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Abstract.

Background: Social engagement has beneficial effects during cognitive aging. Large-scale cognitive brain network functions
are implicated in both social behaviors and cognition.

Objective: We evaluated associations between functional connectivity (FC) of large-scale brain cognitive networks and social
engagement, characterized by self-reported social network size and contact frequency. We subsequently tested large-scale
brain network FC as a potential mediator of the beneficial relationship between social engagement and cognitive performance.
Methods: 112 older adults (70.7 & 7.3 years, range 54.6-89.7; 84 women) completed the Lubben Social Network Scale 6
(LSNS-6), National Alzheimer’s Coordinating Center (NACC) Uniform Data Set 3 (UDS-3) cognitive battery, and resting state
fMRI. We completed seed-based correlational analysis in the default mode and salience networks. Significant associations
between social engagement scores and cognitive performance, as well as between social engagement and FC of brain networks,
informed the construction of mediation models.
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Results: Social engagement was significantly associated with executive function and global cognition, with greater social
engagement associated with better cognitive performance. Social engagement was significantly associated with salience
network FC, with greater social engagement associated with higher connectivity. Salience network FC partially mediated
associations between social engagement and both executive function and global cognition.

Conclusions: Our results suggest that the salience network is a key mediator of the beneficial relationship between social

engagement and cognition in older adults.
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INTRODUCTION

Social engagement, specifically the size and nature
of social networks, is an important determinant of
physical and mental health. Older adults are at ele-
vated risk of social isolation and attendant adverse
health consequences [1, 2]. In the United States,
24% of community-dwelling adults older than 65
years were socially isolated in 2011 [3], an issue
that has received national attention as a public
health crisis [4]. Lack of social connection nega-
tively impacts health in a variety of ways, including
physical health (cardiovascular disease [5]), emo-
tional health (depression [6]), and cognitive health
(cognitive impairment/dementia [7-11]. As the world
population ages, dementia incidence is rising and
will continue to rise, suggesting a looming health
crisis. Identifying modifiable risk factors for demen-
tia, which may be leveraged to alleviate this crisis, is
an increasingly critical area of research. Importantly,
social engagement can be characterized in a variety
of ways, including network size, contact frequency,
and emotional closeness with social contacts. Which
aspects of social engagement are most relevant for
cognitive aging remains under investigation. Larger
social networks seem to confer protection against
cognitive decline [8, 12, 13], and evidence suggests
thatincreasing social interactions is a promising inter-
vention against cognitive decline [14—16]. However,
the biological mechanisms mediating the impacts of
social engagement on cognitive functions remains
elusive.

The search for neurobiological mediators of this
association between social engagement and cog-
nitive function is informed by research on brain
regions and networks associated with social func-
tions, and regions and networks associated with
cognitive function. Resting state functional magnetic
resonance imaging (fMRI) studies have identified
several functionally interconnected brain networks
that are consistent across individuals [17]. Some
of these networks are associated with basic sen-

sory processes (visual, auditory), while others are
associated with higher-level cognitive functions [18].
This latter group, large-scale cognitive brain net-
works, have varying degrees of relevance to social
function and individual domains of cognitive per-
formance. Two large-scale networks implicated in
social functions are the default mode and salience
networks. Functional connectivity (FC) within the
default mode network associates with loneliness [19],
while regional volumes of salience network nodes
associate with social network size [20, 21]. Salience
network constituents show structural remodeling
following socio-affective training [22]. Appropri-
ate social cognition requires effective shifting from
internally-focused to externally-focused attention,
and vice versa. The salience network acts as a
putative “switch”, detecting salience cues in the envi-
ronment and facilitating shifts between internally-
and externally-focused attention based on those cues
[23], suggesting potential relevance of this net-
work to social behavior. The default mode network
and salience network are also implicated in cogni-
tive aging. As is true of large-scale networks more
broadly, FC within these networks declines in older
adulthood [24-26], and associates with cognitive per-
formance in older adults, with greater FC associated
with better performance [24, 25, 27]. Furthermore,
reduced default mode network functional connectiv-
ity is consistently found in participants with probable
Alzheimer’s disease [28, 29]. These factors make the
default mode and salience networks interesting can-
didates for mediating the association between social
engagement and cognitive function.

