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Summary
Background It remains unclear whether persistent loneliness is related to brain structures that are associated with
cognitive decline and development of Alzheimer’s disease (AD). This study aimed to investigate the relationships eClinicalMedicine

between different loneliness types, cognitive functioning, and regional brain volumes. 2022;53: 101643
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Methods Loneliness was measured longitudinally, using the item from the Center for Epidemiologic Studies 101643
eclinm. .

Depression Scale in the Framingham Heart Study, Generation 3, with participants’ average age of 46-3 & 8.6 years.
Robust regression models tested the association between different loneliness types with longitudinal neuropsycho-
logical performance (n = 2,609) and regional magnetic resonance imaging brain data (n = 1,829) (2002-2019).
Results were stratified for sex, depression, and Apolipoprotein E4 (ApoE4).

Findings Persistent loneliness, but not transient loneliness, was strongly associated with cognitive decline, especially
memory and executive function. Persistent loneliness was negatively associated with temporal lobe volume (8 = —0.18,
95%CI [—0.32, —0.04], P = o-01). Among women, persistent loneliness was associated with smaller frontal lobe
(B = —0.19, 95%CI [—0.38, —o.01], P = 0-04), temporal lobe (8 = —0.20, 95%CI [—0.37, —0.03], P = 0-02), and hip-
pocampus volumes (8 = —o.23, 95%CI [—0.40, —0.006], P = 0-00Y), and larger lateral ventricle volume (8 = o.15,
95%CI [0.02, 0.28], P = 0-03). The higher cumulative loneliness scores across three exams, the smaller parietal, tempo-
ral, and hippocampus volumes and larger lateral ventricle were evident, especially in the presence of ApoE4.

Interpretation Persistent loneliness in midlife was associated with atrophy in brain regions responsible for memory
and executive dysfunction. Interventions to reduce the chronicity of loneliness may mitigate the risk of age-related
cognitive decline and AD.
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Research in context

Evidence before this study

The authors reviewed the literature using traditional
sources (e.g.,, PubMed). Although the literature shows
an association between loneliness and cognition, none
of the studies distinguished between different types or
chronicity of loneliness, such as persistent and transient
loneliness, when investigating underlying brain vol-
umes. Our previous research found that persistent lone-
liness, but not transient or incident loneliness, was a
strong risk factor for the development of Alzheimer's
disease (AD). However, the association between differ-
ent loneliness types, longitudinal cognitive changes,
and brain volumes in midlife remains unclear.

Added value of this study

Using data from the Framingham Heart Study (FHS)
Generation 3, we found that persistent loneliness in
midlife was more strongly associated with cognitive
decline and brain atrophy than transient or incident
loneliness. Having persistent feelings of loneliness was
a strong predictor for cognitive decline and brain atro-
phy, specifically among women and ApoE4 carriers.

Implications of all the available evidence

People experiencing persistent loneliness in midlife are
at higher risk of cognitive decline, brain atrophy, and
dementia development, compared to people who
recover from loneliness. Our study highlights the need
for effective treatment to prevent chronic loneliness,
and special attention should be paid to women and
genetic risk carriers for AD.

Introduction

Loneliness is a subjective experience—with cognitive,
emotional, and behavioral dimensions—resulting from
a discrepancy between desired and actual social relation-
ships.” Feeling lonely in midlife has been identified as a
risk-factor for negative health outcomes including car-
diovascular disease (CVD), stroke,” and mortality,’ pos-
ing a threat to healthy aging. Whereas some people can
recover from loneliness by applying various coping tech-
niques,* others suffer from persistent loneliness. In our

recent publication, using data from the Framingham
Heart Study’s (FHS) second generation, we found that
loneliness increases the risk for the development of
Alzheimer’s disease (AD) only when adults feel lonely
persistently, not when loneliness is short-term.’ Consis-
tently, another study found chronic loneliness to have
stronger negative effects on cognitive function, evalu-
ated by a single cognitive test (the Mini-mental State
Exam (MMSE)), than transient loneliness.® Thus, it
seems reasonable to speculate that there may be differ-
ent biological pathways linking loneliness types to cog-
nitive functioning and brain structures, depending on
the persistency of loneliness. Yet, the relationships
between transient versus persistent loneliness with
brain structures and cognitive changes remain unclear.

People who feel lonely persistently may not be as
engaged in cognitively stimulating environments,
which may result in detrimental effects on brain health.
On the other hand, people who can recover from loneli-
ness may likely be involved in more diverse activities
and have more stimulating social interactions to prevent
cognitive decline. The cognitive reserve hypothesis sug-
gests that stimulating cognitive engagement is associ-
ated with better memory and executive functioning.” It
has been shown that both persistent sad mood and lone-
liness may be associated with areas of the default net-
work of the brain.*® Therefore, we hypothesize that
persistent but not transient loneliness is associated with
cognitive decline and atrophy of brain regions related to
AD pathology.

To examine the relationship between different loneli-
ness types, cognitive function and brain volumes, we
used data from the third generation of the FHS to
define four loneliness types, i.e., no, incident, transient,
and persistent loneliness, across two health exams.’ The
purpose of the present study is to assess the association
between different loneliness types in midlife with longi-
tudinal cognitive changes and brain volumes.

