
Spell World Backward 0.234 0.702

Self-Reported Memory

8. Table of Social Interaction EFA factor loadings for Under 50 (shaded) and Over 50.

Social Interaction Questions Under 50 Over 50 Under 50 Over 50 Under 50 Over 50
Social Social Comm. with Asynch. Comm. Comm. Synch Comm.

Participation | Participation Friends with Relatives

How often text/email friends? 0.398 0.664

How often text/email relatives? 0.853 0.430

Total Number of Social Activities 0.650 0.822

Total Time at Social Activities 0.950 0.800

How often speak to friends over phone? 0.900

How often see relatives to speak to? 0.610 0.770

How often speak to relatives over phone? 0.572 0.602

How often do friends/family visit you? 0.428 0.402
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Abstract

Cognitive decline is one of the hallmarks of the ageing process, and it has been argued that these
declines are likely detrimental to participation in social interactions. The current study investigates
the relationships between various cognitive abilities, social engagement, and socioeconomic status
(SES), in younger and older adults. Data from the Cambridge Centre for Ageing and Neuroscience
(Cam-CAN) were analysed using confirmatory factor analysis (CFA) and structural equation modelling
(SEM). Factor analysis supported the hypothesis that in adults over 50 years old social interaction was
represented by how social engagement occurred (synchronously or asynchronously); in adults under
50 years old social interaction factors reflected who the social engagement was with (family or
friends). The SEM analysis showed that Abstraction (the ability to find meaning in abstract proverbs)
was a key mediator between social engagement and SES in younger adults. Fluid Intelligence (mental
control and self-regulation) and Abstraction were important in mediating social engagement-SES
associations in older adults. The relationships between cognition, social engagement and SES were
evenly distributed between Educational Attainment and Average Household Income in the older
adults, whereas the association between cognition and social engagement in younger adults was
primarily associated with Educational Attainment. These findings indicate that among older adults,
cognition relies on broader support from SES factors, and these higher-order cognitive domains
support the maintenance of social connections. Among younger adults, cognition is relied on less to
support social engagement, but Educational Attainment plays a larger role in underpinning cognitive
abilities. These findings highlight specific cognitive domains that can be targeted in interventions that
address social isolation and loneliness among older adults, including supporting cognitive
development in early adulthood or working to maintain cognitive skills throughout life.
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Introduction

The maintenance of social interactions in later life is vital in preventing isolation and loneliness, which
can have significant effects on one’s mental and physical health (Cacioppo et al., 2006). The ability to
create and actively participate in social occurrences in older age relies on the preservation of one’s
cognitive faculties, in particular language (to use and understand speech) and executive functions (to
direct attention and behaviours). However, there is limited research examining how those cognitive
domains discretely and/or jointly support social engagement. Additionally, extant research makes
little effort to use measures that differentiate between language and executive function, which limits
our understanding of the cognitive support these abilities provide for social interactions, instead only
informing on the effects of changes in general cognition (Borgeest et al., 2020; Holtzman et al., 2004).
The current study strives for a greater degree of separation of language and executive function, using
measures that allow for clearer distinctions between the domains. Specifically, we explore both
language production and comprehension, and a number of distinct executive processes that are
subject to changes as part of the ageing processes. Such an examination allows us to investigate the
relationships between discrete cognitive abilities and social engagement in two adult populations.

Cognition in Later Life

Intuitively, language and communication skills are vital for social engagement, but another key
element of social participation is executive functions, which is a broad collection of cognitive abilities
that facilitate the direction of attention, action planning, flexibility of thought and self-monitoring of
behaviours (Diamond, 2013). Because executive function can be considered as multifaceted network
of abilities, the structural and functional underpinnings of the faculties are not confined to a narrow
brain region; instead, ability in these domains relies on an interwoven system of brain areas (Yuan &
Raz, 2014), These processes rely heavily on the frontal lobes the frontal lobe; lesion studies have
shown that patients with frontal lesions perform significantly worse on tasks that require verbal
fluency, response inhibition and task-switching (Alvarez & Emory, 2006). Similarly, studies using
functional magnetic resonance imaging (fMRI) have demonstrated that tasks that drawn on executive
functions, such as task-switching, self-monitoring and response inhibition, have repeatedly shown
increased neural activity in the prefrontal cortex, anterior cingulate cortex and inferior frontal gyrus
(Buchsbaum et al., 2005).

These frontal regions are particularly sensitive to functional and structural changes as part of the
ageing process (Tisserand & Jolles, 2003) One study demonstrated that older participants performed
worse than younger counterparts when distraction load is increased during a task, suggesting that
effective attentional allocation can decrease with age (Washer et al, 2012). Similarly, fMRI research
has shown differences in activation patterns between young and old population in tasks that put high
demands on working memory, suggesting that functional changes occur over the life course that can
alter executive ability (Rypma et al., 2001).

As mentioned above, language (spoken, written or gestural) is crucial for social engagement and
requires the ability to produce a communicative output and comprehend the corresponding input
from a social partner or group. While there are strong connections between production and
comprehension, the two communicative systems are differently affected by ageing. Research has
shown that language comprehension is preserved: older adults perform comparably to younger adults
in tasks of sentence processing and semantic priming tasks, which necessitates understanding of a
prime and target word (Burke & Yee, 1984; Laver & Burke, 1993) Conversely, both written and spoken
language production appears to become more effortful with age. Word finding difficulties are a
commonly reported issue in later-life, and studies have evidenced this in an increased number of tip
of the tongue instances — where a word is seemingly just beyond reach (Juncos-Rabadan et al., 2010).
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This phenomenon increases further with infrequent and uncommon words, whereby older people
seem to be unable to generate substitutes to their target word (persistent alternatives), instead
becoming “stuck” on a word (Burke et al., 1991). Such word finding difficulties, and trouble shifting to
an alternative, suggest that older populations have increasingly limited access to or ability to retrieve
mentally stored phonological information, perhaps due to deterioration in the connections between
linguistic components of a chosen word (Burke & Shafto, 2004). Additionally, accuracy and speed of
word generation in naming tasks is significantly reduced in older people, suggesting a change in self-
monitoring and word selection in planned speech (Belke & Meyer, 2007; Tsang & Lee, 2003). Finally,
dysfluency of speech appears to increase with age; a reduction in speech flow, utterance rate and
higher instances of filler word indicate an overall slowing of speech production (Horton et al., 2010)
This suggests that continued, fluent language production is important in the maintenance of social
relationships, because worsening language production will prevent effective communication and
social engagement.

Experimental tasks that target specific domains of cognition are important as language and executive
functions are distinct cognitive domains that can change differentially due to ageing or disease (Smith
& Baltes, 1993). This has been observed in research with individuals with language deficits due to brain
injuries (aphasia); patients with preserved brain regions associated with language perform outperform
patients with aphasia on verbal tests of executive function, however this difference between patients
is not seen non-verbal tasks of executive function (Reitan, 1960) These are not solely language-based
deficits; traumatic brain injuries often displays overlap in structural damage of language and executive
function brain regions (Keil & Kaszniak, 2002) often resulting in cognitive changes more commonly
associated with disruption to frontal brain structures (Glosser & Goodglass, 1990; Murray et al., 1997).
Consequently, those with aphasia have demonstrated decreased ability in attention, response
generation and inhibition, and general non-verbal cognitive tasks (Fucetola et al., 2009; Schumacher
et al., 2019; Villard & Kiran, 2015). However, in studies of neurologically healthy populations the two
domains are often conflated through use of overlapping methods of measurement, such as verbal
fluency tasks. This is particularly of note as ageing is often associated with decreased performance in
verbal fluency tasks, but without additional differentiation between the language and executive
function domains it is difficult to establish where cognitive declines that trigger the change in task
performance stem from (Gonzalez-Burgos et al., 2019).

This conflation likely occurs due to an overlap in the network of processes that underpin both language
and executive functions. For example, language comprehension is well preserved in later-life, however
the addition of attentional demands, such as difficult listening or reading conditions, significantly
reduces comprehension scores in older people (Gao et al., 2012; Peelle et al., 2010). This decline in
language comprehension performance when demands are increased on attentional allocation
demonstrates a functional link between linguistic and executive functions within the brain. Though
there are clearly shared processes at play, it is important, in some cases, to attempt a more distinct
separation of the cognitive abilities to ensure full understanding of the effects of age-related changes
on outcome of interest. If a clear distinction between domains cannot be  made, then it is not clear
what is driving the cognitive support for social participation. Similarly, age-related deterioration of
brain structures in frontal regions that are associated with both language and executive functions
contribute to word finding difficulties (Shafto et al., 2007) as language production relies on selecting
appropriate words and phonemes from conflicting choices and executive function facilitates/control
these choices (Gehring & Knight, 2000).
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Social Factors and Ageing

Preserving cognitive function over the lifespan is important for maintaining effective social
engagement, and so prevent or reduce isolation and loneliness, a significant issue in older populations
(Sin et al.,, 2020) Beyond cognition, ageing presents many challenges that can hamper social
connection, including loss of loved ones, increased mobility issues and declines in physical health
(Brummett et al., 2001; Hess, 2001). This is often compounded by isolation affecting one’s mental and
physical health, increasing the risk of heart and metabolic diseases, strokes, depression, anxiety and
issues with sleep (Cacioppo & Cacioppo, 2014). The very serious consequences of reduced ability to
take part in meaningful social interactions highlight the importance of preserving cognitive functions
that facilitate those connections. The current study examines the relationships between social
engagement and the specific aspects of cognition needed for effective social interaction,
hypothesising that language and executive functioning are important for maintaining on-going social
interactions in ageing populations.

Socio-economic status (SES) can also be highly influential on both preservation of cognitive skills
and social participation in later life, as such mapping the interactions between on three factors is key
in understanding the underlying interactions. Research has found links between lower educational
attainment and cognitive outcomes, particularly highlighting the variability of cognitive performance
dependent on life stage and cognitive domain (Zahodne et al., 2015). Furthermore, educational
attainment has been found to have mediating effects of social isolation on cognitive ageing (Ardila et
al., 2000). Greater feelings of social connectivity have also been associated with preservation of
cognitive functions in later life (Ybarra et al., 2008). The three-way relationship has been evidenced
further in previous research has demonstrated discrete, age-related difference in the associations
between SES, language, memory (related to executive function through working memory), general
cognitive ability, and social engagement, where older participants showed greater number and
complexity of mediating socio-cognitive relationships than younger adults (Kearney et al., submitted).

There is an increasing literature on the interwoven networks of SES, cognition, and social interaction,
but due to the lack of cognitive specificity discussed above more in-depth investigation is needed. The
current study extends the extant research by using Confirmatory Factor Analysis (CFA) and Structural
Equation Modelling (SEM) on data collected as part of the Cambridge Centre of Ageing and
Neuroscience (Cam-CAN) cohort, drawing from the second stage of data (N = 700; (Shafto, Tyler,
Dixon, Taylor, Rowe, et al., 2014)). Cam-CAN is a large, cross-sectional dataset that includes distinct
measures of executive function and language processes, as well as measures of SEs and social
engagement.

Use of tasks that provide greater specificity of cognitive skill offer the opportunity to further explore
the link between specific aspects of cognition and social participation. To investigate the distinct facets
of executive function, we included the Hotel task, drawing on one’s task-switching, action planning,
and self-monitoring (Shallice & Burgess, 1991) ;the Cattell task which draws from fluid intelligence,
and a proverb comprehension task, which requires abstraction skills (Shafto, Tyler, Dixon, Taylor,
Matthews, et al., 2014). Language production was tested using a picture priming task which assesses
phonological and semantic access and retrieval. Language comprehension was measured using a
sentence acceptability judgement task, whereby participants indicated whether a sentence made
grammatical sense either in syntactic or semantic conditions (Rodd et al., 2010). The use of more
specific tests as part of the second stage of the Cam-CAN study enabled further investigation of
whether it is the shared or different aspects of language and executive function that are related to
social participation. It is most likely that social participation relies on a combination of both domains,
but with greater specificity those relationships can be more clearly understood. Thus, the current
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study fills an important gap in our current understanding about the relationship between cognition
and social participation across adulthood by exploring multiple specific measures of language (both
production and comprehension) and executive functions. This will allow a greater degree of separation
between language and executive functions, which in turn will better define the associations between
these cognitive domains and measures of both SES and social engagement.

The key hypothesis of the current study is that there will be relationships between cognition and social
engagement that mirror those found by Kearney et al (submitted), and that those associations will be
greater in number and mediating role in the older population. Further, we anticipated that the greater
specificity of cognitive performance will provide a more detailed relationship between language,
executive function, and social engagement, as influenced by socioeconomic background.