While large-scale cognitive network FC can be
broadly characterized as a neural correlate of social
and cognitive function, its role as mediator of the
relationship between social engagement and cogni-
tive performance in older adults is not established.
To address this gap, we attempt to answer four ques-
tions. First, does social engagement (social network
size and contact frequency) associate with cogni-
tive performance, either globally or within specific
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cognitive domains? Second, does social engagement
associate with FC of large-scale cognitive brain net-
works? Third, does large-scale cognitive network FC
mediate the association between social engagement
and cognitive functions?

Finally, we perform two sets of exploratory
analyses further interrogating our results. To bet-
ter understand how different aspects of social
engagement relate to brain function and cognitive
performance, we perform exploratory analyses using
sub-scores of our social network scale focused on
active social engagement (frequency of contact) and
network size for intimate social engagement (emo-
tional close and trusted individuals). To characterize
the role of cognitive impairment in these relation-
ships, we examine associations between our variables
of interest separately in cognitively unimpaired par-
ticipants and those with mild cognitive impairment
(MCI).

METHODS
Participants

The National Alzheimer’s Coordinating Center
(NACC) maintains a repository of the Uniform Data
Set (UDS) collected by all the National Institute on
Aging (NIA)—funded Alzheimer’s Disease Centers
(ADCs) in the United States. There are currently
over 30 ADCs. The UDS data includes demo-
graphics, medical history, medication use, physical
and neurological exam findings, clinical ratings
of dementia severity (Clinical Dementia Rating
[CDR] Dementia Staging Instrument) [30], and
neuropsychological test scores. Systematic guide-
lines for clinical diagnosis are based on the most
up to date published diagnostic research criteria
[31-33] and used across the ADCs. Further infor-
mation on the NACC database may be found at:
https://www.alz.washington.edu.html.

We used data from 120 non-demented older adults
with MRI recruited from the Ann Arbor and Metro
Detroit communities (as of March of 2020), col-
lected by Michigan Alzheimer’s Disease Center
(MADC). MADC was funded as one of the NIH-
funded ADCs in 2016. All participants used in the
current study were free of MRI contraindications and
provided informed consent. Data collection and anal-
ysis were approved by the University of Michigan
IRB (IRBMED # HUMO00000382) and Wayne State
University IRB (IRB #033719B3X), respectively.

Participants in the current study were selected
using the following inclusion criteria: 1) cognitively
unimpaired control or a patient with a diagnosis of
mild cognitive impairment, 2) over 50 years old,
3) adequate hearing and visual acuity to complete
assessments, 4) preference for availability of an infor-
mant with regular contact with the participant and was
willing to accompany the participant during evalua-
tion and serve as a “study partner or co-participant”.
Participants were excluded for any of the follow-
ing: 1) evidence of a stroke in a clinically relevant
area (cerebral cortex or thalamus) or mass lesion
on structural brain imaging, if completed, 2) mod-
ified Hachinski Ischemic score >4 [34], 3) clinically
significant abnormality on routine screening blood
tests (participants may have been enrolled following
correction of laboratory abnormality), 4) clinically
significant abnormality on routine cerebrospinal fluid
laboratory tests, if performed, 5) evidence or history
of traumatic brain injury with persistent cognitive
deficits, 6) history of central nervous system radiation
therapy, 7) history of intellectual disability.

While a cutoff age of 50 years is young to observe
cognitive impairment, the Michigan ADRC collects
longitudinal data on participants, and using a low
cutoff age allows for observation of changes in par-
ticipants as they transition from midlife adulthood
to older adulthood, and potentially from cognitively
unimpaired to early onset cognitive impairment. In
practical terms, the current study includes data only
from a single baseline time point. The youngest
participant in our sample is 54 years old, and only
five participants were younger than 60 at the time of
screening.

