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Abstract Both objective and perceived social iso-
lations were associated with future cognitive decline
and increase risk of Alzheimer’s disease (AD).
However, the impacts of perceived social isolation
depending on different clinical stages of AD have not
been elucidated. The aim of this study was to inves-
tigate the influence of perceived social isolation or
loneliness on brain structure and future cognitive tra-
jectories in patients who are living with or are at risk
for AD. A total of 176 elderly patients (mean age of
78 years) who had complaint of memory problems
(39 subjective cognitive decline [SCD], 53 mild cog-
nitive impairment [MCI], 84 AD) underwent struc-
tural MRI and neuropsychological testing. Loneliness
was measured by one binary item question “Do you
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often feel lonely?.” Voxel-based morphometry was
conducted to evaluate regional gray matter volume
(rGMYV) difference associated with loneliness in each
group. To evaluate individual differences in cognitive
trajectories based on loneliness, subgroup analysis
was performed in 51 patients with AD (n=23) and
pre-dementia status (SCD-MCI, n=28) using the
longitudinal scores of Alzheimer’s Disease Assess-
ment Scale-cognitive component-Japanese version
(ADAS-Jcog). Whole brain VBM analysis compar-
ing lonely to non-lonely patients revealed loneli-
ness was associated with decreased rGMV in bilat-
eral thalamus in SCD patients and in the left middle
occipital gyrus and the cerebellar vermal lobules
I-V in MCI patients. Annual change of ADAS-Jcog
in patients who reported loneliness was significantly
greater comparing to these non-lonely in SCD-MCI
group, but not in AD group. Our results indicate that
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perceived social isolation, or loneliness, might be
a comorbid symptom of patients with SCD or MCI,
which makes them more vulnerable to the neuropa-
thology of future AD progression.

Keywords Perceived social isolation - Subjective
cognitive decline - Alzheimer’s disease - Cognitive
trajectory - Voxel-based morphometry

Abbreviations
AD Alzheimer’s disease
ADAS-Jcog  Alzheimer’s Disease Assessment

Scale-cognitive component-Japanese
version

DARTEL Diffeomorphic anatomical registration
through exponentiated lie algebra

FEW Family wise error rate

MCI Mild cognitive impairment

MMSE Mini-mental state examination

MNI Montreal Neurological Institute

MOG Middle occipital gyrus

MRI Magnetic resonance imaging

NIA-AA National Institute on Aging-Alzhei-
mer’s Association

rGMV Regional gray matter volume

SCD Subjective cognitive decline

TBV Total brain volume

UMIN-CTR University Hospital Medical Informa-
tion Network Clinical Trials Registry
VBM Voxel-based morphometry

Introduction

As the world’s aging population increases, the num-
ber of people with Alzheimer’s disease (AD) and
other dementias is rising [1]. Dementia has been
found to contribute to social isolation in later life
[2]. Social isolation includes objective social isola-
tion and perceived social isolation. The former usu-
ally is defined as an inadequate quality and quantity
of social connectedness, such as living alone, lack
of social activities, and a small social network [3,
4]. In contrast, perceived social isolation, or loneli-
ness, refers to a discrepancy between one’s subjective
expectancy regarding social situations and achieved
levels of social connectedness [5, 6].

Previous findings on loneliness and AD were
inconsistent [7-10]. For instance, evidence from
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two cohort studies found subjectively feeling lonely,
but not the objective social isolation (charactered as
living alone, small social network size, and lower
social activity), was associated with increased risk of
AD, even after adjusting for depression and the AD
risk factors APOE €4 [3, 11]. Moreover, in a recent
20-year cohort study, perceived social isolation
was measured with a single question (“Do you feel
loneliness?””) and was associated with an increased
risk of all-cause dementia and AD [12]. Neverthe-
less, two studies reported that risk of dementia was
not increased in these participants who subjectively
reported loneliness [13, 14]. This inconsistence can
be explained by the trajectory of loneliness. Different
pattern of loneliness trajectory (persistent, incident,
and transient) may play different role in the context
of developing AD. In fact, in a recent study, Akhter-
Khan et al. [15] using one item loneliness derived
from the Center for Epidemiologic Studies Depres-
sion Scale found that persistent loneliness was inde-
pendently associated with an increased risk of AD,
while recovery from loneliness (transient loneliness)
is protective for the development of AD.