Methods

Participants

Participants were sampled from the second stage of the Cambridge Centre for Ageing and
Neuroscience (Cam-CAN) study (for recruitment protocol details see the Cam-CAN protocol, Shafto et
al., 2014). The participants included in the second stage of data collection were a subset (N = 700,
91.3% British native) from the first stage of data collection (N= 3000) and were included based on
MMSE scores (over 24 required) and have no contraindications for MRl or MEG
(magnetoencephalography). Participants that had a history of neurological pathologies were excluded
from analysis. For this analysis participants (N = 509, female = 264) were included based on completion
of all language and executive function-based behavioural tasks (see table 1 for task details), then
divided into two age-based sub-groups; Under 50 years old n = 228 (female = 121), Over 50 n = 283
(female = 144). Ethical approval for the original Cam-Can study was obtained from the Cambridgeshire
2 (now East of England - Cambridge Central) Research Ethics Committee. Participants gave written
informed consent.

Cognitive Behavioural Measures

In this analysis, a number of behavioural measures of cognitive ability were derived. These tasks
probed specific elements of language and executive functions individually, see Table 1 for brief
overview.
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Cognitive Variable Name | Task Description
in SEM model

Executive Function Deviation from optimum time (2 minutes) to complete each of
the 5 tasks in the Hotel Task in seconds. Negatively coded to
reflect that a greater amount of time spent on a task indicated
poorer performance. normalised using percentage of maximum.

Fluid Intelligence Cattell’s Culture Fair Score (maximum score of 46). Positively
coded, higher score reflects better performance. Normalised
using percentage of maximum.

Abstraction Proverb Comprehension score (maximum score of 6), higher
score reflects better performance normalised using percentage of
maximum.

Sentence Comprehension | Proportion of correct “unacceptable” responses, higher score
reflects better performance. Normalised using percentage of
maximum.

Speech Production Number of correct naming responses, higher score reflects better
performance normalised using percentage of maximum.

Table 1: Cognitive Variables included in SEM model, including the Cam-CAN cognitive behavioural measures
they were derived from and how they were derived.

Language Measures?
This study analysed the following measures of speech production and language comprehension.

Picture Naming Task. This task tapped into language production by presenting participants with 200
images of common items whose names were either one or two syllables long, in a pseudorandom
order. A fixation point was presented for 500 milliseconds, followed by an object for 750 milliseconds
which the participants named aloud, followed by a blank screen for 1000 milliseconds. The
participants were instructed to name the items as quickly and accurately as possible and were scored
for accuracy. Number of correct responses was calculated, normalised using the percentage of the
maximum possible score of 400 correct responses.

Sentence Comprehension Task. This task required the participant to make a judgement of acceptability
of spoken phrases some of which were semantically or syntactically ambiguous, probing the
participant’s language comprehension. The participants heard 224 phrases in pseudo-random order
presented across two blocks; 126 grammatically correct sentences, 42 of which are unambiguous e.g.,
“painful knees heal” or “glittering jewels were”, 42 contain syntactically ambiguous phrases e.g.,
“cutting boards is” and 42 contain semantically ambiguous phrases e.g., “private coaches transport”.
The participants heard 98 grammatically incorrect sentences e.g., “clinging children are”, to prevent
all choices from being grammatically correct. Participants heard the sentences read in a female voice
up to the point of ambiguity ( e.g., “private coaches...”), followed by a male voice 200ms later, that
would disambiguate the phrase (e.g., “transport”). Ambiguous phrases all had at least two possible
structures or meanings, half of which were dominant interpretations and half were subordinate
interpretations. For this analysis the proportion of correct “Acceptable” responses (60% of trials) was
calculated for each participant, which was then translated to a deviation from the correct number of

2 Tip-of-the-Tongue (ToT): This task was also considered for analysis in this research however, it was found in
both the Under 50 and Over 50 groups there was not sufficient variance in ToT score to include the measure in
this study.
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“Acceptable” responses (proportion of unacceptable responses/0.6), this score was then used in
analysis.

Executive Function Measures

The executive function measures were also collected as part of the second stage of the Cam-CAN data
collection. The following tasks were included in this analysis as they probed a range of executive
processes reflecting fluid intelligence, abstraction, task-switching and mental control.

Cattell's Culture Fair Task. This task probed Fluid Intelligence, believed to support mental control and
complex goal-oriented behaviour, using a battery of non-verbal puzzles. These puzzles required the
participant to complete a series of drawings, classify images based on a given rule, complete a
sequence of matrices and identify a pattern that fulfilled a given condition. The participant did this
using pen-and-paper and multiple choice responses, the test was then scored by the experimenter for
a maximum score of 46, a normalised score was then computed using percentage of the maximum
possible score of 46 correct responses.

Proverb Comprehension Task. This task examines a particular aspect of executive functions,
Abstraction,  which allows for the derivation of meaning from abstract concepts, such as proverbs
e.g., “Still waters run deep”. The participants were shown three consecutive proverbs on a screen,
then asked to explain the meaning of each one. The verbal responses were recorded and scored out
of two; 0 for incorrect answers, 1 for concrete meanings and 2 for abstract meanings, the maximum
score being 6. A normalised score was then computed using percentage of the maximum possible
score.

The Hotel Task. This task was used to explore complex planning and self-management during
multitasking, a distinct factor of Executive Function. The participants were given five physical, fictional
tasks from the Hotel Task; writing out bills, sorting money, proofreading, sorting mixed playing cards
and alphabetizing labels (Manly et al., 2002). The tasks were described to the participants, who were
then instructed to attempt all five of the tasks, spending as much time as possible on each one, over
the course of ten minutes. Importantly, the whole task cannot be completed within the allotted time;
each of the individual tasks would require more than ten minutes to complete. The aim of the task is
that the participant effectively manages their time by allocating 2 minutes to each task. A clock, facing
away from the participant, was available for them to look at whenever they wished. The experimenter
recorded the time taken on each task and the participant was given a prompt after five minutes if they
had only attempted one task. The analysis in this study used the participant’s time deviation, which is
time beyond from the ideal time spent on each task in seconds, normalised to the percentage of the
maximum possible time deviation that was available to the participants (920 seconds).

Socioeconomic Measures

Socioeconomic measures were collected in the initial data collection of Cam-CAN (Stage 1), for this
analysis Educational attainment and Average Household Income were used, other measures were
considered for analysis but due to missing and homogenous data patterns were deemed inappropriate
in this instance. Participants’ Educational Attainment was derived using a culmination score of
qualifications achieved based on the Life Experience Questionnaire score (Valenzuela & Sachdev,
2007), see supplementary material for full details). Average Household Income was scored 1-5 based
on total household income before tax (see Cam-CAN protocol: Shafto et al., 2014).

Social participation Measures
Social Participation measures were constructed using socialisation questionnaire data from the first
wave of Cam-CAN data collection (see table 2). This analysis used confirmatory factor analysis (CFA)
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factors outlined in Kearney et al., (submitted), this present study replicated the factor structure found
to be appropriate in the previous research. The Under 50 sample had 3 social participation factors:
Social participation, Contact with Family and Contact with Friends (Figure 1). The Over 50 sample also
replicated the original study with 3 social participation factors: Social Participation, Synchronous
communication and Asynchronous communication (Figure 2). The factors from this analysis were used
as the social engagement variables in the present study.
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CFA Variable Name Variable Name

S1* Total Number of Social Activities

S2* Total Time Spent at Social Activities

S37 How often see relatives to speak to?

s47 How often speak to relatives over phone?
S57 How often text/email relatives?

Se6* How often to friends/family visit you?
S77 How often speak to friends over phone?
S8* How often text/email friends?

Table 2. Questionnaire measures used in confirmatory factor analysis for both Under and Over 50 groups. * S1
and S2 are both derived from a single item in the Cam-CAN dataset “Attend any meetings/groups/classes? How
Often?” " Participants chose from the following responses: 1. Never 2. Daily 3. 2-3 times a week 4. At least
weekly 5. At least monthly 6. Less often 7. Don’t know 8. No answer 9. Not asked

S3 s4 S5

S1 S2 S7 S8

.654 514 478
1.391 .392 1.052 347

Social

Communication

Participation with Friends

Communication
with Relatives

Figure 1: CFA factor loading of Social Engagement items for the Under 50 sub-group

S4 S6 S7

S5 58 s1 $2

451 581 660

514

.587 770 893 823

Asynchronous

Synchronous Communication

Communication

Social
Participation

Figure 2: CFA factor loading of Social Engagement items for the Over 50 sub-group.
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Statistical Analysis

Structural Equation Modelling (SEM) was used to examine the interactions between SES, language,
and executive function measures, and social engagement in Under and Over 50 years old sub-groups.
The models were tested using Mplus version 8.4 (Muthen and Muthen, 2019), using maximum
likelihood estimation with robust standard error (Hu & Bentler, 2009). Absolute model fit was
evaluated using comparative fit index (CFl), Tucker-Lewis Index (TLI), and root mean square error of
approximation (RMSEA), with CFl and TLI greater than 0.95 and RMSEA less than 0.05 are considered
to be a good indication of model fit (Schreiber et al., 2006).

Results

Under 50 Model

The Under 50 model was found to be a good fit for the data, x2 (44) = 68.315, p <.01; RMSEA = 0.050,
90% CI [0.025, 0.073], p <.5; CFI =0.921, TLI = 0.839.

Educational Attainment and Average Household Income were correlated (r=0.149, p= <0.05).
Abstraction was correlated with Fluid Intelligence (r =0.138, p= <0.05), Speech Production (r= 0.164,
p=<0.05), and Executive Function (r= 0.137, p= <0.05).

All cognitive measures were found to have significant associations with one or more of the SES
measures (Figure 3): Sentence Comprehension, Speech Production, Fluid Intelligence and Abstraction
were found to interact with Educational Attainment. Executive Function and Abstraction were
associated with Average Household Income. One measure of cognition, Abstraction, was found to
have a direct association with Communication with Relatives (Table 3)

Sentence
/ H
171 Comprehension socil
Participation
Educational
Attainment 348 —{ Fluid Intelligence .\
.220 .138
177
.149 \ Speech
262 Production \ Communication
with Relatives
.164
Average Abstraction

Household =52
Income
137

.180
| Executive /

Function

Communication
with Friends

Figure 3: Full SEM model of Under 50 sub-group
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Direct Paths Coefficients 95% Cl

Beta S.E Lower Upper
Sentence Comprehension Educational 0.171 0.066 0.001 0.342
(SynSem task) Attainment
Speech Production Educational 0.177 0.067 0.005 0.348
(Picture Naming) Attainment
Fluid Intelligence - MentalEducational 0.348 0.061 0.192 0.504
Control (Cattell Task) Attainment
Communication with Educational 0.220 0.092 -0.018 0.457
Relatives Attainment
Fluid Intelligence — Educational 0.262 0.063 0.100 0.424
Abstraction (Proverb Attainment
Comprehension)
Average Household 0.152 0.066 -0.019 0.322
Income
Communication 0.236 0.091 0.003 0.469
with Relatives
Executive Function (Hotel Average Household 0.180 0.068 0.006 0.354

Task) Income

Table 3. Significant direct pathways in Under 50 SEM

One social engagement measure was found to have an association with a SES measure:
Communication with Relatives showed a direct relationship with Educational Attainment. This same
social measure was associated with the cognitive measure of Abstraction, and further mediation
modelling also showed that Abstraction score mediated the relationship between Educational
Attainment and Communication with Relatives (see Table 4).
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Indirect Paths Coefficients 95% Cl

SES Measure (A) Mediating Social Factor (C) Beta SE Lower |Upper
Cognitive Limit Limit
Measure (B)

Educational Abstraction = Communication with | 0.062 0.028 -0.010 0.134
Attainment Relatives

Table 4. Significant indirect pathways in Under 50 model

Social Participation and Communication with Friends were found to be independent of SES and
cognitive measures for the Under 50 sub-group.

Over 50 Model
The model fit for Over 50 data was found to be good; x2 (61) = 109.406, p <.0001; RMSEA = 0.053,
90% Cl [0.037, 0.069], p <.5; CFI =0.908, TLI = 0.842.

In this model Educational Attainment and Average Household Income were correlated (r = 0.284, p =
<.001). Speech Production and Fluid Intelligence were correlated (r=0.382, p=<0.001). Social
Participation was correlated with Synchronous Communication (r=0.442, p=<0.001) and negatively
correlated with Asynchronous Communication(r=-0.170, p=<0.05).

Several cognitive measures had relationships with both SES measures in this model (Figure 4). Both
Speech Production and Fluid Intelligence were associated with Educational Attainment and Household
Income. Additionally, Sentence Comprehension was related to Educational Attainment, Abstraction
was related to Average Household Income. Executive Function had no significant interaction with
either SES measure. Two social engagement measures were directly associated with SES measures:
Asynchronous communication with Educational Attainment and Social Participation negatively with
Average Household Income (Table 5).