Data for eight participants were excluded for
excessive motion, characterized as any volume-to-
volume motion spike greater than a voxel width
(2.4mm; n="7) or average framewise displacement
greater than 0.5 mm (n=1). Following these exclu-
sions, a total of 112 participants were included in the
current study.

Behavioral data

To characterize social engagement, participants
completed the abbreviated Lubben Social Network
Scale (LSNS-6) [35], in which participants quantified
the size of their social networks which met criteria for
contact frequency or intimacy, with separate items
asking about relatives and non-relatives. We used the
total of ratings from the six items as an overall mea-
sure of social engagement. Possible total scores range
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from 0-30, with higher values representing greater
social engagement, and a score lower than 12 indica-
tive of social isolation [35]. To address the distinction
between different aspects of social engagement, we
created two sub-scores. First, we summed the two
items asking about the number social contacts who
they see or hear from at least once a month, converted
these sums to Z-scores and used this as an active social
engagement score. This score more closely reflects
the “quantity” of social engagement that occurs at
least once a month. Second, we summed the four
items asking about number of social contacts with
whom they feel close enough to call for help, and
with whom they feel at ease enough to discuss pri-
vate matters, and converted these sums to Z-scores.
We used this as an intimate social engagement sub-
score. This score more closely reflects the “quality”
of social engagement, as the items require a minimum
level of intimacy, characterized by emotional close-
ness and trust. Active and intimate social engagement
sub-scores were moderately correlated in this data set
(r=0.581).

To characterize cognitive performance, partici-
pants completed the NACC Uniform Data Set 3
(UDS-3) neuropsychological battery [36—38]. Scores
for individual tests were transformed to Z-scores
using means and standard deviations of cogni-
tively unimpaired UDS participants as of June 2019
(https://www.alz.washington.edu.html/). From these
Z-scores, we calculated composite scores for five
cognitive domains as described in [37]: executive
function, memory, language, attention, and visuospa-
tial. The composite scores were calculated as the
average of the Z-scores for their constituent tests.
Where noted, the sign of Z-scores was reversed, so for
all scores higher values indicate better performance.
The executive function composite was composed of
Backward Digit Span Test (# of correct trials) and
Trail Making Test Part B (# of seconds to complete;
reversed). The memory composite was composed of
Immediate Craft Story Recall (paraphrase scoring),
Delayed Craft Story Recall (paraphrase scoring),
and total score for Benson Complex Figure Delayed
Recall. The language composite was composed of
Category Fluency (animals), Category Fluency (veg-
etables), Multilingual Naming Test (total score), and
Verbal Fluency Phenomic Test (total correct F & L
words). The attention composite was composed of
Trail Making Test Part A (# of seconds to complete;
reversed) and Forward Digit Span Test (# of cor-
rect trials). The visuospatial score was composed of
the total score for Benson Complex Figure Copy. A

global composite score was calculated as the average
of the five domain-specific composite scores (see [37]
for the details). Higher values for composite scores
represented better cognitive performance.

Resting-state functional magnetic resonance
imaging

Data acquisition

All scans were conducted at the University of
Michigan Functional Magnetic Resonance Imag-
ing Laboratory (Ann Arbor, MI), with a 3-T
General Electric MR750 scanner using an eight-
channel Head Matrix coil. Acquisition parameters
for T1 structural and T2* functional data were
in line with the Adolescent Brain Cognitive
Development (ABCD) MRI protocol [39]. 3D Tl1-
weighted whole-brain anatomy images were acquired
using a magnetization-prepared rapid acquisition
gradient-echo sequence: 208 slices, repetition time
(TR)=2500ms, echo time (TE)=2.0ms, flip angle
(FA) =8°, field of view (FOV) =256 mm, 256 x 256
voxels, and voxel size=1mm x 1 mm x 1 mm).
Functional images were acquired using a T2*-
weighted multiband echo-planar imaging sequence:
570 volumes, 60 slices, TR=800ms, TE=30ms,
FA =52°, voxel size=2.4mm x 2.4mm X 2.4 mm,
multiband acceleration = 6).

