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Background: Loneliness is most prevalent during adolescence and late life and has
been associated with mental health disorders as well as with cognitive decline during
aging. Associations between longitudinal measures of loneliness and verbal episodic
memory and brain structure should thus be investigated.

Methods: We sought to determine associations between loneliness and verbal episodic
memory as well as loneliness and hippocampal volume trajectories across three
longitudinal cohorts within the Lifebrain Consortium, including children, adolescents
(N = 69, age range 10–15 at baseline examination) and older adults (N = 1468 over
60). We also explored putative loneliness correlates of cortical thinning across the entire
cortical mantle.

Results: Loneliness was associated with worsening of verbal episodic memory in one
cohort of older adults. Specifically, reporting medium to high levels of loneliness over
time was related to significantly increased memory loss at follow-up examinations.
The significance of the loneliness-memory change association was lost when eight
participants were excluded after having developed dementia in any of the subsequent
follow-up assessments. No significant structural brain correlates of loneliness were
found, neither hippocampal volume change nor cortical thinning.
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Conclusion: In the present longitudinal European multicenter study, the association
between loneliness and episodic memory was mainly driven by individuals exhibiting
progressive cognitive decline, which reinforces previous findings associating loneliness
with cognitive impairment and dementia.

Keywords: loneliness, episodic memory, hippocampus, cortical thickness, adolescence, cognitive decline

INTRODUCTION

Loneliness is a subjective and negative emotion related to
dissatisfaction with the quantity or quality of social connections
(Hawkley and Cacioppo, 2010). Previous literature states that
loneliness confers increased risk of all-cause mortality as well
as cardiovascular disorders (Holt-Lunstad and Smith, 2016),
which might be mediated by unhealthy lifestyle or depression
(Holwerda et al., 2016). Indeed, people who report feeling
lonely are at higher risk of depression, and, similarly, depression
reinforces feelings of loneliness (Cacioppo et al., 2006). Although
loneliness and social isolation are related, with the latter
describing an objective state of minimal social contact or even
lack of social support (Ong et al., 2016; Yanguas et al., 2018),
both entities represent independent risk factors for cognitive
decline and dementia with advanced age (Holwerda et al.,
2014; Kuiper et al., 2015; Sundström et al., 2020; Sutin et al.,
2020). While some researchers have used both terms indistinctly,
more recently, they have been differentiated, although they both
appear to be common predictors of social frailty and mortality
(Yanguas et al., 2018).

Associations between greater loneliness and lower cognitive
functioning have been found in cross-sectional studies with
advanced age (reviewed in Boss et al., 2015), as well as
in a previous longitudinal study with repeated measures of
loneliness and cognition (Wilson et al., 2007). But loneliness
does not only affect older people, and there appears to be
a U-shaped relationship, where younger and older adults
present the highest prevalence (Lasgaard et al., 2016). Hence,
interventions to alleviate loneliness among young people have
been carefully designed (reviewed in Eccles and Qualter, 2021).
Studies aiming to explore associations between loneliness and
cognitive functions among young populations are lacking, and
loneliness and stress are entangled in a way that the former may
contribute to strengthen the acknowledged implication of stress
on hippocampal neurogenesis and memory formation (see review
by Kim and Diamond, 2002).

Research attempting to identify structural brain correlates
of loneliness have emerged with previous studies using a
Voxel-Based Morphometry (VBM) approach, emphasizing that
regions linked to processing of social information, empathy
and emotional regulation would be particularly compromised;
namely, fronto-temporal and limbic areas in both young (Kong
et al., 2015; Nakagawa et al., 2015) and older adults (Cacioppo
et al., 2014; Düzel et al., 2019). These results were derived from
cross-sectional studies associating loneliness and brain structure
without investigating how progression of loneliness may relate to
brain structure in successive evaluations. Only one previous study
explored prefrontal cortical thickness and loneliness associations

before and after an exercise intervention in older adults aged
60–79 (Ehlers et al., 2017), failing to find any direct associations
with loneliness.

Due to its involvement in learning and memory (Squire, 1991;
Burgess et al., 2002) as well as emotion regulation (Santangelo
et al., 2018), the hippocampus is a key brain structure to
be considered, especially in older adults. A previous cross-
sectional study found an association between this structure and
loneliness (Düzel et al., 2019), highlighting its role in both
cognitive and social processes linked to self-perception of social
isolation. A very recent study also showed that individuals
reporting loneliness and social isolation presented higher brain
age (de Lange et al., 2021), relative to chronological age, which
is acknowledged as a marker of brain integrity and health.
There have been, however, no studies examining the association
between repeated assessment of loneliness and the brain, and
more specifically the hippocampus. In a recent review by
Campagne (2019), it was argued that loneliness is related to
circulating stress hormones, immune system as well as glutamate
system functioning. As stated above, loneliness is very much
associated with depression, anxiety and stress (Beutel et al.,
2017; Campagne, 2019). Chronic stress is acknowledged to cause
activation of the hypothalamic-pituitary-adrenal (HPA) axis,
which leads to elevated circulating glucocorticoids (Sapolsky,
1996). The hippocampus presents a high concentration of
glucocorticoid receptors and it has been demonstrated that
one of the causes associated with an accelerated damage
of hippocampal neurons is a prolonged high concentration
of corticoids (Sapolsky, 1996). The fact that loneliness is
experienced as a feeling possibly leading to mental distress further
contributes to hypothesize that loneliness might also promote
a stress-related chain, with overactivation of HPA axis, and
possible impact on hippocampal volume trajectories, particularly
among older adults. Furthermore, this putative association might
also be seen among preadolescents. Wiedenmayer et al. (2006)
found associations between cortisol levels and specific portions
of the hippocampus morphology among children, which were
positive for anterior parts and negative for lateral portions, and
loneliness has been previously linked to stress (Campagne, 2019).
Due to the complexity of the developing brain at these early
stages, with the acknowledged initial decrease of gray matter
volume and cortical thickness (Gennatas et al., 2017), it is of
relevance to explore putative associations between loneliness and
hippocampus among children, as compared to old adults.

In a recent review, authors stressed that large and diverse
longitudinal cohorts are needed to elucidate the neurobiology
of loneliness (Lam et al., 2021). In this line, it might be
relevant to explore loneliness as a long-term feeling. Likewise,
longitudinal investigation of brain structural and cognitive
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correlates of loneliness in younger and older adults, i.e., groups
that exhibit the highest loneliness rates, are required to gain
understanding of how loneliness may be associated with poor
brain health. Furthermore, a longitudinal approach offers a
unique opportunity to model how changes in loneliness status
may relate to a particular cognitive and structural trajectory, and
this is especially important when taking into account typically-
developing children as well as older adults.

With longitudinal data from the European Lifebrain
Consortium1 (Walhovd et al., 2018), we aimed to explore the
association between loneliness and verbal episodic memory,
as well as loneliness and hippocampal (HPC) volume change
across young and older participants. Furthermore, we explored
possible associations between loneliness and cortical thickness
across the cortical mantle with no previous hypothesis, as
no preceding studies had used this technique in the study of
structural correlates of loneliness. Thus, we consider this analysis
to be exploratory.

MATERIALS AND METHODS

Subjects
A total of 1,537 participants were drawn from three cohorts
within Lifebrain: BETULA (aged 60–85), BASE-II (aged 60–86),
and HUBU (aged 10–15 at baseline). Table 1 shows further
details on cohort size, waves of assessment for loneliness, verbal
episodic memory and Magnetic Resonance Imaging (MRI) of the
brain for each participating cohort. Figure 1 depicts timelines of
assessments for each cohort, indicating the year of assessment,
mean age at each particular time point and measures undertaken
at each evaluation.

A subset of the BETULA cohort with data on loneliness,
cognition and MRI was included in the study. Because this
was a study with rolling recruitment, sample size increased
at each wave of assessment (see Table 1). Exclusion criteria
included severe visual or auditory impairment, intellectual
or developmental disabilities, suspected dementia, having a
mother tongue other than Swedish, any contraindication to
MRI, neurological disorders, Mini-Mental State Examination
(MMSE) < 24, brain surgery or substantial anatomical deviations
(Nilsson et al., 1997; Gorbach et al., 2020). BASE-II cohort
included healthy community-dwelling older adults living in the
greater Berlin metropolitan area with normal or corrected to
normal vision. Exclusion criteria included MMSE scores < 25,
any history of psychiatric or neurological conditions or history
of head injuries (Bertram et al., 2014; Gerstorf et al., 2016). Two
waves of assessment with cognition and MRI were included; this
latter only for a subset of 215 (see Table 1). A third follow-up was
implemented by the GendAge study, with measures of loneliness
and cognition, but not MRI, for the majority of the initial sample
(Demuth et al., 2021).

The longitudinal HUBU cohort includes typically-developing
children older than seven who were recruited from three
elementary schools in the Copenhagen suburban area in 2007.

