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Cerebral beta amyloid (Aβ) deposition and late-life depression (LLD) are known to be associated with the trajectory of Alzheimer’s
disease (AD). However, their neurobiological link is not clear. Previous studies showed aberrant functional connectivity (FC) changes
in the default mode network (DMN) in early Aβ deposition and LLD, but its mediating role has not been elucidated. This study was
performed to investigate the distinctive association pattern of DMN FC linking LLD and Aβ retention in cognitively normal older
adults. A total of 235 cognitively normal older adults with (n= 118) and without depression (n= 117) underwent resting-state
functional magnetic resonance imaging and 18F-flutemetamol positron emission tomography to investigate the associations
between Aβ burden, depression, and DMN FC. Independent component analysis showed increased anterior DMN FC and decreased
posterior DMN FC in the depression group compared with the no depression group. Global cerebral Aβ retention was positively
correlated with anterior and negatively correlated with posterior DMN FC. Anterior DMN FC was positively correlated with severity
of depression, whereas posterior DMN FC was negatively correlated with cognitive function. In addition, the effects of global
cerebral Aβ retention on severity of depression were mediated by subgenual anterior cingulate FC. Our results of anterior and
posterior DMN FC dissociation pattern may be pivotal in linking cerebral Aβ pathology and LLD in the course of AD progression.
Further longitudinal studies are needed to confirm the causal relationships between cerebral Aβ retention and LLD.
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INTRODUCTION
Several studies have demonstrated the association between late-
life depression (LLD) and Alzheimer’s disease (AD), but their
temporal relationship is still controversial [1]. AD is known to
increase risk of depression, but depression seems to increase risk
of subsequent AD [2]. In terms of the latter relationship, a history
of depression was reported to double the risk of dementia [3].
Contemporary disease models further suggest that depressive
symptoms could be a causal factor accelerating AD progression or
may even represent the earliest signs of AD [4].
Despite this important association between depression and AD, the

neurobiological mechanisms underlying this link are poorly under-
stood. Disturbance of the hypothalamic-pituitary-adrenal (HPA) axis
by depression was proposed to be an important factor because it can
accelerate hippocampal atrophy resulting in progressive cognitive
decline [5]. Other studies demonstrated associations between LLD,
ischemic white matter hyperintensity (WMH), and executive dysfunc-
tion suggesting ischemic damage to the brain as the core etiology
[6, 7]. While these earlier studies focused on glucocorticoid-related
hippocampal damage and the interaction between depression and
vascular burden, more recent research suggested that cerebral beta-
amyloid (Aβ) deposition may be one of the most important
pathophysiology linking depression and AD [8].

Numerous studies including analyses of cerebrospinal fluid (CSF)
and amyloid positron emission tomography (PET) have demonstrated
associations between LLD and Aβ pathology. A study reported that
CSF Aβ 1–42, which is known to inversely reflect cerebral Aβ
deposition, is lowered in cognitively normal older adults with major
depressive disorder compared with healthy controls [9]. A study using
11C‐labeled Pittsburgh Compound B ([11C]-PiB) demonstrated a
positive correlation between depressive symptoms and cerebral Aβ
deposition [10]. A 5-year longitudinal study showed that higher
plasma Aβ 1–42 level at baseline predicted the development of LLD
and conversion to probable or possible AD [11]. A more recent study
examined relationships between cerebral Aβ burden and longitudinal
measures of depressive symptoms [12]. This longitudinal study
demonstrated that higher cerebral Aβ burden measured via PiB was
associated with increased depressive symptoms over time in
cognitively normal older adults. The study suggested that depressive
symptoms may be an outcome of Alzheimer’s pathology at the
preclinical stage.
Despite the above findings, a number of studies failed to

identify neurobiological mechanisms linking LLD and Aβ pathol-
ogy [13]. A study using 18F-flutemetamol (FMM) PET showed that
there were no differences in cortical amyloid uptake or proportion
of amyloid-positive subjects between healthy control and LLD
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groups [14]. This cross-sectional study showed that there were no
associations between Aβ burden and occurrence of depression or
hippocampal volume. Therefore, analysis of hippocampal volume
decrement was unable to reveal the association between Aβ
pathology and LLD. Another clinicopathological study showed
that severity of depressive symptoms was not associated with
Braak and Braak Neurofibrillary Stages [15].
A possible explanation for these contradictory results is that