Preprocessing

We used FSL_motion_outliers (FSLv6.0.3,
FMRIB’s Software Library, https:/fsl.fmrib.ox.ac.
uk/fsl/; [40]) to determine the maximum and average
volume-to-volume framewise displacement for each
run. Seven participants with a maximum framewise
displacement greater than the voxel width (2.4 mm)
and one participant with an average framewise
displacement greater than 0.5 mm were excluded
from analysis to prevent contamination of group
results by motion-induced signal artifacts.

Functional imaging data were motion-corrected
with MCFLIRT [41], normalized to the Montreal
Neurological Institute (MNI) template, and under-
went ICA-AROMA to remove noise-related ICA
components from resting-state data [42].

Functional connectivity analysis

Using CONN Toolbox (http://www.nitrc.org/
projects/conn, RRID:SCR_009550; [43]), we
selected regions of interest for the resting-state
networks using the CONN network atlas, derived
from Human Connectome Project data. Default
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mode network included medial prefrontal cortex,
posterior cingulate cortex, and left and right lateral
parietal cortex. Salience network included dorsal
anterior cingulate cortex, left insula and right insula.
Sensorimotor network was included as a negative
control, as we expected FC in this network not to
associate with social engagement. Sensorimotor
network included a superior supplementary motor
area region, and left and right motor/somatosensory
cortex. Data for eight participants was unavailable
for the sensorimotor network; analyses for this
network therefore included data for 104 partici-
pants. We extracted timeseries from each region of
interest for each participant and regressed average
white matter and cerebrospinal fluid signal from
time series. Data underwent bandpass filtering
(0.008-0.09) and linear detrending. We calculated
r-to-Z-transformed pairwise functional connectivity
values for within-network regions of interest, and for
each network these pairwise values were averaged to
produce a single within-network connectivity value
for each participant.

Statistical analysis

Subsequent analyses were performed in SPSS
(version 26). We evaluated the association between
LSNS-6 total score and UDS-3 global score
using bivariate correlation. Upon finding a statisti-
cally significant association, we performed post-hoc
exploratory analyses to understand if there were
specific aspects of social engagement or cognitive
performance that were driving the result. These post-
hoc analyses used our created active and intimate
social engagement sub-scores from the LSNS-6,
and the composite scores from the UDS-3. UDS-3
scores which significantly associated with LSNS-
6 scores were then included as outcome variables
in separate mediation models. Associations between
LSNS-6 (total and subscores) and large-scale cogni-
tive network FC were also evaluated using bivariate
correlation. Networks whose FC significantly asso-
ciated with LSNS-6 scores were then included as
mediators in subsequent mediation models. We con-
trolled for age and sex. In examining associations to
inform our mediation models we set an alpha thresh-
old of 0.05; as our work is exploratory with limited
sample size, we did not correct for multiple com-
parisons. Mediation models were tested using the
PROCESS macro in SPSS [44]. Unstandardized indi-
rect effects were computed for 1000 bootstrapped
samples, allowing for computation of a 95% confi-

dence interval via indirect effects at the 2.5 and 97.5
percentiles. Mediation was considered significant if
the 95% confidence interval did not cross zero. The
proportion mediated was calculated as the ratio of the
indirect effect to the total effect.

RESULTS
Demographics and neuropsychological scores

For our analysis sample of 112 participants,
we calculated sample mean and standard devi-
ation for age in years (70.67=+7.32; range:
54.62-89.69), years of education (15.95+2.47),
MOoCA score (25.42 +3.19), and Lubben total score
(19.64 £4.81). Six participants had a Lubben total
score less than 12, which is the suggested clini-
cal cutoff point to indicate social isolation (5.3%).
Eighty-four participants were women (75.0%).
Thirty-seven were amnestic MCI (33.0%), 13 were
non-amnestic MCI (11.6%), and the remaining 62
(55.3%) were those with unimpaired cognition. As
expected, participants with MCI performed more
poorly than cognitively unimpaired participants on
the UDS-3 composite scores for executive func-
tion, memory, language, attention, and the global
composite (Supplementary Table 1). Forty-two par-
ticipants were African-American (37.5%) and 69
were European-American (61.6%). Race data was not
available for one participant.