1https://www.lifebrain.uio.no/

Exclusion criteria included any known history of neurological
or psychiatric disorders or significant brain injury, as reported
by parents (Madsen et al., 2018). For these participants, it
is important to note that they underwent four longitudinal
assessments of loneliness and MRI, encompassing an age range
from 13 to 18 in the last time-point of loneliness evaluation and
thus covering a period from late childhood to late adolescence.

All volunteers had been drawn from studies where appropriate
informed consent was obtained from themselves or their
parents/legal guardians (Nilsson et al., 1997; Bertram et al.,
2014; Madsen et al., 2018). In addition, local ethical approvals
for data sharing were acquired for each participating site
(Walhovd et al., 2018).

Loneliness Measures
Loneliness scores had been obtained for each participating cohort
based on the following scales. For BETULA, the following item
from the Center for Epidemiological Studies – Depression scale
(CES-D; Radloff, 1977) was included: “I felt lonely in the past
week,” with scores ranging from 0 to 3 (‘0 – rarely or less
than 1 day’ to ‘3 – most or all of the time-5–7 days’). For
BASE-II, the UCLA Loneliness Scale 7 item-version was available
(Russell et al., 1984). Statements such as: “I feel isolated from
others,” were presented and scored on a 5-point Likert scale
ranging from 1 to 5 (‘1 – strongly disagree’ to ‘5 – strongly
agree’). The mean of the seven items was computed as published
elsewhere (Düzel et al., 2019), with larger values indicating
greater loneliness. For the HUBU cohort, an item included in
the Junior Eysenck Personality Questionnaire (J-EPQ, Eysenck,
1965) was the measure taken to compute loneliness among the
youngest: “Do you often feel lonely?”, which was scored from 0 to
3 (‘0 – strongly disagree’ to ‘3 – strongly agree’).

Harmonization of Loneliness
Since loneliness for the BASE-II cohort were derived from
seven Likert-based questions with a final quantitative score, as
opposed to the comparable one single Likert-based question
for BETULA and HUBU, harmonization was required. The
technique employed to harmonize loneliness into a qualitative
variable for the three cohorts was Statistical Matching (D’Orazio
et al., 2006). This method entails the assumption that distribution
of loneliness scores is comparable among cohorts. In this line,
it was assumed that the proportion of participants feeling high,
middle and low loneliness from BETULA (also old adults)
would be comparable with the ones from BASE-II. BETULA
and BASE-II are both cohorts from Northern Europe and the
European Commission analyzed the incidence of loneliness
among European from surveys administered between 2010 and
2014. Ensuing conclusions were that “the lowest share of people
who feel lonely is found in the Netherlands and Denmark (3%),
Finland (4%) as well as Germany, Ireland and Sweden (5%)”2. As
a result, the assumption of equal distribution between BETULA
and BASE-II could be accepted. The abovementioned percentage
of 5% matched perfectly the one we obtained in the Swedish
cohort of BETULA (5% of participants scored 2 or 3 in the

2https://ec.europa.eu/jrc/en/news/how-lonely-are-europeans
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TABLE 1 | Lifebrain eligible study cohorts: sample sizes and waves of assessment for each measure of loneliness, episodic memory, and magnetic
resonance imaging (MRI).

Study cohort
(city/country) and sample
characteristics

Loneliness
(N: sample size for each time point)

Memory
(N: sample size for each time point)

MRI image (T1)
(N: sample size for each time point)

BETULA (Umeå/Sweden): aged 60–85
(Nilsson et al., 1997).

Four time-points (N = 143, 185, 260,
and 250).
Interval period: 5 years.

Four time-points (N = 143, 185, 260,
and 250).
Interval period: 5 years.

Two time-points of MRI (N = 230 and
168).
Interval period: 4 years.

BASE-II (Berlin/Germany): aged 60–86
(Bertram et al., 2014).

Three time-points (N = 1325, 219, and
844). Mean interval periods ranging
from 2.3 to 3.23, with a mean of
5.54 years (SD 0.45) between first and
last assessment.

Three time-points: (N = 1323, 218, and
749). Mean interval periods ranging
from 2.3 to 3.24, with a mean of 5.57
(SD 0.45) between first and last
assessment.

Two time-points (N = 215 and 215).
Mean interval period: 2.29 years (SD
0.45)

HUBU (Copenhagen/Denmark): aged
10–15 (Madsen et al., 2018).

Four time-points (N = 69, 68, 59, and
39).
Mean interval periods from 1.11 to
1.34, with a mean interval period of
3.43 years (SD 0.43) between first and
last assessment.

Two time-points (N = 59 and 31).
Mean memory interval period: 4.04 (SD
0.23).

Four time-points (N = 66, 64, 42, and
38).
Mean interval periods from 1.08 to
1.35, with a mean interval period of
3.42 years (SD 0.45) between first and
last MRI.

FIGURE 1 | Data collection timeline for each cohort, indicating time of assessment, measures conducted for each time point, as well as mean age and standard
deviation. MRI, magnetic resonance imaging.

question “I felt lonely in the past week”) and these two scores
were joined into the category of ‘high loneliness.’ Following this,
the same percentage was applied for BASE-II. Therefore, 5% of
German participants with the highest scores of loneliness were
classified as ‘high loneliness.’ The same was done for subjects that
scored 1 (‘medium loneliness’) for BETULA, which represented
15% of the cohort. Again, the same percentage was applied
for those participants from BASE-II with the highest loneliness
scores, after having classified and ruled out the high loneliness
group. Finally, the remaining participants were categorized as
‘low loneliness,’ which represented 80% of older participants. The

loneliness scale used for the youth (HUBU) also included values
ranging from 0 to 3, making it comparable to the categories
described above. In this sample of older children and adolescents
13% of participants reported usually feeling lonely (score of 2
and 3: high loneliness) at baseline examination, while 40.7% felt
moderately lonely (score of 1, classified as medium loneliness)
and 46.3% were classified in the low group (score of 0).

The above classification of participants according to low,
medium or high loneliness was applied for all time points.
BETULA was again taken as a reference and since percentages
of high, medium and low loneliness did not significantly change

Frontiers in Aging Neuroscience | www.frontiersin.org 4 February 2022 | Volume 14 | Article 795764

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-795764 February 22, 2022 Time: 11:35 # 5

Solé-Padullés et al. Longitudinal Loneliness, Cognition and Neuroimaging

across time points, we took the same proportions (5% for high,
15% for medium, and 80% for low) for matching the remaining
time points of BASE-II.

Verbal Episodic Memory
All three cohorts included measures of verbal episodic memory,
with words or sentences as items to be encoded and later
retrieved. Specifically, a composite score of immediate free and
cued recall of sentences was used for BETULA. More details on
memory assessment are described elsewhere (Nilsson et al., 1997).
For the BASE-II cohort, recognition accuracy from the Verbal
Learning and Retention Test (Helmstaedter and Durwen, 1990),
computed as hits minus false alarms, was used as a measure of
episodic memory. For the HUBU cohort, the Verbal Affective
Memory Test-26 (VAMT-26; Hjordt et al., 2020) was available,
which allowed to obtain a composite score from total free and
delayed recall of 10 positive, 10 negative, and 6 neutral words.

Depressive Symptoms and Life Events
For BETULA and BASE-II cohorts, a measure of mental health
status was available for each wave, matching both loneliness and
memory assessments. For the former cohort, and as mentioned
above, the CES-D scale was used. This scale contains 20 items
scored from 0 to 3 with (maximum score of 60) and a cut-off value
of 16 has been considered to identify individuals at risk of clinical
depression (Lewinsohn et al., 1997). To compute depressive
symptoms, we disregarded the item of loneliness, as previously
reported (CES-D Minus Loneliness: CES-DML; Cacioppo et al.,
2017). Baseline mean score for this cohort was 6.78 (SD: 5.74).

For the BASE-II cohort, a baseline score was available from
the 15-item version of the Geriatric Depression Scale (GDS;
Yesavage, 1988). Normal scores are considered from 0 to 5. The
baseline mean score for the cohort was 2.17 (SD: 1.67).

For the younger sample (HUBU), a measure of exposure to
negative life events was used as covariate in the statistical models.
The Child and Adolescent Survey of Experiences (CASE, Allen
et al., 2012) was available for all time points except for the
last one, matching all loneliness measures. Thirty-four negative
life events such as “family member really sick,” “been teased or
bullied,” “parent split up,” or “parent lost job” amongst others
were included. Maximum score was 34.

Magnetic Resonance Imaging and
Pre-processing
As detailed in Table 1, a subsample of 511 participants underwent
an MRI session, including a 3D structural T1-weighted scan
of the whole brain acquisition. More than one thousand
observations over time were considered for the longitudinal
analyses.

