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Neurobiology of loneliness: a systematic review
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Loneliness is associated with increased morbidity and mortality. Deeper understanding of neurobiological mechanisms underlying
loneliness is needed to identify potential intervention targets. We did not find any systematic review of neurobiology of loneliness.
Using MEDLINE and PsycINFO online databases, we conducted a search for peer-reviewed publications examining loneliness and
neurobiology. We identified 41 studies (n = 16,771 participants) that had employed various methods including computer
tomography (CT), structural magnetic resonance imaging (MRI), functional MRI (fMRI), electroencephalography (EEG), diffusion
tensor imaging (DTI), single-photon emission computed tomography (SPECT), positron emission tomography (PET), and post-
mortem brain tissue RNA analysis or pathological analysis. Our synthesis of the published findings shows abnormal structure (gray
matter volume or white matter integrity) and/or activity (response to pleasant versus stressful images in social versus nonsocial
contexts) in the prefrontal cortex (especially medial and dorsolateral), insula (particularly anterior), amygdala, hippocampus, and
posterior superior temporal cortex. The findings related to ventral striatum and cerebellum were mixed. fMRI studies reported links
between loneliness and differential activation of attentional networks, visual networks, and default mode network. Loneliness was
also related to biological markers associated with Alzheimer's disease (e.g., amyloid and tau burden). Although the published
investigations have limitations, this review suggests relationships of loneliness with altered structure and function in specific brain
regions and networks. We found a notable overlap in the regions involved in loneliness and compassion, the two personality traits
that are inversely correlated in previous studies. We have offered recommendations for future research studies of neurobiology of

loneliness.
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INTRODUCTION

Loneliness is a critical determinant of well-being and also a grand
challenge to society [1, 2]. Defined as distress due to perceived
discrepancy between desired and existing social relationships,
loneliness is associated with higher rates of cardiovascular
disorders [3], dementia [4], anxiety, depression, suicidal ideation
[5, 6], and 30% greater mortality [7-9]. Loneliness is distinct from
objective social isolation or the lack of social relationships/contacts.
The National Academies of Science, Engineering, and Medicine
recently published a report on social isolation and loneliness
among older adults, calling for more research of neurobiology and
interventions [2]. During the COVID-19 pandemic, loneliness, which
has been linked to physical distancing measures, is a growing
concern for all age groups across the world.

Humans are a social species and have ingrained neural,
hormonal, and genetic mechanisms to help navigate social
connections. Absence of quality relationships threatens health
and reproduction [10]. Cacioppo et al. posited loneliness evolved
to improve survivability when socially isolated, through hypervi-
gilance and increasing motivation to connect with others [10].
Animal models of social isolation have demonstrated alterations in
neurotransmitters, receptor sensitivities, and levels of certain
biomarkers [10, 11]. Few studies have examined the impact of

social isolation on specific brain regions [11-13]. Furthermore, the
subjective nature of loneliness as well as inter-species differences
in social functioning and brain structure limit the applicability of
the animal studies to the uniquely human state of loneliness [11].

Our recent investigations have found a strong and consistent
inverse correlation between the personality traits of loneliness and
wisdom, especially the empathy/compassion component of
wisdom [14-17]. In contrast to loneliness, wisdom is associated
with better mental and physical health [18-20]. The prefrontal
cortex and limbic striatum reportedly play a major role in the
neurobiology of empathy/compassion and wisdom [21]. Identify-
ing neurobiological mechanisms underlying loneliness is critical
for understanding how loneliness contributes to poor mental and
physical health and for conceptualizing potential pharmacological
and neurostimulation targets. Therefore, we conducted a
systematic review to identify and synthesize published brain-
based findings linked to loneliness.

METHODS

Search strategy

We conducted a literature search for peer-reviewed publications examin-
ing loneliness and neurobiology, outlined in the Preferred Reporting ltems
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Fig. 1 PRISMA flow diagram for this systematic review that details the database searches, number of abstracts screened, and full-text articles

evaluated for this literature review.

for Systematic Reviews and Meta-Analyses (PRISMA) diagram (Fig. 1). We
surveyed MEDLINE and PsycINFO online databases on September 24, 2020,
with the following inclusion criteria: (1) use of a validated scale for
assessing loneliness and a measure of neurobiology, (2) published in
English, (3) minimum of 10 human participants, and (4) statistical analysis
examining the relationship of loneliness and neurobiology. We excluded
animal studies and literature reviews.

We defined validated measures of loneliness as scales or questions that
measured feeling lonely, socially isolated, or disconnected. The most com-
monly used scale was the University of California Los Angeles Loneliness
Scale (UCLA-LS [15, 17, 22]), although we also included validated, briefer
multiple- or single-item questions [23]. Neurobiology measures included
assessments of brain structure or function: computed tomography (CT),
magnetic resonance imaging (MRI), functional MRI (fMRI), diffusion tensor
imaging (DTI), positron emission tomography (PET), single-photon emis-
sion computed tomography (SPECT), or electroencephalography (EEG). We
also included brain pathology studies and genetic investigations that
extracted genetic materials from brain regions. We did not include studies
with only cognitive measures or studies using cortisol or other peripheral
biomarkers from blood or other tissues outside the brain. The specific
search strategy is outlined in Supplementary Appendix A.

The search yielded 305 articles of interest. After removing duplicates and
adding potentially relevant papers from bibliographies of the articles
selected, each study title and abstract was screened for eligibility by at
least two authors (JAL, ERM, KEY, MR). Articles with any uncertainties were
discussed and resolved among all authors. Data from each of the final
batch of 41 studies selected (Fig. 1) were extracted by the primary author
and checked by at least one other coauthor. Sample sizes ranged from 19
to 10,129. Most of the studies (61%) included fewer than 100 individuals,
38% with 100-942 individuals, and one study with over 10,000 individuals.