Neuronal loss in AD predominantly arises in the
medial temporal lobe, including the hippocampus
and amygdala [16], as well as in the thalamus and
putamen [17]. Magnetic resonance imaging (MRI) is
a non-invasive and reliable tool that can be used to
monitor disease progression in AD [18]. Voxel-based
morphometry (VBM) is an automated and objec-
tive method of analyzing brain images, with highly
reproducible results [18]. Several VBM studies have
revealed that loneliness is correlated with reduced
gray matter volume in brain regions related to cogni-
tive processing and emotional regulation, such as the
anterior hippocampus, amygdala, and left cerebellum
[19]; the left posterior superior temporal sulcus [20,
21]; the dorsolateral prefrontal cortex [22]; and the
cerebellar vermis lobule [23].

Recent studies have uncovered novel informa-
tion regarding the neurophysiological character-
istics of loneliness with respect to the onset of AD.
In two cross-sectional studies using positron emis-
sion tomography imaging, loneliness was associated
with a higher brain amyloid-f burden, especially in
APOQOEg4 carriers [24], and greater tau pathology [25],
suggesting that loneliness may be a sensitive clinical
marker of AD pathological brain changes in older
people. Furthermore, perceived loneliness predicted
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AD-related gene expression, even after controlling for
baseline cognitive decline [26]. The regulatory loop
theory of loneliness [27] suggests that feeling socially
isolated may trigger increased sensitivity to social
threats, which can lead to maladaptive cognition,
such as holding more negative social expectations and
more strongly remembering negative social events.
This kind of dysregulation may generate differences
in brain regions that are functionally involved in pro-
cessing, expressing, and regulating emotionally and
socially relevant information [3].

Although loneliness has been found to affect the
risk of AD in cognitively healthy older adults, the
manifestation of loneliness in brain structures at dif-
ferent stages of AD remains elusive. Exploring lone-
liness and brain structure at different stages of AD
will contribute to our understanding on the impact
of loneliness in the pathophysiology of AD and may
help for prevention and novel treatment of AD. The
aim of the present study was to investigate loneliness,
gray matter volume, and future cognitive change in
individuals living with or at risk of AD, including
those with subjective cognitive decline (SCD), mild
cognitive impairment (MCI), and AD.

Methods
Participants

We consecutively recruited 235 participants from the
memory clinic at Tohoku University Hospital during
the period from December 2018 to March 2021. All
participants underwent a multidisciplinary diagnostic
evaluation including a structured clinical interview,
a neurological examination, neuropsychological test-
ing, blood tests, and neuroimaging including struc-
tural MRI and N-isopropyl-p-'?’I-iodoamphetamine
single photon emission computed tomography. Clini-
cal diagnoses were determined by experienced clini-
cians. Diagnosis of AD was based on the criteria of
the National Institute on Aging-Alzheimer’s Associa-
tion (NIA-AA) working group [28]. We included both
“possible” and “probable” AD patients. Diagnosis of
MCI was based on the NIA-AA criteria: objective
cognitive impairment related to memory as well as
other cognitive domains, but with unaffected over-
all mental function and activities of daily life [29].
A diagnosis of SCD was given to individuals with

subjective cognitive complaints but for whom the
results of clinical assessments, including neuropsy-
chological assessments and neuroimaging, did not
indicate any neurological or psychiatric disorders
[30]. Previous studies have shown that loneliness is
highly correlated with depression scores [31, 32], and
that, conceptually, depression is very similar to lone-
liness. Therefore, we used strict exclusion criteria to
control for irrelevant variables, including depression.
The exclusion criteria were cerebral stroke, brain
injury, cerebral hemorrhage, cerebral arteriosclero-
sis, Parkinson’s disease, depression, schizophrenia,
other non-AD dementias, and a lack of a clear diag-
nosis. We excluded 59 patients, leaving a total of
176 patients (39 SCD, 53 MCI, 84 AD) who were
enrolled in the present study (for the data exclusion
process see Fig. 1). Due to a limited number of study
participants who had the 15-item Japanese version
of the Geriatric Depression Scale (GDS) (n=142
in total participants; n=41 in longitudinal cognitive
data), we conducted additional multiple regression