At each site, structural images were acquired with a 3 Tesla
MRI scanner, with the following parameters: (1) BETULA:
Discovery GE scanner; TR: 8.2 ms, TE: 3.2 ms, TI: 450 ms, flip
angle: 12◦, slice thickness: 1 mm, FoV 250 mm × 250 mm, 176
slices; (2) BASE-II: Tim Trio Siemens scanner; TR: 2,500 ms,
TE: 4.77 ms, TI: 1,100 ms, flip angle: 7◦, slice thickness:
1 mm, FoV 256 mm × 256 mm, 176 slices, and (3) HUBU:

Magnetom Trio Siemens scanner; TR: 1,550 ms, TE: 3.04 ms,
TI: 800 ms, flip angle: 9◦, slice thickness: 1 mm, FOV
256 mm × 256 mm, 192 slices.

Structural brain images were processed with the longitudinal
processing stream available in FreeSurfer 6.03. Hippocampal
(HPC) and estimated total intracranial volumes (TIV) were
extracted for each time-point. All images were visually inspected
for quality control.

Statistical Analyses
To explore the associations between loneliness and age on the one
hand, and loneliness and sex on the other hand, for each cohort
separately, we first conducted general linear models including
baseline loneliness as a categorical dependent variable, sex as
a fixed factor and baseline age as a covariate of interest, with
SPSS Statistics for Windows (IBM Corp. Released 2020. Version
27.0. Armonk, NY, United States: IBM Corp.). Subsequently,
partial correlations between baseline loneliness and memory were
performed for each cohort, adjusted for age and additionally for
years of education in the older cohorts. Baseline loneliness and
HPC volume associations were also examined, with age, sex, and
total intracranial volume as covariates.

To examine associations between changes in verbal
episodic memory or HPC volume and loneliness across
time-points, statistical models were computed separately for
each cohort as described below. Exploratory vertex-wise analyses
associating loneliness and cortical thickness were additionally
conducted (see below).

Loneliness and Verbal Episodic
Memory/Hippocampal Volume Associations
Linear mixed-effects models run in RStudio 1.4. (RStudio
Team, 2020) with the package lme4 (Bates et al., 2015), were
conducted to explore associations between loneliness and verbal
episodic memory and loneliness and HPC volume. We also
tested a potential differential memory decline or rate of volume
change for different levels of loneliness using a loneliness-by-age
interaction term. The outcome variable was episodic memory or
HPC volume; fixed factors included age (linear and quadratic),
sex, years of education, baseline depression (for BETULA and
BASE-II), categorical loneliness (as a time-varying covariate) and
loneliness-by-age interaction. Change in HPC volume or change
in memory was not computed prior to modeling. Interaction
terms of fix effect regression with age were used to capture
age-related changes. Since the age regression coefficient can be
interpreted as the annual rate of change of the outcome and
any interaction with it will represent an effect modifier of such
expected annual rate of change of the outcome.

Within-subject random effects included intercept. We also
considered adding random linear and quadratic terms to
model the slope as in the fixed-effects if sufficient degrees
of freedom were available (sufficient repeated measures per
subject) and also a better goodness of fit was obtained (tested
by comparing models with increasing number of random effects
with likelihood ratio tests).

3https://surfer.nmr.mgh.harvard.edu/
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To test hypotheses involving more than one fixed effect
regression coefficient, we framed them as a comparison of
nested models, using a Chi squared likelihood test for inference.
Fixed effect under hypothesis usually involved loneliness and
its interaction with the age linear term. Significance of single
fix effect regression coefficients (betas) was estimated with
two-tailed t-tests using the Satterwhite approximation for
the effective degrees of freedom with R package lmerTest
(Kuznetsova et al., 2017).

The HUBU cohort included two time-points with verbal
episodic memory performance data only overlapped with one of
the four time-points in which loneliness was assessed; hence a
multiple regression model was implemented with the difference
of verbal episodic memory performance as a dependent variable
and baseline loneliness, age, sex and negative life events as
independent variables. The model with hippocampal volume as
outcome, for this younger cohort included as fixed effects: age
(linear and quadratic), negative life events, sex and categorical
loneliness (all variables measured at each time point).

Loneliness and Cortical Thickness Associations
The same approach using linear mixed models as described above
was used to examine associations between loneliness and cortical
thickness at each vertex of extracted cortical surfaces. To account
for spatial correlation of the vertex-wise tests, we used Freesurfer’s
LME toolbox (Reuter et al., 2012; Bernal-Rusiel et al., 2013),
for each cohort separately, with an FDR-corrected significance
threshold of p < 0.05 for multiple comparisons.

RESULTS

Baseline Associations Between
Loneliness and Age, and Loneliness and
Sex
Table 2 lists main demographic variables from the three included
Lifebrain cohorts, as well as associations between loneliness and
age and loneliness and sex at baseline examination. As shown
in Table 2, there was a positive association between age and
loneliness in the BASE-II cohort, with older volunteers feeling
lonelier. No associations were observed for the BETULA or
HUBU cohorts.

For BETULA, a post hoc analysis considering all observations
was carried out to capture the component of trajectories for
both age and loneliness variables. By doing this, the association
improved, with a trend toward increased loneliness with
increasing age (χ2 = 4.9, p = 0.08).

Sex differences were seen within the BASE-II cohort, with
males reporting significantly more feelings of loneliness than
females (males: N = 671, mean = 1.60, SD = 0.62; females:
N = 654, mean = 1.52, SD = 0.64). We also observed significant
sex differences in loneliness in the younger cohort (HUBU), with
female participants having higher scores of loneliness at baseline
than males (females: N = 41, mean = 0.85, SD = 0.93; males:
N = 24, mean = 0.33, SD = 0.56). No sex differences in baseline
loneliness were observed for BETULA. TA
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Baseline Associations of Loneliness With
Verbal Episodic Memory, Hippocampal
Volume and Cortical Thickness
While at baseline, all correlations between loneliness and
episodic memory, as well as loneliness and HPC volume
were negative for all participating cohorts, they were not
statistically significant (see Table 2). Likewise, in the baseline,
i.e., cross-sectional, analysis of associations between loneliness
and cortical thickness across the cortical mantle, none of
the vertices survived FDR correction. Uncorrected results for
baseline loneliness and thickness associations are depicted in the
Supplementary Figure 1.

Longitudinal Loneliness and Verbal
Episodic Memory Change
We observed a significant effect of loneliness on verbal episodic
memory for BETULA (χ2 = 11.25, df = 4, p = 0.02). Such effect
was clearly driven by the loneliness-by-age interaction effect
with a higher degree of loneliness being associated with poorer
memory performance, only at advanced ages (Figure 2A and
Supplementary Table 1). This result entailed that with advancing
age, having medium to high levels of loneliness was associated
with decreased memory slope. Therefore, if one subject felt
lonely at baseline and these feelings of loneliness were stable
across time, their memory would be expected to decrease more
than one subject never feeling lonely at all. Likewise, the model
also predicted that if loneliness levels decreased at some point
(being high at baseline and low at posterior evaluations), then
memory levels would ‘normalize’ or the subject would ‘jump’
from the steeper decreased memory slope (Figure 2A, blue or
green slopes) to a ‘normal’ slope of memory decrease, allegedly
expected by age (Figure 2A, red slope). Therefore, the association
between loneliness and memory progress would mainly be
seen for those subjects with persistent feelings of loneliness.
It is, however, important to note that only medium loneliness
reached significant results (see Supplementary Table 1), even
though the decline in episodic memory can also be seen among
subjects categorized with high loneliness. It is likely that these
observations may reflect fewer numbers of participants classified
as high loneliness as the point estimate of the loneliness-by-age
interaction term was of the same order and in the same direction
for both loneliness levels.

No evidence for such effects were seen in BASE-II (χ2 = 1.3,
df = 4, p = 0.86, see Figure 2B and Supplementary Table 2).
Likewise, using the original measure of loneliness for this cohort
and its interaction term with age did not improve the model
significantly (χ2 = 1.20, df = 2, p = 0.57).

Analyses were repeated for both BETULA and BASE-II
after having ruled out eight and one subject, respectively,
who had developed dementia in any of the subsequent waves
of assessments. For BETULA, the previous association found
between memory and loneliness-by-age interaction was not
significant anymore: χ2 = 6.62, df = 4, p = 0.16. For BASE-II
results remained minimally changed: χ2 = 1.18, df = 4, p = 0.56.

Regression model for HUBU did not yield any significant
result (F = 0.87, df = 4, p = 0.50). Supplementary Tables 1–3

provide estimates for the fixed effects of the association between
verbal episodic memory and loneliness for all cohorts.