Methods

Participants

FHS is a multi-generation, community-based, prospec-
tive cohort study in Framingham, Massachusetts. Par-
ticipants from the third generation have been
longitudinally examined in three core exams, on average
every five years between 2002 to 2019. Details about
this cohort have been previously described.*® This study

www.thelancet.com Vol 53 Month , 2022


http://creativecommons.org/licenses/by/4.0/

Articles

selected participants who had loneliness assessments at
two core exams (n = 3,365), core exam I (2002-2005)
and core exam 2 (2008—2011), which we used to define
loneliness types (described below). We excluded those
who did not have two cognitive assessments, the
CERAD Word List Memory Test (CERAD-WL) and the
Victoria Stroop Test (VST), between 2008—2019 (1 =
756). The final sample size included in this analysis
consisted of 2,609 participants (Figure 1). The excluded
participants showed no differences regarding age and
sex but had lower education levels, compared to the ana-
lytical sample (p-value <o.001). Thus, we included edu-
cation in all our analytical models. Participants
completed the Washington University Dementia
Screening Test (AD8 score) and the Montreal Cognitive
Assessment (MoCA) at exam 3 (2016—2019) (n =
2,069), had detailed neuropsychological tests (NP) (n =
1,976), and magnetic resonance imaging (MRI) data
(n = 1,833). For the subset analysis, Apolipoprotein
ApoE genotype data was used (n = 2,488). A post-hoc
power calculation showed a predicted power of 99% to
detect small effect sizes. Written informed consent was
obtained from all study participants. The study protocol
was approved by the Boston University Institutional
Review Board (reference numbers: H-40620, H-32132)
and followed the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) reporting
guideline.”

Defining loneliness types

Participants completed the Center for Epidemiologic
Studies Depression Scale (CES-D, 20 items) at core
exams I and 2, including the self-reported item “I felt
lonely during the past week”. The loneliness score was
based on a 4-point Likert scale of number of days feeling
lonely within the past week.” We defined loneliness as
feeling lonely at least 1—2 days within the past week and
further differentiated between the following loneliness

types:

® No loneliness: Not lonely at either exam 1 (2002
—2005) or exam 2 (2008-2011);

® Incident loneliness: Lonely at exam 2 but not at
exam I;

® Transient loneliness: Lonely at exam 1 but not at
exam 2;

® Persistent loneliness: Lonely at both exam 1 and
exam 2.

Cognitive assessments

Participants’ memory and executive function were
assessed using the CERAD Word List Memory Test
(CERAD-WL) and the Victoria Stroop Test (VST) at two
core exams (core exam 2: 2008-201I; core examt 3:
2016-2019) (Figure 1). Higher scores on the CERAD
indicate better memory, whereas lower scores on the
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VST indicate better executive function. Further, partici-
pants completed two test scores related to cognitive
impairment, the AD8 score and the MoCA test (core
exam 3: 2016—2019). Better memory performance is
indicated by lower scores on the AD8 and higher scores
on the MoCA. Between 2009 and 2017, along with the
MRI scans, participants completed a NP test battery
that provides a structured approach to the assessment
of cognitive function. The entire NP test battery took 45-
90 minutes and was administered by a trained research
assistant. In this study, we used the following tests relat-
ing to different cognitive domains: logical and verbal
memory (Wechsler Memory Scale Delayed Recall and
Recognition) and visual memory (Visual Reproductions
Delayed Recall and Recognition), visual-spatial and
executive functioning (Trail Making Test (TMT) A and
B), and language (30-item Boston Naming Test). A
higher score on each subtest of the NP battery indicates
better cognitive function (except for the TMT).

Brain MRI measures

The FHS MRI protocol has been previously described.™
Briefly, participants were imaged by a 1.5T MRI (Sie-
mens Medical, Erlangen, Germany) and used a 3-
dimensional Ti-weighted coronal spoiled gradient-
recalled echo sequence. All images were transferred to
and processed by the University of California Davis
Medical Center without knowledge of clinical informa-
tion. Segmentation and quantification of total cerebral
cranial volume (TCV), total brain volume, frontal lobe
(FBV), parietal lobe (PBV), occipital lobe (OBV), tempo-
ral lobe (TBV), hippocampus, and lateral ventricle vol-
umes were performed using semi-automated
procedures previously described.” ™ TCV was deter-
mined using a convolutional neural network method.”
Non-linear co-registration of images to the Desikan-Kill-
iany-Tourville atlas'® enabled calculation of regional
gray matter volumes.'””® MRI volumes were corrected
for head size by calculating the percentage of TCV. Each
image set underwent rigorous quality control including
assessments of the original acquisition and image proc-
essing quality.

