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Abstract

Loneliness and wisdom have opposing impacts on health and well-being, yet their neuro-cognitive bases have never been
simultaneously investigated. In this study of 147 healthy human subjects sampled across the adult lifespan, we
simultaneously studied the cognitive and neural correlates of loneliness and wisdom in the context of an emotion bias task.
Aligned with the social threat framework of loneliness, we found that loneliness was associated with reduced speed of
processing when angry emotional stimuli were presented to bias cognition. In contrast, we found that wisdom was
associated with greater speed of processing when happy emotions biased cognition. Source models of
electroencephalographic data showed that loneliness was specifically associated with enhanced angry stimulus-driven
theta activity in the left transverse temporal region of interest, which is located in the area of the temporoparietal junction
(TPJ), while wisdom was specifically related to increased TPJ theta activity during happy stimulus processing. Additionally,
enhanced attentiveness to threatening stimuli for lonelier individuals was observed as greater beta activity in left superior
parietal cortex, while wisdom significantly related to enhanced happy stimulus-evoked alpha activity in the left insula. Our
results demonstrate emotion-context driven modulations in cognitive neural circuits by loneliness versus wisdom.

Key words: emotion bias, temporo-parietal junction, insula, EEG, happiness, social threat

Introduction
The concept of loneliness has been part of human history since
ancient times, described by Ovid in 80 AD as the experience
of painful, intense longing for social connection (Ovid 2005).
Loneliness is distinct from an individual’s objective social
network in that it reflects the individual’s subjective distress
about their extent of social isolation, hence, the phrase “alone
in a crowd” (Cacioppo et al. 2015; Bhatti and ul Haq 2017).

Psychological research also suggests that loneliness results from
the discrepancy between the interpersonal interactions that are
desired versus those that are achieved (Peplaum et al. 1979).
Research over the last decade has shown that loneliness is an
important psychosocial determinant of health; it is associated
with considerable physical and mental health risks, acute stress
reactivity and immune system dysfunction, increased risk
for suicide, accelerated cognitive decline and dementia, and
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consequently, heightened morbidity and mortality (Cacioppo
et al. 2011; Perissinotto et al. 2012; Boss et al. 2015; Holt-Lunstad
et al. 2015; Kuiper et al. 2015; Beutel et al. 2017; Brown et al. 2018;
Lara et al. 2019; Jeste, Lee, and Cacioppo 2020). Hence, it is vital
to understand the neurobiological bases of loneliness that are
the focus of recent research (Weiss 1974; Cacioppo, Capitanio,
et al. 2014; Spreng et al. 2020).

Neurobiologically, loneliness is considered within a social
evolutionary framework (Cacioppo, Hawkley, et al. 2006;
Cacioppo, Capitanio, et al. 2014). According to the social
neuroscience model, the brain evolved to put individuals
into a short-term self-preservation mode when alone without
any mutual protection or assistance. Important among the
range of behavioral effects are heightened implicit vigilance
for social threats along with increased anxiety, hostility,
and social withdrawal to avoid predation (Meng et al. 2020).
Notably, increased depressive symptomatology is observed with
heightened loneliness as a nonverbal means of signaling the
need for support and connection (Cacioppo, Hughes, et al. 2006;
Qualter et al. 2010; Cacioppo et al. 2015; Fried et al. 2015). The
priming for social threats, in turn, may lead to attentional biases
such that the individual acts negatively toward others and
may fuel further feelings of social isolation (Rotenberg et al.
2002; Cacioppo, Cacioppo, et al. 2014). Evidence from functional
magnetic resonance imaging and electroencephalography (EEG)
studies suggest that loneliness enhances attention to negative
social stimuli (Somerville et al. 2006; Cacioppo et al. 2009, 2013,
2016; Cacioppo, Balogh, et al. 2015). This research implicates
activity in brain regions that are involved in both attentive
and social processing with loneliness, with the temporoparietal
junction (TPJ) as a key node for perceiving social-affective states
(Cacioppo et al. 2009, 2016; Zaki et al. 2009; Kanai et al. 2012;
Cacioppo, Cacioppo, et al. 2014; Cacioppo, Capitanio, et al. 2014).

While loneliness maybe a negative trait, at the opposite end
of the spectrum is the positive personality trait of wisdom. Wis-
dom can be defined as the ability to think and act using knowl-
edge, experience, insight, and empathy toward others (Sternberg
1990; Ardelt 2000; Baltes and Staudinger 2000; Jeste, Lee, Palmer,
et al. 2020). Based on systematic literature reviews, wisdom is a
complex trait that includes dimensions of pro-social behaviors,
such as empathy and compassion, emotional regulation, self-
reflection, a balance between acceptance of uncertainty and
decisiveness, and social advising (Meeks and Jeste 2009; Bangen
et al. 2013; Jeste and Lee 2019; Lee et al. 2019, 2020; Jeste, Di
Somma, et al. 2020). Notably, wisdom is consistently associated
with better health and subjective well-being (Webster et al. 2014;
Ardelt and Edwards 2016; Ardelt and Jeste 2018; Ardelt and
Ferrari 2019; Lee et al. 2019; Van Patten et al. 2019). This research
also shows that both loneliness and wisdom are partially mal-
leable traits (Lee et al. 2019, 2020), and that there is an inverse
relationship between wisdom and loneliness across the adult
lifespan, now replicated across several studies (Lee et al. 2019;
Jeste, Di Somma, et al. 2020; Nguyen et al. 2020). Complementary
qualitative research suggests that loneliness is linked to reduced
compassion and other components of wisdom, due to negative
biases about oneself and others, leading to avoidance of social
interactions (Morlett Paredes et al. 2020). Thus, while loneliness
and wisdom may appear to be disparate constructs at the outset,
an underlying sense of wisdom in social contexts, whether
one is physically alone or with others, may impart immunity
to the perception of loneliness (Ardelt and Jeste 2018). That
wisdom may serve as a protective factor against loneliness that
highlights the importance of studying the neural and cognitive
correlates of these two constructs within a unified framework.