Associations between social engagement and
cognition

We found a moderate correlation between LSNS-
6 total score with global UDS-3 composite
score (r=0.228, p=0.016), showing that higher
social engagement associated with better cognitive
performance. Exploratory post-hoc analysis with
UDS-3 domain composite scores found a moderate
correlation between LSNS-6 total score and exec-
utive function UDS-3 composite score (r=0.282,
p=0.003). Associations with other domains includ-
ing UDS-3 memory (r=0.141, p=0.137), attention
(r=0.185,p=0.051),language (r=0.061,p =0.525),
and visuospatial (r=0.107, p=0.236) composite
scores were not significant (Table 1). We ran
additional exploratory post-hoc analysis to exam-
ine cognitively unimpaired and MCI participants
separately. The association between social engage-
ment and global cognition was not significant in
either group, and the association between social
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engagement and executive function was significant
in cognitively unimpaired participants only. How-
ever, further analysis using Fisher’s Z showed that
the correlation coefficients were not significantly dif-
ferent between diagnostic groups. Further details are
reported in the Supplementary Material.

Associations between social engagement and
network functional connectivity

We found a moderate association between LSNS-
6 total score and salience network connectivity
(r=0.229, p=0.015), such that greater social engage-
ment associated with greater salience network
connectivity. Associations with default mode net-
work (r=0.169, p=0.076) and our negative control,
the sensorimotor network (»=0.005, p=0.959) con-
nectivity were not significant (Table 1).

Exploratory post-hoc analysis with LSNS-6 sub-
scores found a moderate correlation between the
intimate social engagement sub-score and salience
network connectivity (r=0.251, p=0.007), such that
greater intimate social engagement associated with
greater salience network connectivity. Association
between active engagement score and salience net-
work connectivity was not significant (r=0.117,
p=0.218). We ran additional exploratory post-hoc
analysis examining these associations in cognitively
unimpaired and MCI participants separately. Further
details are reported in the Supplementary Material.

Mediation models of social
engagement/cognitive performance association

We tested three mediation models in which
salience network FC mediated the association
between social engagement and cognitive per-
formance. The first model used overall social

Table 1
Associations of social engagement with cognitive performance
and large-scale cognitive network functional connectivity. LSNS-
6 total score is significantly associated with executive function,
global composite score, and salience network connectivity.

Correlation between LSNS-6 and: r P
Cognitive composite scores

UDS-3 Global 0.228  0.016
UDS-3 Executive Function 0.282  0.003
UDS-3 Memory 0.141 0.137
UDS-3 Attention 0.185 0.051
UDS-3 Language 0.061 0.525
UDS-3 Visuospatial 0.107  0.263
Large-scale brain network connectivity

Default Mode Network 0.169  0.076
Salience Network 0.229  0.015

Sensorimotor Network (as a negative control) 0.005 0.991

engagement as the predictor variable and global cog-
nition as the outcome variable with the second model
using executive function as the outcome variable,
based on the results of the exploratory post-hoc test.
The results of the exploratory post-hoc test using
LSNS-6 sub-scores led us to test a third model, with
intimate social engagement was the predictor variable
with the global cognition being the outcome variable.
Age and sex were included as nuisance covariates.

In the first model (Fig. 1), we tested salience net-
work FC as a mediator of the association between
LSNS-6 total score and UDS-3 global compos-
ite score. The bootstrapped unstandardized indirect
effect was 0.0080 (95% CI: 0.0017-0.0169), and
salience network functional connectivity mediated
30.8% of the total effect.