235 Clinical patients
£018.12-2021.3)
|
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Excluded

18 Cerebral stroke

3 Brain injury

3 Cerebral hemorrhage

1 Cerebral arteriosclerosis
5 Parkinson’s disease

8 Depression

2 Schizophrenia

8 Other non-AD Dementias
11 Undiagosed

176 Participants
39 Subjective cognitive decline
53 Mild Cognitive Impairment
84 Alzheimer’s Disease

!

51 Participants with follow-up cognitive
assessments

21 Subjective cognitive decline/ Mild Cognitive
Impairment

23 Alzheimer’s Disease

Fig. 1 Subject flow diagram
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analysis to examine whether depression score is a sig-
nificant confounder in cognitive tests (Supplementary
Table S1). As a result, we found that GDS score was
not a significant predictor of any cognitive tests.

This study adhered to the tenets of the Declaration
of Helsinki, and the protocols were approved by the
Clinical Research Ethics Committee of the Tohoku
University Graduate School of Medicine (approval
number: 2018-1-618). The requirement of informed
consent was waived, and an opt-out method was used
given the retrospective study design. This study was
registered in the University Hospital Medical Infor-
mation Network Clinical Trials Registry (UMIN-
CTR) on February 6, 2019 (UMIN000035762).

Assessment of loneliness

Loneliness was measured using one binary question,
“Do you often feel lonely?,” administered as part of
our neuropsychological assessments. Previous studies
have also used binary questions to assess loneliness
[15, 33], with similar results to those obtained with
the three-item UCLA loneliness scale [34]. A single
question or simple loneliness scale has been found to
be more adaptable to research in older people. Fur-
thermore, the one item measuring loneliness from the
Center for Epidemiologic Studies Depression Scale
predicted AD risk better than the sum of the remain-
ing nine items [3]. We also included one item to
determine living situation: living alone or not.

MRI acquisition and processing

All three-dimensional T1-weighted magnetization-
prepared rapid acquisition gradient echo struc-
tural images were acquired using a 3-Tesla Philips
Achieva scanner with a 32-channel head coil.
The scanning parameters were as follows: repeti-
tion time, 8.70 ms; echo time, 3.1 ms; 8° flip angle;
field of view, 256%x256% 180 mm; and voxel size,
0.7x%0.7x0.7 mm. The structural MRI data were ana-
lyzed using Statistical Parametric Mapping software
(SPM12; Welcome Department of Cognitive Neurol-
ogy, London, UK) implemented in MATLAB (Math-
works, Inc., Natick, MA). Preprocessing entailed the
following four main steps. First, T1-weighted struc-
tural images were reoriented using an automated reor-
ienting script (https://www.nemotos.net/?p=1892)
in MATLAB. Second, the reoriented T1-weighted
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images were segmented into six tissues including
gray matter, white matter, cerebrospinal fluid, soft tis-
sue, skull, and non-brain regions using the new seg-
mentation algorithm implemented in SPM12. After
segmentation, we used the DARTEL (Diffeomorphic
Anatomical Registration Through Exponentiated Lie
Algebra) registration process to spatially normalize
the tissue probability maps obtained by the afore-
mentioned method to Montreal Neurological Institute
(MNI) space. This yielded images with 1.5x1.5% 1.5
mm? voxels. Subsequently, all images were smoothed
via convolution with an isotropic Gaussian kernel of
8 mm full width at half maximum. The total brain
volume (TBV) was calculated by combining the total
volume of the gray and white matter.