Statistical analyses

Analyses were performed using the statistical analysis soft-
ware R statistical environment (2017)."” Next to assessing
the assumptions of linearity, normality, and homoscedas-
ticity by plotting residuals in Q-Q plots, we assessed nor-
mality using the Shapiro-Wilk’s normality test and
assessed homogeneity of variance using the Fligner-Killeen
test. Mean + standard deviation (SD) and one way ANOVA
were used for the variables with a normal distribution, and
median (min, max) and Kurskal-Wallis tests were used for
variables with a skewed distribution. The Chi-Square test
was applied to analyze categorical data; Fisher’s exact tests
were used when one or more expected cell count in the
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FHS Gen 3 participants
Core Exam 1 with Core Exam 2 with
CES-D CES-D
N = 4095 N = 3800
Date: 2002 — 2005 Date: 2008 — 2011
Excluded

56  Missing CES-D (loneliness) at Core Exam 1
674  Missing CES-D (loneliness) at Core Exam 2

N = 3365: Define loneliness types from
two CES-D assessments

Cumulative Loneliness

Core Exam 3 with
CES-D
Excluded N=3521
756 Missing CERAD-WL & VST Date: 2016 — 2019
Longitudinal analysis Cross-sectional analysis
CERAD-WL & VST I ADS & MoCA
N = 2609 rain _
scans m
Included participants Date: 2016 — 2019
with longitudinal N = 1829

cognitive exams Other cognitive tests

e N = 1924
2009 - 2017
Date: 2009 - 2017

Date: 2008 - 2011

Figure 1. Flow-chart of the study sample. Age is reported in years with [95%Cl] for each exam and subset. CERAD-WL and VST
were longitudinally mearsured from 2008 to 2019. Other cognitive tests include Logical Memory, Visual Reproduction, Trails A and
Trails B, and the Boston Naming Test. FHS Gen 3= Framingham Heart Study Generation 3. CES-D = Center for Epidemiologic Studies
Depression Scale. CERAD-WL = CERAD Word List Memory Test. VST = Victoria Stroop Test. AD8 = Washington University Dementia
Screening Test. MoCA = Montreal Cognitive Assessment.
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cross-tabulation was less than 5. Cognitive test scores and
MRI measures were rescaled to z-scores (Mean=0; SD=I).
Next, we conducted longitudinal analyses between the dif-
ferent loneliness types and cognitive changes. Specifically,
the longitudinal changes of the CERAD-WL and VST
scores were calculated by A = scale [(scores at exam 3 -
scores at exam 2)/(scores at exam 2)]). Using the rlm func-
tion from the MASS package,”® robust regression models
were conducted with the three loneliness types as risk fac-
tors for changes in cognitive function (with no loneliness
as the reference group). We applied robust regression mod-
els to deal with outliers and skewed data. To address issues
of heterogeneity of variance, functions from the R sandwich
package were used.”" Furthermore, we studied the cross-
sectional associations between loneliness types and addi-
tional cognitive scores (i.e., AD8, MoCA, and NP test bat-
tery) as well as brain volumes.

Covariates were selected using literature review and
directed acyclic graphs (Supplementary Figure S2).
For all analyses, we used two models that controlled
for different sets of covariates at baseline; Model 1 con-
trolled for age, sex, education, and the time between
the second loneliness assessment and the last cognitive
test or MRI scan; Model 2 additionally controlled for
ApoE4, current smoking, Body Mass Index (BMI), mar-
ital status, and employment. Listwise deletion was
applied for the models with missing data. To estimate
the effect modification of some common risk factors
for dementia, we conducted stratified analyses for sex
and depression status. Results were shown as beta esti-
mates (B) with 95% confident intervals (95% ClIs)
along with p-values. Statistical significance was indi-
cated by a p-value <o-o5 (two-tailed tests). Effects sizes
were estimated using the partial Cohen’s f* (with 0.02,
0.15, and 0.35 indicating small, medium, and large
effects, respectively).**

In a sensitivity analysis, we created a cumulative loneli-
ness score over three exams to account for loneliness fre-
quency across the three exams (Supplementary Table Si).
Since the cumulative loneliness score for three exams
ranged from o to 9 (4-point Likert scale from o to 3 for a
single exam), a higher cumulative loneliness score repre-
sents higher frequency of loneliness over time. We tested
the association between the cumulative loneliness scores
with six MRI brain volumes, including FBV, PBV, OBV,
TBV, hippocampus, and lateral ventricle volumes. Results
were subsequently stratified for ApoE4 status.

Role of the funding source

This study was supported by grants from the US
National Institute on Aging. The sponsor institute did
not play any role in design and conduct of the study; col-
lection, management, analysis, and interpretation of the
data; preparation, review, or approval of the manuscript;
and decision to submit the manuscript for publication.
QT and TFA had full access to the dataset and first
authors QT and SA as well as last author WQ had final
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responsibility for the decision to submit the study for
publication.

Results

Characteristics of loneliness types

The study sample had 2,609 participants with an aver-
age age of 46-3 £ 8.6 years, and 1,400 (54%) were
female. Among them, 1,813 (69-5%) participants
reported no loneliness, 219 (8-4%) experienced incident
loneliness, 353 (13-5%) had transient loneliness, and 224
(8:6%) had persistent loneliness (Table 1). Participants
who reported persistent loneliness were more likely to
be female, be depressed, smoke, have a higher BMI, be
single, unemployed, and have a shorter follow-up time
to the MRI exams, compared with participants from
other loneliness types (Table 1). Other variables includ-
ing age, education, ApoF &4 carrier status, CVD, diabe-
tes, and times to cognitive tests did not differ
significantly across the four loneliness types. Effect
sizes for the following results ranged from small
(f<o.02 for MRI measures) to large (f=o0.04 for AD8
scores).