In the second model (Fig. 2), we tested salience
network FC as a mediator of the association between
LSNS-6 total score and UDS-3 executive function
composite score. The unstandardized indirect effect
was 0.0067 (95% CI: 0.0000-0.0170), and salience

¢ (B=0.0260, $=0.2128, p=0.016)

Social engagement
(Lubben total score)

¢' (B=0.0179, $=0.1470, p=0.087)

Cognitive function
(UDS-3 Global

Composite)

Fig. 1. Mediation model of salience network FC mediating the association between overall social engagement and global cognition.
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Salience network FC

¢ (B=0.0503, $=0.2686, p=0.002)

Executive function

Social engagement

(Lubben total score)

¢' (B=0.0436, p=0.2328, p=0.009)

(UDS-3 Executive

Function Composite)

X

Y

Fig. 2. Mediation model of salience network FC mediating the association between overall social engagement and executive function.

network functional connectivity mediated 13.3% of
the total effect.

In the third model, we tested salience network FC
as a mediator of the association between LSNS-6 inti-
mate social engagement sub-score and UDS-3 global
composite score. The unstandardized indirect effect
was 0.0119 (95% CI: 0.0030-0.0241), and salience
network functional connectivity mediated 34.7% of
the total effect.

We re-ran these three models with additional
nuisance covariates, to control for the potential
confounding influence of education and race. Edu-
cational attainment is related to social engagement,
functional connectivity, and cognitive performance.
Race, interacting with social conditions not measured
here, may also play a role in social engagement and
cognitive outcomes. After inclusion of education and
race as nuisance covariates, mediation effects for all
three models were weakened. Effects for the first
and third models remained significant, while the sec-
ond model no longer showed a significant mediation
effect. Additional details are reported in the Supple-
mentary Material.

DISCUSSION

In this study, we evaluated large-scale cogni-
tive network FC as a mediator of associations
between social engagement (measured by Lubben’s
Social Network Scale-6) and cognitive performance.
A global cognitive composite measure was ini-
tially used to characterize cognitive performance;
exploratory follow-up analyses included five individ-
ual cognitive domains: executive function, memory,
attention, language, and visuospatial. We tested large-
scale cognitive networks as potential mediators: the
default mode and salience networks, as well as

the sensorimotor network as a negative control. We
found a significant association between overall social
engagement and the UDS-3 global composite scores.
Exploratory post-hoc analyses identified a moderate
correlation between overall social engagement and
executive function composite score. We also found a
significant positive association between overall social
engagement and salience network FC. Exploratory
post-hoc analyses identified a moderate correlation
between intimate social engagement and salience
network FC. We found that salience network FC par-
tially mediated associations between overall social
engagement and both executive function and global
cognition, as well as between intimate social engage-
ment and global cognition. These mediation effects
point to the salience network, previously implicated
in both social and cognitive functions, as a key medi-
ator of the relationship between social engagement
and cognition in older adults.

Our finding of an association between social
engagement and cognitive performance in older
adults is consistent with prior research. A recent
systematic review [45] found that several dimen-
sions of social support (e.g., general social support,
emotional support, positive social interaction) are
positively associated with global cognition, execu-
tive function, and memory [46, 47], though there are
dissenting studies [48,49]. While we replicated pre-
viously demonstrated positive relationships between
social engagement and global and executive function
cognitive domains, we did not find a relationship with
memory functions. Further study is needed to bet-
ter understand the factors that impact the association
between social engagement and memory perfor-
mance.