Assessment of longitudinal cognitive changes

To further investigate the relationships between social
isolation and follow-up cognitive change in clinical
AD patients, we included patients with longitudinal
cognitive assessments. Specifically, we ask patients to
undergo a follow-up visit every 12 months after the
initial visit. The follow-up neuropsychological assess-
ment only includes Alzheimer’s Disease Assess-
ment Scale Cognitive Subscale Japanese version
(ADAS-Jcog). Out of the 176 patients, 51 (28 SCD-
MCI patients, 23 AD patients) underwent follow-up
assessment of cognitive function (average follow-up
time: 373 days). ADAS-Jcog is a validated and struc-
tured scale often used to measure cognitive change in
clinical AD patients [35, 36]. The ADAS-Jcog score
ranges from O to 70, with higher scores indicating
worse cognitive function.

Statistical analysis

Data are presented as the mean=+ SD for continuous
variables and frequency and proportions for categori-
cal variables, unless otherwise indicated. Analyses
were performed using SPSS Statistics version 24.0
(IBM, Armonk, NY, USA) with the significance level
determined by a two-tailed value of P<0.05. In the
descriptive analysis, the participants were divided
into the SCD group, MCI group, and AD group; an
analysis of variance was used for continuous varia-
bles; and the Chi-square test was used for categorical
variables. For the follow-up cognitive assessments,
annual cognitive changes were examined.
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For the whole-brain VBM analysis, we conducted
an independent f-test to detect differences in rGMV
between lonely participants and non-lonely partici-
pants in the SCD group, MCI group, and AD group.
Age, sex, Mini-Mental State Examination (MMSE)
scores, and TBV were entered as covariates. To adjust
for multiple comparisons, the significance threshold
was set to the cluster level of the family wise error
rate (FWE) <0.05. Next, we created a region of inter-
est (ROI) mask determined by the clusters with sig-
nificant differences in the whole brain VBM analysis
using WFU Pickatlas [37]. The gray matter volumes
in these brain regions were then extracted using the
ROI mask to further examine the rGMYV difference in
the three groups.

Results

The demographic data are summarized accord-
ing to the diagnostic group in Table 1. We excluded
59 of the original 235 patients, leaving a total of
176 patients, who we divided into three groups:
39 patients with SCD (mean age: 73 years; lonely
patients: 38%), 53 patients with amnestic MCI (mean
age: 78 years; lonely patients: 32%), and 84 patients
with AD (mean age: 78 years; lonely patients: 45%).

Table 1 shows tendencies that lonely patients were
more likely to be older, female, have a lower MMSE
score, and be less educated than non-lonely patients
in each group. Additionally, lonely patients in each
group also showed tendencies with lower TBV and
lower GMV and were more likely to live alone, com-
pared with non-lonely patients (Fig. 2).

Despite age in SCD group, sex in MCI group, and
education years in all patients between lonely and
non-lonely patients reached a significant level, cau-
tion is needed when interpreting these results due to
a limited sample size and a failure to control other
important confounders.

Out of the 176 patients, 51 for whom we had lon-
gitudinal ADAS-Jcog scores were classified into the
SCD-MCI and AD group. This was done for two
reasons. First, the ADAS-Jcog is not only a cogni-
tive assessment used in clinical AD trials, but is also
employed in pre-dementia patients, such as those with
MCI and SCD, to detect cognitive changes at earlier
stages of disease progression [38]. Second, in the pre-
sent study, we had a limited number of longitudinal

patients, and individuals with SCD and MCI are
particularly at risk for developing AD. Therefore,
we divided these patients into two groups instead of
three to improve the statistical power of the analysis
(Table 2).

In the SCD-MCI group, the lonely patients were
older, had fewer years of education, had lower
ADAS-Jcog baseline scores, and had a greater annual
degree of change in ADAS-Jcog score, although
this was marginally significant (P=0.08, Cohen’s
d=—-0.801). In the AD group, the lonely patients
had higher ADAS-Jcog baseline scores and a smaller
degree of annual ADAS-Jcog change when compared
with the non-lonely patients (Table 2). Our analysis
of co-variants, after adjusting for age and sex, showed
that loneliness was a significant predictor (P=0.05)
of annual ADAS-Jcog change in the SCD-MCI group
and not the AD group (P=0.40) (Fig. 3).