However, no study to-date has simultaneously probed the neuro-
cognitive correlates of loneliness and wisdom.

Here, we undertook an adult lifespan study investigating
the association of loneliness and wisdom with cognitive/neu-
ral processing during an emotion bias task. This task probed
attention to target in the presence of different emotional stimuli,
including positive, negative, threatening, and neutral emotion
stimuli that served as distractors on the task (López-Martín et al.
2013, 2015; Thai et al. 2016). The different types of emotions
embedded in the task, thereby, allowed investigation of differ-
ential emotional responsivity in the context of loneliness versus
wisdom.

Aligned with the social threat model for loneliness (Cacioppo
et al. 2016), we hypothesized that loneliness would affect cog-
nitive and neural processing when threatening emotional dis-
tractors were presented. Specifically, in the context of the emo-
tion bias task, we hypothesized that threatening faces would
be more distracting for lonelier individuals, and hence, greater
loneliness would be associated with reduced response speed to
the attended target. In contrast, given that pro-social empathic
behaviors underlie wisdom, we hypothesized an association of
wisdom with the cognitive and neural processing of positive
emotion stimuli. Specifically, we hypothesized that in the pres-
ence of happy emotion stimuli, individuals reporting greater
wisdom would be more alert and thereby have accelerated atten-
tive response speeds.

Neurally, brain networks underlying social-affective process-
ing, attentive processing, and most recently the default mode
network have been associated with loneliness (Cacioppo et al.
2009, 2016; Kanai et al. 2012; Cacioppo, Cacioppo, et al. 2014;
Cacioppo, Capitanio, et al. 2014; Layden et al. 2017; Spreng et al.
2020). Across these studies, both task-related and resting state
neural activities have been investigated. Here, we inform this
literature by exploring neural processing on an emotion bias
task that included both threatening and positive stimuli. In
this context, we hypothesized that loneliness would be asso-
ciated with neural activity in brain regions associated with
social-emotional affective processing, such as the TPJ, and with
attentional allocation to the threatening emotions.

With regards to wisdom, while there has not been a prior
study investigating the neural correlates of this construct, the
components of wisdom have been related to activity in brain
regions important for cognitive and socio-emotional control,
with a prominent role for the insula that is implicated in empa-
thy, as well as emotional and cognitive regulation (Adolphs 2002;
Carr et al. 2003; Hennenlotter et al. 2005; Craig 2009; Meeks and
Jeste 2009; Menon and Uddin 2010; Salomon et al. 2016; Gogolla
2017). Hence, for wisdom, we hypothesized an association with
cognitive and neural processing of positive emotion stimuli with
particular involvement of the insula. Prior studies specifically
show that individuals with greater self-reported empathy, which
is the prosocial component of wisdom, have higher activity
within insular cortex when processing positive stimuli. Thus,
within the unifying framework of the same emotion bias task,
yet in the context of different emotions, threatening versus
positive, we suggest distinct cognitive and neural correlates for
the constructs of loneliness and wisdom.

Materials and Methods
Participants

A total of 147 healthy adult human subjects (mean and
standard deviation [SD] of age 40.7 ± 22.6 years, age range
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18–84 years, 87 [59%] females) participated in this cross-
sectional study and completed behavioral self-report assess-
ments and an emotion bias cognitive task with simultaneous
EEG. Participants were recruited using the Research Match
registry for research participation and using on-campus flyers
at the University of California at San Diego. Inclusion/exclusion
criteria for the study were participant age of 18 years or older,
and healthy adult status with no current diagnosis of a major
neuropsychiatric diagnosis and/or current use of psychotropic
medications. For older adults >60 years of age, participants were
confirmed to have a Mini-Mental State Examination score >26
to verify the absence of apparent cognitive impairment (Areval-
o-Rodriguez et al. 2015). All participants had normal/corrected-
to-normal vision and hearing and no participant reported color
blindness. Majority of participants (139 of 147) were right-
handed. All participants had at least a high-school education.
All participants provided written informed consent for the
study protocol approved by the University of California at
San Diego institutional review board (UCSD IRB #180140). Five
additional participants were excluded from the study who had
a clinical psychiatric diagnosis and were also on a current
neuropsychiatric medication regimen. The study did not use any
specific cut-off thresholds for psychiatric disorders, other than
the participants self-reporting that they had a clinical diagnosis
and were taking psychotropic medications. All data were
collected in the year prior to COVID-19 research restrictions.