Association of loneliness types with longitudinal
change in memory and executive function

CERAD and VST cognitive tests were conducted twice
and the average time between assessments was 77-92 +
0-68 years. At the first cognitive assessment, the partici-
pants were aged 46 (95%ClI [30, 63]) years on average
(Figure 1). Table 2 shows results from a robust linear
regression model with the three loneliness types as pre-
dictors and longitudinal change in CERAD and VST
scores as outcomes. Compared to no loneliness, persis-
tent loneliness was associated with a decrease in the
CERAD recall (B = —0-13, 95%CI [—0.25, 0.00], P =
0-04) and retention scores (8 = —o0-15, 95%CI [—o0.27,
—0.03], P = o-01), but not with changes in the total
score. Results were similar when controlling for addi-
tional covariates including ApoE4, current smoking,
BMI, marital status, and employment status in Model 2
(Supplement Table S2). Moreover, persistent loneliness
was associated with an increase in the VST interference
score (B =014, 95%ClI [0.02, 0.26], P=0-02), compared
to no loneliness. In both models, incident and transient
loneliness were not associated with longitudinal
changes in cognitive performance. When assessing the
cross-sectional associations, we found that persistent
loneliness was only associated with the VST dot time at
baseline (8 = 013, 95%ClI [0.01, 0.25], P=0-03) (Model
1, Supplement Table S3).

The associations of loneliness types with other
cognitive measures

We investigated the cross-sectional relationship
between loneliness types and the cognitive tests specific
to cognitive impairment, including the AD8 and MoCA,
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Characteristics' Overall (N=2609) Loneliness types
Not lonely Incident Transient Persistent P-value
(N=1813) (N=219) (N=353) (N=224)
Age (years)
Mean + SD 46.3 + 8.6 464 + 84 459+ 83 46.7 £9.2 455+9.5 053
Median [Min, Max] 47 [24,76] 47 [24, 76] 46 [25, 63] 48 [24,71] 46 [24, 73] 0.49
Female, n (%) 1400 (54) 928 (51) 139 (64) 198 (56) 135 (60) 0.001
Education, n (%)
High school or less 341 (13) 234 (13) 19 (9) 59(17) 29 (13) 0.03
Some college 753 (29) 509 (28) 57 (26) 108 (31) 79 (35)
College or higher 1512 (58) 1068 (59) 142 (65) 186 (53) 116 (52)
ApoOE &4 carrier, n (%) 555 (21) 397 (22) 56 (26) 60 (17) 42 (19) 0.16
Depression, n (%) 214 (8) 34(2) 62 (28) 23(7) 95 (42) <0.001
CVD, n (%) 56 (2) 34(2) 5(2) 9(3) 8(4) 0.54
Stroke, n (%) 8(0) 5(0) 0(0) 0(0) 3(1) 0.15
Current Diabetes, n (%) 109 (4) 68 (4) 10 (5) 17.(5) 14 (6) 045
Current Smoking, n (%) 323(12) 186 (10) 33(15) 66 (19) 38(17) <0.001
BMI (kg/m?)
Mean + SD 278156 276+55 276 +56 282156 29168 0.008
Median [Min, Max] 27 [16,61] 27 [16, 50] 27 [16, 44] 28[18, 54] 28[18,61] 0.03
Marital status, n (%)
Single 367 (14) 186 (10) 39(18) 67 (19) 75 (34) <0.001
Married 1915 (73) 1452 (80) 135 (62) 224 (64) 104 (46)
Other 324(12) 174 (10) 45 (21) 61(17) 44 (20)
Employment status, n (%)
Full time 1884 (72) 1345 (74) 148 (68) 251 (71) 140 (63) <0.001
Part time 355(14) 249 (14) 30(14) 44 (13) 32(14)
Unemployed 88 (3) 51(3) 6(3) 14 (4) 17 (8)
Other 280 (11) 166 (9) 35(16) 44 (13) 35(16)
Years to the last cognitive test#
Mean + SD 79+07 79+07 79+07 79+£07 80+07 0.25
Median [Min, Max] 7.8[5.5,10.8] 7.8[5.6,10.8] 7.8[5.7,10.7] 7.8 [5.5,10.6] 7.91[6.5,10.5] 0.09
Years to the MRI exam’
Mean + SD 45+29 46 +29 49+29 42+28 42+30 0.09
Median [Min, Max] 4.0[-0.1,9.4] 4.1[0.0,9.4] 6.1[0.0,9.1] 3.41[-0.1,93] 3.1[0.0,9.1] 0.03
Table 1: Characteristics of the study sample by loneliness types.
The loneliness types were defined as: No loneliness = participants did not report loneliness at neither exam 1 nor exam 2; Transient loneliness = participants
reported loneliness only at exam 1; Incident loneliness = participants reported loneliness only at exam 2; Persistent loneliness = participants reported loneliness
at both exam 1 and exam 2.
CVD = Cardiovascular disease; BMI = Body Mass Index; MRI = Magnetic Resonance Imaging.
P-values were two-tailed. One-way ANOVA tests for continuous variables and Chi-square tests for categorical variables were applied to compare each variable
among the four loneliness types. Fisher’s exact test were applied when the cell counts were less than 5 for the two variables CVD and stroke. Kruskal-Wallis
tests were applied for the variables with Median [Min, Max].
“The time difference between the second loneliness exam (core exam 2) and the last cognitive tests (CREAD, VST, AD8 score, and MOCA) at core exam 3.
t Depression was defined as CES-D score > 16, where the CES-D score was calculated based on 19 out of 20 items of the original CES-D questionnaire, after
excluding the loneliness item.
¥ The following variables had missing data: Education n = 3 (0.1%), ApoE genotype n = 121 (4.6%), current diabetes n = 6 (0.2%), BMI n = 2 (0.1%), and
employment n = 2 (0.1%).
% The time difference between the dates of the second loneliness exam and the MRI scan.