Both of these SES-Social associations were additionally mediated by cognitive factors: Abstraction was
found to mediate the relationship between Social Participation and Average Household Income, and
Fluid Intelligence mediated the connection between Asynchronous Communication and Educational
Attainment (Table 6.). Synchronous Communication was also found to have no direct or mediated
associations with any SES and cognitive measures in this model.
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Sentence

Abstraction

Executive
Function

_— Comprehension
191
Educational Asynchronous
Attainment . 190 Communication
274
Fluid
Intelligence -170
284 382
Speech
Production
Average |
Socia
Household -.153 Participation
Income
.181 .170

442

Synchronous
Communication

Figure 4: Full SEM model of Over 50 sub-group
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Direct Paths

Sentence Educational
Comprehension Attainment
(SynSem task)

Asynchronous Educational
Communication Attainment
Speech ProductionEducational
(Picture Naming) Attainment

Average

Household Income
Fluid Intelligence -Educational
Mental Control (CattellAttainment

Task)
Average

Household Income

Asynchronous
Communication

Fluid Intelligence -Average
Abstraction (ProverbHousehold Income

Comprehension)
Social

Participation

Social Participation  |Average
Household Income

Coefficients

Beta
0.191

0.190

0.219

0.156

0.232

0.149

0.274

0.182

0.170

-0.153

S.E

0.057

0.081

0.050

0.055

0.055

0.057

0.78

0.053

0.65

0.067

95% CI

Lower
0.046

-0.019

0.090

0.015

0.089

0.037

0.073

0.044

0.003

-0.326

Table 5. Significant Direct Pathways of Over 50 SEM

Indirect Paths Coefficients 95% ClI

SES Measure Mediating Social Factor (C) Beta Lower

(A) Cognitive Limit

Measure (B)

Educational Fluid Asynchronous 0.064 0.023 0.005

Attainment Intelligence Communication

Average Abstraction Social Participation 0.031 0.014 -0.005

Household

Income

Table 6. Significant Indirect Pathways in Over 50 SEM

Discussion

Upper
0.337

0.399

0.347

0.297

0.374

0.296

0.475

0.319

0.337

0.021

Upper
Limit

0.122

0.67

This study investigated the connections between cognitive domains and social engagement, and how
these associations are influenced by socioeconomic background, in two age groups (younger and older
adults). This study used targeted measures of language production, comprehension, and executive
function to investigate whether these domains demonstrate different patterns of decline as part of



the ageing process, and if the cognitive domains tapped by these tasks mediate the relationships
between SES and social engagement differently. Using confirmatory factor analysis (CFA) and
structural equation modelling (SEM), we demonstrated clear differences between the two age groups
in (1) the structure of social engagement, and (2) the relationships between social and cognitive
variables. Specifically, among younger participants, measures of cognition had more direct
relationships with Educational Attainment than with Average Household Income. Additionally, only
one social engagement factor was associated with a measure of SES (Communication with Relatives
and Educational Attainment), a relationship that was mediated by Abstraction. In contrast, among the
older participants, the direct connections between measures of cognition and SES measures were
distributed more evenly, as were direct and indirect social engagement and SES connections. The
complex interactions observed in the Over 50 group suggests that cognition is more generally
supported by SES, and that cognitive mediation domains can underpin some social engagement in
older people.

We found a difference in how social interaction is represented in the age groups. The factor structure
in the CFA of the Under 50 group was characterised by the people to be communicated with, either
Family (indicated by questions such as “How often do you see your family to speak too?” loading on
to this factor or Friends (indicated by questions such as “How often text/email friends?”. The factor
structure in the Over 50 group was different, being characterised by how the communication
occurred, either Asynchronously where questions regarding email or text loaded together regardless
of social bond or Synchronously where questions regarding seeing someone in person or talking on
the phone loaded onto the factor together, a finding that is supported by previous research (Kearney
et al., submitted).

We also found that among the younger adults, cognitive measures had four direct connections with
Educational Attainment, whereas Average Household Income had only two. The cognitive measures
associated with Educational Attainment were across several measures, suggesting education
influences multiple cognitive domains in this age group. Furthermore, the social engagement factor
Communication with Relatives was also directly associated with Educational Attainment, a
relationship that was mediated by the cognitive measure of Abstraction, suggesting that this facet of
social engagement is influenced by Educational Attainment, and that Abstraction can facilitate this
relationship. For older adults, there was a uniform pattern of direct associations between measures
of cognition and SES: Sentence Comprehension, Fluid Intelligence and Speech Production were found
to be directly associated with Educational Attainment; Fluid Intelligence, Speech Production and
Abstraction were associated with Average Household Income. This suggests that, for older adults, all
of the cognitive domains examined in this study are influenced more evenly by life factors. Among the
older group, there was also an evenly distributed direct and indirect relationships between social
engagement and SES; Asynchronous Communication with Educational Attainment and Social
Participation with Average Household Income. Additionally, these interactions were mediated by Fluid
Intelligence and Abstraction, respectively. The complexity of the interactions in the model of the Over
50 group indicates that cognitive domains are supported by broader SES factors, and the cognitive
processes can further reinforce the relationships between social engagement and SES.

Educational Attainment and Sentence Comprehension were associated in both the Under 50 and Over
50 group. In both populations this could reflect the relationship between reading comprehension and
school performance as those with lower reading comprehension at age 11 years have been found to
perform significantly lower on educational tests than peers with good reading comprehension
(Ricketts et al., 2014). However, in the older cohort this may also reflect an influence of working
memory, as research suggests that language processing is supported by working memory, particularly
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if the sentence is syntactically complex or semantically implausible (Yoon et al., 2015). Previous
research has also found that language and working memory group together in factor analyses in older
participants, and that joint language and working memory factor is also associated with education
(Kearney et al., submitted). There is also evidence that one’s ability to mentally switch from one thing
to another also predicts one’s sentence comprehension scores (Goral et al., 2011). Both working
memory and task switching domains are found to decline with age (De Beni & Palladino, 2010) which
may contribute to declining language processing ability. Educational attainment may therefore
increase the longevity of these abilities and support them into older age.

We also found direct relationships between Educational Attainment and Speech Production in both
the younger and old age groups. This element of cognition was measured using a picture naming task,
and similarly to sentence comprehension, relies on memory for the retrieval of appropriate words
(Baddeley, 2003), and in later life is often subject to decline (Tsang & Lee, 2003). However, one’s level
of education is highly associated with vocabulary, which typically builds into mid-life and is usually
relatively untouched by ageing related declines, especially if vocabulary task itself is formatted to
avoid memory confounds (such as multiple choice answers) (Verhaeghen, 2003), which may be why
the relationship between Educational Attainment and Speech production is observed in both groups.

Additionally, both age groups had direct relationships between Educational Attainment and Fluid
Intelligence. This finding supports evidence that Fluid Intelligence is strongly related to reading and
mathematics ability, an association that increases with task complexity and age (Peng et al., 2019).
We did not find this connection in the younger cohort; however, this relationship was observed in the
older cohort. This association may reflect that higher income jobs require flexibility in thinking as the
individual tasks in this measure require some level of mental shifting and control that could be
associated with high-income careers and lifestyles. Average Household Income was also found the be
associated with Abstraction, or the ability to think in a conceptual manner, beyond literal meaning.
Both of these associations are likely due to how, in this age group, higher income is associated with
more managerial positions that would require a person to shift between task-oriented work and
people-oriented problem solving that requires a significant flexibility in thinking to be successful. This
association between Average Household Income and Abstraction was also observed in the Under 50
group, may reflect similar mechanisms to the ones proposed in the Over 5 group, that; higher paid
jobs may covertly select for abstraction skills. A similar relationship was found between Educational
Attainment and Abstraction,  which was not observed in the older group, this may be because high
paid professions require further education when they did not in the past. It might also be because the
older population are more familiar with the proverbs used in this task than younger participants, an
occurrence that has been demonstrated to a greater extent in school children (Nippold et al., 2001,
Resnick, 1982).

The Over 50 age group also showed associations between Average Household Income and Speech
Production, which was not observed in the Under 50 group. While Speech Production can be affected
by memory deficits, previous research has found an association between income and greater
vocabulary in older adults, especially those that were able to pursue higher education (Educational
Attainment was found to be highly correlated with Average Household Income in this group) (Zahodne
et al., 2015) this suggests an interaction between resource availability and cognition that becomes
increasingly influential in later life. This resource-cognition interaction can also be seen in the
association between Average Household Income and Fluid Intelligence in this group, as discussed
above, though it is not necessarily clear from this research whether high fluid intelligence and
abstraction ability drives the pursuit of high income jobs, or if these factors are bolstered by such
professions.
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The Over 50 group did not show any associations with Executive Functions, unlike the Under 50 group,
perhaps due to the neurological ageing driving increased variability in this domain. Executive functions
in this study are underpinned by attentional-shifting and working memory, cognitive skills that are
often subject to age-related deterioration (Clarys et al., 2009; Wascher et al., 2012), due to changes
in frontal brain structures cause being ageing (Wingfield & Grossman, 2006). The analysis of the
younger group, however, did find a connection between Average Household Income and Executive
Functions. This relationship might underscore the importance of resources in support cognition, as
there is evidence to show that childhood family income is associated with executive function (Deer et
al., 2020) a relationship that could still be influential as individuals in the Under 50 population enter
the workforce.

Perhaps surprising is that neither Under 50 or Over 50 group showed relationships between language
measures and social engagement factors, or the more targeted measure of Executive Function (the
Hotel task) and social engagement factors, initially hypothesised in this research to support social
ability. Instead, in both groups, Abstraction had a direct and mediating relationship with a social
engagement factor, Educational Attainment to Communication with Relatives in the Under 50 groups
and Average Household Income to Social Participation in the Over 50 group. While the relationships
in the two groups are mediating different SES-to-social engagement relationships, the direct and
indirect paths observed in these models may be indicative of high-order cognitive function supporting
ongoing social skills. That is, language processing in itself is not necessarily needed to support social
connection, but the ability to reason in less concrete, more creative ways is. Indeed, research has
found that higher levels of abstract thought is associated with reduction in prejudicial thinking in
politically conservative individuals (Luguri et al., 2012). In the Over 50 group, Fluid Intelligence was
also found to be a mediating factor between Educational Attainment and Asynchronous
Communication (no direct relationship was observed between Fluid Intelligence and Asynchronous
Communication), which may reflect a similar relationship between high-order cognition and social
connection. Again, basic language production is not necessarily needed for on-going asynchronous
conversation, instead it is the ability to task-switch and improved cognitive control that supports this.
Previous research has also indicated mediating relationships between similar elements of cognition,
Educational Attainment, and Asynchronous Communication that may also indicate that this
communication method is more effortful as age increases (Kearney et al., submitted).

Educational Attainment was directly associated with Asynchronous Communication, an association
supported by previous research (Kearney et al., submitted). This relationship may occur as those that
pursue higher education are more likely to move away from their place of birth, increasing the
geographical range of family and friends (Leopold et al., 2012), and in turn, increasing the reliance on
texting or emailing to stay in touch. Additionally, asynchronous communication is commonplace in
professions associated with higher levels of education, which could support adopting the use of email
in a more social setting for an older population.

Average Household Income was negatively associated with Social Participation in the Over 50 group,
however, when this relationship is mediated by Abstraction the relationship is positive. This could be
due to high-income positions increasing social isolation due to high demands on time and energy, and
Abstraction ability can mediate this effect, perhaps due the reasons discussed above, whereby higher
levels of abstract thinking facilitates social connection beyond potential social barriers (Luguri et al.,
2012).
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There are limitations to this study, firstly the data presented here is cross-sectional in nature, which
constrains any conclusions about the casual nature of the relationships we found in this study. While
we can assert that we were able to find differences in the relationships observed in this cohort of
participants based on their ages, we cannot be certain that the associations we found were due to the
ageing process. This issue highlights a need for longitudinal research into the associations
characterised here, so that the precise nature of the interactions between ageing, cognition and social
engagement can be established. Additionally, there are potentially unmeasured elements across the
factors used in this study that we have not been able to account for, such as proximity to familial
support, years lived in the UK or distinct memory measures.

Our initial prediction for this research was that we would find greater interaction between SES,
cognition, and social engagement in both models. The research presented here has found
relationships between SES and cognition, but the number of mediating relationships are smaller than
expected. This may be due to elements of cognition not included in this analysis, such as memory, or
perhaps because the Fluid Intelligence and Abstraction measures encompass deeper aspects of
cognition while the measures of language are more basic. To this end, future work should look to
break down the more complex facets of these functions or look to probe them more deeply with
neuroimaging measures to highlight the underlying neurological mechanisms.