In examining associations between social engage-
ment and large-scale brain network FC, only the
association with the salience network was significant.
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As expected, this association was stronger than
the association between social engagement and
our negative control, sensorimotor network connec-
tivity, indicating that the relationship with social
engagement does not generalize to large-scale brain
networks in general. In particular, the network size of
intimate social engagement associated with salience
network FC. This finding, linking social network size
with brain network connectivity is relatively novel: in
arecent review of neuroimaging studies of social iso-
lation [50], only one prior study used assessment of
social network size and contact frequency [51], and
focused on the cerebellum rather than large-scale cog-
nitive networks. Most remaining studies focused on
measures of loneliness. Additional work found that
social network size was associated with volume and
resting-state connectivity of the amygdala [20, 21,
52], a limbic structure frequently included as part of
the extended salience network. The specificity of our
finding to the salience network may be a function
of its role as a hub or “switch” of other large-scale
cognitive networks, positioning the network to bridge
social function and cognitive performance.
Interestingly, we found that salience network FC
was associated with intimate social engagement;
that is, the social network size of individuals with
whom the person is close and trusts. This finding
is exploratory and should be interpreted with cau-
tion. As the direction (or presence) of causation is
unknown, it may be that a larger intimate social net-
work may contribute to stronger salience network
function, or that stronger salience network function
facilitates the building of a larger intimate social
network. The present study is not equipped to investi-
gate this effect more deeply; nevertheless, our results
expand understanding of the understudied neural
correlates of social engagement. Notably, previous
literature suggests that social engagement with an
expansive network of individuals with looser social
ties, termed social bridging, is more strongly asso-
ciated with positive cognitive outcomes than social
engagement with a smaller network of individuals
with closer ties, termed social bonding [53]. Social
bridging is thought to promote cognitive reserve by
providing cognitive stimulation through interaction
with a diverse set of social contacts, and mitigate the
negative impact of reduced amygdala volume [54].
Our results broadly support the idea of increased
social engagement promoting cognitive reserve and
increased salience network connectivity by provid-
ing cognitive stimulation through social interaction.
However, our measure of social engagement only

allows us to examine this effect in the context of
social network size with intimate social contacts. We
expect future work to continue to delineate the mech-
anisms by which social engagement with intimate and
peripheral social contacts promote cognitive health in
older adults.

Using mediation models, we tested associations
between salience network FC and cognitive perfor-
mance, specifically the global and executive function
composite measures. Salience network FC associated
with the global cognitive composite score, a finding
consistent with recent work demonstrating an asso-
ciation between salience network coherence and a
fluid cognition composite score [16]. Hausman et
al., describe salience network coherence as associ-
ated with several individual subscale scores making
up the composite score, including episodic memory,
attention, and executive function. In the present study
the association between salience network connectiv-
ity and executive function was not significant. This
discrepancy may be attributable to inclusion of social
engagement in our model, which was not included
in the Hausman et al.’s model. This further high-
lights the importance of considering social factors
when characterizing the association between FC and
cognition.

In exploratory analyses, we examined our ques-
tions of interest in our cognitively unimpaired and
MCI sub-samples separately. Using Fisher’s Z to
assess the significance of the difference between two
correlation coefficients between diagnostic groups
(i.e. the association between social engagement and
brain network connectivity between the two diag-
nostic groups, and the association between social
engagement and cognitive performance between the
two diagnostic groups) neither effect was signifi-
cantly stronger in one group than the other, suggesting
that both groups had similar directions and associa-
tions in terms of these relationships. We hope future
research can provide further clarity on the impact
of cognitive impairment on the relationship between
social engagement, cognitive performance, and brain
network connectivity.

The present study used the Lubben Social Network
Scale to measure network size and contact frequency.
Another aspect of social function in older adults is
captured by perceived social isolation. While con-
ceptually linked, perceived social isolation is distinct
from and complementary to measures of social net-
work size and contact frequency. This study, when
taken in the context of previous work, suggests
that the two may have dissociable neural correlates,
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with social engagement more strongly linked to the
salience network, and perceived social isolation more
strongly linked to the default mode network [19].
Further examination of this possible dissociation is
warranted and may help shed further light on the
neurobiological impact of disrupted social function
in older adults.