The whole brain VBM analysis (Table 3) revealed
decreased rGMV in bilateral thalamus (Fig. 2, left-
side panel) in the SCD group of lonely participants.

In the MCI group, lonely patients exhibited
decreased rtGMV in the cerebellar vermal lobules
-V (Fig. 2, middle panel) and the region contain-
ing the left middle occipital gyrus (MOG) (Fig. 2,
right-side panel). We found no significant difference
in rtGMV between the lonely and non-lonely patients
in the AD group (Table 1).

Subsequently, we created ROI masks separately for
the thalamus, the cerebellar vermal lobules, and the
middle occipital gyrus, and extracted the rGMV in
the corresponding three regions to conduct post-hoc
two-tailed z-tests in the SCD, MCI, and AD groups
separately. In the SCD group, the rGMYV of the thala-
mus was decreased in lonely patients compared with
non-lonely patients, after controlling for age, sex,
MMSE scores, and TBV. Furthermore, patients with
self-reported feelings of loneliness in the MCI group
showed decreased rGMV in the cerebellar vermal
lobules and the middle occipital gyrus (Fig. 2b).

Discussion

Our VBM analysis in which we compared lonely
to non-lonely patients revealed that loneliness was
associated with decreased rGMYV: (1) in the bilateral
thalamus in SCD patients and (2) in the left middle
occipital gyrus and cerebellar vermal lobules -V

@ Springer



GeroScience (2022) 44:1563-1574

1568

QUINJOA UTRIq [B10) ‘AL ‘QUI[OP 2ANTUZ0 2A1d3(qns se pasouTerp dnois juedronied e ‘gHg ‘uoneuruexyg

91e1S [BIUSIA-TUTIA ‘S “Yuauaredwar aantuSoo prrwa yyim dnoiad juedronaed € ‘)z ‘ownjoa 19yew AeIS ‘A0 (XOpUI ssewl Apoq ‘T $9seasIp S JoWIyzZ[y s dnois jusned e
‘@V "soneIesd> Surjows Jo Jiqey e aAey Aoy Joyioym siuedroned ayy Sunyse Aq pamseswr a1oM SHqeY SUBJOWS, [0Y0d[e SURULIp 0} JIqey & aAey Aoy Joyioym syuedroned oy Sut

s AQ passasse d1om syqey SupfuL(,

“SO[qeLIBA [ROLI030180 10 1593 X 9U) pUB SI[QRLIBA SNONUNUOD 10J 159)-7 PI[IL) OM) B SUISN Paje[No[e) "(S F UBAW sB PassaIdxd e san[ep |

LO00  T8SFOSLY 08SFHTOS SIS0 CTIYF6'ILY  €6VFEvLy 6600 v6r+T08y  SSYFEE0S 0100  €68F8067 8'9SFT¥SS AND
oP1'0  8L6FOVLS  ¥86FCSTI6 ¥060 6TLFT6S8  8LLFTI98 1€00 TYO6FH198 ['9LF0°G16 0900 6'8E1F8ST6 +TOIF8 0001 AdL
¢SNnqey
SL90 (%0¢€) 1T (%20) 6T €£¥°0 (%ce) Tl (%¥D) 11 0T€0 (%81) € (%19 TT S8%°0 (%0%) 9 (%60) L Sunjowrg
SHqey
801°0 (%6€) LT (%S¥) 8% 8060 (%S¥) L1 (%¥¥) 0T 9650 (%0 ¥ (%19 TT LSOO (%0%) 9 (%B1L) L1 SunjuLIq
(%)
9000 (%L 61 (%11 2L €000 (%Te) Tl (%L € 8600 (%0€) ¢ (%11 ¥ 0SS0 (%ED T (%17) ¢ ouofe SUIAI]
(41040 67+07CC 6YF6'€C 8CI0 0r+16l I'SF60T L9Y0 EYFTYC LTF1'ST 0S0°0 LEF6'ST §TF08C HSININ
0060 €EeFTTT 9EFETC €780 0EF6'1C SEFLIT 01¥0 TEFYTT 0€FLIT t0€0 6¢F67TC 0v+TVC INd
(u) s19q
-wow A[rurey
SeT0 VI1+0Y VITFLE 0vS0 VIFTY TIFOY 6LY0 SI+8¢ ST+S¢ 8TC0 eI+8¢ SI+¢e Sjerpatt]
(s1eak)
0100 (AAAA 9TFTEL 800 YTFITI LTFTET 0600 €TFSII PTFOEL 1¥E0 VTFLTI 8TF9€l uoneonpy
610 (%1€) T (%¥¥) ¥v LL8O (%¥€) €1 (%£€) ST 6200 (C40)+ (%1%) ST 080 (%LY) L (%8S) ¥1 (% *orew) xog
L00°0 8'8F1°08 06F€9L 7900 I'9F0°18 YLFI'8L 65€°0 08FS6L 99F9°LL 0800 TYIF98L 9TIF80L (s1eak) o3y
(oL=u) (901=1) (8g=u) (9r=u) (L1=u) (9g=u) (ST=u) (rg=u)
d A[auo A[ouo[-UON d A[uo A[uor-uoN d A[auo A[ouor-uoN d A[ouoT A[ouor-UuoN
sdnoig [y av IO ans