Overall, we have demonstrated that the representation of social engagement at the factor level was
different for the younger adults (Under 50 years) compared to the older adults (Over 50 years) in this
study. Further, relationships between SES measures, cognition, and social factors differ in the younger
and older age groups. These findings highlight differences in socialisation priorities in the age groups
and suggest that SES and social connections draw from more cognitive support in later life. We have
shown that while language and executive functions have significant overlap as cognitive processes,
these cognitive domains show different patterns of association with SES measures and social
engagement factors in the younger and older samples of this study, suggesting that reliance on
language and executive functions is different in the two age groups. It is unlikely that these cognitive
domains can be fully untangled, but it is an important consideration in both language and executive
research that the measures accurately reflect the cognitive processes of interest and acknowledge the
limitations caused by linguistic-executive overlaps. The differences between groups in the
relationships between SES and cognition point to a shift in how cognition supports social engagement
in later life, suggesting that there is a greater reliance on income to support cognitive ability. This
finding highlights an area that could be of importance for intervention; financial support of people
with lower-SES throughout the life course may mitigate income-cognition disparities and help bolster
cognitive preservation in older age. Similarly, the increased number of cognitively mediated pathways
in the Over 50 group underscores the importance of maintaining cognitive ability into the later years,
to sustain fulfilling social engagement and reduce loneliness and social isolation (Rozanova et al.,
2012).

To conclude, we have evidenced meaningful differences in social interaction in younger and older
adult populations, demonstrating a modality versus interactive partner difference. This research also
found age-group differences in associations between measures of SES and cognition and social
engagement; Educational Attainment was found to be most influential in the Under 50 population,
whereas Educational Attainment and Average Household Income were equally influential on cognition
and social engagement in the Over 50 population.
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Abstract

Declines in cognition caused by ageing present considerable challenges that can affect one’s social bonds in
later life. In this study we explored the impact of ageing on the neurological features of language and executive
functions using electroencephalography (EEG), as well as probing feelings of social inclusion in young (20-40
years old) and older (60-80 years old) adults. Inhibitory control was measured using the Stop Signal task, in
which participants were required to inhibit a prepotent response if a stopping signal was presented shortly
after the stimulus. Set-shifting ability was measured using the Wisconsin Card Sorting Task (WCST), in which
participants had to select a card to match a set based on an unknown rule. Language production ability and
error monitoring were measured using the Spoonerism of Laboratory-Induced Predisposition (SLIP) task, in
which participants vocalised linguistically challenging word pairs. In the Stop Signal task, while performance
measures were similar across groups, older adults had a significantly reduced P300 amplitude compared to
the young group for inhibited responses and as well as a more global distribution in amplitude. Older adults
were found to have poorer performance inthe = WCST but showed little difference in mid-frontal theta (3-
7Hz) amplitude in correct or incorrect responses, whereas young adults showed an enhanced theta power for
incorrect responses in this task. In the SLIP task older participants showed a reduced left-frontal positivity in
correct verbal responses, with a similar pattern observed in young adults’ correct responses. This left-frontal
positivity was modulated by right-parietal negativity in young adults, a relationship not seen in the older
participants. No correlations were found between these EEG measures and social measures, though this may
be due to the small sample size used in this pilot study. These findings demonstrate age-related differences in
neurological measures across the three cognitive domains explored, suggesting that these cognitive processes
are more effortful and recruit more global neural resources in older adults.
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Introduction

The life-course is defined by constant changes: in early life we develop the cognitive and social skills needed
to learn and interact with the world; in adolescence and early adulthood these skills are refined, and more
complex skills are developed; and in mid-life these skills become crystalised and then in later-life some of these
skills begin to show decline (Zelazo et al., 2004). The loss of cognitive ability due to age can have serious
ramifications for other aspects of one’s life, with recent work (Kearney et al., submitted; Kearney et al., in
preparation) showing it impacts the development and maintenance of social relationships that help prevent
social isolation and loneliness in the later years of life. Social isolation and loneliness have been found to have
significant impact on health outcomes such as cardiovascular disease, stroke, sleep disturbances, anxiety, and
depression (Cacioppo & Cacioppo, 2014). Therefore, deepening our knowledge of the age-related changes in
cognitive mechanisms and their potential influence on social engagement is an important step in developing
approaches to lessen the societal impact of isolation and loneliness. The current research investigates the
relationship between feelings of social inclusion and neurophysiological measures of language and executive
functioning using electroencephalography (EEG) in two distinct age groups (20-40 years old and 60-80 years
old). The study explores the neurophysiological and behavioural differences between younger and older adults
across cognitive and social domains. In making a clear differentiation between language and executive
functions we are able to investigate the social effects of age-related cognitive decline in more precise detail.

Age-related decline can significantly affect executive functions, behaviourally and neurologically, because the
frontal and prefrontal cortices that these functions rely on are particularly sensitive to structural and
functional changes that occur with ageing (Tisserand & Jolles, 2003). The most apparent of these changes is
often a decline in working memory, necessary for executive functioning tasks that require high levels of
attention and control. Studies have demonstrated that older people have increased difficulty in attending to
relevant information when presented simultaneously with distracting but irrelevant information in memory
tasks (De Beni and Palladino, 2010). Other research has shown older participants that scored poorly on
measures of executive functioning (particularly mental updating that requires monitoring and manipulation
of information in one’s working memory) made fewer recognition responses and performed worse on memory
tasks (Clarys et al., 2009). Neuroimaging studies have shown differences in activation of the frontal regions in
older populations; in tasks  where, younger participants only show activation in the left hemisphere, older
participants have more global activation distribution (Reuter-Lorenz et al., 2000). This might suggest that as
some specialised brain areas decline, others are recruited to compensate for diminishing resources to
maintain performance (Kirova et al., 2015), but see alternative explanations (Cabeza, 2001), which we return
to in the Discussion.

Working memory is not the only facet of executive functioning affected by ageing. Older participants have
been found to have a reduced capacity for directing attention under increasing distraction loads, compared to
younger participants, suggesting that attentional allocation becomes less efficient with age (Wascher et al.,,
2012). Research using electroencephalography (EEG) has shown that in tasks that require continuous
information processing (regulative control) older participants had greater electrophysiological activity in
frontal channels compared to younger participants (West & Schwarb, 2006). This suggests that in ageing, as
the structure of the brain changes, particularly frontal regions employed in these processes, so do the
functional processes, perhaps to compensate for the structural shift in ageing.

Some research has found that older participants perform as well as their younger counterparts in tasks that
require reading comprehension and sentence processing ability (Burke & Yee, 1984; Laver & Burke, 1993),
suggesting that language comprehension does not deteriorate with age. However, when reading and listening
conditions become more taxing with the introduction of distractors, there is a marked decline in performance
in older participants (Gao et al., 2012; Peelle et al., 2010). This strongly suggests that the cognitive processing
of language becomes more challenging as we age. Age-related changes in language production are particularly
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apparent in word finding tasks, in which older adults often show increased rates of tip of the tongue (TOT)
word finding difficulties (Evrard, 2002; Juncos-Rabadan et al., 2010). This experience of TOT in older
populations is especially true when words are rare or less frequently used by the individual, and older adults
often make fewer attempts to produce “persistent alternates,” i.e., words that share some features with the
target but are not correct (Burke et al., 1991). Ageing is also associated with reduction in accuracy and
response time in naming tasks (Belke & Meyer, 2007; Tsang & Lee, 2003), and a disruption of speech fluency,
producing more filler words and taking significantly longer pauses throughout conversation (Horton, 2010).
Such difficulties in speech production are likely due to a reduced capacity to retrieve phonological information,
due to the connections between linguistic components being significantly weakened by age (Burke & Shafto,
2004).

As discussed above, executive functions and language draw on similar brain regions and cognitive
mechanisms. Indeed, both processes are often explored using the same tasks, such as categorical or semantic
fluency tasks, where the participant is asked to generate as many words as possible under time constraints,
either in a category (often animals) or starting with a certain letter, respectively. In these tasks linguistic ability
is needed to generate the words and executive ability is needed to facilitate recall, produce the response,
monitor past responses, and inhibit incorrect ones (Shao et al., 2014). However, conflating the two cognitive
processes in this way could be detrimental to our knowledge of the deterioration of these processes, as such
this research aims to use methodologies that allow for a clearer differentiation between the two cognitive
domains. Studies investigating neural components of executive functions show considerable overlap with
regions also involved in language process, in particular the anterior cingulate cortex (ACC) and prefrontal
cortex (Kikyo et al., 2002; Maril et al., 2001) and further research found that age-related structural decline in
those regions also lead to language, especially word finding, difficulties (Shafto et al., 2007). Indeed, working
memory is an important component of language in both production and comprehension; it is needed for word
selection and processing of incoming information (Baddeley, 2003; Baddeley & Hitch, 1974). This can be seen
in reduced word production response times in naming tasks with older participants (Piai & Roelofs, 2013).

One such shared neurological characteristic is a regulatory feature in self-monitoring for potential errors
(Botvinick et al., 2001; Masaki et al., 2001). Errors are an expected caveat of language and behaviour, provided
that those errors are infrequent, and one is aware of making them. Awareness of errors is key to being able
to appropriately adjust and allow correct speech or behaviour so that one may be understood. However, with
the decline in language and executive domains in ageing the effort required for effective ‘error-monitoring’
increases (West & Schwarb, 2006) and the instances of errors increases with ageing (Belke & Meyer, 2007;
Birdi et al.,, 1997). Such errors and how we process them can be explored using electrophysiological
techniques, as the initial temporal processing of errors in the brain is rapid (O’Connell et al., 2007). An event
related potential (ERP) known as error-related negativity (ERN) has been detected in the brain in both
language tasks and non-verbal tests of executive function (Ganushchak & Schiller, 2008; Masaki et al., 2001;
Pailing & Segalowitz, 2004), that require overt responses, typically peaking at around 100ms post-error. This
is mirrored somewhat by Correct Response Negativity (CRN), which follows a similar time course subsequent
to a correct response (Vidal et al., 2000), the amplitude of which can be modified by confidence (Miltner et
al., 1997) and attention allocation (Matsuhashi et al., 2021). Though currently it is not clear if the ERN or CRN
are affected by age-related changes, however, if ageing is accompanied by increased errors, one might predict
a change in this neurological feature.

Executive function processing tasks that require the inhibition of a response (usually a motor response such
as a key press), such as the Stop-Signal task, evoke a negative deflection in EEG signal at approximately 200ms
post-stimulus onset (Huster et al., 2020). This is believed to reflect a number of executive function elements,
depending on component topography; more posterior N200 reflects attentional control (Folstein & Van
Petten, 2007) and tasks that made greater demands on cognitive control elicited a more anterior N200
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(Folstein & Van Petten, 2007)Additionally, Increased response pressure has shown increased(Band et al.,
2003), participants with high N200 amplitudes made fewer errors (Schmajuk et al., 2006). There is also some
evidence to suggest that the N200 observed in language processing in association with lexical selection and
inhibition of response in bilingual participants (Martin et al., 2010). Similarly, to the N200, the P300 is
associated with response inhibition in the stop-signal, or go-nogo tasks (Huster et al., 2013), research suggests
that successful inhibition of a response is characterised by an early peak in the P300 component (Ramautar et
al., 2004).

The decline in executive functioning and language processing likely contributes to changes in a person’s
performance in both language and executive function abilities, and corresponding changes in neurological
behaviours are to be expected. Research has shown that older participants demonstrate a reduction in
posterior P300 amplitudes and increased latency in auditory and visual odd-ball tasks (Fjell & Walhovd, 2001;
O’Connell et al., 2012). Additionally, The N200 has shown similar effects of ageing, the amplitude decreasing
in older adults (Enoki et al., 1993). These findings suggest that ageing is associated with a slowing of executive
processes across multiple task modalities.

Such changes in cognitive ability with age can have far reaching repercussions for those that experience them.
A perceived inability to effectively communicate can often leave older people with increasing feelings of social
isolation and loneliness (Burke & Shafto, 2004). Reducing feelings and perceptions of isolation in older adults
is important as such feelings have been shown to be detrimental to people’s physical health (Cornwell & Waite,
2009). Previous research has shown that isolation contributes to higher mortality rates, increased risk of
infection, depression, and general cognitive decline (Brummett et al., 2001; Cohen et al., 1997; Heikkinen &
Kauppinen, 2004). This suggests that being able to maintain social interaction, and so reduce isolation, in later
years is important for increased feelings of wellbeing in later life. Evidence suggests that higher levels of social
participation, engagement in leisure activities, diversity of social contacts and greater frequency of contact
with friends and family are all associated with a lower risk of cognitive decline (Bassuk et al., 1999; Fabrigoule
et al., 1995; Zunzunegui et al., 2003). Additionally, research has shown that there are impacts on cognition
based on quality of social interaction; living alone and having no contacts increased risk of dementia, but there
was no increased risk related to infrequent but fulfilling social contact (Fratiglioni et al., 2000). Such findings
suggest that, while social interaction is vital for maintaining cognitive health, the quality of social interactions
should not be overlooked.

There is also evidence to support the theory that social interactions have a direct consequence for cognitive
domains in older populations. Cognition is often considered in terms of “use it or lose it,” meaning that without
the regular social interaction and the cognitive demands of using language or executive functions the domains
can decline (Ryan, 1995). Indeed, research with participants over 85 years old showed that those with greater
diversity in their social interactions and who took part in a greater number of social activities had better
language skills than those with less diversity (Keller-Cohen et al., 2006). Research has also found that cognition
is important to support on-going communication with friends and family in older people, particularly when
that communication may be more cognitively effortful (Kearney et al., submitted). Further research has found
that effortful social communication is underpinned by high-order cognitive functions such as abstract thinking
and mental-control (Kearney et al., in preparation). This suggests a bidirectional relationship between social
interaction and cognition, as not only does maintaining social participation help to maintain cognitive ability
in later life, but cognition supports on continuing social engagement.