since these cognitive measures were only assessed once
(Figure 1). In the total sample, loneliness was associated
with higher AD8 scores for all loneliness types (inci-
dent 8 = o-17, 95%CI [0.06, 0.28], P = 0.002; tran-

persistent loneliness was associated with lower
MoCA scores compared to no loneliness, indicating
worse cognitive performance (8 = —o-19, 95%CI
[-0.32, —0.006], P = 0-005, Table 3).

sient B = 014, 95%CI [0.05, 0.23], P = 0.001; and
persistent 8 = 0-47, 95%CI [0.32, 0.61], P < 0.001),
compared to no loneliness (Table 3). However, only

Next, we applied robust regression models for each
cognitive domain of the NP battery including logical
memory, executive function, visual reproduction, and

www.thelancet.com Vol 53 Month , 2022
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Neurocognitive test scores

Incident loneliness

Transient loneliness Persistent loneliness

B (95%CI) P value B (95%CI) P value B (95%CI) P value

CERAD-WL (n = 2606)

CERAD total score —0.05 (—0.16, 0.07) 0.42 —0.02 (—0.13, 0.08) 0.67 —0.02 (—0.16,0.11) 0.74

CERAD recall score 0.03 (—0.08, 0.14) 0.56 —0.03 (—0.12, 0.06) 0.53 —0.13 (—0.25, 0.00) 0.04

CERAD retention score 0.06 (—0.06, 0.18) 0.31 —0.06 (—0.16, 0.04) 0.22 —0.15 (—0.27, —0.03) 0.01
VST (n = 2606)

Stroop dot time 0.02 (—0.08, 0.12) 0.69 —0.03 (—0.12, 0.06) 0.58 —0.08 (—0.18, 0.02) 0.12

Stroop color time 0.12 (0.00, 0.25) 0.05 0.06 (—0.04, 0.16) 0.25 0.09 (—0.04, 0.21) 0.18

Stroop interference score 0.08 (—0.04,0.21) 0.17 0.03 (—0.07,0.13) 0.53 0.14 (0.02, 0.26) 0.02

Table 2: The associations between loneliness types and longitudinal changes of CERAD and VST tests.

Robust regression models were used to study the relationship between loneliness types (reference group: no loneliness) as a risk factor and longitudinal
changes (A = scale [(scores at exam 3 - scores at exam 2)/(scores at exam 2)]) of CERAD Word List Memory Test (CERAD-WL) and Victoria Stroop Test (VST).
All models were adjusted for baseline age, sex, education, and the follow-up time (years).

language as outcomes (Supplementary Table S4). Par-
ticipants with persistent loneliness had the lowest cog-
nitive scores in memory and executive function. After
adjusting for covariates (Model 1), persistent loneliness
was associated with worse performance on measures of
logical memory (recognition) (8 = —o-19, 95%CI
[-0.36, —0.03], P=0-02), the reversed z-score of TMT A
(B=—0-12, 95%CI [—0.24, —0.01], P=0-04) and visual
reproduction (recognition) (8 = —o0-20, 95%CI
[—0.35, —0.04], P=0-01), compared to no loneliness.
Only the association of persistent loneliness with log-
ical memory (recognition) remained significant after
adjusting for ApoE4, current smoking, BMI, marital
status, and employment (8 = —0-22, 95%CI [—0.40,
—0.04], P=o.01) in Model 2 (Supplementary Table
S4). Unlike persistent loneliness, there were no asso-
ciations between transient or incident loneliness and
measures of cognitive function. Taken together, the
persistent loneliness group showed stronger negative
associations with cognitive measures, especially with

logical memory, than the transient or incident loneli-
ness group.

Associations of loneliness types with brain structure
To study the relationship between loneliness types and
brain volumes, we used a subsample (N=1,829) with
available brain MRI data. After controlling for covari-
ates, persistent loneliness was associated with smaller
temporal lobe volume, compared to no loneliness
(B = —018, 95%ClI [—0.32, —0.04], P=0-01, Table 4).
Incident and transient loneliness did not show any rela-
tionships with brain volumes.