|SIJEIS BHUSWSP yoes 10§ sjuedionsed Apmys oy Jo sonsusioeIeyo owydessowaq | AQEL

pringer

A's



GeroScience (2022) 44:1563-1574

1569

GMVs in Thalamus
-

GMVs in the left middle Occipital gyrus

Fig. 2 Brain regions showing smaller gray matter volume in
lonely subjects when compared with non-lonely subjects after
controlled for age, sex, MMSE, and total brain volume. a
Clusters of smaller gray matter volume in region of the thala-
mus in subjective cognitive decline group; clusters of smaller
rGMYV in the region of cerebellar vernal lobules and the left
middle occipital gyrus in mild cognitive impairment group. b

-

°

GMVs in Cerebrellar Vermal Lobules I-V
N
=
<=
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<>
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<

SCD MCI AD

MCl AD

ROI masks were created for the thalamus, the middle occipi-
tal gyrus, and the cerebellar vermal lobules I—V, respec-
tively. Then the gray matter volume of these three regions
was extracted for further two-tail r-test controlled for age,
sex, MMSE, and total brain volume in each group. *P <0.05,
*#*P<0.001

Table 2 Brain regions with smaller rtGMV in lonely subjects diagnosed as pre-AD dementia status (SCD [n=39] and MCI [n=53])

compared with non-lonely subjects

Brain regions MNI coordinates T value P Cluster
size (VOx-
X y 4 els)
SCD Right thalamus 18 -26 4 5.27 0.020 (FWE-corr) 1002
Left thalamus -8 —24 12 4.77 0.050 (FWE-corr) 771
MCI Cerebellar vermal lobules -6 —45 -6 5.04 0.004 (FEW-corr) 1474
Left middle occipital gyrus -36 —88 18 4.86 0.031 (uncorrected) 477

AD, Alzheimer’s disease; FWE-corr, family wise error corrected; MCI, mild cognitive impairment; rGMV, regional gray matter vol-
ume; MNI coordinates, Montreal Neurological Institute coordinates; SCD, subjective cognitive decline

in MCI patients independent of age, sex, MMSE,
and TBV. Additionally, the follow-up cognitive
change data indicated that patients in the SCD-MCI
group who reported subjective feelings of social
isolation had a significantly greater degree of annual
ADAS-Jcog change compared with those who were
not lonely. To the best of our knowledge, this study
is the first to examine loneliness, brain structure,
and cognitive change in clinical AD patients.