Recent research has found that preservation of cognitive skills into later life predicts lower reports of perceived
loneliness in older people (Sin et al., 2020), suggesting that greater preservation of cognitive skills affects how
connected older people feel to others. The increasing social isolation and loneliness can have serious effects
on mental and physical health problems during old age, including increasing the risk of depression, sleep
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disturbances, cardio-vascular disease, diabetes, and stroke (Cacioppo & Cacioppo, 2014; Cacioppo & Hawkley,
2003; Christiansen et al., 2021; Hawton et al., 2011)

Existing research has demonstrated that ageing is dominated by changes in cognitive domains and
neurological processes that can have serious repercussions for one’s ability to maintain meaningful social
engagement, which has potential impacts for one’s mental and physical health. The current study aims to
characterise cognitive change using EEG measures in language and executive functioning domains and the
relationship between these domains and social inclusion. This research will employ the Wisconsin Card Sorting
Task (WCST) to examine updating and regulative control (Berg, 1948), Stop Signal to examine response
inhibition (Eagle et al., 2008) and the Spoonerisms of Laboratory Induced Predisposition (SLIP) task to examine
speech errors (Motley & Baars, 1976). We will explore their shared neurological characteristics while reducing
shared task demands, with the aim of determining if the shared characteristics are differentially affected by
the ageing process. .The key hypotheses of this study are that brain activity related to language and executive
function processing will be different in younger and older populations and that the brain differences seen in
older adults will be related to perception of loneliness or social inclusion.

Methods

Participants

33 right handed participants (26 female) with no history of neurological disorders and with normal or
corrected to normal vision were recruited to take part in this study. The participants were recruited from two
age groups, younger adults (20-40 years old) and older adults (60-80 years old). Younger participants were
recruited using University of Manchester’s SONA participant recruitment system (an online platform to recruit
undergraduate psychology students who are compensated with course credit) and social media advertising,
participants not recruited using SONA received £20 for taking part. Older participants were recruited using
adverts in local University of the Third Age newsletters and social media, participants received £20 for taking
part. Participants were excluded for incomplete or invariant data; seven participants’ data showed no variance
in task response (same key pressed in all trials) and five participants had missing data in either social inclusion
measures or EEG data (N=12). Younger adults retained in the analysis (N = 10) were aged between 20-40 years
(mean = 21.4 years, SD = 2.1 years). Older adults retained in the analysis (N = 11) were aged between 60- 80
years (mean = 69.8 years, SD = 5.3 years)

The study was conducted according to the declaration of Helsinki, with ethical approval from the University of
Manchester Research Ethics Committee (2021-12350-20455), all participants provided informed consent.

Task and Procedure
The participants completed three questionnaires investigating various elements of social engagement and
inclusion.

Lubben Social Network Scale 18 (LNLS-18); 18 items, a self-reported measure of social engagement that probes
participants' levels of perceived social support from friends, family, and more distant social interactions
(neighbours) (Lubben et al., 2006; Lubben, 1988).

UCLA Loneliness Scale,(Russell, 1996); 20-item scale that measures participant’s self-reported feelings of social
isolation. Participants rate statements of social experiences 1 (Never) — 4 (Often).

Multidimensional Scale of Perceived Social Support (MSPSS) (Zimet et al., 1988); 12-item self-report scale of
perceived quality of social support from friends and family. Items are rated on a 5-point Likert scale from 1
(Very Strongly disagree) to 7 (Very Strongly Agree).
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Participants also completed the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005) to establish
that the participants were not cognitively impaired. . The MoCA allows for a brief assessment of memory,
visuospatial skill, attention, language, abstract thinking, and orientation.

Participants completed four experimental tasks designed to probe language production, comprehension, set-
switching and inhibitory control. EEG was recorded throughout all tasks, which were administered via PC with
participants sat approximately 1 metre away. For all tasks participants were instructed to respond as quickly
and accurately as possible.

Response inhibition was investigated using the Stop-Signal task; Participants were instructed to press the left
arrow key on a keyboard when a left-pointing arrow was presented on a computer screen, to press the right
arrow key when a right-pointing arrow was presented, and to not respond when a red square was presented
after a brief (50ms) display of one of the
directional response arrows (IMAGE). The
stimulus was presented for 500ms or until MAD CHUM
the participant responded (if a response was
required), if an incorrect response was given
“MISTAKE” as error feedback appeared on
the screen for 1000ms.

BASHED THUMB

BARE SON

Language production was investigated using

the Spoonerism of Laboratory-Induced | SAD BUM
Predisposition (SLIP) task. 55 word pairs
were displayed on the screen, one pair at a *SPEAK NOW*
time) and participants were instructed to
silently read the pairs to themselves (Figure
1). A cue to read the following word pair
aloud occurred after 1, 2 or 4 trials. Word
pairs were displayed for 500ms, speech
prompt and vocal recording duration was  Figure 1: SLIP stimuli presentation
1000ms. Participants’ vocalisations were

recorded using a web camera microphone.

The Wisconsin Card Sorting Task (WCST) evaluated set-switching. Participants were presented with five cards
and were instructed to match the bottom card to one of the cards in the top row based on one of three
potential matching rules (colour, shape, number) (Figure 2). The rule by which the participant should match
the bottom card to the top changed after the participant correctly responded five times in a row, the
participant was not informed of the rule change. Participants were instructed to press “D,” “F”, “J” or “K” on
a keyboard to indicate their answer. Card presentation timed out after 5000ms, which was recorded as an
incorrect response. The response was followed by a red fixation cross if an incorrect response was given or a
green fixation cross if a correct response was given.
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Which of these cards:

++
++

Matches this card?

Figure 2: WCST stimuli presentation

EEG recording

EEG data was captured using a BioSemi ActiveTwo 64 channel array, with electrodes at the left and right
mastoid for offline re-referencing. The vertical and horizontal electrooculograms (EOG) were recorded from
superciliary arch and zygomatic bone around the right eye and left and right outer canthi to capture blinking
and eye movement. Electromyography (EMG) was captured from left and right locations on larynx to capture
signals caused by participant’s vocalisations. EEG, EOG and EMG were recorded continuously at a sampling
frequency of 512 Hz, with an online high-pass filter of 0.16Hz and low-pass filter of 100hz.

EEG Analysis

Preprocessing. All data were subject to a common preprocessing pipeline: data were high-pass filtered at 0.1Hz
to remove drift, downsampled to 200Hz to reduce file size, low-pass filtered at 100Hz to remove high-
frequency noise (but to retain some high-frequency information for artefact signal detection). Blink artefact
signals were removed from the data using principal spatial components, whereby blinks were identified
automatically, epoched, averaged, and subjected to singular value decomposition (SVD). The first spatial
component of this averaged blink data was projected out of the continuous data. Individual trials were
epoched according to trial definition files created for each participant for each task; Stop Signal and SLIP tasks
were epoched 1000ms from stimuli onset, baseline corrected -100ms. For time-frequency analysis WCST were
epoched 2000ms from stimuli onset, baseline corrected -400ms.

ERP analysis. Blink-cleaned, epoched data were averaged over epochs by condition to create ERPs. A 30Hz
low-pass filter was applied, bad trials (absolute amplitude >100uV on EEG channels) were rejected. Linear
contrasts of conditions were computed to establish difference-wave ERPs. Visual inspection of the grand
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average data of the tasks was conducted to establish appropriate time windows and channels for further
analysis, this was carried out separately for each age group so that the location and time window selected
reflected the optimal peak signal for each participant group.

Time-frequency analysis. For the WCST task, the frequency-domain amplitude of blink-cleaned, epoched (-400
to 2000ms) data was computed using Morlet wavelets (integer frequencies from 2 to 48Hz, 5 cycles constant
time-window width). Time-frequency data were then cropped to -100 to 600ms to remove edge effects, log-
transformed and re-scaled relative to baseline power, then averaged across trials (i.e., averages represent
total power, the sum of evoked and induced power). The grand average data of younger and older participants
were subject to individual visual inspection to identify the optimal channel and time window for further
analysis.

Statistical analyses. For Stop Signal and SLIP tasks, time window data was extracted from the time windows of
interest at the channels of interest, for the young and older groups and each condition separately. For the
Wisconsin Card Sorting Task spectral amplitude was extracted for a time and frequency window of interest for
each condition at the channels of interest.

Two-way ANOVAs were conducted to investigate the interactions between condition and age in Stop Signal,
SLIP and WCST. Three-way ANOVAs were also conducted on Stop Signal and WCST to investigate interactions
between condition, age, and channel location.

To probe age differences in behavioural performance, independent samples t-tests (between age groups)
were conducted on social inclusion measures, cognitive task accuracy, and task response time. Relationships
between brain measures of cognition and social inclusion were investigated using Pearson’s correlations,
separately for each age group.

Results

Stop Signal Task
Behavioural results. A two-tailed t-test revealed no significant between group differences in the Stop Signal
accuracy (t(20)=1.041, p=>0.05, [2.82]) or response time (t(20)=-1.99, p=>0.05, [-66.57]).

EEG results. Differences between age groups across tasks were observed in visual inspections of the data;
time-window data of the Stop Signal Task showed a positive increase in amplitude in left parietal regions from
300ms for young participants (Fig 3), with topographic data showing a positive peak in the signal around PO3
for both conditions independently, though amplitude was greater for Inhibit than Respond (figure 4).
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Stop Signal Topography Over Epoch (0-700ms)

820008

200-250ms 250-300ms 300-350ms 350-400ms

100-150ms.

Figure 3: Inhibit Response — Response difference over time (0-700ms) in Young and Older participants

Inhibit Response Respond Inhibit Response- Respond Difference

0 uv

old (300-500ms)

Figure 4: Topographies of time-window average (300-500ms) ERP amplitude for Young (top row) and Older (bottom row)
participants (grand average) in Stop Signal task. (A) Young Participants Inhibit Response and Respond conditions; (B) Older
Participants Inhibit Response and Respond conditions; (C) Condition Difference (Inhibit—Respond).
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The same inspection of the older participants’ data showed a positive peak was between 100-600ms around
central-parietal channels for each condition independently, with the difference between conditions showing
a frontal positive peak between 300-400  Ms at FCz (Figure 4).

ERPs on channels selected based on peak difference in younger (PO3) and older (FCz) groups are shown in
Figure 5. Clear early visual ERPs are evident in both groups, with no apparent modulation by condition. A
sustained condition difference (Inhibit > Respond) appears to emerge around 300ms on the frontal channel in
both groups, and on the parietal channel in the young adults only (a small opposite effect appears to be
present in the older adults’ parietal data). This pattern is clear in the overlaid difference waveforms (Figure 5
(c)): Younger adults showed a condition difference at FCz and PO3, whereas old adults showed condition
difference at FCz only.

(A) FCz Young FCz Ol )

FCz

PO3 Young e PO3 O
PO3
(8)

— Yourg (K)

........ OMd (IR

> 2
>

s

S SPFPFOCES PSP FPFEPES  PoSFFPSSCES

Figure 5: ERPs of Inhibit Response and Respond conditions at FCz (top) and PO3 (bottom) for all participants (grand average)
in Stop Signal task in the Stop Signal Task. (A) ERPs at FCz of Inhibit Response and Respond Conditions in Younger and Older
parzticipants; (8) ERPs at PO3 of Inhibit Response and Respond Conditions in Younger and Older participants; (C) ERPs of
Inhibit Response-Respond condition Difference (Young and Older). Note: IR = Inhibit response; R = Respond.
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A two-way mixed ANOVA of within subject effects of the Stop Signal data on channels FCz and PO3 in time-
windows 300-500 Ms in young and older adults (table 1) showed a significant effect of channel location
(p=<0.005), P300 for inhibition had greatest difference at FCz for both groups, PO3 was found to have a great
amplitude change between channels across conditions. A significant interaction between age and channel
location (p=0.05); P300 amplitude at PO3 was found to be significant for the young adults only for both Inhibit
and Respond conditions, this confirms that channels selected for analyses in young and older participants were
appropriate. An effect of condition on amplitude (p=<0.05) was also found; the Inhibit condition elicited a

larger P300 amplitude than the Respond condition in both young and older adults.

Type Il Sum ofdf Mean F

Squares Square
Condition 40.012 1 40.012 13.925
Condition * Age Group 8.051 1 8.051 2.802
Location 117.826 1 117.826 [10.822
Location * Age Group 49.091 1 49.091 4.509
Condition * location 1.475 1 1.475 0.578
Condition * Location * Age0.218 1 0.218 0.085
Group
Between-Subject Effects 42.489 1 42.489 3.073

Sig.