SPRINGER NATURE

To assess the quality of the studies, we used the Joanna Briggs Institute
appraisal checklist for cross-sectional studies and cohort studies and
Newcastle-Ottawa Scale for case-control studies (Supplementary Table 2).

RESULTS

Study participant characteristics

Twenty-four studies focused on younger adults (mean age 18-60;
[24-47]), 12 on older adults (mean age >60; [48-59]), two on
adolescents [60, 61], and two across the lifespan [62, 63]. Most
reports included healthy individuals while seven focused on
clinical populations: four with depression [47, 49, 51, 57], and one
each with traumatic brain injury (TBI) [58], schizophrenia [28], and
severe hearing impairment [27]. Eighteen studies came from the
US, 13 from China, three each from Germany and Taiwan, and two
from the UK, and one each from Japan and the Netherlands. Of
the 41 studies, 5 (12.2%) had hypothesis-driven analyses (e.g.,
region of interest focused), 21 (51.2%) had exploratory analyses
(e.g., whole brain analyses), 10 (24.4%) had both, with 5 studies
not fitting into any of the above categories.

Fifteen studies analyzed the relationship between loneliness
and brain structures using CT [58] or MRI. Twelve were cross-
sectional, with eight focusing on gray matter volume,
[26, 31, 35, 36, 46, 57, 59, 63], and four on white matter features,
employing DTl or diffusion MRI [29, 32, 38, 61]. The three
longitudinal investigations included a randomized controlled trial
(RCT) of effects of exercise on gray matter volume [54], a
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prospective cohort study of progression of white matter
hyperintensities [53], and a study of TBIs localized to different
brain areas [58]. These study findings are summarized in Table 1.

Eighteen reports analyzed the relationship between loneliness
and brain function or connectivity using fMRI. Ten of these studies
were task-based (n = 10; [24, 25, 28, 34, 44, 45, 51, 60, 62, 63]), and
two were resting-state fMRI (n = 8; [37, 39-43, 47, 49]) (Table 2).
One report appears in both Tables 1 and 2 [63]

Three investigations used EEG to examine high-density event-
related potentials (ERPs) during different tasks [30, 33, 64], two
analyzed RNA expression of post-mortem brain tissue [52, 55], two
employed PET to analyze amyloid and tau proteins [50, 56], one
longitudinal cohort study examined the association between post-
mortem brain tissue and Alzheimer's disease [48], and one used
SPECT to analyze dopamine release in the brain [27] (Table 3).

The quality of the included cross-sectional studies varied
primarily on detailed descriptions of the study sample and setting,
identification of confounding factors, and use of appropriate
statistical strategies for confounders (Supplementary Table 2). The
quality of cohort studies varied primarily on representative case
sampling and controlling for confounders. There was only one
identified cohort study.

Brain regions
Supplementary Table 2 lists publications sorted by brain regions
studied.

Prefrontal cortex or PFC (N = 14 studies). Two articles focused on
overall PFC. In one, male veterans with TBI to the right PFC had
lower levels of loneliness compared to healthy controls [58]. An
RCT examining effects of exercise on loneliness in older adults
found a greater reduction in stress and loneliness in participants
with a larger baseline PFC volume, although PFC volume did not
change over the 6-month intervention [54].

In seven studies of medial PFC (mPFC), loneliness was
associated with greater mPFC activation in task-based fMRI during
a social exclusion paradigm [24], less similarity between self-
representation and other-representation in mPFC activation [44],
lower dorsomedial PFC (dmPFC) white matter density [32], lower
left dmPFC response when looking at pleasant social images and
greater left dmPFC response when examining nonsocial images
[25], increased functional connectivity between dmPFC and
inferior parietal cortex during a working memory task [45],
reduced vmPFC activation when looking at images of themselves
[60], and nonsignificantly greater gray matter volumetric devia-
tions of the vmPFC in females compared to males [46].

In five reports on dorsolateral PFC (dIPFC), loneliness was
associated with increased gray matter in left dIPFC [31], partially
mediated the negative association between gray matter volume in
left dIPFC and attitudes toward suicide [35], and was associated
with lower gray matter volume in dIPFC, especially in subjects
aged 69-82 compared to those 61-69 years old and in individuals
with depression compared to nondepressed subjects [59]. A
resting-state fMRI study found the dIPFC as a node in the
predictive model of loneliness [41]. Another dIPFC RNA study is
discussed below [55].

Insula (N=6). Investigators reported an association of loneliness
with a lesion in the right insula [58], lower gray matter volume,
which was even lower in individuals with depression [59], lower
regional white matter density in anterior insula [32], and poorer
white matter tract connectivity with the nodes in ventral
attentional network [29]. fMRI paradigms showed that among
lonely individuals, activation of insula (especially anterior insula)
was greater among adults looking at pleasant social (than pleasant
nonsocial) images, while ventral striatum activation was greater
among non-lonely individuals [25]. Among persons with schizo-
phrenia, insula responsiveness was positively correlated with
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levels of loneliness, while overall insula activation with faces
expressing disgust was decreased [28].

Amygdala (N=6). One investigation reported a positive correla-
tion between left amygdala gray matter volume and social distress
score, which was mediated by loneliness [36]. Another found that
loneliness was associated with lower gray matter volume in left
amygdala, especially in subjects aged 61-70 (compared to ages
70-82) [59]. In an RCT of group exercise to improve loneliness
among older adults, participants with larger baseline amygdala
volumes experienced greater reductions in loneliness [54]. Kiesow
et al. found nonsignificantly greater gray matter volumetric
deviations of amygdala between lonely and non-lonely males
compared to females. [46]. An fMRI region of interest (ROI) analysis
failed to find significant differences in amygdala response to social
stimuli in young or old adults [62], while another fMRI study found
loneliness was associated with a weaker amygdala to superior
frontal gyrus connectivity [51].