additional neurobiological mechanisms could mediate between
cerebral Aβ pathology and LLD. The biomarker model of AD
indicated that cerebral Aβ accumulation is necessary but not
sufficient to produce the clinical symptoms in patients with AD
trajectory [16]. Among several pathophysiological mechanisms
mediating cerebral Aβ retention and clinical symptoms, functional
network disruptions are known to reflect relatively earlier
cognitive and behavioral symptoms from synaptic dysfunctions
of the brain [17]. Accumulating evidences suggest that brain
regions particularly vulnerable to early Aβ deposition overlap with
a network of brain regions that together constitute the default
mode network (DMN) [18]. Studies initially showed that high
global Aβ deposition in the cerebral cortex was associated with
general decrement of functional connectivity (FC) in the DMN
[19, 20]. More recent studies have suggested that DMN responded
differently to Aβ deposition, which showed decreased DMN FC in
multiple posteromedial regions and compensatory or excitatory
increases in DMN FC in numerous anteromedial regions [21]. It is
now generally acknowledged that posterior DMN is mainly
involved in episodic memory, whereas anterior DMN is involved
in modulation of emotional behavior and self-referential proces-
sing [22]. In patients with depression, FC of anterior medial regions
was reported to be increased in association with rumination, while
FC of posterior medial regions was decreased in association with
episodic memory dysfunction [23, 24]. Building on these previous
studies, we postulated that aberrance of DMN may play an
important role in the association between LLD and Aβ pathology.
The purpose of this study was to investigate associations

between cerebral Aβ burden, depression, and aberrant FC of DMN
in cognitively normal older adults. In addition, we also investi-
gated the role of white matter damage in this complex relation-
ship. We hypothesized that anterior-posterior dissociation pattern
of DMN could be a common pathophysiological mechanism of
cerebral Aβ deposition and LLD.

METHODS
Subjects
A total of 235 older adults with normal cognition, consisting of 118 with
depression (depression group) and 117 without depression (no depression
group), were included in the study. Subjects were recruited from
volunteers of the Catholic Aging Brain Imaging (CABI) database, which
contains brain scans of patients who visited the outpatient clinic at
Catholic Brain Health Center, Yeouido St. Mary’s Hospital, The Catholic
University of Korea, between 2017 and 2019. The inclusion criteria for the
depression group were as follows: (1) age ≥60 years; (2) diagnosis of major
depressive disorder with 17-item Hamilton Depression Rating Scale
(HAMD17) total score >10; (3); and normal cognitive function confirmed
with the Korean version of the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD-K); (4) patients not taking any psychotropic
medications (e.g., antidepressant, benzodiazepines and antipsychotics).
Subjects in the no depression group were matched to the depression
group with regard to age, handedness, and level of education. We
excluded subjects with any current or past psychiatric diagnosis
established by the Mini-International Neuropsychiatric Interview (MINI)
[25]. The MINI was conducted separately by two psychiatric specialists to
confirm inclusion and exclusion criteria. The details of inclusion and
exclusion criteria are described in the supplementary material. The study
was conducted in accordance with ethical and safety guidelines set forth
by the Institutional Review Board of Yeouido St. Mary’s Hospital, The
Catholic University of Korea (IRB number: SC18TESI0143), and all subjects
provided written informed consent.

Positron emission tomography
Information regarding 18F-FMM production, data collection, and analytical
results were described previously [26]. MRI in each individual was utilized
for co-registration, defining regions of interest (ROIs), and for correction of
partial volume effects associated with expansion of the cerebrospinal
spaces due to cerebral atrophy. Analysis of 18F-FMM PET data was
performed using the standardized uptake value ratio (SUVR) 90min post-
injection, with the pons as the reference. SUVRs of the six cortical ROIs
(frontal, superior parietal, lateral temporal, striatum, anterior cingulate
cortex, and posterior cingulate cortex/precuneus) were averaged to define
global cerebral Aβ burden. The PET scan was conducted within 4 weeks of
clinical screening and cognitive function test. Consistent with cutoff values
used in previous 18F-FMM PET studies, we used neocortical SUVR of 0.62 as
the cutoff between high and low [26]. However, amyloid positivity was
confirmed by visual reading from two separate nuclear medicine
radiologists.