0.001*
0.111
0.004*
0.047*
0.457

0.773

0.096

Partial Eta
Squared

0.423
0.129
0.363
0.192
0.030

0.004

0.139

Table 1: three-way ANOVA of within and between subject effects on amplitude in Stop Signal task
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SLIP

Behavioural Results. A two-tailed t-test found no between group differences were observed in SLIP task
accuracy (t(20)=1.47, P=>0.05 [7.47]).

EEG Results The visual inspection of the topography of the correct-incorrect responses over the course of the
epoch (0-400ms) of the SLIP task showed the young participants showed a positive signal distribution with a
left lateralized frontal onset at 100ms, that became more broadly distributed to include central and parietal
areas over the epoch (figure 6). The older participant topography showed a similar positive left frontal peak,
though the amplitude was reduced and focal to the left frontal areas in this group (figure 6).

SUP topography over epoch (0-400ms)

Figure 6: Incorrect-Correct response difference over time (0-400ms) in Young and Older
participants
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Correct Response

(A)

Young (100-200ms)

Incorrect Response

Incorrect-Correct Response Difference

old (150-250ms)

Figure 7: Topographies of time-window average (100-200ms) ERP amplitude for Young and Older participants (grand
average) in SLIP task. (A) Young Participant Correct and Incorrect Responses condition; (B) Older Participant Correct and
Incorrect Responses; (C) Response condition Difference (Incorrect-Correct).

In the Incorrect condition (figure 7, (B)), topographies for the young and older participants were similar, with
left-frontal positivity and right-parietal negativity. In the Correct conditions (figure 7, (A)), the young group’s
posterior negativity was enhanced, and frontal positivity reduced, resulting in a widespread Incorrect>Correct
effectin the difference topography (figure 7 (C)); in the older group the left-frontal positivity was also reduced,
but the right parietal negativity did not appear modulate, resulting in a left-frontal Incorrect>Correct pattern
on the difference topography (figure 7 (B and C)) (see supplementary for ERP array for this task).

Type Il Sum of df Mean F Sig. Partial Eta
Squares Square Squared
Condition 1.691 1 1.691 1.136 0.3 0.056
Condition * Age Group 18.039 1 18.039 | 12.125 | 0.002* 0.39
Between-subject effects 11.768 1 11.768 3.207 0.089 0.144

Table 2: two-way ANOVA of within and between subject effects on amplitude in SLIP task

A two-way mixed ANOVA of within subject effects on amplitude (channel FCz in young, F5 in older based on
peak difference location, time-window 100-200  Ms in young, 150-250 in older group) of the SLIP task (table
2) showed a significant interaction between condition and age (P<=0.005); showing that young participants
had an enhanced negative amplitude response compared to the older participant group.
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Wisconsin Card Sorting Task

Behavioural results. A two-tail t-test showed that there was a significant difference between young and older
participants in accuracy in the WCST (t(19)=4.35, p=<0.001, [35.89]), no differences between groups were
found for response time for this task (t(19)=-1.289, p=0.220, [-396.57])]

EEG results. Visual inspection of the WCST topographies for Correct responses only between 3-7Hz (theta
band) (Figure 8) showed that the both groups had a sustained low-amplitude mid-frontal region which onset
around 200ms in young participants and around 300  Ms in older participants. The older participants also
showed positive peaks in bilateral anterior channels and midline occipital channels, a pattern suggestive of
eye movement artefact (hence ignored in subsequent analysis in favour of the expected mid-frontal theta
modulation).

Wisconsin Card Sorting Task Correct Response Topogrpahy Over Epoch

- . . . . . .

0-100ms 100-200rms 200-300ms 300-400ms A00-500ms H00-600ms

Figure 8: Topographies of time-frequency-window average (4-7Hz, Young = 200-500ms, Older=300-600ms) amplitude
for Young and Older participants (grand average) in WCST task. (A) Correct Responses condition; (B) Incorrect Responses;
(C) Difference (Correctl-lncorrect).
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WOCST Correct-Incorrect Response 100-500ms 3-7Hz

WCST Correct Response 100-500ms 3-7Hz WOCST Incorrect Response 100-500ms 3-7Hz

C
@) ()

Young
1.5

-

0.5 dB
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W(CST Correct Response 200-600ms 3-7Hz W(CST Incorrect Response 200-600ms 3-7Hz
WCST Correct-Incorrect Response 200-600ms 3-7Hz

(8)

old

Figure 9: Topographies of time-frequency-window average (4-7Hz, Young = 200-500ms, Older=300-600ms) amplitude for
Young and Older participants (grand average) in WCST task. (A) Correct Responses condition; (B) Incorrect Responses; (C)
Difference (Correctl-lncorrect).
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Inspection of power spectra for the young participants showed higher theta power (3-7Hz) in incorrect
response relative to correct responses (figure 9 (a)), resulting in decreased theta amplitude in the difference
topography (Correct<incorrect) (figure 9, (c)). The older participant group had low theta amplitude in both
incorrect and correct conditions, as such no difference was observed. Increased power amplitude was also
seen in the beta frequency (12-30Hz); as this was observed in both groups at the end of the epoch this likely
reflects motor artefacts of no interest. Increased alpha power (8-12Hz) was only observed in older participants,
which may reflect increased effort of attentional shifting (Huizeling et al., 2021); however, consistent with our
a priori predictions, the analysis focuses on mid-frontal theta.

Correct (Young) Correct (Older)

48

Incorrect (Young)

48

Corr-Incorr (Young) Corr-Incorr (Older)

B = F
- N
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[} -

-
o - et o=
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et ————a=—N J

-100 0 100 200 300 400 500 600 -100 0 100 200 300 400 500 600
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Figure 10: Power spectra for the Correct and Incorrect responses at Fz of Young and Older participants (grand
average) in WCST task. (A) Correct responses; (B) Incorrect Responses; (C) Condition Differences (Correct-
Incorrect).

A three-way mixed ANOVA of within subject effects on amplitude found no significant effect of condition or
age in this task.

Social Inclusion

A two-tailed t-test found no differences between age groups in the MSPSS (t(20)=0.734, p=>0.05[0.05]), LSNS
(t(20)=-1.488,p=>0.05[-0.10]) or UCLA (t(20)=-0.899, p=>0.05 [-0.01]), for descriptive statistics see
supplementary materials.

Interactions Between Cognition and Social Inclusion

No correlations were found between the EEG components and any of the social inclusion measures (see
supplementary materials). Correlations found no relationship between task performance and power
amplitude or ERP amplitude in any of the tasks (for descriptive statistics see supplementary materials).
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Discussion

We investigated the associations between cognition, quantified using electrophysiological recording, and
social inclusion in two age groups, and found differential patterns of brain activity between groups. The
behavioural performance data showed few differences between age groups in response time or accuracy,
though it was found that younger participants performed better than older participants in the WCST, and no
differences were found in self-reported feelings of social inclusion. However, the electrophysiological data
showed a number of brain differences between young and older participants across three measures of
cognition, particularly in measures of executive function. Older participants were found to have a more
centralised foci of the P300 component in the Stop Signal task, whereas for the younger participants P300
amplitude was greatest in posterior channels. The amplitude of this component was significantly smaller in
older participants than that of the younger participants, showing less of a difference between conditions. The
amplitude difference of inhibit response versus response conditions in the older participants was found to be
correlated with measures of social support. Older adults also showed a significant difference from the younger
sample in the WCST; while both groups were found to have a significant reduction in theta power around mid-
frontal regions. Finally, older participants showed weaker global amplitude compared to younger participants
in the SLIP task in both correct and incorrect responses. These findings indicate differences between younger
and older adults in the cognitive underpinnings of language and executive functioning, and that in older
participants inhibitory control is associated with greater feelings of social support.

We found no behavioural distinctions in Stop Signal task performance between the younger and older
participants, indicating that performance in this task was not subject to ageing effects. However, a number of
differences were observed in the EEG data; younger participants showed a greater peak in P300 amplitude
around posterior channels for trials where responses were to be inhibited than those that required a response.
In older participants there was little difference in amplitude between conditions, though examining the
difference between condition amplitude indicated a greater P300 peak in front channels. A three-way ANOVA
showed that the effects of channel location and condition on amplitude were significant in both groups.

No significant age differences were found in performance in the SLIP task, though visual inspection of the EEG
data showed that younger participants had a great positive amplitude distribution across the scalp and greater
negative posterior peak for correct responses compared to the older participants. A two-way ANOVA also
found an interactive effect of response condition and age on amplitude in this task. The initial aim of this task
had been to characterise error-related negativity in a linguistic task, however, while we found a negative peak
in amplitude in this task it was greatest in trials where a correct response was given. Previous research has
found a reduction in ERN in older participants, which may reflect a compensatory mechanism in tasks designed
to produce behavioural errors (Hoffmann & Falkenstein, 2011). Alternatively, these findings may reflect
Correct Response Negativity (CRN), which follows a similar time course subsequent to a correct response
(Imhof & Risseler, 2019), as the number of errors found in the behavioural data of this study were minimal.
CRN amplitude has been found to increase when participants are instructed to respond rapidly (Files et al.,
2021), as they were for this study, implying that the increase in correct negativity seen in both groups is
reflective of response time. This research was not able to replicate findings of reduced in performance in
accuracy and response time in linguistic tasks (Belke & Meyer, 2007; Horton et al., 2010; Tsang & Lee, 2003),
perhaps as the older participants primarily came from high-SES backgrounds which has been pervious
associated with maintenance of verbal fluency and language production in later life (Kearney et al., submitted;
Kearney et al., in prep). Analysis of the behavioural performance data in the WCST showed significant age
differences in accuracy in this task, consistent with previous research in age differences in WCST performance
(Rhodes, 2004). Investigation of the EEG data showed that older participants' frontal theta peak had a later
onset and a more positive general distribution across the scalp than that of younger participants (figure 8 and
figure 9). Younger participants showed a greater decrease in theta power around mid-frontal channels for
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correct responses over incorrect responses, whereas older participants showed the opposite effect of
condition response mid-frontal theta power (figure 10). Further statistical analysis of the EEG data showed a
significant effect of channel location on frequency amplitude, as well as an interaction of age and peak channel
location supporting the visual differences. The differences in theta power observed in younger and older adults
in this research are supported by previous research where ageing has been associated with greater
suppression of theta power in frontal regions than younger adults in motor response tasks (Yordanova et al.,
2020). Furthermore, it has been proposed that when presented with stimuli that require internal monitoring
of a response (like the WCST) theta power modulation in the mid-frontal cortex supports effective inhibition
of incorrect responses (Cohen et al., 2013; Kaiser et al 2019). This may suggest that theta suppression in older
adults affects task performance; however, in this study we did not find a relationship between theta amplitude
and task performance in either group. We also observed increased alpha power in the older participants only,
alpha dysregulation is often associated with inhibitory control and refocusing of attention in older adults
(Huizeling et al., 2021), which in this study may reflect the increased attentional effort needed for this task by
older participant group.

This research has found that linguistic ability demonstrated comparatively few influences of age, ageing had a
more significant effect on behavioural and neurocognitive measures of executive functions (West et al, 2010),
though no relationship was found between the social inclusion measures and EEG components. This is likely
due to the sample size, as previous findings in behavioural evidence have indicated that executive functions,
specifically mental control, and abstract thinking, support ongoing asynchronous communication in older
adults (Kearney et al., in prep). Such findings are important for directing future research surrounding the
relationships between cognitive decline and social connection in older people and way in which we can tackle
social isolation and loneliness in this population. Interventions should look to target the facets of executive
functions highlighted in this research, so that they are maintained well into old age and can facilitate
meaningful and rewarding social connections.

This research highlights an interesting point of contention in surrounding neuro-cognitive ageing research; it
remains unclear what drives the underlying mechanisms of cognitive change in ageing. Research consistently
finds that brain activity becomes increasingly generalised in older populations compared to hemisphere
specific activation in younger adults, known as Hemispheric Asymmetry Reduction in Old Adults (HAROLD)
(Cabeza, 2002). Research using fMRI has shown older participants had additional recruitment of prefrontal
regions in visual perception tasks typically only associated with activation in the occipital cortex (Grady et al.,
1994). Studies investigating inhibitory control have found bilateral activation of the prefrontal cortex (PFC) in
older participants, whereas PFC activation in younger participants was right lateralized (Nielson et al., 2002).
Similar findings have been made using EEG, where older adults have demonstrated bilateral N1 ERP effects,
traditionally associated with left greater effects in electrodes over the left hemisphere (Zhao et al., 2012). This
shift to generalised activation has been observed across domains (Grady et al., 2000.; Heuninckx et al., 2008),
but there is some contention about whether this reflects a compensatory mechanism that offsets cognitive
declines, or de-differentiation which indicate poor recruitment of specialised brain regions (Cabeza, 2001).
Some research has suggested that findings of enhanced regional recruitment when a task is performed
successfully would indicate compensatory brain behaviour (Heuninckx et al., 2008). Indeed, in the present
study we found more widespread patterns of neural activity in older participants that support the HAROLD
theory; however, there was no correlation between ERP and power amplitudes in the brain data and
behavioural measures of performance, which may offer support for dedifferentiation and reduction in
recruitment of specialised brain regions in these measures.