Ventral striatum/nucleus accumbens (N=15). Studies of ventral
striatum response to images with task-based fMRI paradigms
among lonely individuals (vs. non-lonely individuals) reported
different results: reduced response to pleasant social (compared to
pleasant nonsocial) images [25]; greater response to images of
close others (compared to strangers) [34]; and no significant
differences in response to pleasant and non-pleasant social and
nonsocial images [62]. One report on association of loneliness with
gray matter volume in left striatum among older adults with late-
life depression found a positive correlation in single depressive
episode individuals and negative association in multiple depres-
sive episode individuals [57]. Another nucleus accumbens RNA
study is discussed below [52].

Posterior superior temporal cortex (N=4). We defined this region
as including both posterior superior sulcus (temporal-parietal
junction or TPJ) and the region immediately below it, superior
temporal gyrus. Studies reported an association of loneliness with
lower white matter regional density [32], less gray matter volume
in left posterior superior sulcus [26], lower structural local
efficiency in the bilateral superior temporal gyrus [61], and lower
bilateral superior temporal gyrus response when looking at
unpleasant social images and greater response when looking at
unpleasant nonsocial images [25].

Hippocampus (N=3). Investigators reported an association of
loneliness with reduced anterior hippocampus gray matter
volume, especially in older adults [59], lower white matter
local structural efficiency (i.e., shorter weighted paths between
local nodes) [61], and greater hippocampal response during a
social exclusion task [24].

Cerebellum (N=3). One study reported that loneliness was
associated with lower left cerebellar gray matter volume [59];
however, another report found no main effects of loneliness on
cerebellar ROIs [63]. Loneliness was associated with higher
connectivity between cerebellum and visual cortex during an
fMRI Stroop task using positive words [63], and lower local
structural efficiency in the white matter of the posterior
cerebellum on structural MRI [61].

Networks

Visual systems (N=15). Investigators demonstrated that lone-
liness was associated with increased activation of left primary
visual cortex and right secondary visual cortex when presented
with unpleasant social (compared to unpleasant nonsocial) images
[25], differences in the connection of visual network (fusiform
gyrus, calcarine fissure, lingual gyrus, middle occipital gyrus,
cuneus, superior occipital gyrus, and inferior occipital gyrus) to

SPRINGER NATURE



JA. Lam et al.

1876

S9DUDIIYIP X3S UO elep pajuasaid Aluo—
ABajea3s Bulepow dNsijigeqold—
sisAjeue uleiq sjoym Kiojesojdxy—

'ssauljauo| 0y Ajiqndadsns

uo pPasnd0j sioyine ‘peasu ‘AGojoiqoinau
pue ssauljpuo| jo siskjeue Arewnd oN—
sisAjeue |OY UdALP-SISOYI0dAH—

suolbal ujeiq bunojdxa saipnis

Joud uo paseq paiddIRs UM |OY—
sisAjeue |OY UaALIp-sisaylodAy

pue sisAjeue uieiq 3joym Aiorelojdxg—

siskjeue ujeiq ajoym Kiojesojdx3—

sisAjeue uleiq sjoym Aiojesojdx3—
S91elIeAOD PRYIWIT—

SSWIN|OA Ulelq pue ,ssa11sIp [eIdos,

Jo sisAjeue Atewnd J19y1 Ul S1elRAOD B
se ssauljauo| papnpul AluQ *A6ojoigoinau
pue ssauljpuo| jo siskjeue Arewnd oN—

sisAjeue ujeiq sjoym Aiojesojdx3—
S91eLIeAOD PRIWIT—

siskjeue ujeiq ajoym Kiojesojdx3—
S91elIeAOD PR IWIT—

SaJON

‘(1D 10 [YW) seIpnis Hoyod/[euipnibuol [ein3dniis (D) “(LLA/IHING) SS1pNnIs Jallew axym [eanidnais (9) "(IYW [84n1dnals) saipnis Jajjew Aeib [einionis (v)

'ssjew 0} paJsedwod sajewsy

AJ]suoj-uou pue A[9Uo| usaM13q Ul 3}IoMISU
K10SUDs [ensIA pue J{dWA Ul SUOIRIASP
S1139WN|OA JOW pue sajews) 0] pasedwod
s9jew A|auUoj-uou pue A|9uo| UsaMiaq
elepbAwe ay) JO SUONRIASP DLIISWN[OA I91eID

AlL pue ‘syjuepyuod

JO JaqWINU ‘SUOISSDS OM} dY} U9MID]

JeAs1ul swi ‘Alipigiow ‘sssuuado ‘pdayje
QAIssa.dap ‘uonednpa ‘xas ‘abe :sejeleAo)
'sdnoib y pue

D 3y} ueyl O Jejj2qa49d alow pey dnoib §
‘WD WiN|[3ga43 3y} Ul || Snud

SILWIDA pUB |A 9|NQO| SIWISA Ul Pa12913p (S pue
‘Y ‘D usamlaq) sadualayip dnoib juedyiubis

1usWIssasse [e1dosoydAsd

/3AUB0D pue [y UsaMISq |eAIS]ul

Wil ‘SWN[OA |elueIdRAUL [e30) ‘ANIpIgiow
‘ssauuado “139))e dAIssaIdap ‘9zIS “YIomIau
|e1os ‘uoneonps “1spusb ‘sbe :sa1enenod)
‘e|nsul pue