Longitudinal Loneliness and
Hippocampal Volume Change
Rates of annual HPC volume loss from age 60 onwards are
depicted in Figure 3 (at age 60 estimated 0.2% for BETULA
and 0.4% for BASE-II; at age 80 these were increased to 0.47
and 0.75% for each cohort, respectively). No association between
loneliness and HPC volume, as well as loneliness and HPC
volume change (loneliness-by-age interaction), where intercept
value (0) corresponds to age 60, was found for BETULA
(χ2 = 4.27, df = 4, p = 0.36; Figure 3A) and BASE-II (χ2 = 2.31,
df = 4, p = 0.68; Figure 3B). Likewise, we did not find any
associations between loneliness and HPC volume changes in the
younger cohort (HUBU: χ2 = 2.33, df = 4, p = 0.68). As seen
in Figure 3C, for this latter cohort, HPC volume increased from
age 10 to 14/15 and was followed by stabilization, emulating the
non-linear developmental pattern of increased volume during
late childhood and early adolescence accompanied by a slight
subsequent deceleration, as described elsewhere (Tamnes et al.,
2018). Supplementary Tables 4–6 provide estimates for the
fixed effects of the association between hippocampal volume and
loneliness, as well as loneliness-by-age interaction for BETULA,
BASE-II and HUBU cohorts.

Again, re-analysis disregarding the eight participants who
developed dementia along the study (8 for BETULA) yielded no
significant changes on the abovementioned statistical outputs:
BETULA: χ2 = 4.30, df = 4, p = 0.37. For BASE-II, the participant
with onset of dementia at time point 2, was missing at that
particular time point, and did not have MRI data on time point 3,
so analyses were not repeated.

Longitudinal Loneliness and Cortical
Thickness Change
Longitudinal analyses of associations between loneliness and
cortical thickness across the cortical mantle did not yield
any statistically significant vertex-wise results after correction
for multiple comparisons (FDR < 5%), in any of the
cohorts. Uncorrected results are further described in the
Supplementary Figure 1.

DISCUSSION

To our knowledge, this is the first multicenter European
study to incorporate measures of loneliness over time to
explore its cognitive and structural brain correlates in distinct
samples across the lifespan, covering periods of late childhood,
adolescence, and older adulthood.

Significant associations between age and loneliness were
observed within the German (BASE-II) cohort, with older
participants reporting increased feelings of loneliness; a result
that is in line with the acknowledged increase of loneliness in
late life, a period where one may experience a number of losses,
from the death of a spouse or friends to social disengagement
(Singh and Misra, 2009). Despite no baseline age and loneliness
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FIGURE 2 | Episodic memory predicted trajectories versus age after 60 for different loneliness levels for Betula (A) and BASE-II (B). Association between loneliness
and episodic memory change within the BETULA cohort: no effect was seen at age 60 (intercept), but from then onwards, medium and high loneliness scores were
related to poorer memory performance over time. Dotted lines show 95% confidence interval for predictions with random effects set to 0.

FIGURE 3 | Hippocampal (HPC) volume predicted trajectories versus age after 60 for different loneliness levels for BETULA (A) and BASE-II (B). (C) Depicts
hippocampal trajectories for the younger participants (HUBU cohort) from age 10 onwards, as regards the loneliness variable. Raw hippocampal volumes are shown
for HUBU, as absolute values might be more convenient in longitudinal studies of brain development (Goddings et al., 2014). Dotted lines show 95% confidence
interval for predictions with random effects set to 0.

associations were seen for the BETULA cohort, a trend toward
more loneliness with increasing age was seen after taking into
account all observations.

We also found that German male participants presented more
feelings of loneliness than their female counterparts. Notably,
these participants were born between 1927 and 1953, a generation
of working men and ‘stay-at-home’ women. Therefore, men were
more likely to experience the life-changing event of retiring from
work, and this may have intensified their feelings of loneliness, as
compared to women. Yet, the above associations were not seen
for the Swedish cohort of older adults (BETULA). This might be
partially explained by the fact that the German cohort included
more than one thousand participants at baseline examination,
compared to the 143 volunteers for the BETULA cohort. This
larger statistical power may have favored the emergence of

significant loneliness-age and loneliness-sex associations within
BASE-II. It was somehow unexpected to find more feelings of
loneliness among German men, as compared to their female
counterparts, because older women usually report increased
loneliness (Beal, 2006; Jarach et al., 2021). Despite this, it has
been recently argued that loneliness is more associated with
health, functional limitations and depression (Jarach et al., 2021),
than with social isolation itself, and we have not controlled for
physical health variables in the present study, neither have we
taken into account other generational factors (alleged ‘working
men’ versus ‘stay-at-home women’), which may have contributed
to the abovementioned associations found in BASE-II.

On the other hand, in the younger cohort, females reported
feeling lonelier than males, a finding that is in line with a recent
study, also with Danish adolescents (Eccles et al., 2020). Authors
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pointed to the possibility of a sex-based stigma when reporting
feelings of loneliness among male adolescents. No sex differences
were seen for the BETULA cohort, but bearing in mind the
few proportion of people feeling lonely and the smaller sample
size as compared to BASE-II, it is plausible that sex differences,
if any, would have emerged with a more representative sample
of lonely people.

Regarding associations between loneliness and episodic
memory over time, we found that for BETULA, those participants
reporting medium to high levels of loneliness over time displayed
more memory loss at follow-up examinations, even though
memory performance was not associated with loneliness at
baseline. Thus, self-perceived and constant feelings of loneliness
among these participants co-occurred with a decrease in memory
performance for this cohort of Swedish participants. It is worth
mentioning, however, that the model was conducted in a way that
loneliness at one time point predicted memory for that particular
time point, without taking into account previous loneliness levels.
Despite this, interpretations considering distinct trajectories of
loneliness are possible and this model predicted that low baseline
loneliness for BETULA participants, combined with increases
of loneliness feelings in any subsequent evaluation would be
equally associated with steeper episodic memory decline, for
that particular time point. Therefore, persistent loneliness but
also increases in loneliness perceptions, were associated with
episodic memory loss among this cohort of participants. In a
previous review discussing associations between loneliness and
global cognitive function as well as episodic memory, Boss
et al. (2015) suggested that some associations may disappear
after adjusting for demographic and psychosocial factors that
influence loneliness. In our study, the association between
loneliness and memory performance over time among BETULA
participants was seen while controlling for age, education, sex
and depressive symptoms, which emphasizes the relevance of
loneliness for memory maintenance in aging and reinforces the
notion that loneliness can be considered a different entity from
depression, as acknowledged also in previous studies examining
loneliness associations with cognitive decline (Wilson et al.,
2007). Nonetheless, the association was lost after having ruled out
the eight cases of dementia with onset in any of the subsequent
follow-up assessments. This fact reinforced previous evidence
suggesting that there is an association between loneliness and
cognitive impairment (Wilson et al., 2007; Sundström et al., 2020;
Sutin et al., 2020). Notably, the fact that the association did not
remain significant does not imply that there is no association
between loneliness and memory decline, but rather that if cases
of significant memory decline are excluded, then this association
is critically diminished. It is important to point out the possibility
of reverse causality. Loneliness may cause memory decline but
memory decline might also contribute to increased feelings of
loneliness. Previous data supported the notion of a bidirectional
effect between cognitive ability and loneliness among older adults
(Zhong et al., 2017; Okely and Deary, 2019).

As regards the lack of association between loneliness measures
and memory change in the BASE-II cohort, even when using the
original continuous measure of loneliness, we believe that two
main factors could be contemplated. First, the verbal memory test

(recognition accuracy) was not a comparable measure with the
recall (free and cued) that was used for BETULA. While recall
has been consistently associated with hippocampus (Aggleton
and Shaw, 1996), the role of this structure on recognition has
been more debated. Recognition can depend on recollection,
familiarity or both processes (Yonelinas, 2002), and though some
believe that the hippocampus exclusively subserves recollection,
more recent data is available indicating that both recollection
and familiarity are majorly supported by the hippocampus
(Merkow et al., 2015). Yet, memory measures used for the
two cohorts of older adults may not be completely comparable.
Second, it is possible that the considerable number of drop-
outs, particularly at the second wave of assessment, may have
constrained our analyses. After a thorough analysis on missing
data for BASE-II cohort, it was seen that a greater proportion of
missing participants at time point 3, presented increased baseline
loneliness (26.82% of missing volunteers at time point 3 had
medium to high scores of loneliness at baseline versus 20.74%
of not missing participants; χ2: 6.58, p = 0.037). Likewise, they
were also older at baseline examination [mean age: 71.24 (SD:
4.01) versus 70.16 (3.64), t = 5.02, p < 0.0001]. On the whole,
if older and more lonely participants dropped out from the
study, this could represent a ‘missing not at random’ (MNAR)
case, where it is likely that these participants were experiencing
some kind of cognitive impairment. Assuming that the drop-outs
could contain a great proportion of cognitively impaired patients
and bearing in mind that the association between loneliness and
memory decline was stronger in BETULA when the eight cases of
dementia were included, it is reasonable to think that the MNAR
could be masking some associations.

We did not find any associations between loneliness and
difference in memory performance for the HUBU cohort. While
loneliness was measured at four time points, memory testing was
only administered in two waves of assessments, and only one
of them co-occurred with the loneliness measure. An increased
number of cognitive measurements would have been ideal to
better grasp memory trajectories and possibly capture putative
associations with loneliness trajectories.