When designing the study careful consideration was given to the appropriate tests to be carried out to identify
possible relationships between neurological and social inclusion measures. Two-way and three-way ANOVAs
were deemed most appropriate for analysis, as the data was obtained from two groups that were balanced
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for the number of participants. The data from this sample was normally distributed, as such, non-parametric
tests were deemed unnecessary in the analysis of this study. In this study the use of ANOVAs allowed for the
investigation into the potential multi-way interactions between the measure of interest: experimental
condition, electrode location, and participant age.

There are some limitations with the research we present here, namely the small sample size and narrow
demographic population. However, the issue of statistical power is somewhat mitigated by the number of
trials; ERPs have been shown to be temporally across ten trials per participant, though 15 trials is
recommended in case of potential data loss (Larson et al., 2010; Boudewyn et al., 2018). As between group
comparisons require a greater number of trials (Larson & Carbine, 2017) this study used over 100 trials in each
experimental component to maximise statistical power. Therefore, while we acknowledge that the sample is
limited, the trial design has been able to address potential issues with statistical power of the EEG data. The
small sample size did, however, affect our ability to establish possible significant relationships between the
cognition and social inclusion data. The EEG features (channels, time windows and frequency windows) are
chosen for analysis based on visual inspection, which has the potential to create selection biases and inflate
Type 1 errors for the AVONAs. However, the purpose of this method was to choose the best feature with the
data for correlations with the social inclusion measures, though we acknowledge that interpretation of the
findings should be cautious. This study also had limited scope in terms of demographic diversity, as participants
in both younger and older groups had some level of higher education and came from high income backgrounds
or households. While we did attempt to reach a diverse population throughout the recruitment phase,
respondents that reached the point of participation predominantly had high-SES. In future research we would
aim to reach a more diverse, representative population, an important aim when conducting research to avoid
the pitfalls of generalising potentially niche findings of a homogenous sample to a wider population. Reduced
sample diversity is compounded by the fact that, due to the current nature of EEG research, only those that
could travel to the testing facilities could take part. This greatly restricted the sample, excluding participants
with reduced mobility, an issue that greatly affects that older population, when studying social engagement
in these populations presents a serious limitation. Advances in EEG recording equipment mean that in future
travelling to meet the participant is more feasible, which considerably broadens the participant populations
for studies such as this.

In conclusion, we have established a number of age-related differences in the underlying neurocognitive
mechanisms of language and executive functions, using both ERP and time-frequency analysis of EEG data.
We evidenced that older participants showed fewer condition differences and a reduction in amplitude in the
P300 component in inhibition responses, and greater incorrect-response theta power suppression than
younger participants and reduced negative amplitude response compared to younger adults. Though we
found fewer significant differences than predicted, we suggest further investigation with a larger sample to
probe these findings and potential interactions further.
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Appendix 1

Glossary of Terms

Term

Definition

Correct Response Negativity
(CRN)

Negative EEG component associated with correct responses given by
the participant approximate 100 Ms post-response.

Canthi

Point at the corner of the eye where the upper and lower eyelids meet.

Electroencephalography

Non-invasive method to record spontaneous neuro-electrical activity
using electrodes placed at the scalp

Electrooculogram

Method used to measure corneo-retinal potential between the front
and back of the eye. Used to capture eye movement and blinking.

Epoch Time window extracted from continuous EEG data for analysis
Error Related Negativity| A negative deflection in the EEG signal associated with incorrect
(ERN) responses to stimuli, occurring approximately 80 Ms post-response.

Event Related Potential

Electrophysiological response in the brain to a sensory, cognitive, or
motor event, measured using EEG.

Frontal lobe

Brain structure located at the front of the cerebral cortex, included the
prefrontal cortex, premotor and primary motor cortex.

Hippocampus

Brain structure that plays a role in memory, particularly consolidating
short-term memory to long-term memory

Insular (BA 13)

Region of the cerebral cortex within the lateral sulcus that plays aa role
in motor control and perception.

Ipsilateral Referring to the side of the body on the same to the brain hemisphere
where activity is observed.
Lateralised Function or effect that is observed on one side of the brain

Mid-frontal Theta

Oscillatory activity in the theta frequency band observed around the|
front midline of the scalp, associated with increased concentration in
cognitive tasks.

Montage File that defines the order/arrangement of EEG and reference
electrodes.

Nasion Craniometric landmark where the nose meets the brow bone

Occipital lobe Brain structure at the back of the cerebral cortex, contains the visual
cortex.

Parietal lobe Brain structure between the frontal and occipital lobes, contains the

somatosensory cortex.

Pre-auricular Area

Craniometric point at the front of the external ear structure.
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Pre-frontal Cortex

Region of the brain at the front of the frontal cortex.

P3

Positive ERP component associated with decision making and reaction
speed that is observed 250-500ms post-stimulus presentation.

Superciliary Arch

Brow ridge, located above the eye sockets

Temporal Lobe

Brain structure located under the frontal and parietal lobes. Associated
with sensory processing, visual memory, and language.

Time Frequency

Analysis of EEG data that allows for the characterisation of temporal
changes in frequency, power, and phase of brain oscillations.

Topography

A display of the spatial distribution of the electrical activity captured in
the EEG data

Working Memory

Limited capacity store for temporary holding of information for
processing.

Zygomatic Bone

Prominent bone of the cheek and outer eye socket
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Supplementary Materials
1. Descriptive statistics of UCLA, LSNS and MSPSS for both age groups

Social Questionnaire Descriptives N Mean Std. Deviation
UCLA Young 10 0.5610 0.03178

Old 12 0.5767 0.04677
LSNS Young 10 0.3570 0.07514

Old 12 0.4583 0.20342
MSPSS Young 10 0.7090 0.07430

Old 12 0.6517 0.23679

2. Descriptive statistics of behavioural measures for Wisconsin Card Sorting Task, SLIP Task,
Stop Signal Task for both age groups

Behavioural Descriptives N Mean Std. Deviation
WCST Response Time Young 9 2276.7544 524.25908
Old 12 2673.3267 816.91587
WCST Accuracy Young 9 63.8889 10.89226
Old 12 27.9948 22.73896
SLIP Accuracy Young 10 86.1739 10.93372
Old 12 78.6957 12.56022
Stop Signal Accuracy Young 10 95.3788 4.75727
Old 12 92.5505 7.39335
Stop Signal Response Time Young 10 627.51 67.990
old 12 694.09 85.155
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3. Correlation Scatter Plots Between ERP Amplitude and Questionnaire Score
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General Discussion

This thesis aimed to investigate the effects of age-related changes in cognition on the experience of social
engagement and inclusion. The main predictions being that older people would have a greater reliance on
cognitive support for social engagement than younger people, that cognitive processes would have different
neuro-electrophysiological characteristics than their younger counterparts, and that said differences would
indicate reduced social inclusion. Specific cognitive domains were explored because previous research
demonstrated associations between cognition and social engagement using only generalised, behavioural
measures of cognition, limiting our understanding of such an association. After all, it does not account for
dissimilar declines in cognitive components. Cognitive ability declines at differing rates across domains, due to
the non-linear deterioration of supporting brain structures (Fjell et al., 2013), making it crucial to examine
cognitive domains in a more targeted way to fully understand the implications of their decline. Studies 1 and
2 of my thesis show the value of studying the association between cognition to social engagement in later life,
while building a more cognitively nuanced framework for scientific exploration. Study 3 investigated the
importance of more targeted measures within cognitive domains and highlighted the need to use more
specific measures of social support and perceptions of social isolation, finding differences between younger
and older neuro-electrophysiological signals in the brain. In this chapter, | discuss the overall findings of each
of the studies within this thesis, and the implications this research has for the field and society. | also address
a number of the potential limitations of this research.

Summary of Findings

Study 1 used data from the first wave of data collection for the Cam-CAN dataset (Shafto et al., 2014), a large,
cross-sectional, adult-lifespan, population-representative dataset. The variables for use in analyses of this
study were identified based on data available in the dataset (cognitive and social engagement measures) and
variability of the sample (socioeconomic measures). Factor analyses of the cognitive variables indicated three
cognitive factors that reflected different cognitive mechanisms between the age groups. Similarly, three social
factors were established, and these were found to be reflective of either who was interacted with (Under 50
age group) or how the interaction occurred (Over 50 age group). Structural Equation Modelling of these factors
for both groups revealed a number of direct interactions between measures of socioeconomic status and
cognition, and socioeconomic status and social engagement in younger adults, but no mediating interaction
between all three domains. The older adult sample, however, had several cognitively mediated pathways
between socioeconomic status and social engagement. These findings demonstrate different patterns of
representation in younger and older adults, as well as highlighting various measures of cognition as a key
mediator in later life.

Study 2 built on the theories of Study 1, using the second wave of the Cam-CAN dataset, which collected
targeted behavioural cognitive measures from a subset of the participant sample from the first wave of data
collection. The participants of this study were split by age as in Study 1 (Under 50 years old and Over 50 years
old), and the participant’s socioeconomic measures from Study 1 were also used for this analysis. Confirmatory
factor analysis of the social engagement measures in this dataset replicated the three-factor structure
established in Study 1 for both the younger and older participant groups. Structural equation modelling in this
study found that, in the younger population, cognition was primarily supported by Educational Attainment.
This analysis also revealed a cognitively mediated pathway between Communication with Relatives and
Educational Attainment, a three-way association that was not observed in the first study when cognitive
measures were less specific. The same analysis of the older population showed a more equally distributed
pattern of interaction between cognitive, social engagement and socioeconomic measures. Mediation analysis
showed that Abstraction and Fluid Intelligence were important mediators between social engagement and

117



SES measures in this group. The findings of Study 2 support those of Study 1, in that social engagement was
differentially represented in the two age groups, as well as demonstrating how more specific cognitive
mediators can mediate social connection in younger and older adults.

Study 3 investigated the neurological underpinnings of the relationships observed in Study 1 and Study 2 by
using specific experimental manipulations of language and executive functions while recording
electroencephalography (EEG) and detailed questionnaires probing participants’ experiences of social support
and isolation. Behavioural measures alone revealed negligible differences between younger and older adults,
young adults outperformed older adults only in  mental shifting, but EEG data revealed several differences
in neural components. In a test of inhibitory controls, when compared to younger counterparts, older adults
were found to have more centralised P300 components, with significantly smaller amplitudes across
conditions. Older adults showed an increase in theta power across the scalp and a mid-frontal theta power
decrease in a task that probed mental shifting, whereas younger participants showed only a midfrontal
theta decrease. Finally, in a language production task, older participants showed a weaker response amplitude
across the scalp, with little condition variation compared to younger adults. Study 3 demonstrated the
importance of measuring neural signatures of cognition, to go beyond behavioural findings, particularly when
comparing age groups, as the behavioural evidence alone would not have indicated the group differences
found here. With Study 1 and Study 2 as a theoretical foundation, Study 3 demonstrated a number of age-
related differences in cognitive processing at the neuronal level that may be an important target for future
research and intervention.

Ultimately, Study 1 demonstrated this cognition-social engagement relationship on a broad scale, across a
large population, and Study 2 replicated those findings while increasing the specificity of cognitive measures
to highlight the key associations between cognitive and social features. To complement these findings, Study
3 identified age differences in neural electrophysiological behaviour using extremely targeted neurological
measures of cognition, though | was not able to find a relationship between neural and social inclusion
measures. The stepwise evolution of the theories of age-related differences in cognition and social
engagement across the studies presented here has allowed for targeted development of the methodologies
to suitably investigate the underpinnings of the relationships identified.

Implications of this Research

The overall and independent findings of these studies are consistent with the existing literature surrounding
cognition and social engagement. Measures relating to executive function were found to be uniquely
associated with social support in older adults, suggesting that social relationships were supported by effective
problem-solving and information processing (Krueger et al., 2009). Scores on verbal fluency and recall tasks
have also been associated with loneliness and social isolation in older people, and this relationship is
influenced by one’s level of education (Shankar et al., 2013). Furthermore, other research with the Cam-CAN
dataset has made similar connections between more generalised measures of executive function and social
engagement over the life course (Borgeest et al., 2020), conceptualised differently from this current research.
Studies 1 and 2 complement previous findings of cognitive-social engagement, as Study 3 was able to
demonstrate differences between age groups in neural measures of executive function in ageing which may
suggest that these facets may also affect social engagement.

The differences between the age groups observed in studies 1 and 2 of this research imply a shift to a greater
reliance on cognitive ability in later life. Young, healthy adults are at their cognitive peak (Hartshorne and
Germine, 2015), and the current findings suggest that social connection is not cognitively taxing for this group.
For example, | found Communication with Friends to be independent of cognitive measures in young adults in
both SEM studies, and | found no relationship between cognition and social support in Study 3. In contrast,
my findings show that Social Participation and Asynchronous Communication were consistently associated
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with cognition among older adults. This may reflect the increased cognitive effort required to maintain social
connections (Meiran and Gotler, 2010), where continuous demands are made on memory, verbal fluency, and
the ability to switch between tasks (Burke and Shafto, 2004; Holtgraves and Kashima, 2008; Wascher et al.,
2012).