Lonely patients with SCD showed decreased
rGMV in the bilateral thalamus when compared
with non-lonely patients with SCD. Thalamus is
involved in multiple cognitive functions [39], includ-
ing declarative memory [40]. Moreover, the anterior
thalamic nucleus is a key component of the Papez
circuit, which, if damaged, often gives rise to prob-
lems with episodic memory and is highly correlated
with memory impairment and the evolution of AD

@ Springer
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N Lonely SCD-MCI
W Non-lonely SCD-MCI
- Lonely AD

2 Non-lonely AD
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ADAS-cog-J score
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Baseline 1 year 2 year

Fig. 3 Prediction of annual ADAS-Jcog change in each group.
The changes in follow-up ADAS-Jcog score in the SCD-MCI
group indicate that the patients with loneliness had a signifi-
cantly greater degree of serial cognitive decline compared with
those without loneliness. *P <0.05

[41]. Decreased GMVs and WMVs in thalamus have
been consistently reported in amnestic MCI [42, 43],
and the severity of thalamus atrophy is positively cor-
related with MMSE scores [44]. However, previous
VBM studies investigating the relationship between
loneliness and decreased rGMV have mainly reported
changes in the medial and dorsolateral prefrontal
cortex, anterior insula, amygdala, hippocampus, pos-
terior superior temporal lobe, ventral striatum, and
cerebellum [45]. This discrepancy could be explained
by the difference in the health status of the partici-
pants. Most previous studies mainly focused on cog-
nitively healthy adults, whereas our study targeted

clinical patients with subjectively reported cognitive
decline. Furthermore, using detailed medical history,
we implemented strict exclusion criteria to avoid the
influences of other related diseases or procedures,
such as cerebral stroke and brain surgery.

Another main finding was that the patients with
MCI who experienced loneliness showed decreased
rGMV in the left MOG and cerebellar vermal lob-
ules. The MOG is involved in visual information
processing and the perception of facial emotion [46].
This result partially supports the findings of Li and
colleagues [47], who reported decreased functional
connectivity strength in the left-MOG in patients with
MCI who developed AD compared with those who
did not. The cerebellar vermal lobules are not only
related to motor control, but also influence multiple
domains of cognitive function, such as cognitive flex-
ibility and working memory [48]. Notably, the cer-
ebellum is also involved in visuomotor coordination
[49]. Given our finding of decreased rtGMV in the
left-MOG, loneliness may influence AD via changes
in visual-related brain function. Previous neuroimag-
ing studies have suggested that experiences of lone-
liness can alter activity in brain regions related to
visual, attentional, and emotional processes [27, 50].
Consistent with this idea, empirical behavioral studies
have suggested that the maintenance of loneliness is
associated with interpersonal cognitive biases regard-
ing social threat-related information, which usually
manifests as visual biases [32, 51, 52].

The changes in follow-up ADAS-Jcog scores in
the SCD-MCI group indicate that the patients with
loneliness had a significantly greater degree of serial

Table 3 Demographic characteristics associated with loneliness in participants diagnosed as AD and pre-AD dementia status (SCD-

MCD!
SCD-MCI P AD P
Non-lonely (n=20) Lonely (n=28) Non-lonely (n=17) Lonely (n=6)
Age 75.3+9.8 80.1+7.6 0.180 77.8+9.4 79.3+10.7 0.495
Sex (male, %) 10 (50%) 4 (50%) 1.000 5 (29%) 2 (25%) 0.858
Education (years) 13.2+1.96 11.3+2.6 0.082 13.3+29 11.7+3.1 0.256
ADAS-Jcog scores
Baseline 10.1+3.7 8.6+3.4 0.322 16.7+7.6 22.0+9.6 0.184
Annual change -02+32 22425 0.080 2.8+5.8 1.2+3.0 0.390

Values are expressed as mean +SD. Calculated using two-tailed r-tests for continuous variables and the Xz test for categorical vari-
ables. AD, patients with Alzheimer’s disease; ADAS-Jcog, Alzheimer’s Disease Assessment Scale-cognitive component-Japanese
version; SCD-MCI, group containing patients with subjective cognitive decline and those with mild cognitive impairment
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cognitive decline compared with those without lone-
liness. For lonely patients in the early stages of AD,
the neuropathology of loneliness may influence neu-
ral systems related to cognition and memory that
could increase susceptibility to the deleterious effects
of early AD neuropathology [3]. Inadequate social
interaction may affect the neurogenesis and synaptic
density of the brain, making individuals less able to
compensate for other neural systems compromised by
AD-related neuropathology [27].