Contrary to expectations, we did not observe any statistically
significant associations between loneliness and HPC volume in
any of the cohorts, neither at baseline nor longitudinally. The
same applied for our explorative investigations for associations
between loneliness and vertex-wise cortical thickness. Our null
findings are in apparent contrast with previous reports of
cross-sectional loneliness-brain structure associations in healthy
young and older adults (Kanai et al., 2012; Kong et al., 2015;
Düzel et al., 2019). Studies with young adults pointed to
compromised left frontotemporal regions (Kanai et al., 2012;
Kong et al., 2015), whereas Düzel et al. (2019) found decreased
volume of subcortical regions and cerebellum among lonely
old adults. Although more studies are required to further
investigate a putative cortical versus subcortical association of
loneliness across aging groups, it is important to note that
risk factors for loneliness are not comparable across life stages.
For instance, a recent study with Finnish adolescents and
young adults reveled that this negative feeling is related to
social transitions and expectations, group differences, former
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destructive experiences or negative self-image among others
(Sundqvist and Hemberg, 2021); while for middle-aged and older
adults the most important factors contributing to loneliness
are the loss of a spouse, frequency of contact with significant
friends or family and the number of voluntary groups one
is engaged to Cacioppo et al. (2015). It is also important to
note that while the abovementioned studies focusing on cross-
sectional associations between loneliness and brain structure
used Voxel-Based Morphometry (VBM), we had a dual and
different focus with a longitudinal approach: first, the hypothesis
driven approach targeting the hippocampus as a subcortical
structure related to emotional processing and episodic memory;
and second, the exploratory approach of vertex-wise cortical
thickness. Thus, the association between loneliness and memory
decline in one cohort and lack of structural brain correlates
suggests that structural correlates of loneliness may either appear
later than cognitive correlates, or that the techniques employed
were not sensitive enough to capture structural changes that were
possibly too small to be detected with the current sample size.

Cacioppo et al. (2017) suggested that focus of attention is
changed among people with long-term feelings of loneliness,
and, though speculative, we believe that the result obtained
for BETULA regarding the association between loneliness
and poorer memory over time, might be partially explained
by decreased attentional resources that might in turn affect
encoding and retrieval of memories, overall resulting in poorer
performance over time, even in the absence of brain structural
changes. However, we cannot rule out the possibility that factors
interacting with loneliness such as personality traits, social
network and empathy in both young (Kanai et al., 2012; Kong
et al., 2015) and older adults (von Soest et al., 2020), which have
not been considered here, might account for lack of results in the
other cohorts or the absence of structural correlates of loneliness
among our participants.

The link between loneliness and cognitive decline has been
previously established (Holwerda et al., 2014), although the
nature of this association is poorly understood (Boss et al.,
2015). Likewise, loneliness has a notable association with global
health with a complexity that is not yet fully grasped (Yanguas
et al., 2018). As already stated, a variety of mediating intrinsic
and extrinsic factors interact with one another to converge in a
combination of social vulnerability and frailty that might lead to a
particular feeling of loneliness. More recently, it has been pointed
out that the complexity of associations between loneliness and
adverse health outcomes depend on a combination of interlinked
genetic, social behavioral, physical and socioeconomic factors (de
Lange et al., 2021).

Another issue that should be noted is the fact that only a
low proportion of older participants from our study reported
high levels of loneliness. While this is comparable with previous
studies (Victor and Yang, 2012), it may have constrained our
analyses. Differences in loneliness across European countries
have been described and the European Commission’s Joint
Research Centre concluded from surveys conducted in 2010,
2012, and 2014 that Eastern and Southern Europeans feel
lonelier and are more socially isolated than Western and
Northern Europeans (D’Hombres et al., 2018). Notably, Northern
Europeans appear to tolerate greater rates of social isolation

without having an impact on subjective measures of loneliness.
Greater satisfaction with the social network has also been
reported in the Scandinavian countries (Sundström et al., 2009).
The three cohorts included in the present study come from
Sweden, Germany, and Denmark, and this may account for
the fact that only a very low percentage of our participants
were categorized as experiencing ‘high loneliness.’ Another
explanation would be the fact that depression was an exclusion
criterion in the present study, and even though depression is
considered a different entity from loneliness, they are mutually
reinforcing (Cacioppo et al., 2006).

Taken together, abovementioned data may suggest different
associations of loneliness and brain health across European
regions and this study only included cohorts from Northern
Europe. To understand differences between European regions it
is important to note that the association between well-being and
social network is complex and may include not only quantity and
quality of relationships with family and friends, but also perceived
social support (Berkman et al., 2000), as well as access to health
resources, which may vary across European countries.

Several limitations should be considered in addition to the
low number of participants with high feelings of loneliness
already mentioned. Differences among cohorts, particularly, old
adults should be also considered. As shown in Figure 1, there
is a difference in age to consider, with BETULA participants
being slightly younger than BASE-II’s at baseline examination.
It is possible, in accordance with previous reports associating
loneliness with increased risk of dementia (Sutin et al., 2020), that
these associations are more evident in earlier stages of cognitive
decline, which would favor BETULA’s association and not BASE-
II’s. There was also a considerable time lag for loneliness
evaluation for BETULA and BASE-II. In this line, BETULA
started assessments in 1998, a period with no influence of digital
technology, and were extended until 2014. As for BASE-II, first
assessment took place in 2011. The way that one interacts with
other people has considerably changed these past 15 years even
though this may have mainly affected young people, for whom
the use of social media has become an important part of their
daily lives (Ryan et al., 2017). However, we cannot rule out the
possibility that the feelings of loneliness measured during the last
decade have been somehow influenced by digital revolution also
among old adults. Further, heterogeneity of measures of episodic
memory and loneliness should also be taken into account, as
mentioned above. While BETULA’s memory measures included
a composite of verbal free and cued recall, BASE-II’s was based
on a recognition memory test. Though normality was not met for
this subtest at baseline, this measure presented the best goodness
of fit with age as a linear effect with the expected negative slope
of memory decrease with time as compared to other memory
measures such as delayed recall. It is, however, possible that
this measure of memory was not sensitive enough to detect a
clear memory change, as expected for age. Additionally, it would
have been ideal to focus on other cognitive domains other than
memory, particularly executive functions, with specific focus on
attention, which may be influenced by stress-related processes
(Girotti et al., 2018). As regards loneliness, measures were based
on a personality or depression scale item for two cohorts, whereas
the remaining cohort included a more quantitative measure, with

Frontiers in Aging Neuroscience | www.frontiersin.org 10 February 2022 | Volume 14 | Article 795764

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-795764 February 22, 2022 Time: 11:35 # 11

Solé-Padullés et al. Longitudinal Loneliness, Cognition and Neuroimaging

a short form of the UCLA-loneliness scale. However, these are
all accepted measures of loneliness (Yanguas et al., 2018) and
were accordingly harmonized. Also, interval periods between
evaluations, particularly for MRI, might be too short for BASE-II
and HUBU cohorts, and this may have also been a disadvantage
when exploring structural brain changes. Finally, two main
points should be considered for the youngest cohort. First, while
loneliness and MRI were conducted periodically at four time
points, only two assessments of memory were available. Second,
sample size for HUBU was not comparable to the older adults’, a
fact that may have limited representativeness.

CONCLUSION

We found associations between longitudinal measures of
loneliness and verbal episodic memory change within one of
two cohorts of healthy older adults, which was dependent
on participants’ cognitive status. After excluding dementia
cases, the previous association was no longer significant,
strengthening previous findings associating loneliness with
cognitive impairment and dementia. This study suggests that
the association between loneliness and memory decline might
be independent of hippocampal volume change or changes in
cortical thickness. Likewise, while incidence of loneliness was
increased for the younger cohort, no correlates of memory or
brain structure were evidenced. We believe this is a first step
toward other longitudinal approaches examining both cognitive
and structural brain correlates of loneliness among healthy
individuals at different life stages. Forthcoming studies would
benefit from including other European countries in an ideal
design able to identify ‘stable’ versus ‘changing’ feelings of
loneliness and with the possibility to examine further cultural
differences of self-perceived social isolation, resilience, and
association of loneliness with brain health.

DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following
licenses/restrictions: data may be made available upon reasonable
request, given appropriate ethical and data protection approvals.
Requests to access these datasets should be directed to https:
//www.lifebrain.uio.no/about/contact.

ETHICS STATEMENT

Local ethical approvals for data sharing were acquired for each
participating site (Walhovd et al., 2018). Written informed

consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

CS-P contributed to conceptualization, data curation, formal
analysis, and writing (original draft). DM and MA contributed
to software, formal analysis, and visualization. MS, SP, and SD
contributed to resources and data curation. EZ, KE, and
WB contributed to conceptualization and writing (review
and editing). JB and CD contributed to writing (review
and editing). AB and AF contributed to validation and
writing (review and editing). AM contributed to resources and
software. KM contributed to data curation and writing (review
and editing). UL contributed to resources. LN contributed
to validation, resources, and writing (review and editing).
KW and DB-F contributed to conceptualization, supervision,
writing (review and editing), and project administration.
All authors contributed to the article and approved the
submitted version.