The findings of these studies can be used to inform the direction of future research. | found that language
ability, while associated with social engagement factors in SEM analysis and affected by age in Study 3, did not
have the most influence on social factors throughout the research. Instead, executive functions were the most
important in mediating social communication and participation in Study 1 and Study 2 and were found to be
most affected by ageing in Study 3. Additionally, social engagement was found to be differentially represented
in the two age groups in Studies 1 and 2, an important consideration when investigating factors that may
influence one’s social experiences. The research presented here showed that distinct aspects of social
engagement were associated with cognition in discrete ways, suggesting that future work needs to consider
(1) measuring the aspects of social engagement that are important for people at specific ages, and (2) that
certain aspects of cognitive decline are linked to specific changes in social engagement during adulthood. Thus,
future research should look to replicate the factor structures of social engagement that | found in Studies 1
and 2, to determine whether my findings are representative of the ageing population or specific to this cohort.
This can then be used to further probe which social engagement factor is more significantly impacted by
cognitive ageing and if such a relationship may be associated with loneliness or social isolation. Such work
would have impacts on the measurement of social engagement and the development of interventions that
focus on cognitive decline and its influence on social isolation.

Based on this evidence, the current findings are useful in guiding the development of societal and therapeutic
interventions that target executive functions to social connections to actively prevent loneliness and social
isolation. This research has shown that maintaining executive functions throughout the life course is important
for continuing social connections and activity. In early life, it would be beneficial to focus on the key elements
of executive function (inhibition, abstract thinking, and fluid intelligence) identified in this research as
associated with social engagement. It would be of particular importance to support this development in school
programmes for less advantaged children given research has repeatedly evidenced lower SES as being
adversely associated with executive functioning (Lipina & Posner, 2012; Mezzacappa, 2004). In schoolchildren,
such interventions could be gamified and implemented by educators in the classroom, as such interventions
have been found to be successful for improving engagement in physical activity and intrinsic motivation
(Beemer et al., 2019; Xu et al., 2021). Given my findings specifically, among older people it would be
advantageous to actively maintain these functions in later-life by engaging in cognitively challenging activities
alone or in social settings, and organisations that support older people should look to encourage and support
this in older people. Levels of physical activity in older adults are often associated with both better cognitive
performance and increased feelings of social support (Smith et al., 2017; Chu et al., 2015), so interventions in
this age group should look to encourage increased and continuous physical activity where possible. This can
be achieved, for example, at a local council level by offering free or reduced cost activities to at-risk groups;
particularly activities such as swimming or gardening which have relatively low impacts on heart rate and
joints.

The findings of the research presented here speak to the debate surrounding the precise underlying
mechanisms of cognitive change in ageing. Research consistently finds that brain activity becomes increasingly
generalised in older populations compared to hemisphere specific activation in younger adults, known as
Hemispheric Asymmetry Reduction in Old Adults (HAROLD) (Cabeza, 2002). Research using fMRI has shown
older participants have additional recruitment of prefrontal regions in visual perception tasks typically only
associated with activation in the occipital cortex (Grady et al., 1994). Studies investigating inhibitory control
have found bilateral activation of the prefrontal cortex (PFC) in older participants, whereas PFC activation in
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younger participants was right lateralized (Nielson et al., 2002). This shift to generalised activation has been
observed across domains (Grady et al., 2000; Heuninckx et al., 2008), but there is some contention about
whether this reflects a compensatory mechanism that offsets cognitive declines, or de-differentiation, which
indicates poor recruitment of specialised brain regions (Cabeza, 2001). Some research has suggested that
findings of enhanced regional recruitment when a task is performed successfully would indicate compensatory
brain behaviour (Heuninckx et al.,2008). Indeed, in Study 3 of this thesis found more widespread patterns of
neural activity in older participants that support the HAROLD theory, however there was no correlation
between ERP and power amplitudes in the brain data and behavioural measures of performance, which may
offer support for dedifferentiation and reduction in recruitment of specialised brain regions in these measures.

Methodological Considerations

While providing interesting new insights into the relationship between cognition and social engagement in
ageing, this research is not without limitations. Perhaps the most significant issue is the sample size of the final
study, which was reduced due to issues surrounding recruitment caused by the COVID-19 pandemic.
Regardless of the impacts of COVID-19, establishing an appropriate sample size for research using EEG can be
challenging. However, some of the issues with statistical power can be mitigated by the number of trials used
in the research itself (Boudewyn et al., 2018). Research investigating error-related negativity ERPs has shown
a temporally stable grand-average can be achieved with just 10 trials per participant, though recommended
at least 15 trials to mitigate unforeseen data loss (Larson et al., 2010). Between group comparisons, such as
the work presented here, do require a greater number of trials, with at least 30 trials for a stable ERP for
between-subject comparisons (Larson & Carbine, 2017). In the design of the research paradigm presented
here it was ensured that each task had over 100 trials to maximise statistical power. Therefore, | acknowledge
the limited sample size of this research, but assert that the number of trials can go some way to address
potential issues with statistical power when the participant sample is small in EEG research. The small sample
size of Study 3 did, however, affect our ability to establish possible significant relationships between the
cognition and social inclusion data. This study also had limited scope in terms of demographic diversity,
because all participants in both younger and older groups had some level of higher education and came from
high income backgrounds or households. Generalising potentially niche findings from a small sample to a wider
population can overlook potential socioeconomic or cultural influences, and, although thisisan issue, | had
hoped to address with a broad recruitment strategy, the respondents primarily had a high-SES. In future
research greater efforts would be made to reach a more diverse, representative population. Additionally, the
study could only accept participants that were able to travel to the university, restricting the sample to
participants without mobility issues, which, in an older population, and when studying social engagement,
presents a serious limitation. It would be advantageous in future research to aim to be more mobile as
researchers: travelling to meet the participant rather than expecting participants to travel to the research
would considerably broaden the participant populations for studies such as this.

An additional challenge faced in Study 3 was the methodological choice of asking the participants to respond
aloud in the SLIP task. Throughout the paradigm development | was conscious of the potential issue of
response modality between language production and button press response errors in executive function tasks.
Of particular interest to this research were the errors made in speech production and using an overt
production task would be the most conceptually straightforward way to operationalise this. However, there is
a particular challenge that arises when attempting to study overt speech using EEG; the electrical signals
produced in the brain are minute compared to those made by muscle movements. Producing overt speech
requires considerable muscle movements of the jaw, lips, and throat, all of which are close to electrode
locations and are likely to interfere with the brain signal of interest in this study. This could be particularly true
of the ERN as the component is a response-locked ERP, meaning that it will occur in relation to the participant’s
response to any given stimuli, in this case as they are giving a verbal response. Therefore, an important
consideration will be to establish the most suitable method of removing artefacts from the data. Zhengid et
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al., (2018) trialled three such methods (canonical correlation analysis (CCA), independent component analysis
(ICA) and low-pass filtering (high cut-off at 10Hz) but found that standard artefact rejection (visual inspection)
was sufficient to demonstrate a clear ERN in an overt speech task. In fact, Zhengid and colleagues suggested
that the artefacts caused by muscle movement were too small to be detected, particularly by CCA. However,
this should still be approached with some caution and an appropriate artefact removal will be considered as
part of the piloting process of this study. The verbal response also obfuscates the response onset, as such for
analysis purposes the response was artificially time-locked to the onset of the speech prompt shown to the
participant. This can create latency variability in event onset time used in epoching, as | was unable to establish
the true onset time, which likely obscured the true characteristics of the ERPs in this task.

Studies 1 and 2 were also not without limitations, as the dataset used in both of these studies was not collected
as part of this thesis, which meant the research questions that | was able to address using this data were of a
limited scope. This was particularly true of the socioeconomic data in this dataset as | was unable to use a
number of measures due to lack of variance in the data (e.g., place of birth), which resulted in a reduced
number of SES measures and demographically homogeneous study sample. The Cam-CAN is also a cross-
sectional dataset, which presents some challenges when investigating ageing and making comparisons
between age groups compared to longitudinal research and datasets. While cross-sectional data is valuable in
exploring the differences with cognitive and social engagement measures between age groups, it is unable to
reveal potential changes in repeated measures of the same cohort over time. This tracking of individual change
over time allows for the investigation of genetic, environmental, and biological factors that cannot be
evaluated using cross-sectional data (Hofer et al., 2002). However, at least in the scope of the research here,
the highly specific nature of cognitive measures we investigated are rarely found in large cohort, longitudinal
studies, and it was precisely for this reason Cam-CAN was used in the secondary data analysis for studies 1
and 2.

The topics addressed above reflect the nature of the two sources of data | drew from in my thesis; primary
data that | collected myself and secondary data collected on a much larger scale. These datasets have their
own advantages and disadvantages that influence the questions | was able to address with them and the way
in which | could analyse the data. Using secondary data in research allows for the exploration of a sample well
beyond the size it would be feasible to effectively recruit as part of doctoral research, as the recruitment and
data collection alone can take many years and a large team of researchers. This also means that secondary
data has a greater number of variables available for analysis; often survey and health data, as in the Cam-CAN
dataset, but an increasing number of datasets collect biometric data (e.g., English Longitudinal Study of Ageing
(ELSA)). The larger sample (e.g., N=3000 in the first Cam-CAN wave, N = 700 in the second) of this size is likely
to be more representative of the population from which it was taken than the smaller participant groups used
in primary data collection. However, because secondary data has not been collected with a specific research
question in mind (or certainly one specific to one’s own research interests), the data is much broader in scope
than primary data, and so the research question must also be less targeted in its aims.

There is also a lack of control over the quality of that data itself, though one would expect published datasets
to have been subject to rigorous quality controls that do not mean that the data is in a suitable format or
condition for immediate use (Hox and Boeije, 2005). In contrast, primary data collection can be tightly
controlled to assure data quality; the paradigm and data collection methods can be targeted to a very niche
research question. In this thesis collecting primary data allowed me to choose very precise tasks to obtain the
neural measures associated with them. This was particularly true of the data captured in the SLIP task, as |
collected speech outputs as well as electrophysiological data that is simply not available in secondary datasets.
However, due to temporal and financial constraints, the period of data collection is often brief, and data not
collected cannot be retrieved after the fact. In the case of Studies 2 and 3 of this research, it was identified
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after data collection (for Study 3) and analysis had ended that inclusion of a memory task would have been a
beneficial addition to the dataset, but this cannot be added retrospectively.

Finally, while the studies in this thesis probe the influences of cognition on social engagement, these
associations could be bi-directional. Previous research has shown the effects of socialisation on cognitive
abilities throughout the life course (Adams and Blieszner, 1995; Keller-Cohen et al., 2006, Borgeest et al.,
2021), as there is sufficient evidence to show the impact of loneliness on cognition, we believed it would be
pertinent to investigate the converse relationship. Our findings in the research presented here are not
contradicted by extant research, rather the findings complement this work and support the bidirectionality of
the associations between cognition and social engagement. In the context of this thesis, | employed both
primary and secondary data so that | could explore both the broad and narrow concepts of the thesis topics.
The secondary data allowed me to establish a framework of the interactions between cognition and social
engagement on a large scale, and the primary data collection enabled me to apply that framework to niche
measures of cognition and specific feelings of social engagement in individuals. Combined, these approaches
provided a more detailed examination of the cognitive and social factors of interest than if | had employed a
more singular approach.

Conclusions

While the discussion above does present theoretical and methodological challenges for the research
presented in this thesis, it does not negate the findings presented in this work and the contribution to the field
of ageing research and our understanding of the complex interactions between cognition and social
engagement in older people. It is vital that we extend our knowledge of such interaction to combat potential
issues that arise as part of cognitive declines, such as increasing feelings of loneliness, to work towards
improving the quality of life in older populations. This work has evidenced that with ageing comes a change in
cognitive processing in behavioural and neurological measures in executive and linguistic domains. We have
also shown that these cognitive domains, particularly executive functions, are important in supporting and
facilitating social connections in older populations.

In conclusion, this research has identified age-related differences in cognition, at behavioural and neuronal
levels, and associated such differences with social engagement. Studies 1 and 2 utilised a large-scale dataset
to provide a broad framework for the differential associations between social engagement and cognition as
influenced by socioeconomic status in younger and older adults. These studies found age-related differences
in the representation of cognitive processes and social engagement, as well as age differences in the
associations between these factors. In Study 3 | was able to elaborate on the underlying neurocognitive
mechanisms of language and executive functions, using both ERP and time-frequency analysis of EEG data. By
evidencing association across data modalities, this research provides robust evidence for neuro-cognitive
changes in later-life, and cognitive-social associations that is of particular importance in older adults.
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