Having three exams that assess loneliness, we used a
sensitivity analysis to test the association between the
cumulative loneliness score over three exams with six
brain volumes (Figure 1). We tested the dose-response
effects of loneliness scores on brain volumes using
robust linear regression analyses (Figure 2). An increase
in the cumulative loneliness score was related with
smaller temporal lobe and hippocampus volumes and

Neurocognitive test scores Incident loneliness Transient loneliness Persistent loneliness
B (95%Cl) P value B (95%Cl) P value B (95%Cl) P value
All (n =2585)
AD8 score 0.17 (0.06, 0.28) 0.002 0.14 (0.05, 0.23) 0.001 0.47(0.32,0.61) <0.001
MoCA score —0.06 (—0.19, 0.07) 0.35 —0.07 (—0.17, 0.03) 0.19 —0.19 (—0.32, —0.06) 0.005
Female (n = 1386)
AD8 score 0.11 (—0.02, 0.25) 0.1 0.06 (—0.04,0.17) 0.25 0.48 (0.27, 0.69) <0.001
MoCA score —0.14 (—0.29, 0.01) 0.07 —0.10 (—0.24, 0.04) 0.14 —0.27 (—0.45, —0.08) 0.005
Male (n =1199)
AD8 score 0.27 (0.09, 0.46) 0.004 0.26 (0.12, 0.41) <0.001 0.45 (0.26, 0.64) <0.001
MoCA score 0.06 (—0.17, 0.29) 0.62 —0.03 (—0.19, 0.12) 0.65 —0.09 (—0.28, 0.09) 0.32
Table 3: The associations between loneliness types and the AD8 and MoCA scores stratified by sex.
Robust regression models were used to investigate the relationship between loneliness types as risk factors and the cognitive tests including the Washington
University Dementia Screening Test (ADS8, z-score) and Montreal Cognitive Assessment (MoCA) score (z-score) as outcomes. All models were adjusted for
baseline age, sex, education, and time difference between exam 2 and exam 3.
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MRI Brain volumes Incident loneliness Transient loneliness Persistent loneliness
B (95%CI) P value B (95%Cl) P value B (95%Cl) P value
All subjects (n = 1829)
Frontal Lobe —0.07 (—0.23, 0.08) 0.36 —0.10 (—0.23, 0.03) 0.12 —0.08 (—0.21, 0.06) 0.27
Temporal Lobe —0.04 (—0.19,0.12) 0.65 —0.01(—0.13,0.10) 0.81 —0.18 (—0.32, —0.04) 0.01
Hippocampus Volume 0.10 (—0.06, 0.27) 0.23 —0.01 (-0.15,0.13) 0.88 —0.12 (—0.27,0.03) 0.12
Lateral Ventricle Volume 0.07 (—0.04, 0.18) 0.22 0.07 (—0.02,0.17) 0.13 0.06 (—0.05, 0.16) 0.29
Female (n = 979)
Frontal Lobe —0.18 (—0.38,0.02) 0.08 —0.19 (—0.35, —0.02) 0.02 —0.19 (—0.38, —0.01) 0.04
Temporal Lobe —0.08 (—0.27, 0.12) 0.45 0.02 (—0.14, 0.17) 0.84 —0.20 (—0.37, —0.03) 0.02
Hippocampus Volume —0.02 (—0.21,0.17) 0.84 —0.02 (—0.20, 0.17) 0.85 —0.23 (—0.40, —0.06) 0.007
Lateral Ventricle Volume 0.15 (0.02, 0.28) 0.03 0.12(0.00, 0.23) 0.06 0.15 (0.02, 0.28) 0.03
Male (n = 850)
Frontal Lobe 0.06 (—0.18,0.29) 0.63 —0.01(—0.21,0.18) 0.88 0.09 (—0.12,0.29) 0.40
Temporal Lobe 0.05 (—0.21, 0.30) 0.71 —0.06 (—0.24,0.13) 0.53 —0.15(—0.39,0.10) 0.24
Hippocampus Volume 0.30 (0.03, 0.58) 0.03 0.00 (—0.22, 0.22) 1.00 0.08 (—0.21,0.37) 0.58
Lateral Ventricle Volume —0.05 (—0.25, 0.16) 0.66 0.03(—0.11,0.17) 0.7 —0.09 (—0.25, 0.07) 0.26
Table 4: The associations between loneliness types and brain volumes stratified by sex.
Robust regression models were used to study the relationship between loneliness types as risk factors and MRI brain volumes (z-scores) as outcomes. All mod-
els were adjusted for baseline age, sex, education, and the follow-up time from the loneliness assessments at exam 2 and the brain MRI scan.

larger lateral ventricle volume in a dose-response pat-
tern (B values) when controlled for age, sex, education,
and time between exams. These relationships remained
after adding the covariates of ApoE4, current smok-
ing, BMI, marital status, and employment in Model
2 (data not shown). A particularly steep change in
regional brain volumes was found between the lone-
liness values of 6 and 7 (Panel I of Figure 2). There
was no significant relationship between cumulative
loneliness and occipital lobe volume (Panel I of
Figure 2). Consistent with the relationship between
loneliness, temporal lobe, and hippocampus, incre-
mentally higher cumulative loneliness was associated
with incrementally higher AD8 scores and a trend
towards lower MoCA scores (Supplementary Figure
S1).