Behavioral Assessments

Participants reported basic demographics, including age, gender,
race, and socio-economic status (SES). Race was reported as
1 of 7 categories (Caucasian; Black/African American; Native
Hawaiian/Other Pacific Islander; Asian; American Indian/Alaska
Native; More than one race; Unknown or not reported). SES com-
posite scores were assessed using the family affluence scale;
this scale measures individual wealth based on ownership of
objects of value (e.g., car/computer) and produces a compos-
ite score ranging from 0 (low affluence) to 9 (high affluence)
(Boudreau and Poulin 2009). In addition, all participants com-
pleted self-report ratings of anxiety on the Generalized Anxiety
Disorder 7-item scale: GAD-7 (Spitzer et al. 2006), and ratings of
depression on the 9-item Patient Health Questionnaire: PHQ-9
(Kroenke et al. 2001). Additionally, all participants reported lone-
liness on the 20-item UCLA-3 Loneliness Scale (Russell 1996),
and rated wisdom on the 24-item San Diego Wisdom Scale
(SD-WISE; Thomas et al. 2019). The SD-WISE scale was devel-
oped based on the psychological and neurobiological models
of wisdom and is a measurement model composed of individ-
ual wisdom subdomains of decisiveness, emotional regulation,
insight, pro-social behaviors, self-reflection, social advising, and
tolerance for divergent values. It has been shown to be a reliable
psychometric measure with convergent and discriminant valid-
ity, and social desirability bias is not found to be a significant
factor in scale completion (Thomas et al. 2019). Participants
also completed the 6-item Lubben Social Network Scale (Lubben
1988, 2006).

Emotional Bias Assessment

Participants played a game-like assessment named “Face Off,”
adapted from prior studies of attention bias in emotional con-
texts (López-Martín et al. 2013, 2015; Thai et al. 2016). The task
integrated a standardized set of culturally diverse faces from

the NimStim database (Tottenham et al. 2009). We used an
equivalent number of male and female faces, each face with
four sets of emotions, either neutral, positive (happy), negative
(sad), or threatening (angry), presented on equivalent number
of trials. An arrow was superimposed on the face on each
trial, occurring either in the upper or lower central visual field
on equal number of trials, and participants responded to the
direction of the arrow (left/right). Participants completed 144
trials presented over three equipartitioned blocks with shuffled,
but equivalent number of emotion trials in each block; a practice
set of 4-trials preceded the main task. Each trial initiated with a
central fixation “+” for 500 ms followed by a face stimulus with a
superimposed arrow of 300-ms duration. Participants responded
within an ensuing 1-s response window, followed by positive
or negative feedback provided for accuracy. Feedback was pro-
vided in the form of a happy/sad emoticon for 200-ms duration
followed by a 500-ms intertrial interval (ITI). All participants
received summary block accuracy feedback. This assessment
was deployed on the “BrainE” Unity-based platform developed
by the Neural Engineering & Translation Labs (NEATLabs) (Misra
et al. 2018; Balasubramani et al. 2020). The Lab Streaming Layer
(LSL; Kothe et al. 2019) protocol was used to time-stamp each
stimulus/response event during the task. Study participants
engaged with the assessment on a Windows-10 laptop sitting at
a comfortable viewing distance. Figure 1A summarizes the task
design and trial timings.

Electroencephalography

EEG data were collected simultaneous to the emotional bias
assessment using a 24-channel SMARTING device with a semi-
dry and wireless electrode layout. Data were acquired at 500-
Hz sampling frequency at 24-bit resolution. Cognitive event
markers were integrated using LSL and data files were stored
in xdf format.

Cognitive Task Performance Metrics

Cognitive task data were analyzed for each type of emotional
stimulus, that is, neutral, happy, sad, and angry. For each
stimulus, signal detection sensitivity was computed as d’ =
z(Hits) − z(False Alarms) (Heeger and Landy 2009); all d’ values
were divided by max theoretical d’ of 4.65 to obtain scaled d’
in the 0–1 range. Stimulus response speeds were calculated
as log10(1/RT), where RT is response time in milliseconds.
As there can be general speed of processing differences
across the lifespan, we analyzed all behavioral metrics for the
emotional stimuli (happy/sad/angry) relative to performance
on the neutral emotion stimuli in each participant. Outliers
>3 median absolute deviations away from the median of each
performance metric across subjects were removed prior to
statistical analyses.

Neural Analyses

We applied a uniform processing pipeline to all EEG data
acquired simultaneous to the cognitive task (Balasubramani
et al. 2020). This included: 1) data preprocessing, 2) computing
event-related spectral perturbations (ERSP) for all channels, and
3) cortical source localization of the EEG data filtered within
relevant theta (3–7 Hz), alpha (8–12 Hz), and beta (13–30 Hz)
frequency bands.
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Figure 1. (A) Emotion bias task design. (B) Relationship between wisdom versus loneliness (n = 147, rs = −0.632, P < 0.0001). (C) Relationship between loneliness and

response speed in the presence of angry emotion distractors (rs = −0.179, P = 0.03). (D) Relationship between wisdom and response speed in the presence of happy
emotion distractors (rs = 0.196, P = 0.02). Response speeds in the presence of angry/happy distractors are calculated relative to speed when neutral emotion stimuli
were presented to each subject.

1) Data preprocessing was conducted using the EEGLAB
toolbox in MATLAB (Delorme and Makeig 2004). EEG data were
resampled at 250 Hz and filtered in the 1–45 Hz range to exclude
ultraslow DC drifts at <1 Hz and high-frequency noise produced
by muscle movements and external electrical sources at >45 Hz.
EEG data were average referenced and epoched to the emotional
task stimuli as informed by the LSL time-stamps in the −1.5- to
+1.5-s stimulus time window. Channel data with activity >5 SD
compared with mean activity (up to 3 channels in 3 participants)
were spherically interpolated to nearest neighbors to correct
for the outlier activity. Epoched data were cleaned using the
autorej function in EEGLAB to remove noisy trials (>5 SD outliers
rejected over max 8 iterations; 6.3 ± 5.6% of trials rejected per
participant). Additionally, EEG data were cleaned by excluding
signals estimated to be originating from nonbrain sources, such
as electrooculographic, electromyographic, or unknown sources,
using the Sparse Bayesian learning (SBL) algorithm (https://
github.com/aojeda/PEB) explained below (Ojeda et al. 2018,
2019).