D4d|P Ul p3jeaAal 949M uoldeISIUl Uoissaidap
Aq ssaulj@uo 'xa140d d1e|nbuld Joudue

pue ‘sndwedoddiy ‘ejepbAwe ‘D{d|p 10} punoy
219m suondelaul abe Aq ssauljpuol Juedyiubis
‘win|[29a492

19| pue ‘sndwedoddiyesed souaisod

9| ‘sndwedoddiy Jousiue/ejepbAwe 1| syl
ul AAID J3|[BWS YUM PS1BIDOSSE SEM SSUIISUOT

AWD?} ‘@ud

1[[21ul ‘9be 1apusab :soielenod)
'9pIINS PIEMO} SSpNIIe pue

D4dIP H3] 3Y3 JO AIND 3y U99M13] UOIe[91I0d
aAnebau sy sajelpaw Ajented ssaujpuo]

Japuab ‘obe :sa1e1eA0D)

'saposida aAIssaidap

JO 2dUa.1NJ3J BY) AQ PaldDYJe Sem pue wnieuls
13| 3Y1 Ul AWD YIM P31eIDOSSe SEM SS3UI[DUOT

SWIN|OA [elURIDRIUL
3y} pue “apusb ‘abe :sajelenod)

'SS2JISIP [BIDOS pUE SWN|OA elepbAwe Y|
usamiaq diysuone|as sy} SaleIPaW SSAUIBUOT

SWIN|OA Ja)1ew
Aeib |e1o) pue Uspuab ‘abe :sajelerod)
‘UOISIDARIIXD pue WsIDoINaU AQ palelpaw
Ajjented sem diysuone|as siyl “D4dip 3| o
AWDI YUMm pajerdosse A[DA1Isod sem ssauljsuo

19puab ‘obe :sajelenod

's||js uondadiad jepos Aq paielpsw

sem diysuoneal siyl ‘s15d 33| aYs ur AWD
Yum pajeldosse AjpAnebau sem ssauljpuoT]

sbuipuy Kiewiid

ainsesw
SS9UI|9UO| WA-dUQ

(82) O'Ev S

(1) vee ™

(L'8) 6'£€ D

(£'8) 1'8€

(W 07) ST-VT1ON

(90) 9'L
(wsy /) ST-VT1ON

(0'8) L'L¥
(W 07) ST-VT1ON

(zol) 0'LY AW
(STl ¥'Ly 3S

(€'8) TEE DH
(6°01) £°LE

(wsy 07) ST-VT1ON

|e101 O€L
1o} (T'zy) 0'L9
(WL 07) ST-V1dN

(6°2) OL'L¥
(wa 07) ST-Y1DN

SN
(swau 07) ST-¥1ON

(@s) ueaw
ainseaw ssauljauo]

%CS

%8S ‘S
%9¢€ H
%Ll9 D

%<CS

%8¢

%VS

%05 AW
%V, 3S
%19 DH

%€9

121031 O€ L
104 %¥S

%tS

%LS

3jewad %

(69-0% ‘S°Z) SS

(£°£1) 98T 'S
(L'027) £'8€ ¥
(891) 6'T€ D
(69-¥1 ‘9'8l)

vee

(z8-19:L°€)
1'0L

(z'1) 661

(9 ¥'LL AN
(§°9) 1°'£9 3S
(8'%) 1'£9 DH

(0'9) 2629

[e303 OEL dY3
104 (0'L) 6'6L

(£z-8L ‘€'L)
661l

(ze-81 ¥'v)
S'€T

(abues

‘gs) abe uesay

\ueqolg
SN Woy s[enplapul 67101

(IS moj

7 43y61Y ‘S) 3|qndadsns €¢
(IS ybiy 7 19mo] 1Y) IsNqos €€
[(1S) uonejosi [eros

pue (7) ssauljauo| JO S|9A3|
Jejiwis ‘D] JuUePIOdUOD €€
12103 66

Apnms buiby uipieg
‘synpe Japjo Ayljeay 61e

s)npe Ayyeay sov

(3W) uoissaidap

Jo saposids ajdiynw g|
(3S) uoissaidap

Jo aposida 3jbuls 61
(OH) [0u0d Ayyedy €
|e1ol ¢S

pazAjeue g| | ‘synpe €10} OE |

s)npe Ayyeay 8o¢g

s)npe Ayyeay 8oL

syuedpiied

[ov]
wopbury panun
‘[e 19 MosaIy

[€9] euyd
‘[e 1@ Buomp

[6S] Auewsn
‘le 19 |19zng

[5€] uemiey
e 3@ nn

[£S] uemie]
‘e 312 uis

[og] eulyd
‘e 33 uer|

[LE] eulyDd
‘le 3@ buoy

[o2]

wopbuty pauun
‘e 19 teuey
uonedo| ‘Apms
(v)

‘L 9lqel

Neuropsychopharmacology (2021) 46:1873 - 1887

SPRINGER NATURE



JA. Lam et al.

1877

UolIUSAISIUI

-1s0d Jo/pue aujaseq 1e

elep YN buissiw pey sjdwes
ay1 Jo aduad 950e<—
AAndeUl 10 AJIAIDR MO|
papn[aul eL31LID UoISN|PUl—