Several limitations of the approach and sample
used in the present study should be noted. First
and most significantly, the active and intimate social
engagement sub-scores from the LSNS-6 have not
been validated and results using these measurements
should be treated as exploratory and interpreted with
appropriate caution. They are used here to provide
exploratory insight into how different aspects of
social engagement (size of active social network
vs size of intimate social network) relate to brain
network functional connectivity and cognitive perfor-
mance. Furthermore, post-hoc tests were performed
when there was a significant association with the
LSNS-6 total score. Given that four of the six items
were summed for the intimate social engagement
score, and only two for the active social engagement
score, it is worth noting that the total score is more
heavily weighted toward intimate social engagement.
It is therefore unsurprising that the post-hoc findings
would find significant associations with the intimate
social engagement score. Second, we use a cross-
sectional approach to examine relationships among
our variables of interest, which does not allow us
to characterize changes over time. This is of par-
ticular importance in the context of cognition, as a
major goal of the field is to better understand factors
which influence cognitive maintenance and cogni-
tive decline in older age. Building on the present
study, future longitudinal work examining the role
of social engagement and brain network connectiv-
ity in cognitive decline should be valuable. Third,
although our participants show a broad range of social
engagement in their Lubben scores, our sample as a
whole is relatively socially engaged, with only a small
subset of participants identified as socially isolated
based on Lubben criteria (Lubben 6 item <= 12) [35].
Social isolated subjects might show different patterns
of association from those shown here [16]. While
our study demonstrates how individual variability in
social engagement relates to brain network FC and
cognitive performance, examining how these effects
hold in a sample with more socially isolated partici-
pants would help establish the generalizability of our
results. Fourth, while the exclusion criteria did not
specifically screen out participants with neuropsy-

chiatric disease such as depression, all participants
had low (subclinical) levels of depressive symptoms
as measured by the Geriatric Depression Inventory.
Late-life depression is often comorbid with cogni-
tive decline [55], accompanied by social isolation
[6], and is known to be associated with differences in
brain network connectivity [56]. Although we were
not able to examine the role of late-life depression
in our model due to limited variability, it represents
an important factor which may influence how social
isolation and brain network FC relate to cognitive
aging. Fifth, there are several aspects of functional
connectivity analysis for which there are not gold-
standard, agreed-upon methodological approaches.
One such approach is the parcellation of brain net-
works. Here, we have opted to use the parcellation
included with CONN Toolbox, which focused on
a smaller number of core regions for each network
and was developed using participants across adult
age range rather than older adults specifically. It is
unknown the extent to which the selection of differ-
ent parcellations and numbers of regions may impact
the results, or the extent to which results are driven by
a single edge. Similarly, we operationalize functional
connectivity as the average of the pairwise r-to-Z
transformed values between regions of a network.
Sixth, we did not perform multiple comparison cor-
rection on our exploratory post-hoc analyses. Results
from these analyses should be considered exploratory
and interpreted with caution. Seventh, our measure
of social engagement is limited in several ways. The
questions focus only on relatives and friends, and
therefore do not capture weaker social ties which may
impact cognitive health. For each item, the number
of social partners is capped at “9 or more”, mean-
ing variability beyond that level is not captured in
our data. The measure focuses on network size based
on a minimum frequency of contact or a minimum
level of intimacy. However, it does not capture the
degree to which the social interactions themselves
are “engaging” or satisfying, nor does it capture the
types of activities in which social partners engage.
Similarly, it does not capture levels of perceived iso-
lation or “loneliness”. Self-report measures of social
networks are biased, including by subjective mea-
sures like loneliness which are not captured here. We
hope future work can further characterize the present
findings using more nuanced measurements of social
engagement.

In conclusion, our findings demonstrate that asso-
ciations between social engagement and cognitive
performance are mediated by salience network FC.
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This work supports social engagement, particularly
with intimate social contacts, as an important factor
influencing cognitive aging and provides evidence for
salience network FC as a pathway for this effect. As
future studies examine the use of social engagement
interventions in delaying or preventing cognitive
decline, measurements of brain network FC may help
explicate intervention effects and provide insights
into individual differences in intervention responses.
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