FUNDING

The Lifebrain project was funded by the EU Horizon, 2020
Grant: “Healthy minds 0–100 years: Optimizing the use
of European brain imaging cohorts (‘Lifebrain’).” Grant
agreement number: 732592 (Lifebrain). Call: Societal challenges:
Health, demographic change and well-being. Some of the
Freesurfer analyses were performed on resources provided
by the Swedish National Infrastructure for Computing
(SNIC) at HPC2N in Umeå, partially funded by the Swedish
Research Council through grant agreement no. 2018-05973.
DB-F was awarded by ICREA, 2019 Academia, a program
supported by the Catalan Government. DM was partially
funded by Spanish Ministry of Science and Innovation and
State Research Agency through the “Centro de Excelencia
Severo Ochoa 2019–2023” Program (CEX2018-000806-S),
and support from the Generalitat de Catalunya through the
CERCA Program.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.795764/full#supplementary-material

REFERENCES
Aggleton, J. P., and Shaw, C. (1996). Amnesia and recognition memory: a re-

analysis of psychometric data. Neuropsychologia 34, 51–62. doi: 10.1016/0028-
3932(95)00150-6

Allen, J. L., Rapee, R. M., and Sandberg, S. (2012). Assessment of maternally
reported life events in children and adolescents: A comparison of interview

and checklist methods. J. Psychopathol. Behav. Assess. 34, 204–215. doi: 10.1007/
s10862-011-9270-5

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting Linear Mixed-
Effects Models Using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.v06
7.i01

Beal, C. (2006). Loneliness in older women: a review of the literature. Issues Ment.
Health Nurs. 27, 795–813. doi: 10.1080/01612840600781196

Frontiers in Aging Neuroscience | www.frontiersin.org 11 February 2022 | Volume 14 | Article 795764

https://www.lifebrain.uio.no/about/contact
https://www.lifebrain.uio.no/about/contact
https://www.frontiersin.org/articles/10.3389/fnagi.2022.795764/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.795764/full#supplementary-material
https://doi.org/10.1016/0028-3932(95)00150-6
https://doi.org/10.1016/0028-3932(95)00150-6
https://doi.org/10.1007/s10862-011-9270-5
https://doi.org/10.1007/s10862-011-9270-5
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1080/01612840600781196
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-795764 February 22, 2022 Time: 11:35 # 12

Solé-Padullés et al. Longitudinal Loneliness, Cognition and Neuroimaging

Berkman, L. F., Glass, T., Brissette, I., and Seeman, T. E. (2000). From social
integration to health: Durkheim in the new millennium. Soc. Sci. Med. 51,
843–857. doi: 10.1016/s0277-9536(00)00065-4

Bernal-Rusiel, J. L., Reuter, M., Greve, D. N., Fischl, B., and Sabuncu, M. R.
(2013). Spatiotemporal linear mixed effects modeling for the mass-univariate
analysis of longitudinal neuroimage data. Neuroimage 81, 358–370. doi: 10.
1016/j.neuroimage.2013.05.049

Bertram, L., Böckenhoff, A., Demuth, I., Düzel, S., Eckardt, R., Li, S. C., et al.
(2014). Cohort profile: the Berlin Aging Study II (BASE-II). Int. J. Epidemiol.
43, 703–712. doi: 10.1093/ije/dyt018

Beutel, M. E., Klein, E. M., Brähler, E., Reiner, I., Jünger, C., Michal, M., et al. (2017).
Loneliness in the general population: prevalence, determinants and relations to
mental health. BMC Psychiatry 17:97. doi: 10.1186/s12888-017-1262-x

Boss, L., Kang, D. H., and Branson, S. (2015). Loneliness and cognitive function
in the older adult: a systematic review. Int. Psychogeriatr. 27, 541–553. doi:
10.1017/S1041610214002749

Burgess, N., Maguire, E. A., and O’Keefe, J. (2002). The human hippocampus and
spatial and episodic memory. Neuron 35, 625–641. doi: 10.1016/s0896-6273(02)
00830-9

Cacioppo, J. T., Chen, H. Y., and Cacioppo, S. (2017). Reciprocal Influences
Between Loneliness and Self-Centeredness: A Cross-Lagged Panel Analysis in
a Population-Based Sample of African American, Hispanic, and Caucasian
Adults. Pers. Soc. Psychol. Bull. 43, 1125–1135. doi: 10.1177/0146167217705120

Cacioppo, J. T., Hughes, M. E., Waite, L. J., Hawkley, L. C., and Thisted, R. A.
(2006). Loneliness as a specific risk factor for depressive symptoms: cross-
sectional and longitudinal analyses. Psychol. Aging 21, 140–151. doi: 10.1037/
0882-7974.21.1.140

Cacioppo, S., Capitanio, J. P., and Cacioppo, J. T. (2014). Toward a neurology of
loneliness. Psychol. Bull. 140, 1464–1504. doi: 10.1037/a0037618

Cacioppo, S., Grippo, A. J., London, S., Goossens, L., and Cacioppo, J. T. (2015).
Loneliness: clinical import and interventions. Perspect. Psychol. Sci. 10, 238–249.
doi: 10.1177/1745691615570616

Campagne, D. M. (2019). Stress and perceived social isolation (loneliness). Arch.
Gerontol. Geriatr. 82, 192–199. doi: 10.1016/j.archger.2019.02.007

D’Orazio, M., Di Zio, M., and Scanu, M. (2006). Statistical matching for categorical
data: Displaying uncertainty and using logical constraints. J. Off. Stat. 22,
137–157.

de Lange, A. G., Kaufmann, T., Quintana, D. S., Winterton, A., Andreassen,
O. A., Westlye, L. T., et al. (2021). Prominent health problems, socioeconomic
deprivation, and higher brain age in lonely and isolated individuals: A
population-based study. Behav. Brain Res. 24:113510. doi: 10.1016/j.bbr.2021.
113510

Demuth, I., Banszerus, V., Drewelies, J., Düzel, S., Seeland, U., Spira, D., et al.
(2021). Cohort profile: follow-up of a Berlin Aging Study II (BASE-II)
subsample as part of the GendAge study. BMJ Open 11:e045576. doi: 10.1136/
bmjopen-2020-045576

D’Hombres, B., Sylke, S., Barjaková, M., Mendonca, F. T. (2018). Data from:
European Commission. Loneliness-an unequally shared burden in Europe.
Belgium: European Commission. doi: 10.13140/RG.2.2.21745.33128

Düzel, S., Drewelies, J., Gerstorf, D., Demuth, I., Steinhagen-Thiessen, E.,
Lindenberger, U., et al. (2019). Structural Brain Correlates of Loneliness among
Older Adults. Sci. Rep. 9:13569. doi: 10.1038/s41598-019-49888-2

Eccles, A. M., and Qualter, P. (2021). Review: Alleviating loneliness in young
people - a meta-analysis of interventions. Child Adolesc. Ment. Health 26, 17–33.
doi: 10.1111/camh.12389

Eccles, A. M., Qualter, P., Madsen, K. R., and Holstein, B. E. (2020).
Loneliness in the lives of Danish adolescents: Associations with health
and sleep. Scand. J. Public Health 48, 877–887. doi: 10.1177/140349481986
5429

Ehlers, D. K., Daugherty, A. M., Burzynska, A. Z., Fanning, J., Awick, E. A.,
Chaddock-Heyman, L., et al. (2017). Regional brain volumes moderate, but
do not mediate, the effects of group-based exercise training on reductions in
loneliness in older adults. Front. Aging Neurosci. 9, 110. doi: 10.3389/fnagi.2017.
00110

Eysenck, S. B. (1965). Junior Eysenck Personality Inventory. London: Hodder and
Stoughton.

Gennatas, E. D., Avants, B. B., Wolf, D. H., Satterthwaite, T. D., Ruparel, K., Ciric,
R., et al. (2017). Age-Related Effects and Sex Differences in Gray Matter Density,

Volume, Mass, and Cortical Thickness from Childhood to Young Adulthood.
J. Neurosci. 37, 5065–5073. doi: 10.1523/JNEUROSCI.3550-16.2017

Gerstorf, D., Bertram, L., Lindenberger, U., Pawelec, G., Demuth, I., Steinhagen-
Thiessen, E., et al. (2016). Editorial. Gerontology 62, 311–315. doi: 10.1159/
000441495

Girotti, M., Adler, S. M., Bulin, S. E., Fucich, E. A., Paredes, D., and Morilak,
D. A. (2018). Prefrontal cortex executive processes affected by stress in health
and disease. Prog. Neuropsychopharmacol. Biol. Psychiatry 85, 161–179. doi:
10.1016/j.pnpbp.2017.07.004

Goddings, A. L., Mills, K. L., Clasen, L. S., Giedd, J. N., Viner, R. M., and Blakemore,
S. J. (2014). The influence of puberty on subcortical brain development.
NeuroImage 88, 242–251. doi: 10.1016/j.neuroimage.2013.09.073

Gorbach, T., Pudas, S., Bartrés-Faz, D., Brandmaier, A. M., Düzel, S., Henson,
R. N., et al. (2020). Longitudinal association between hippocampus atrophy
and episodic-memory decline in non-demented APOE ε4 carriers. Alzheimers
Dement. 12:e12110. doi: 10.1002/dad2.12110

Hawkley, L. C., and Cacioppo, J. T. (2010). Loneliness matters: a theoretical
and empirical review of consequences and mechanisms. Ann. Behav. Med. 40,
218–227. doi: 10.1007/s12160-010-9210-8

Helmstaedter, C., and Durwen, H. F. (1990). The Verbal Learning and Retention
Test. A useful and differentiated tool in evaluating verbal memory performance.
Schweiz. Arch. Neurol. Psychiatr. 141, 21–30.