Results stratified by sex, ApoE genotype, and
depression status

The proportion of women was higher in the loneliness
groups, specifically among incident (N = 139, 64%) and
persistent loneliness (N = 135, 60%) (Table 1). Among
women, while there were no significant changes in cog-
nitive function (CERAD and VST) over time when con-
trolling for all covariates including ApoE4, current
smoking, BMI, marital status, and employment (Model
2; Supplement Table Ss), persistent loneliness was asso-
ciated with lower MoCA scores (Table 3). Similarly, per-
sistent loneliness, but not transient and incident
loneliness, was associated with AD8 scores (Supple-
ment Table S6). On the contrary, among men, persis-
tent loneliness was associated with longitudinal decline
in the CERAD recall score (8 = —0-30, 95%CI [—0.56,

—0.04], P = 0-02) and CERAD retention score (8 =
—0-30, 95%CI [—0.55, —0.00], P = 0-01); and longitudi-
nal increase in VST Stroop color time (8 = 0-33, 95%CI
[0.09, 0.58], P = o-o1) and VST interference scores
(B = 032, 95%ClI [0.09, 0.55], P = o-01) (Supplement
Table S5), while all three loneliness types were associ-
ated with the AD8 but not with the MoCA (Supplement
Table SG).

Sex differences were also found in the relationship of
loneliness types with brain volumes. Among women,
persistent loneliness was associated with smaller tem-
poral lobe volume (8 = —0-20, 95%CI [—0.37, —0.03],
P = 0.02), smaller hippocampus volume (f = —0-23
95%CI [—0.40, —0.06], P=0-007), and smaller frontal
lobe volume (8 = —0-19 95%CI [—0.38, —0.01], P=0-04,
Table 4). Among women, all three loneliness types were
associated with larger ventricle volumes. In contrast,
among men, loneliness types were not found to be asso-
ciated with brain volumes, except for the association
between incident loneliness and larger hippocampus
volume (8 = 0-30, 95%CI [0.03, 0.58], P = 0-03, Table 4).
This relationship among men remained when control-
ling for all covariates in Model 2 (data not shown).

As ApoE4 is a well-known genetic risk factor for cog-
nitive decline and AD risk, we hypothesized that the
relationship between persistent loneliness and brain
atrophy would be even stronger in the presence of
ApoE4. Indeed, Figure 2 (Panel II) shows stronger dose-
response relationships between a higher cumulative
loneliness score and smaller temporal lobe and hippo-
campus volumes as well as larger lateral ventricle vol-
ume in ApoE4 carriers, compared to ApoE4 non-
carriers, when controlled for covariates. Particularly,
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Figure 2. The dose-response relationship between cumulative loneliness and brain volumes. The loneliness scores across three
exams were added to get a cumulative score for loneliness for each participant. A higher score indicates higher chronicity of loneli-
ness over three exams. Robust linear regression models were used to study the relationship between cumulative loneliness scores
and brain volumes as outcomes. The outcomes were the z-scores of MRI brain volumes adjusted for head size (y-axis); the predictors
were the longitudinal cumulative loneliness scores (CLS) across three exams. Specifically, the labels (1 to 7) of the x-axis were doses
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with higher cumulative loneliness, a strong decline in
parietal lobe volume was found only among ApoE4 car-
riers.

Lastly, we investigated whether loneliness types were
associated with cognition and brain volumes indepen-
dent of depression by stratifying the results. The
adjusted CES-D score was calculated based on 19 out of
20 items from the original CES-D questionnaire after
excluding the loneliness item (with a cut-off of >16 indi-
cating depressive symptoms). Among participants who
were not depressed, persistent loneliness was associated
with longitudinal changes in memory and executive
function, while both transient (8 = 0-13, 95%CI [0.04,
0.22], P= 0-004) and persistent (8 = 0-27, 95%CI [0.12,
0.42], P <o-001) loneliness were associated with the
AD& (Supplement Table S6). Among participants with
depressive symptoms, there were no significant associa-
tions between loneliness groups and CERAD or VST
scores (Supplement Table Ss), however, persistent lone-
liness was associated with AD8 scores (8 = 0-59, 95%CI
[0.10, 1.09], P = 0-02). The MoCA was not significantly
related to loneliness among either stratified depression
group (Supplement Table S6).

Discussion

In this study, we investigated associations between dif-
ferent loneliness types, cognitive function, and brain
volumes in midlife using data from the FHS’ third gen-
eration. Our results suggest that the persistence of lone-
liness exacerbates cognitive decline and may pose a
threat to brain health in the aging process, especially in
the presence of ApoE4. A potential future increase of
loneliness as a consequence of population aging and
social isolation does not only make loneliness one of the
most important public health concerns but may also
have detrimental effects on people’s future brain health
and wellbeing.

First, we found that persistent loneliness in midlife
was more strongly associated with cognitive decline—
specifically the domains of logical memory and execu-
tive functioning—compared to transient or incident
loneliness. This finding is in line with our hypothesis
and results from a recent study conducted in China.°
Consistently, using data from the second generation of
the FHS, we previously found that persistent loneliness
was a risk factor for AD dementia, whereas transient
loneliness was a protective factor.’ The current study
cohort (FHS Gen 3) is younger, with an average age of
46 vyears. Although participants were generally too
young to develop AD, we observed associations between

loneliness and cognitive decline in domains consistent
with preclinical AD. Based on these results, we posit
that people who recover from loneliness (i.e., transient
loneliness) are somewhat resilient to the adverse effect
of loneliness on cognition.