"D4d 10
ejlepbAwe 1abie] yum pajedosse

SeM UOI}1dNPaJ DI0DS SSBUI[BUOT
‘dWn|oA ejepbAwe

auljaseq Jaybiy Yyum paieja1iod
SeM SSaUl|auo| ‘Buldseq 1y

104 >29M Jad SUOISSIS DSIDI9XD
y-1 934y ‘(dnoub josuod
ou) ApN1S UOUSAIDIUI SSIDI9XT

dn-moj|o} 01 suleseq wouy
(9%8€) @184 uonune abieT—

SaJO0N

sisjeue ujeiq
sjoym Aioresojdxg—

sisjeue uieiq
sjoym Aiojesojdxg—

siskjeue ujeiq

a|oym Aioresojdxg—
9|dwes sew-||y—

IV pue ‘rd1 ‘D4 :siskjeue
|0Y UaALIP-sIsaY10dAH—

sajoN

s|aAd| 9sodn|b pue

‘spidi| bunsey 4g ‘uonesipaw WQ
‘uonedipaw NIH ‘WAd ‘N1H ‘INg
‘uorednpa ‘uoidwnsuod joyodje
‘bupjows ‘abe ‘xag :sa3elIeA0D)
‘dnoib D sy ul asoyy ueyy Jaiealb
219m sdnoib 35 pue 3D ul HIAM
|e101 pue HAM JejndLusAud

JO SWN|OA Ul 9sealdu|

"HWM da3p pue ‘HINM
JejnoLuaniad ‘HIAM [0l ul
sabueyd yyum paie|a.140d AleAnisod
pue Ajjuesyiubis sem ssaul[pUOT

sbuipuy Kiewud

'ssaul[auo| pue
S91025 109jje 9ARHIU USIMIDQ UONRIDOSSE SY] d1eIpaw
0} punoj sem AdU3IdLYS FIOMIBU [BINIDNAS SNIAD [eaididdo
S|ppIW pue ‘2inssy aulued(ed ‘9qo| |eiodwa) Jouajul

pue Jouadns |esa1e|iq ‘snajpnu depned 19| ‘sndwedoddiy
1ybu ‘9qo| wn|[ega.93 1ybu Jousisod ayy ul Aousidyye
|e20] [BANIDNIIS JIDMO| UM PIJRIDOSSE SSaullpuoT :YNd

swoldwAs

snoixue ‘swoldwAs aAIssaidap ‘4apuab ‘sbe :se1eeno)
J7S 1ybu pue ‘ereipes euolod |essle|iq

pue ‘snjndiasey jeuipniibuo] Jouadns [eiale|iq ‘elelpel
euoJod Joualsod |essle|iq ‘wnsojjed sndiod Jo Jsnew
auym ayy ui Aejndpaed ‘dnoib jep/jep sy pue dnoib
19I\/]_A 9Y3} UaM1q JuaJayip Apuedyiubis aiam sainseaw
uoIsNYIp pue ssauljpuo| usamiaq sdiysuoneaa ayj :1d

SWIN[OA [elURIDRIIUI
12103} pue ‘axuabijSul [essuab apusb ‘Sbe :sajelenod)
"D4dM Y| pue ‘D4dwp Y3| ‘rdLd

Y9 ‘s15d 13| ‘Iv 46U “Id| [e91eiq dy) Ul Aususp Janew
SUYM |euoibal Yum paieja4lod AjlpAnebau sssulipuol :|1d

}JOMIDU [BUOIIUSNIE |BJJUDA DY}
JO (fdL PUe ‘| ‘D4|) S9POU 33 O} payul| SIOeJ} J911ew S1Yym
40 ANIAIDBUUOD J3100d YIIM paleIdosse ssauljauoT i 1d

sbuipuy Aiewiig

40 dwiy dn-moj|o} sbeIaAY

paJojuow jeys Apnis 3oyod

(16'8) €'S€
:dn-moj|o4
yauow-9
SHHIOM T (8'6) L'LE Aunnoe [edisAyd moj
:dulaseg pey oym synpe Iap|o
(way 07) Buljemp-AHunwwod
S1-v1oN %89 (9%) ¥'99 Auyjesy sve
(3s) dnoib
1sou-A1dwia 3j6uIs 99
(8'9) ¥'69 (3D) dnoub 1s3u
(€2) Ty 3S 1S -fidws ssjdnod o/
sieak z'g (0'2) 1'9€ 3D %95 IS (8'7) S'0L (D) dnoib
(59) 96T D %08 3D =h) [013u0d Apapd
SHIWM Jo uoissaiboid  (0°0L) 0°LE (WM %Ly D (8'S) £'69 D 1s9u fidwa-uou €8
02) ST-Y1dN %LS (S°S) 6'69 |ero1 61¢
(as)
ueaw :dinseaw (abueu ‘gs)
ubisap Apms SSauljauo]  djewdq 9% abe ueapy sjuednnied
(5'6) S'6€ (saed Buijqis xss
(w1 07) ST-V1DN %GSS (1) gLl -swes og) syusdsajope Of
(W/W) @dKAiousn
19N/ 0€
(5'8) 0'Ev— W/W %09— W (W/A)
(S°4) L0v— W/A /W ('L) 00T— W/W adfiousD 1B\/eA 06
(€8) 9Tr— NN %65— W/A 1) 961L— W/A (A/N)
(6°2) 91 %LS— NN (z'1) 000z— N/A adAjousn |ep/|ep ¢h
(w1 07) 'ST-V1DN %65 (9z-81 ‘€'1) 861 |e101 Z91
(z6) 0°LE
‘(w3 07) S1-v1DN %t (£z-81 *8°1) £L'0C synpe Ayijeay 9//
SN :(swal
07) S1-v1DN %0 o) €1t sinpe o€
(as)
ueaw :ainseaw (9bues
ssauljpuo] ajewa 9% !gs) abe ueapy syuedpiyed

Sl vSn
‘e 19 s19|y3

[€s] euyd
‘le 15 ueng

sioyiny
9)

[L9] eulyd
‘[e 19 Buop

[8€] euiyd
‘le 3@ buapyy

[c€] ueder
‘|e 39 emebeseN

[62] eulyD
‘le 19 uer|

uonedo| ‘Apny
(g

psnuiuod | ajqel

SPRINGER NATURE

Neuropsychopharmacology (2021) 46:1873 - 1887



JA. Lam et al.