2) For ERSP calculations, we performed time–frequency
decomposition of the epoched data using the continuous
wavelet transform (cwt) function in MATLAB’s signal processing
toolbox. Baseline time–frequency data in the −750- to −550-
ms time window prior to stimulus presentation were sub-
tracted from the epoched trials (at each frequency) to observe

the event-related synchronization (ERS) and event-related
desynchronization modulations (Pfurtscheller 1999).

3) Cortical source localization was performed to map the
underlying neural source activations for the ERSPs using
the block-SBL algorithm (Ojeda et al. 2019) implemented
in a recursive fashion (Ojeda et al. 2018, 2019). This is a
two-step algorithm in which the first-step is equivalent to
the conventionally applied low-resolution electromagnetic
tomography method (LORETA; Pascual-Marqui et al. 1994).
LORETA estimates sources subject to smoothness constraints,
that is, nearby sources tend to be co-activated, which may
produce source estimates with a high number of false positives
that are not biologically plausible. To guard against this, SBL
applies sparsity constraints in the second step wherein blocks
of irrelevant sources are pruned. Source space activations were
estimated and the root mean square signals were partitioned
into cortical regions of interest (ROIs) and artifact sources. ROIs
were based on the standard 68 brain region Desikan–Killiany
atlas (Desikan et al. 2006) using the Colin-27 head model (Holmes
et al. 1998). Activations from artifact sources contributing to
EEG noise from nonbrain sources, such as electrooculographic,
electromyographic, or unknown sources, were removed to clean
the EEG data. Cleaned subject-wise trial-averaged EEG data were
then specifically filtered in theta, alpha, and beta bands and
separately source localized in each of the three frequency bands
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to estimate their band-specific cortical ROI source signals. The
source signal envelopes were computed in MATLAB (envelop
function) by a spline interpolation over the local maxima
separated by at least one-time sample; we used this spectral
amplitude signal for all neural analyses presented here. We
focused on poststimulus encoding in the 100–500 ms range
for all frequency bands; this epoch window was chosen as it
encompassed the peak global activity of emotional stimulus
processing across all stimuli yet did not overlap with motor
responses that may generate artifacts; we confirmed that there
were no significant differences in global peak neural processing
latencies for the different emotion stimuli across subjects.
Additionally, we performed outlier removal on the cortical
source level data; outlier values determined to be greater than
5 SD away from the mean cortical activity within that ROI were
removed from analyses.

Statistical Analyses

We used linear multiple regression to parse the demographic
and behavioral self-report factor predictors of loneliness and
wisdom. Modeled factors included demographic factors of age,
gender, race, SES, mental health factors of anxiety and depres-
sion, as well as social network score. Additionally, wisdom was
included as a predictor in the loneliness model, and vice versa.
Loneliness and wisdom were log-transformed to obtain normal
target distributions.

The performance metrics on the emotion bias task for hap-
py/angry/sad stimuli were all calculated relative to performance
on neutral stimuli to minimize the effect of age-differences
across participants. These performance metrics on the hap-
py/angry/sad stimuli were then compared using repeated mea-
sures analyses of variance (rm-ANOVA) with covariates of age
and gender. Emotion-related performance metrics were corre-
lated with loneliness and wisdom, and also with anxiety/depres-
sion symptom scores using Spearman’s correlations; we con-
firmed that Spearman correlations were appropriate based on
the Anderson–Darling test for normality (Anderson and Darling
1952).

Neural source activations in the theta, alpha, and beta
frequency bands were related to loneliness and wisdom
using linear robust regression models. Loneliness and wisdom
were log-transformed to obtain normal target distributions.
The neural models included covariates as informed by the
significant covariates that emerged in the behavioral regression
models above across the entire age range. Specifically, the
neural model for loneliness accounted for covariates of social
network score and wisdom, and similarly, the neural model for
wisdom accounted for the covariates of social network score
and loneliness. Significant neural activations from independent
robust regression models were then fit in a final multiple linear
robust regression, to account for comparisons across multiple
source activations. Furthermore, to confirm the robustness of
the neural models, we checked for consistency of results with
and without outliers removed. For all regression models, effect
sizes for significant predictors are reported in the text as f2 (0.02
small, 0.15 medium, and 0.35 large) (Selya et al. 2012).

Results
Demographic and Behavioral Predictors of Loneliness
and Wisdom

Distributions for the demographic and behavioral self-reports
for the 147 study participants are shown in Table 1. Metrics are

shown separated by younger, middle-aged, and older adults,
and across all participants. The younger adult age bin cut-off
was based on the literature on neurodevelopmental trajectories
(Lebel et al. 2008; Insel 2014; BrainSpan: Atlas of the Devel-
oping Human Brain 2020). Metrics were compared for differ-
ences across age bins using the χ2 (chi-square) statistic for
gender and the nonparametric Kruskal–Wallis test for behav-
ioral self-reports. Loneliness, wisdom, anxiety, and depression
were all significantly different (P < 0.02) across age bins, while
gender and social network scores did not statistically differ
across age bins. In post-hoc Mann–Whitney tests, younger adults
reported significantly greater loneliness than both middle-aged
and older adults (P < 0.048); there were no differences in lone-
liness reported by middle-aged and older adults (P = 0.28). For
wisdom, older adults reported significantly higher wisdom than
younger adults (P = 0.005), and there were no other significant
differences for wisdom across age bins. Significantly differ-
ent anxiety scores were found for each age bin, with younger
adults reporting highest symptom severity compared with both
middle-aged and older adults (P < 0.006); additionally, middle-
aged adults showed greater anxiety than older adults (P = 0.014).
Similarly, depression scores were highest for younger adults
relative to both middle-aged and older adults (P < 0.047); there
were no significant differences in depression scores between
middle-aged and older adults (P = 0.14).