Second, our study found that persistent loneliness
was associated with smaller temporal lobe volume.
Additionally, a higher cumulative loneliness score was
associated with smaller brain volumes in the hippocam-
pus and with enlarged lateral ventricle in a “dose-
dependent” pattern, especially in ApoE4 carriers. Our
findings are consistent with previously published stud-
ies,”* showing that loneliness was associated with areas
in the prefrontal, hippocampal, and temporal regions.
Using functional MRI (fMRI), loneliness was shown to
be associated with areas in the default mode network of
the brain, regulating mood and cognition (i.e., including
temporal areas, the medial prefrontal cortex, the ante-
rior cingulate cortex, the temporoparietal junction, and
posteromedial parietal cortex).”** These areas largely
overlap with areas belonging to the “social brain”*# and
are known to be associated with reminiscence, imagina-
tion, mentalizing as well as age-related cognitive decline
and AD pathology. Interestingly, our study showed that
long-term cumulative loneliness was associated with
parietal lobe atrophy only in the presence of ApoE4, a
strong genetic risk factor for AD. Several studies have
shown that parietal lobe atrophy plays a significant role
in the early stage of AD development.*

Consistent with women being at higher risk for
feeling lonely and developing AD, our study found that
relationships between persistent loneliness, cognitive
decline, and brain structures, especially the hippocam-
pus and temporal lobe, were stronger among women.
We also found that loneliness, especially among
women, was associated with larger ventricle volume.
Larger ventricle volume was found to be associated
with slower response inhibition, an essential subcom-
ponent of executive function closely related to AD pro-
gression.”® Prior studies have reported gender
differences in neural correlates of loneliness. Our
results are in line with a recent study including over
10,000 participants,” showing that sensory network
brain volumes diverged in lonely versus non-lonely
women, but not in men. Yet, another study found a
stronger relationship of loneliness with white matter
volume among men.>® Taken together, these results
motivate future neuroimaging studies to investigate
sex differences in the relationship between loneliness
and brain structure and function, specifically regarding
hippocampal regions.

of loneliness frequency, which were defined as the sum score of the 4-point Likert scale (0-3) across three exams. Panel (I) shows all
subjects, whereas in Panel (ll), the sample was stratified by ApoE4 carrier status. All models were adjusted for baseline age, sex, edu-
cation, and the time difference between the dates of the last loneliness exam (exam 3) and the MRI scans. Statistical significance

was indicated as *p < 0.05, **p < 0.01, ***p < 0.001
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Overall, the findings suggest that persistent loneli-
ness—resulting from a combination of genetic back-
ground, social environment, and coping skills—may be
related to reduced brain health. Although the loneliness
assessments across the exams were years apart, results
may reflect personality differences when facing life
stressors. For instance, persistent loneliness was associ-
ated with current smoking and a higher BMI, indicating
lower self-care behavior. Still, there are some limitations
to this study. First, this study is merely observational,
cannot eliminate the issue of reverse causality, and does
not allow causal inference.? In fact, previous studies
suggest that loneliness and brain health are likely to be
related via bidirectional pathways.>**" Further, we only
had longitudinal assessments of two cognitive measures
(CERAD and VST), whereas other cognitive tests only
had one assessment, limiting the longitudinal analysis
of loneliness with each cognitive domain. Second, the
third FHS generation does not have assessments of
social isolation. However, using data from the second
FHS generation, which includes measures of social iso-
lation, we found that living alone did not influence the
relationship between persistent loneliness and AD risk.’
Third, although a single item has been argued to be a
trustworthy assessment for measuring loneliness,*
future studies will benefit from implementing more
comprehensive scales that assess different dimensions
of loneliness. Fourth, the ADS test also includes items
related to emotional well-being,** which could explain
why loneliness was more associated with the AD8 com-
pared to other cognitive tests in our study. For example,
less interest in hobbies that involve social activities in
the ADS test may also be a symptom or consequence of
loneliness,** as people may feel excluded or afraid of
being rejected. Future studies will need to be cautious
of the assessment of different conditions, such as
depression, loneliness, and AD, as these may have com-
mon underlying constructs.>> Moreover, we did not con-
sider the time-varying nature of confounding factors
such as BMI to identify the possible interaction with
loneliness over time. Finally, all participants were white
US-Americans, limiting the generalizability of our find-
ings to other populations.

Nevertheless, our study, among others, sets a foun-
dation for the early diagnosis and treatment of chronic
loneliness, and ultimately, the early prevention and
intervention of cognitive decline and AD. Future studies
will benefit from investigating the relationship between
persistent loneliness and amyloid pathology*® to fully
understand biological mechanisms between chronic
loneliness and brain health. Our study also raises ques-
tions for future research about whether and which
socio-environmental factors can help people become
resilient to persistent states or negative effects of loneli-
ness on brain health. One way to investigate this ques-
tion would be to implement additional methods in
longitudinal cohort studies, such as qualitative

www.thelancet.com Vol 53 Month , 2022

interviews about coping techniques* or remote activity
monitoring using innovative technologies.?”
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