1878
’ P I c2 Qg 4Jd9 other networks, with decreased causal flow from affecti\{e to visual
9;8 & ° % g % ?—é §§ networks [39], and greater right visual cortex func’qgnal con-
R 5 3 EH5E % Sy nectivity to posterior cerebellum when presented positive words
5§ oS 2y i 39 T‘: 8z 2= in task-based fMRI [63]. Examlnlpg sex dlffgrences, the volume.of
g2 = e 2 % % £EBES 3 § visual sensory network (comprl.sed of fusiform gyrus, posterior
o %; % IE E &g % < 2 S superior temporal sulcus, and middle temporal V5 area) deviated
% £ g'ﬁ 5 = o g,_ 3 ai g‘ T2 between lonely and non-lonely women but not men [46].
peEZ95Y w® GumEsl 50
% % g@ t§§ .§='E %_@ g ‘c?g % % Attentional systems (N=4). Investigations reponjted an associa-
7 Eos g7 3 T 2288 g EJS tion of loneliness with poorer connectivity of white matter tracts
peoE iR ECEgl &8 between the nodes of ventral attentional network [29] as well as
g - o % a ° S differential activation of TPJ, a node in ventral attgntlopal network.
8o 8 o35 g%& = :7‘>,‘ ‘é’.‘"’ 5 Loneliness was also linked to a weaker rela'tloryshlp between
ges & HB £Z §§ §83% dorsal and ventral attentional networks indicating decreased
%83 8 x£ %8 %Eg @é,@ ability to filter less relevant stimuli [39], as well as mc_reased
%I %g% g“é c = g 22 E g & § functional connectivity in brain regions associated with cingulo-
€805 222 £338ESQE opercular network [37].
Qcc =20 f‘:&mog—meD
Q+F B n = © o 8 z == >
g g Eé :ﬁ 3 G 22 % § % § g E Default mode network (DMN) (N=3). One study ‘found th‘at
§ § Eﬂ = s :E ‘; gg:v_; gg g§§ higher social dysfunction (defined by loneliness, hlgher soc.lal
2VEL S %% S8 =3usosly disability, and smaller social network) was associated with
22 STE5EL8 855582583 decreased DMN connectivity, specifically in anterior mPFC and
%_g E_E’é% é “T_Ig § & g 3 E § ;8 2 posterior superior frontal gyrus [47], while another report shqwed
B £ B % 520 § that loneliness was associated with reduced DMN functional
L= £x52¢d8¢g 2 connectivity in older healthy individuals compared to those with
ERs} 5 % £E92s SE late-life depression [51]. Using network analyse§, one study found
SEzv oY 6% z 2 o that among lonely |nd|y|duals,' overall resting-state network
£325 =32Te5c? structures had increased integration (lower modularity) between
7= 43 g @E 2e2280 attentional, visual, and default mode networks [43].
33T L ,8ELce
5e38 3250388y d Other studies
15 = (o 53£€g28c itudinal study demonstrate at increa
§§ gg ‘_E ég §§ ,—f Y5 correlated with increases in white matter hypel.'intensitie.s among
£aT g2 “E’g ££8y non—demgnted older ad'ults. [53]. Two c'ross—§ect|onal studies using
g22 g.% g 2 g PET imaging fouqd a significant rglatlgnshlp betweep loneliness
5 Jgaz *3 a§ 5 3 and higher amyloid burden, especially in APOEe4 carriers [50, 56,
= s Eag ST, E o and greater tau pathology in right entorhinal cortex and right
g —-Zc 82838 S % fusiform gyrus [56]). Another cohort study reported.that the risk of
2. 92 g2 S S 9 %‘ 2 the development of AD was significantly higher in lonely (thgn
SEagE Y E 288935 non-lonely) individuals; however, global AD pathology (B-amyloid
S25hR% %Lﬁ, g EQ T;J g g plagues, neurofibrillary tangles, or cergbrgl infarctloq) in_ post-
s»fgé =<3 € mortem brains (n=90) showed no significant relationship to
2 % % “g’% g% ‘g_g loneliness [48].
o g -2 = 6 o O B
& o 2835552 EEG (N=3). In two separate publications using a Stroop task,
B ¥ g; ;%:r? 8 E g loneliness was associated with faster ERPs with negative social
FogQL Tj_u g5 (compared to negative nonsocial) words and threatening social
g‘cgn iﬁ §§ g s (compared to threatening nonsocial) images [30, 33]. However,
= o N S g g gg= g_E another report found no significant main effect of loneliness on
.cc $8=s8Ew o error-related negativity (a component of ERP) when writing about
% %g 9 % 5 §8 6 § ig = a nostalgic event versus an ordinary experience [64].
sEsg2geg
5 U g g é ;‘% 2 2 é Brain RNA expressior? (N:.Z). Two studies of RNA expression in
S = g T8 5T 25 § § post-mortem brain tissue in nuclegs accumbens and dIPF; [52,55]
£ égg 2 §»§ £ Eﬂ, -9 identified hundreds of differentially expresseq transcripts and
Bk E’:g g E2F gé é gﬁ genes among lonely compared to non-lonely !nd|V|f:iuaIs, espe-
< Sox 2% 8851572 cially genes associated with AD [52, 55]. The relationships between
T2e% :é% a g g Y=5 § § 2 loneliness and white matter structures were significantly different
2>585c0 355Es8sET between BDNF genotypes [38].
BHEEEn EecSE2Bg 5
I il iness s, Selanet Scudly well vy whle brat s nd
= cEgEcF5EE® iness was explai
‘g g 'rgu g fc_J S ;’J- g.é 52_;, E dynamic functiqnal connectivi‘ty, in contrast to traits. like cognitiye
S £ 2 35 s é_ g g_% functioning, which were explained better by dkyr:jamlc Tonngcgw'ty
° s o S 5 g ; R g E‘I [424]..An_oth_er st_udy .found Ione:lness was ,\I/ller“e dt(:hatte&r}e neLarg}
S| 2% 25%s ) g § act!v!ty in rlght inferior tempor.a gyrus on and that the
i S=so=aR=T activity mediated the relationship between loneliness and
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emotional support [40]. A longitudinal study reported that
individuals with severe hearing impairment were lonelier and
had a hypersensitive dopamine system in a SPECT scan pre- and
post- amphetamine challenge, compared to people without
hearing impairment [27].