Hjordt, L. V., Ozenne, B., Armand, S., Dam, V. H., Jensen, C. G., Köhler-Forsberg,
K., et al. (2020). Psychometric Properties of the Verbal Affective Memory Test-
26 and Evaluation of Affective Biases in Major Depressive Disorder. Front.
Psychol. 5:961. doi: 10.3389/fpsyg.2020.00961

Holt-Lunstad, J., and Smith, T. B. (2016). Loneliness and social isolation as risk
factors for CVD: implications for evidence-based patient care and scientific
inquiry. Heart 102, 987–989. doi: 10.1136/heartjnl-2015-309242

Holwerda, T. J., Deeg, D. J., Beekman, A. T., van Tilburg, T. G., Stek, M. L., Jonker,
C., et al. (2014). Feelings of loneliness, but not social isolation, predict dementia
onset: results from the Amsterdam Study of the Elderly (AMSTEL). J. Neurol.
Neurosurg. Psychiatry 85, 135–142. doi: 10.1136/jnnp-2012-302755

Holwerda, T. J., van Tilburg, T. G., Deeg, D. J., Schutter, N., Van, R., Dekker, J.,
et al. (2016). Impact of loneliness and depression on mortality: results from
the Longitudinal Ageing Study Amsterdam. Br. J. Psychiatry 209, 127–134.
doi: 10.1192/bjp.bp.115.168005

Jarach, C. M., Tettamanti, M., Nobili, A., and D’avanzo, B. (2021). Social isolation
and loneliness as related to progression and reversion of frailty in the Survey
of Health Aging Retirement in Europe (SHARE). Age Ageing 50, 258–262.
doi: 10.1093/ageing/afaa168

Kanai, R., Bahrami, B., Duchaine, B., Janik, A., Banissy, M. J., and Rees, G. (2012).
Brain structure links loneliness to social perception. Curr. Biol. 22, 1975–1979.
doi: 10.1016/j.cub.2012.08.045

Kim, J. J., and Diamond, D. M. (2002). The stressed hippocampus, synaptic
plasticity and lost memories. Nat. Rev. Neurosci. 3, 453–462. doi: 10.1038/
nrn849

Kong, X., Wei, D., Li, W., Cun, L., Xue, S., Zhang, Q., et al. (2015). Neuroticism and
extraversion mediate the association between loneliness and the dorsolateral
prefrontal cortex. Exp. Brain Res. 233, 157–164. doi: 10.1007/s00221-014-4
097-4

Kuiper, J. S., Zuidersma, M., Oude Voshaar, R. C., Zuidema, S. U., van den Heuvel,
E. R., Stolk, R. P., et al. (2015). Social relationships and risk of dementia: A
systematic review and meta-analysis of longitudinal cohort studies. Ageing Res.
Rev. 22, 39–57. doi: 10.1016/j.arr.2015.04.006

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017). lmerTest
Package: Tests in Linear Mixed Effects Models. J. Stat. Softw. 82, 1–26. doi:
10.18637/jss.v082.i13

Lam, J. A., Murray, E. R., Yu, K. E., Ramsey, M., Nguyen, T. T., Mishra,
J., et al. (2021). Neurobiology of loneliness: a systematic review.
Neuropsychopharmacology 6, 1–15. doi: 10.1038/s41386-021-01058-7

Lasgaard, M., Friis, K., and Shevlin, M. (2016). “Where are all the lonely people?” a
population- based study of high-risk groups across the life-span. Soc. Psychiatry
Psychiatr. Epidemiol. 51, 1373–1384. doi: 10.1007/s00127-016-1279-3

Lewinsohn, P. M., Seeley, J. R., Roberts, R. E., and Allen, N. B. (1997). Center
for Epidemiologic Studies Depression Scale (CES-D) as a screening instrument
for depression among community-residing older adults. Psychol. Aging 12,
277–287. doi: 10.1037//0882-7974.12.2.277

Frontiers in Aging Neuroscience | www.frontiersin.org 12 February 2022 | Volume 14 | Article 795764

https://doi.org/10.1016/s0277-9536(00)00065-4
https://doi.org/10.1016/j.neuroimage.2013.05.049
https://doi.org/10.1016/j.neuroimage.2013.05.049
https://doi.org/10.1093/ije/dyt018
https://doi.org/10.1186/s12888-017-1262-x
https://doi.org/10.1017/S1041610214002749
https://doi.org/10.1017/S1041610214002749
https://doi.org/10.1016/s0896-6273(02)00830-9
https://doi.org/10.1016/s0896-6273(02)00830-9
https://doi.org/10.1177/0146167217705120
https://doi.org/10.1037/0882-7974.21.1.140
https://doi.org/10.1037/0882-7974.21.1.140
https://doi.org/10.1037/a0037618
https://doi.org/10.1177/1745691615570616
https://doi.org/10.1016/j.archger.2019.02.007
https://doi.org/10.1016/j.bbr.2021.113510
https://doi.org/10.1016/j.bbr.2021.113510
https://doi.org/10.1136/bmjopen-2020-045576
https://doi.org/10.1136/bmjopen-2020-045576
https://doi.org/10.13140/RG.2.2.21745.33128
https://doi.org/10.1038/s41598-019-49888-2
https://doi.org/10.1111/camh.12389
https://doi.org/10.1177/1403494819865429
https://doi.org/10.1177/1403494819865429
https://doi.org/10.3389/fnagi.2017.00110
https://doi.org/10.3389/fnagi.2017.00110
https://doi.org/10.1523/JNEUROSCI.3550-16.2017
https://doi.org/10.1159/000441495
https://doi.org/10.1159/000441495
https://doi.org/10.1016/j.pnpbp.2017.07.004
https://doi.org/10.1016/j.pnpbp.2017.07.004
https://doi.org/10.1016/j.neuroimage.2013.09.073
https://doi.org/10.1002/dad2.12110
https://doi.org/10.1007/s12160-010-9210-8
https://doi.org/10.3389/fpsyg.2020.00961
https://doi.org/10.1136/heartjnl-2015-309242
https://doi.org/10.1136/jnnp-2012-302755
https://doi.org/10.1192/bjp.bp.115.168005
https://doi.org/10.1093/ageing/afaa168
https://doi.org/10.1016/j.cub.2012.08.045
https://doi.org/10.1038/nrn849
https://doi.org/10.1038/nrn849
https://doi.org/10.1007/s00221-014-4097-4
https://doi.org/10.1007/s00221-014-4097-4
https://doi.org/10.1016/j.arr.2015.04.006
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1038/s41386-021-01058-7
https://doi.org/10.1007/s00127-016-1279-3
https://doi.org/10.1037//0882-7974.12.2.277
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-795764 February 22, 2022 Time: 11:35 # 13

Solé-Padullés et al. Longitudinal Loneliness, Cognition and Neuroimaging

Madsen, K. S., Jernigan, T. L., Vestergaard, M., Mortensen, E. L., and Baaré,
W. F. C. (2018). Neuroticism is linked to microstructural left-right asymmetry
of fronto-limbic fibre tracts in adolescents with opposite effects in boys and
girls. Neuropsychologia 114, 1–10. doi: 10.1016/j.neuropsychologia.2018.04.010

Merkow, M. B., Burke, J. F., and Kahana, M. J. (2015). The human hippocampus
contributes to both the recollection and familiarity components of recognition
memory. Proc. Natl. Acad. Sci. U. S. A. 112, 14378–14383. doi: 10.1073/pnas.
1513145112

Nakagawa, S., Takeuchi, H., Taki, Y., Nouchi, R., Sekiguchi, A., Kotozaki, Y., et al.
(2015). White matter structures associated with loneliness in young adults. Sci.
Rep. 20:17001. doi: 10.1038/srep17001

Nilsson, L. G., Bäckman, L., Erngrund, K., Nyberg, L., Adolfsson, R., Bucht,
G., et al. (1997). The BETULA prospective cohort study: memory, health,
and aging. Aging Neuropsychol. Cogn. 4, 1–32. doi: 10.1080/1382558970825
6633

Okely, J. A., and Deary, I. J. (2019). Longitudinal Associations Between Loneliness
and Cognitive Ability in the Lothian Birth Cohort 1936. J. Gerontol. B Psychol.
Sci. Soc. Sci. 74, 1376–1386. doi: 10.1093/geronb/gby086

Ong, A. D., Uchino, B. N., and Wethington, E. (2016). Loneliness and Health
in Older Adults: A Mini-Review and Synthesis. Gerontology 62, 443–449. doi:
10.1159/000441651

Radloff, L. S. (1977). The CES-D scale: A self report depression scale for research
in the general population. Appl. Psychol. Meas. 1, 385–401.