We investigated demographic and behavioral factors deter-
mining loneliness and wisdom using multiple linear regression
models. The model for loneliness included demographic factors
of age, gender, race, SES, and mental health factors of anxiety
and depression, as well as social network score, and wisdom.
Similarly, the model for wisdom included the four demographic
factors, two mental health factors, social network, and loneli-
ness scores.

The overall model for loneliness was significant (R2=0.56,
F8,133=21.23, P < 0.0001, Supplementary Table 1). Only two fac-
tors, social network (f2 = 0.20, β = −0.018, 95% CI [−0.025, −0.012],
P < 0.0001) and wisdom (f2 = 0.27, β = −0.276, 95% CI [−0.367,
−0.185], P < 0.0001) significantly predicted loneliness across the
entire adult lifespan; f2 denotes effect size. Neither demographic
nor mental health factors significantly predicted loneliness in
this healthy adult population, although a positive trend toward
significance was observed for depression severity (f2 = 0.03,
β = 0.012, 95% CI [−0.001, 0.025], P = 0.067). Wisdom was a
consistently significant negative predictor of loneliness for all
age groups; social network score was significant for younger
and middle-aged adults but not older adults (≥65 years old).
In younger adults, depression and race emerged as additionally
significant predictors (Supplementary Table 1).

The overall model for wisdom across the adult lifespan
was significant (R2=0.39, F8,133=10.82, P < 0.0001, Supplementary
Table 1). Only loneliness consistently emerged as a significant
factor predictor for wisdom (f2 = 0.21, β = −0.005, 95% CI [−0.006,
−0.003], P < 0.0001). Neither demographic nor mental health
factors significantly predicted wisdom when all ages were
included in the model. Gender was an additional significant
predictor only in middle-aged adults, and anxiety was a sig-
nificant negative predictor only in older adults (Supplementary
Table 1).

Figure 1B shows the inverse relationship for wisdom versus
loneliness in our sample. Additionally, we correlated loneli-
ness to the wisdom subscales; in order of negative correlation
strength with loneliness, these wisdom subscales were pro-
social behaviors (Spearman’s rs = −0.645, P < 0.0001), decisive-
ness (rs = −0.527, P < 0.0001), emotional regulation (rs = −0.511,
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Table 1 Demographic and behavioral self-reports for younger, middle-aged, and older adults, as well as across all study participants (n =
147). Apart from count and gender, all metrics are reported as mean±SD. Metrics were compared for differences across age bins using the χ2

(chi-square) statistic for gender and the nonparametric Kruskal–Wallis test for behavioral self-reports

Demographics and
behaviors

18–25 26–64 65–84 All P-value

Count (%)
Gender (Male %)
Loneliness
Wisdom
Anxiety
Depression
Social network

62 (42.2)
25 (40.3)
42.19 ± 10.56
3.82 ± 0.40
4.43 ±3.61
4.46 ± 4.22
17.55 ± 5.33

42 (28.6)
16 (38.1)
38.48 ± 12.34
3.90 ± 0.44
3.02 ± 4.17
2.86 ± 3.87
16.86 ± 6.38

43 (29.3)
19 (44.2)
36.12 ± 12.77
4.06 ± 0.50
1.28 ± 2.13
1.91 ± 2.91
17.48 ± 5.71

147
60 (40.8)
39.35 ± 11.96
3.92 ± 0.45
3.10 ± 3.65
3.25 ± 3.91
17.33 ± 5.73

0.85
0.01
0.02
<0.0001
0.003
0.88

Table 2 Behavioral performance across emotional stimuli for all
participants (n = 147), as mean ± SD. All performance metrics for
each participant were calculated relative to performance on neutral
emotion stimuli. For reference, performance metrics (mean ± SD)
on neutral stimuli were: scaled d’ = 0.77 ± 0.18 and speed = 0.28 ±
0.07. Scaled d’ represents d’ as a ratio of max theoretical d’ of 4.65
and units of speed are log10(per second).

Emotion stimulus Scaled d’
mean ± SD

Speed
mean ± SD

Happy −0.051 ± 0.212 −0.003 ± 0.015
Angry −0.043 ± 0.196 −0.003 ± 0.016
Sad −0.040 ± 0.205 −0.006 ± 0.017

P < 0.0001), social advising (rs = −0.360, P < 0.0001), insight
(rs = −0.242, P < 0.003), and tolerance for divergent values (rs =
−0.107, P = 0.2).

Emotion Bias Performance and Relationship
with Loneliness and Wisdom

Signal detection sensitivity (d’) and speed for the three task
emotions, that is, happy, angry, and sad, each calculated rel-
ative to neutral stimuli are shown in Table 2. In rm-ANOVA
analyses across emotions, d’ was not different (P > 0.67), but
speed was significantly different with the slowest response
speeds observed for sad stimuli relative to happy/angry stimuli
(F2,278 = 6.70, P = 0.003). Age and gender were not significant
covariates of these d’ and speed performance metrics.