DISCUSSION

To our knowledge, this is the first systemic review of neurobiology
of loneliness. The 41 publications meeting our criteria show that,
despite some mixed evidence, loneliness is associated with
structural and functional differences in PFC, insula, hippocampus,
amygdala, and posterior superior temporal cortex (Fig. 2,
Supplementary Table 1), as well as attentional and visual networks
and DMN. Drawing overall conclusions from this review is limited
by the high heterogeneity of study methodologies and cohorts.

While there is no literature on loneliness in non-human animals,
neurobiological correlates of social isolation have been examined
in several animal studies and a few human studies. There are a few
reviews focused on integrating animal social isolation and human
research [11-13]. However, the social isolation literature in animal
models focus more on changes in endocrinology, neurotransmit-
ters, and oxidative stress, rather than neuroanatomical or
functional brain differences [11]. These differing methodologies
and paradigms make direct comparison challenging, though there
are likely overlapping risk and protective factors for social isolation
and loneliness.

The PFC mediates higher-order behaviors like emotional
regulation and inhibitory control [65, 66]. The dIPFC is implicated
in working memory and executive function [67], and mPFC is
implicated in self-referential processes such as self-criticism in
social situations [68]. All 14 imaging studies examining PFC found
associations of loneliness with structural (gray matter volume and
white matter integrity) or functional components (activation with
social vs. nonsocial images, and functional connectivity). These
results are consistent with a previous review of animal studies of
social isolation implicating PFC [13], and support loneliness as a
complex socioemotional trait.

The insula somatic marker hypothesis states that insula receives
and integrates information to create a “global emotional moment”
[69]. Anterior insula plays a role in various behaviors including
emotions, pain, and self-awareness [70]. In studies of gray matter,
white matter connectivity, task-based activation, insula was
reportedly associated with loneliness [25, 28, 29, 32, 58, 59]. It
has been proposed that social rejection activates similar regions as
physical pain, as supported by bilateral anterior insula activation
with feelings of loneliness [70, 71], although a more recent social
rejection meta-analysis of fMRI studies did not find anterior insula
involvement [72].

The amygdala is implicated in fear detection, positive stimuli
processing, and emotional memories [73]. Four studies of
amygdala reported some association between gray matter volume
or task-based activation and loneliness, with possible age- and
sex-interactions [36, 46, 54, 59]. These findings are consistent with
loneliness activating brain regions that support experiencing
emotions. However, an fMRI study found no relationship with
amygdala response to social stimuli [62].

The ventral striatum, which includes nucleus accumbens, plays
a central role in reward reinforcement [74]. Three studies of
ventral striatum response to social images produced divergent
results [25, 34, 62]. A recently published fMRI study (published past
our cutoff date) reported similar activation in substantia nigra/
ventral tegmental area (SN/VTA) among young adults undergoing
either 10 h of social isolation or fasting from food [75], supporting
loneliness as a state that motivates one to seek social interaction,
much like hunger motivates one to seek food. Interestingly, lonely
participants had less activation in the SN/VTA. Research based on
social isolation in rodent models and social rejection in human

SPRINGER NATURE

experiments indicates that social isolation may alter social
approach motivation [13], consistent with the findings that
loneliness differentially alters ventral striatum and structures
related to reward pathway.

The posterior superior temporal cortex, implicated in social
cognition [76], was associated with loneliness in four studies
[25, 26, 32, 61].

The hippocampus, known for its role in memory [77], and the
cerebellum, known for sensorimotor coordination as well as
cognitive and affective processes [78, 79] each had three papers
that associated their function or structure with loneliness.

Attentional networks are responsible for effortful versus
environmental, stimulus-driven control of attention, and are
localized to distinct anatomical areas with specific cognitive
functions [80]. Four publications reported that loneliness was
associated with differences in ventral attentional (including TPJ),
dorsal attentional, and cingulo-opercular networks, in terms of
functional and effective connectivity [29, 37, 39, 43]. Attentional
networks may be linked to hypervigilance and stress reactivity
that are putatively involved in loneliness.

Visual systems are responsible for processing visual information.
Five studies reported associations of loneliness with differences in
primary and secondary visual cortex in terms of volume [46],
functional connectivity [43], causal flow [39], or activation with
social images [25, 63], supporting Cacioppo et al.’s hypervigilance
theory of loneliness [6].

The DMN is active when the human brain is at rest and is
implicated in mental representations of self across time and space,
theory of mind, and pro-social behaviors [81]. Three studies
showed an association between loneliness with DMN functional
connectivity [43, 47, 51]. One report noted more dense, less
modular connections between attentional, visual, and DM net-
works in lonely persons. A recent large (n = ~40,000), multi-modal
study (published after our cutoff date for inclusion in this review)
reported increased volume and white matter structural connec-
tivity as well as increased functional connectivity of the DMN in
lonely individuals [82]. Together, these results suggest that higher-
order brain regions localized to PFC and DMN may play a critical
role in loneliness. The DMN may be differentially activated when
we are thinking about others; however, dysregulated activity in
DMN may contribute to rumination and negative feelings
associated with loneliness.