Reuter, M., Schmansky, N. J., Rosas, H. D., and Fischl, B. (2012). Within-subject
template estimation for unbiased longitudinal image analysis. Neuroimage 61,
1402–1418. doi: 10.1016/j.neuroimage.2012.02.084

RStudio Team (2020). RStudio: Integrated Development for R. Boston: RStudio
Russell, D., Cutrona, C. E., Rose, J., and Yurko, K. (1984). Social and emotional

loneliness: an examination of Weiss’s typology of loneliness. J. Pers. Soc. Psychol.
46, 1313–1321. doi: 10.1037//0022-3514.46.6.1313

Ryan, T., Allen, K., Gray, D., and McInerney, D. (2017). How Social Are Social
Media? A Review of Online Social Behaviour and Connectedness. J. Relationsh.
Res. 8:E8. doi: 10.1017/jrr.2017.13

Santangelo, V., Cavallina, C., Colucci, P., Santori, A., Macri, S., Mcgaugh, J. L.,
et al. (2018). Enhanced brain activity associated with memory access in highly
superior autobiographical memory. Proc. Natl. Acad. Sci. U. S. A. 115, 7795–
7800. doi: 10.1073/pnas.1802730115

Sapolsky, R. M. (1996). Stress, glucocorticoids, and damage to the nervous system:
the current state of confusion. Stress 1, 1–19. doi: 10.3109/10253899609001092

Singh, A., and Misra, N. (2009). Loneliness, depression and sociability in old age.
Ind. Psychiatry J. 18, 51–55. doi: 10.4103/0972-6748.57861

Squire, L. R. (1991). Memory and the hippocampus: a synthesis from findings with
rats, monkeys, and humans. Psychol. Rev. 99, 195–231.

Sundqvist, A., and Hemberg, J. (2021). Adolescents’ and young adults’ experiences
of loneliness and their thoughts about its alleviation. Int. J. Adolesc. Youth 26,
238–255. doi: 10.1080/02673843.2021.1908903

Sundström, A., Adolfsson, A. N., Nordin, M., and Adolfsson, R. (2020). Loneliness
increases the risk of all-cause dementia and Alzheimer’s disease. J. Gerontol. Ser.
B Psychol. Sci. Soc. Sci. 75, 919–926. doi: 10.1093/geronb/gbz139

Sundström, G., Fransson, E., Malmberg, B., and Davey, A. (2009). Loneliness
among older Europeans. Eur. J. Ageing 6:267. doi: 10.1007/s10433-009-0134-8

Sutin, A. R., Stephan, Y., Luchetti, M., and Terracciano, A. (2020). Loneliness
and Risk of Dementia. J. Gerontol. B Psychol. Sci. Soc. Sci. 75, 1414–1422.
doi: 10.1093/geronb/gby112

Tamnes, C. K., Bos, M. G. N., van de Kamp, F. C., Peters, S., and Crone, E. A.
(2018). Longitudinal development of hippocampal subregions from childhood
to adulthood. Dev. Cogn. Neurosci. 30, 212–222. doi: 10.1016/j.dcn.2018.03.009

Victor, C. R., and Yang, K. (2012). The prevalence of loneliness among adults: a case
study of the United Kingdom. J. Psychol. 146, 85–104. doi: 10.1080/00223980.
2011.613875

von Soest, T., Luhmann, M., Hansen, T., and Gerstorf, D. (2020). Development of
loneliness in midlife and old age: Its nature and correlates. J. Pers. Soc. Psychol.
118, 388–406. doi: 10.1037/pspp0000219

Walhovd, K. B., Fjell, A. M., Westerhausen, R., Nyberg, L., Ebmeier, K. P.,
Lindenberger, U., et al. (2018). Healthy minds 0-100 years: optimising the use
of European brain imaging cohorts (“Lifebrain”). Eur. Psychiatry 50, 47–56.
doi: 10.1016/j.eurpsy.2017.12.006

Wiedenmayer, C. P., Bansal, R., Anderson, G. M., Zhu, H., Amat, J., Whiteman, R.,
et al. (2006). Cortisol levels and hippocampus volumes in healthy preadolescent
children. Biol. Psychiatry 60, 856–861. doi: 10.1016/j.biopsych.2006.02.011

Wilson, R. S., Krueger, K. R., Arnold, S. E., Schneider, J. A., Kelly, J. F., Barnes, L. L.,
et al. (2007). Loneliness and risk of Alzheimer disease. Arch. Gen. Psychiatry 64,
234–240. doi: 10.1001/archpsyc.64.2.234

Yanguas, J., Pinazo-Henandis, S., and Tarazona-Santabalbina, F. J. (2018). The
complexity of loneliness. Acta Biomed. 89, 302–314. doi: 10.23750/abm.v89i2.
7404

Yesavage, J. A. (1988). Geriatric Depression Scale. Psychopharmacol. Bull. 24,
709–711.

Yonelinas, A. P. (2002). The nature of recollection and familiarity: A review
of 30 years of research. J. Mem. Lang. 46, 441–517. doi: 10.1006/jmla.2002.
2864

Zhong, B. L., Chen, S. L., Tu, X., and Conwell, Y. (2017). Loneliness and cognitive
function in older adults: Findings from the Chinese longitudinal healthy
longevity survey. J. Gerontol. B Psychol. Sci. Soc. Sci. 72, 120–128. doi: 10.1093/
geronb/gbw037

Conflict of Interest: CD is a founder, stockowner, board member, and consultant
in Vitas Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Solé-Padullés, Macià, Andersson, Stiernstedt, Pudas, Düzel,
Zsoldos, Ebmeier, Binnewies, Drevon, Brandmaier, Mowinckel, Fjell, Madsen, Baaré,
Lindenberger, Nyberg, Walhovd and Bartrés-Faz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 13 February 2022 | Volume 14 | Article 795764

https://doi.org/10.1016/j.neuropsychologia.2018.04.010
https://doi.org/10.1073/pnas.1513145112
https://doi.org/10.1073/pnas.1513145112
https://doi.org/10.1038/srep17001
https://doi.org/10.1080/13825589708256633
https://doi.org/10.1080/13825589708256633
https://doi.org/10.1093/geronb/gby086
https://doi.org/10.1159/000441651
https://doi.org/10.1159/000441651
https://doi.org/10.1016/j.neuroimage.2012.02.084
https://doi.org/10.1037//0022-3514.46.6.1313
https://doi.org/10.1017/jrr.2017.13
https://doi.org/10.1073/pnas.1802730115
https://doi.org/10.3109/10253899609001092
https://doi.org/10.4103/0972-6748.57861
https://doi.org/10.1080/02673843.2021.1908903
https://doi.org/10.1093/geronb/gbz139
https://doi.org/10.1007/s10433-009-0134-8
https://doi.org/10.1093/geronb/gby112
https://doi.org/10.1016/j.dcn.2018.03.009
https://doi.org/10.1080/00223980.2011.613875
https://doi.org/10.1080/00223980.2011.613875
https://doi.org/10.1037/pspp0000219
https://doi.org/10.1016/j.eurpsy.2017.12.006
https://doi.org/10.1016/j.biopsych.2006.02.011
https://doi.org/10.1001/archpsyc.64.2.234
https://doi.org/10.23750/abm.v89i2.7404
https://doi.org/10.23750/abm.v89i2.7404
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1093/geronb/gbw037
https://doi.org/10.1093/geronb/gbw037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	No Association Between Loneliness, Episodic Memory and Hippocampal Volume Change in Young and Healthy Older Adults: A Longitudinal European Multicenter Study
	Introduction
	Materials and Methods
	Subjects
	Loneliness Measures
	Harmonization of Loneliness

	Verbal Episodic Memory
	Depressive Symptoms and Life Events
	Magnetic Resonance Imaging and Pre-processing
	Statistical Analyses
	Loneliness and Verbal Episodic Memory/Hippocampal Volume Associations
	Loneliness and Cortical Thickness Associations


	Results
	Baseline Associations Between Loneliness and Age, and Loneliness and Sex
	Baseline Associations of Loneliness With Verbal Episodic Memory, Hippocampal Volume and Cortical Thickness
	Longitudinal Loneliness and Verbal Episodic Memory Change
	Longitudinal Loneliness and Hippocampal Volume Change
	Longitudinal Loneliness and Cortical Thickness Change

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