Consistent with our hypothesis that extent of loneliness
would relate to processing of threatening stimuli, we found
that when angry emotion distractors were present, attentive
response speed negatively correlated with loneliness, that is,
individuals across our entire sample reporting greater loneliness
had reduced attentive response speed in the presence of angry
distractors (rs = −0.179, P = 0.03, Fig. 1C). Notably, this correlation
was only observed with loneliness but not wisdom. For wisdom,
as hypothesized, we found a relationship with responses when
happy stimuli were presented, specifically greater speed of
responding was observed for happy emotion bias associated
with greater wisdom (rs = 0.196, P = 0.02, Fig. 1D). Exploratory
analyses confirmed that the data showed no other loneli-
ness/wisdom cognitive correlates. These cognitive performance
metrics also did not correlate with mental health symptom
scores for anxiety/depression in our healthy adult sample.
Finally, among the five wisdom subscales, response speed on
happy trials was significantly correlated with decisiveness (rs =
0.22, P = 0.008) and social advising (rs = 0.19, P = 0.03).

Neural Processing and Relationship
with Loneliness and Wisdom

Given that the cognitive results verified our hypotheses that
loneliness would relate to angry emotion driven bias and wis-
dom would relate to positive (i.e., happy) emotion bias, we
analyzed the corresponding neural processing of these stimuli
and their relationship with loneliness and wisdom, respectively.
Again to minimize the effect of age, we processed contrast
brain maps for both angry and happy stimuli relative to neutral
stimulus processing. Since loneliness, wisdom, and social net-
work score were interrelated factors in the behavioral models
across all ages, we controlled for these in the neural robust
regression models. That is, the neural model for loneliness
versus angry emotion bias controlled for wisdom and social
network score. Similarly, the neural model for wisdom versus
happy emotion bias processing controlled for loneliness and
social network score. These neural models did not include the
covariates of demographics or mental health factors as these
variables were not significantly related to loneliness or wis-
dom when considering the entire sample (see Demographic
and Behavioral Predictors of Loneliness and Wisdom). Addi-
tionally, we focused the neural analyses on spectral activity
in the theta, alpha, and beta frequency bands because these
provide greater specificity in terms of neural oscillations and
also provide greater insight in terms of ERS or desynchroniza-
tion mechanisms, which cannot be informed by event-related
potentials (ERPs) alone (Pfurtscheller 1999; Graimann et al. 2002;
Yeung et al. 2004; Mishra et al. 2012). These analyses revealed
four independent neural source activations each related to lone-
liness/wisdom (Supplementary Table 2). To account for multi-
ple comparisons, we then included the independently signifi-
cant activations related to loneliness/wisdom in multiple linear
robust regression models for these constructs.

Only two neural activations each for loneliness/wisdom
showed significant relationships in these multiple robust regres-
sion analyses (Fig. 2). During angry emotion bias, loneliness
displayed a positive association with theta activity in the left
transverse temporal ROI (f2 = 0.03, β = 517.95, CI = [17.75, 1018.16],
P = 0.04; Fig. 2A); of note, this ROI is in the region of the TPJ.
Additionally, loneliness was positively related to angry stimulus-
driven beta activity in the left superior parietal ROI (f2 = 0.02, β

= 145.86, CI= [23.03, 268.68], P = 0.02; Fig. 2B). In contrast, during
happy emotion bias, a positive relationship emerged for wisdom
and left transverse temporal theta (f2 = 0.05, β = 184.0, CI =
[20.18, 347.82], P = 0.03; Fig. 2C). Wisdom also showed a positive
association with happy stimulus-driven alpha activity in the left
insula (f2 = 0.04, β = 14.34, CI = [1.20, 27.47], P = 0.03; Fig. 2D). We
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Figure 2. Distinct neural correlates for loneliness and wisdom. A significant relationship was observed for loneliness during angry emotion bias in the left transverse
temporal cortex in the theta band (A) and in the left superior parietal cortex in the beta band (B). In contrast, a significant relationship was observed for wisdom during

happy emotion bias in the left transverse temporal cortex in the theta band (C) and in the left insula in the alpha band (D). Relevant cortical regions are highlighted in
blue on inflated brain surface parcellations. The loneliness robust regression model controlled for social network score and wisdom, and the wisdom model controlled
for social network score and loneliness. Neural data 5 SD outliers were removed prior to modeling. Fit lines are shown with 95% CI, y-axes values are log-scaled.

further confirmed that these neural relationships were emotion-
specific, that is, only observed for loneliness versus angry neural
processing (but not sad/happy processing), and for wisdom
versus happy neural processing (but not angry/sad processing).
Additionally, we checked whether these specific neural activity
regressions with loneliness/wisdom show any interactions with
age and gender. No age/gender interactions were observed
in the loneliness neural model, while in the wisdom model,
only age showed a significant positive interaction with left
transverse temporal theta during happy emotion bias (f2 = 0.04,
β = 12.05, CI = [0.37, 23.73], P = 0.04), that is, older individuals
showed a stronger positive association between wisdom and
happy emotion-driven transverse temporal theta than younger
individuals. The channel-level ERPs and ERSPs corresponding to
these cortical source activations are shown in Supplementary
Figure 1.