Two EEG studies showed that lonely individuals had faster ERPs
to negative or threatening stimuli [30, 33], consistent with the
hypervigilance hypothesis of loneliness [6], while another report
found no difference in ERPs with a nostalgia-related task [64].

Regarding AD markers, two PET studies reported greater
amyloid and tau burden [50, 56], and one MRI study reported
progressive increase in white matter hyperintensities among
lonely older adults [53]. However, one post-mortem study found
no such differences in plaques, tangles, or infarcts [48]. Two
studies extracting RNA from the brain identified differential AD-
related gene expression in lonely individuals [52, 55]. The overall
findings related to AD align with meta-analytic evidence linking
loneliness to increased risk of AD [83].

The brain regions highlighted in this review of loneliness may
also have roles in other related constructs. For example, we have
found a strong inverse correlation between loneliness and
wisdom, especially its compassion component [15-17]. An over-
view of the neurobiology of wisdom has highlighted the major
roles of PFC, especially dIPFC, vmPFC, anterior cingulate, and
insula as well as amygdala [21, 84]. One MRI study reported that
loneliness and empathy were inversely associated with white
matter density in lateral PFC, insula, and TPJ [32], while another
MRI study found no links with gray matter density [26]. A recent
EEG study demonstrated that loneliness and wisdom/compassion
were related to contrasting modulations of cognitive processes,
invoking similar (TPJ) and distinct (superior parietal vs. insula,
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Fig.2 Summary of the brain structures consistently implicated in loneliness. Left panel shows the lateral view of the brain with the relevant
brain regions highlighted and labeled, while the right panel shows the sagittal view of the brain regions.

respectively) neural circuits in specific emotional contexts [85].
These relationships are correlational and warrant further study
employing neurobiological perturbations.

Limitations

This review article as well as the included studies have limitations.
It is possible that, despite our best efforts, we missed a few
relevant papers. Also, we did not include articles in non-English
languages, and 73% (30/41) of the reports came from the USA or
China, thereby limiting the generalizability to other countries.
Most investigations were cross-sectional, preventing causal
inferences. There may be confounding factors that are driving
these relationships. There is risk of gender bias in self-reported
assessments of loneliness. While there are no agreed upon
objective measures of loneliness, indirect partial objective
measures may include sedentary behavior assessed with wearable
activity trackers, life space using GPS data, and sleep disturbances
using wearable sensors. The studies included are limited by varied
methodologies and analysis techniques in the rapidly evolving
field of social neuroscience. For example, EEG has remarkable
temporal resolution, but poor spatial resolution while the reverse
is true with fMRI [86]. Many studies were hypothesis-generating
and used single neurobiological modalities. Though one study
included over 10,000 participants from the UK Biobank registry
study [46], the majority (25/41; 61%) of the studies had fewer than
100 participants. Thus, most of the individual study findings are
limited by small sample sizes, and overall generalizability may be
low. Subject samples varied widely in sociodemographic char-
acteristics, outcome measures, analysis protocols, and statistical
methods, thereby precluding a metanalysis. It is not always clear if
some brain regions not mentioned in the results had not been
examined or were examined but not found to be significantly
associated with loneliness.

Most studies only assessed and controlled for a small number of
covariates such as demographic variables including age and sex.
However, the complex psychosocial nature of loneliness extends
beyond these basic demographic factors. Objective health status,
environmental characteristics, stress, mental health, and person-
ality traits are important confounders that were not included in
many of the analyses. Only two studies had samples that could
example the relationship of age (across the adult lifespan) with the
loneliness-neurobiology associations [62, 63]. Wong et al. reported
reduced cerebellar gray matter with older age, while D'’Agostino
et al.reported no age-related findings. While Diizel et al. presented
age-related findings, they were restricted to older adults 61-82
years [59]. Several, but not all, studies have examined depression
as a confounder [38, 58, 59], and three case-control studies
specifically examined the effect of loneliness for the neurobiolo-
gical differences between people with depression and healthy
controls [45, 51, 57]. However, despite their potential impact, other
constructs including grief, prolonged grief disorder, mild cognitive
impairment, substance use disorders, and various stress-related
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conditions were not assessed and analyzed in most studies of
loneliness.

Future directions

This systemic review of neurobiology of loneliness identified how
loneliness is linked to specific brain regions and networks,
including PFC, insula, amygdala, hippocampus, attentional net-
works, and DMN, and a strong relationship with AD. However,
researchers will need to replicate and expand the quantity and
quality of these studies to understand the brain processes
underlying loneliness. Moving forward, task-based neurocircuitry
fMRI studies and multi-modal imaging studies have promise, due
to the complexity of social cognition and functioning. These
approaches would be well-suited to loneliness interventions to
identify associated changes in connectivity. Future studies should
also include large and diverse samples of well-characterized
subjects followed longitudinally, with  hypothesis-based
approaches and appropriate multivariate statistical analyses, to
examine the role of age and other relevant factors.

Studies should examine how the neurobiological findings are
linked to other behaviors associated with loneliness—including
sleep disturbances, sedentary behaviors, and limited life space.
Assessments should include multi-modal assessments of social
functioning—including use of social media, GPS-derived life space
data, speech data, sleep, and ecological momentary assessments
that examine loneliness as a state rather than a trait [87].
Neurobiological assessments that examine structural and func-
tional integrity or harness neuromodulation techniques such as
transcranial magnetic stimulation can also provide novel insights
into brain alterations associated with loneliness. Furthermore,
RCTs of novel loneliness interventions and associated neurobio-
logical changes are warranted. Such research will pave the way for
the development of therapeutic and preventive interventions to
manage the behavioral pandemic of loneliness.
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