In this study, we could not detect significant asso-
ciations between loneliness and gray matter volume,
or significant cognitive changes in the AD group.
Emotional alterations such as severe loss of empa-
thy are common symptoms in the progression of AD.
An impaired ability to recognize and share subjec-
tive emotional experiences is important in generat-
ing loneliness feeling [4]. Therefore, loneliness may
have a lesser impact on brain morphology and cog-
nitive trajectories in AD patients. Another alternative
explanation is that the one-item loneliness scale may
not be sufficiently accurate in terms of measuring the
real experience of loneliness in patients with AD.
Some clinical assessments of neuropsychiatric AD
symptoms require a certain level of cognitive abil-
ity. For instance, a previous study suggested that the
Depressive Signs Scale is not suitable or accurate for
assessing depressive symptoms among patients with
AD [53]. A combination of measurements is needed
to assess the real-life experience of loneliness and its
relationship with AD.

Our study had some limitations. First, despite the
clinical assessments measuring loneliness, the single
self-reported loneliness question might not have accu-
rately measured the real-life experience of loneliness.
This loneliness question, which directly asks about
subjective feelings of loneliness, has been widely used
in previous research. Other multidimensional scales
of loneliness focus on personal experiences related to
social networks and social relationships. The concept
of loneliness may be difficult to understand for those
who have severe AD and may vary according to cul-
tural background and identity. Second, our study was
based on a limited sample size because there were only
176 clinical patients included, with longitudinal cogni-
tive scores from 51 patients. We assessed loneliness at
a single time-point, and thus its transient effect, which
has shown to be associated with lower risk for AD [15],
was uncertain. Thus, our methods should be replicated

in a larger longitudinal study. Third, despite both indi-
viduals with SCD and MCI are particularly at risk for
developing AD, we recognized that patients with SCD
and patients with MCI were classified into one group
due to a limited number of longitudinal data. Our
results underline the detrimental effect of loneliness in
the neuropathology of AD progression among those
who are at high risk of AD. However, we failed to clar-
ify in which pre-dementia status (SCD or MCI) loneli-
ness may lead to greater detrimental impact on greater
future cognitive decline, even converting to future AD.
Future research could elucidate the impact of loneliness
on different stages of AD and its conversion into AD
through a large-scale follow-up study. Fourth, despite
SCD was defined as self-perceived decline without
objectively impaired cognitive function and the diagno-
sis of SCD was being made by experienced clinicians
based on multidisciplinary diagnostic evaluation, we
recognize that some SCD patients in our study showed
an unexpected lower MMSE score. MMSE is not a
standardized cognitive test included in the diagnosis of
SCD, but a mandatory criterion for SCD is that indi-
viduals maintain normal cognitive function [30]. There-
fore, an unexpected lower MMSE score may, to some
extent, suggest a possibility of cognitive impairment
among these SCD patients. Given the fact that subjec-
tively reported decline in cognition is a core criterion
both in the diagnosis of SCD and MCI and there is a
lack of common concept and standardized measure-
ments in clinical diagnosis of SCD, we cannot preclude
the possibility that some of the SCD patients may over-
lap with patients with MCI. More concrete guidelines
or standardized cognitive tests are needed to distinguish
SCD from MCI in the context of different cultural back-
grounds. Lastly, despite trying to control the possible
confounding effect of depressive scores by excluding
8 patients with depression and our additional analysis
(see supplementary Table S1) has clarified the minor
effect of GDS on cognitive tests in our study sample,
our results should be treated with caution due to lack
of controlling some important confounders, such as
depressive scores.

Conclusion and perspective
In the context of the increasing AD population and

the long-lasting effects of the COVID-19 pandemic,
an increasing number of individuals with AD-related
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conditions are likely facing social disconnectedness
and loneliness. While previous studies have mainly
focused on cognitively normal older adults, the effect
of loneliness on patients who are at high risk of AD
is not well-understood. Our study demonstrates that
loneliness may be a comorbid symptom in patients
with SCD or MCI, making them potentially more
vulnerable to the neuropathology of future AD pro-
gression. Specific assessments are needed to identify
loneliness among clinical patients who are at high
risk of AD.
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