Finally, we analyzed which of the subscales of wisdom (i.e.,
prosocial, emotional regulation, decisiveness, social advising,
insight, and tolerance) relate to the significant neural signatures
found during happy emotion bias. Only the tolerance compo-
nent of wisdom was positively associated with left transverse
temporal theta activity (f2 = 0.06, β = 306.73, CI = [90.36, 523.10], P
= 0.006). Both social advising and insightfulness components of
wisdom showed positive associations with the left insula alpha
activity (social advising: f2 = 0.06, β = 24.93, CI = [5.52, 44.34], P =
0.01; insightfulness: f2 = 0.03, β = 26.22, CI = [0.91, 51.52], P = 0.04).

Discussion

In this study of 147 human subjects sampled across the adult
lifespan, we simultaneously probed the correlates of loneliness
and wisdom in the context of a facial emotion bias task. Here,
we first replicated our recent research showing the inverse
relationship between loneliness and wisdom (Lee et al. 2019;
Jeste, Di Somma, et al. 2020; Nguyen et al. 2020). Furthermore, we
found that loneliness and wisdom have distinct cognitive and
neural correlates in the context of emotion biasing.

To the best of our knowledge, this is one of the largest sample
EEG studies in the literature related to loneliness (Somerville
et al. 2006, Cacioppo et al. 2009, 2016, Kanai et al. 2012, Cacioppo,
Cacioppo, et al. 2014, 2015, Spithoven et al. 2017, Shao et al. 2019).
Notably, prior studies of loneliness have rarely included relevant
covarying factors of both social network score and wisdom; our
study brings these subjective constructs together under one
framework. Behaviorally, we found that social network score
as well as wisdom had significant inverse relationships with
loneliness across the adult lifespan, replicating prior work (Gow
et al. 2013; Lemieux et al. 2013; Medvene et al. 2016; Lee et al.
2019; Jeste, Di Somma, et al. 2020; Nguyen et al. 2020). We
did not find age to be a significant factor predictor of lone-
liness. Depression emerged as a significant predictor only in
younger adults but not when considering all ages. Several other
studies show a significant correlation between depression and
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loneliness (Cacioppo, Hughes, et al. 2006; Qualter et al. 2010;
Fried et al. 2015; Bhatti and ul Haq 2017; Shao et al. 2019);
here, we confirm this relationship only in younger adults, per-
haps because our overall lifespan sample consisted of healthy
participants with no or low-level depressive symptoms.

Beyond demographic and subjective relationships, in this
study, we were interested in how loneliness and wisdom relate
to emotional biasing. For probing this, we used a simple cog-
nitive task with superimposed facial emotions that may bias
task performance. Such a task has previously shown sensitivity
to mental health symptoms, including anxiety and depression
(Joormann and Gotlib 2007; Wells and Beevers 2010; Duque and
Vázquez 2015; Thai et al. 2016; Kaiser et al. 2018; Dai et al. 2019),
and hence is relevant to the study of loneliness, a construct often
associated with these symptoms. In line with the social threat
model for loneliness (Cacioppo, Hawkley, et al. 2006; Cacioppo,
Cacioppo, et al. 2014; Cacioppo et al. 2016; Spithoven et al.
2017), we hypothesized that loneliness would show sensitivity
to task trials that presented threatening, that is, angry faces.
Indeed, we found that when angry emotion distractors were
present, attentive response speeds were significantly negatively
correlated with loneliness, suggesting greater emotional dysreg-
ulation during this condition in lonelier individuals. The cog-
nitive relationship with loneliness was specific to threatening
stimuli and did not emerge for happy/sad stimuli. In contrast, for
wisdom, as per our hypothesis, we found a significant positive
relationship for responding to happy stimuli, specifically wiser
individuals displayed faster response speeds for happy stimuli.
Regressions with wisdom subscales showed that decisiveness
and social advising (i.e., being able to advise others on their
choices) significantly related to faster speed on happy stimuli;
in previous work, we have hypothesized these components to
be important for cognitive performance (Jeste and Lee 2019).

Guided by our hypotheses that were verified by the cognitive
results, we analyzed the neural correlates for loneliness and
wisdom during angry and happy emotion biasing, respectively.
Uniquely in this study, the neural models controlled for the
interrelationships among loneliness, wisdom, and social net-
works, that is, the loneliness model controlled for wisdom and
the wisdom model controlled for loneliness; both models con-
trolled for social network size to ensure that the results are not
driven by these covariates.

The neural robust regression for loneliness, controlling for
wisdom and social network covariates, showed a positive rela-
tionship with left transverse temporal theta activity and left
superior parietal beta activity, specifically for angry emotion
biasing. Notably, the transverse temporal ROI is in the region
of the TPJ that is well known for its role in social-affective
processing (Cacioppo et al. 2009, 2016; Zaki et al. 2009; Kanai
et al. 2012; Cacioppo, Cacioppo, et al. 2014; Cacioppo, Capitanio,
et al. 2014). This region particularly represents theory of mind,
which is important in the interpretation of the behavior of
others as well as for self-referential processing (Samson et al.
2004; Koush et al. 2019). Recent research shows that activity
in left TPJ is enhanced during processing of social interactions
(Arioli et al. 2020) and that greater theta band activity in this
region represents stronger implicit biases during evaluation of
social interactions (Schiller et al. 2019). Research in individuals
with interpersonal difficulties versus healthy controls further
shows flexible TPJ processing, with TPJ activity showing sensi-
tivity to negative feedback in those with interpersonal problems
versus sensitivity to positive feedback in healthy controls (van
Schie et al. 2020); that lonelier individuals in our study show

heightened TPJ theta processing during implicit biasing by angry
emotions is aligned with this evidence base. Furthermore, the
superior parietal beta activity elicited to angry stimuli shows
evidence for greater attention to these stimuli; the superior
parietal region is well known for its role in attention shifting
and beta activity is elicited in this region particularly during
early processing (Yantis et al. 2002; Thakral and Slotnick 2009;
Caspari et al. 2018; Proskovec et al. 2018). Thus, overall, loneli-
ness in this study was associated with enhanced attention to
the angry emotional distractors represented by activity in the
temporal-parietal region.

Interestingly, the neural model for wisdom during emotion
bias from happy stimuli also showed greater theta activity
in the left transverse temporal ROI in the region of the TPJ.
This result aligns with research showing flexible processing
in the TPJ to positive versus negative stimuli in different
individuals (Schiller et al. 2019; van Schie et al. 2020); wiser
individuals invoke TPJ activity during implicit processing of
happy distractors, while lonelier individuals invoke this activity
during implicit processing of threatening emotion stimuli.
In the wisdom model, we additionally observed significantly
enhanced alpha band activity in the left insula during happy
emotion biasing. This finding was in line with our hypothesis
that the insular region, which is critical to both emotional and
cognitive attention, self-awareness, and empathic regulation
would be involved in the representation of wisdom (Adolphs
2002; Farb et al. 2007; Lutz et al. 2008; Meeks and Jeste 2009;
Posner and Rothbart 2009; Menon and Uddin 2010; Klimecki
et al. 2014; Mishra et al. 2020). Prior research additionally shows
that greater self-reported empathy, which is the prosocial
component of wisdom, is associated with greater insula activity
in the presence of positive stimuli (Carr et al. 2003; Hennenlotter
et al. 2005; Craig 2009; Salomon et al. 2016; Gogolla 2017); our
results showing greater insula activity specifically in positive
emotion context for wiser individuals is aligned with this
literature. That wisdom correlates to insula activity in the alpha
band is in line with studies showing that alpha activity within
the insular cortex is a marker for greater visual awareness
(Sadaghiani et al. 2010; Salomon et al. 2016). Thus, overall,
greater implicit visual awareness to happy stimuli in wiser
individuals may explain their faster response speeds in this
context.

In conclusion, in this relatively large sample study of healthy
human subjects, we were able to simultaneously interrogate the
cognitive and neural correlates of both loneliness and wisdom.
The main limitation of our study is that it investigated these cor-
relates in the context of a specific emotional attention bias task
wherein participants did not explicitly evaluate the emotional
stimuli. Other loneliness research has focused on explicit socio-
emotional affect evaluation; hence, our specific results and their
interpretations are limited in context. This could also be a reason
why we did not find any significant activations of medial pre-
frontal cortex activity that is associated with loneliness and the
components of wisdom (Somerville et al. 2006; Meeks and Jeste
2009; Cacioppo et al. 2013; Courtney and Meyer 2020). We also did
not find large-scale default mode network activations related to
loneliness that have been recently found during resting state
(Spreng et al. 2020). Yet, our results align with the broader
theoretical and neuroscientific literature that supports the study
of loneliness and wisdom. In accordance with the social threat
model for loneliness, we found that loneliness most impacted
task performance when angry stimuli were presented. Under-
lying this cognitive processing, left TPJ regional theta activity
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was enhanced along with attention-related superior parietal
beta activity. Wisdom, in contrast, was inversely related to lone-
liness and was associated with faster speed of responding to
happy stimuli. Neural correlates of wisdom were identified as
greater left TPJ theta activity, specifically in the context of happy
emotion bias along with greater left insula alpha signifying
greater alertness to these specific stimuli. Overall, the models
used robust regression to minimize outlier effects and controlled
for social network score and the inter-relatedness of loneli-
ness and wisdom to reveal construct specific results. Impor-
tantly, the specific cognitive and neural associations did not
extend to processing of other stimuli, suggesting that emotional
stimulus context matters in the evaluation of loneliness and
wisdom.

Therefore, our results suggest that loneliness and wisdom
relate to contrasting modulations of cognitive processes
(reduced versus enhanced response speed biased by angry
versus happy emotions) and invoke-related (TPJ) and distinct
(superior parietal vs. insula) neural circuits in specific emotional
contexts. These identified cognitive and neural processes may
serve as targets for future brain plasticity-based treatments
(Merzenich et al. 2013; Mishra and Gazzaley 2014). In fact,
TPJ is a very common target for neuromodulation (Donaldson
et al. 2015; Wang et al. 2016; Bardi, Gheza, et al. 2017; Bardi,
Six, et al. 2017; Lega et al. 2020); hence, future studies may
focus on neuromodulation-induced plasticity of this region to
develop an intervention for loneliness. Recently, there has been
much concern for heightened loneliness during the COVID-19
social/physical distancing period, making intervention studies
all the more pertinent (Luchetti et al. 2020). Much clinical
translational research aims to mitigate loneliness or enhance
wisdom (Masi et al. 2011; Hagan et al. 2014; Cohen-Mansfield
and Perach 2015; Jeste, Lee, Palmer, et al. 2020; Lee et al. 2020;
Treichler et al. 2020). In future work, it will be of interest to
investigate whether such interventions can also upregulate the
objective, cognitive, and neural correlates identified in this study
and thereby establish causal mechanisms.

Supplementary Material
Supplementary material can be found at Cerebral Cortex online.
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