Acquisition of MRI
MRI data were collected by the Department of Radiology, Yeouido St. Mary’s
Hospital, The Catholic University of Korea, using a 3T Siemens MAGETOM
Skyra machine and eight-channel Siemens head coils (Siemens Medical
Solutions, Erlangen, Germany). The detailed parameters are described in the
supplementary material.

Data analysis
fMRI data preprocessing. Resting-state fMRI data preprocessing was
carried out using the functional connectivity toolbox v18 (CONN, https://
www.nitrc.org/projects/conn/). The pre-processing pipeline included
motion estimation and correction, structural segmentation and normal-
ization, functional outlier detection and scrubbing, and functional spatial
smoothing with a 6-mm Gaussian kernel. An anatomical component-based
noise correction (aCompCor) procedure was used to remove possible
confounders, including blood-oxygen-level-dependent (BOLD) signals
from the white matter and CSF, realignment parameters (six motion
parameters and six first-order temporal derivatives), scrubbing parameters
(maximum inter-scan movement and identified invalid scans), and task-
design effects. The waveform of each brain voxel was filtered using a
bandpass filter (0.009 < f < 0.08 Hz) to reduce the effects of low-
frequency drift.

Independent component analysis (ICA). Group independent component
analysis (ICA) enables voxel-wise testing of component images or fitting of
a model to component time courses [27]. We selected anterior and
posterior DMN as intrinsic-connectivity-networks (ICNs) of interest using
spatial correlation against a set of previously defined maps [28]. Anterior
DMN was identified as the spatial map comprising the anterior cingulate,
middle temporal gyrus, temporal pole, and ventromedial frontal gyrus
(Fig. 1A). Posterior DMN was identified as the spatial maps comprising the
precuneus, and parahippocampal gyrus, hippocampus, inferior temporal
gyrus, angular gyrus, and superior frontal gyrus (Fig. 1B). The detailed
procedures are described in the supplementary material.

WMH segmentation. We used the automated localization and segmenta-
tion method of Wu et al. to calculate and normalize WMH volumes [29]. For
all subjects, WMH volumes were calculated using FLAIR images and were
normalized relative to the overall brain volume. The method of Wu et al.
uses an iterative algorithm, which involves automated selection of “seeds”
of possible WMH lesions and fuzzy connectedness that clusters voxels
based on their adjacency and affinity to segment WMH lesions around the
seeds [30]. The automated WMH segmentation system was implemented
in C++ and the Insight Toolkit (ITK).

Statistical analysis
Statistical analyses of demographic data were performed with SPSS
(version 20.0; SPSS Inc., Chicago, IL). The two-sample independent t test
was used to assess potential differences between the depression group
and no depression group for all continuous demographic variables and
clinical values. The Chi-square test was used for analysis of categorical
variables. In all analyses, a two-tailed α level of 0.05 was taken to indicate
statistical significance.
General linear model (GLM) was used to measure the group differences

of the ICA maps for the anterior and the posterior DMNs. To examine
the relationships between Aβ deposition, WMH burden, and cognitive
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functions and FC of the DMNs in both groups, the global mean SUVR
values, log-transformed total WMH volumes, and CERAD total scores were
correlated with the voxel-wise ICA maps of the anterior and posterior DMN
FC using the GLM. The HAMD17 total scores of the depression group were
also used to investigate relationships between severity of depression and
FC of the DMNs. In addition, the GLM model with FC as the main outcome
variable and global mean SUVR value, total WMH volumes, CERAD-K total
scores, and group as independent variables were performed by including
their interactions (Aβ retention, WMH burden and cognitive functions by
group). We controlled for the effects of age, education, and sex in all GLM
analyses. The threshold was set at P < 0.05 (false discovery rate (FDR)) to
control for multiple comparisons [31]. To examine whether regional
functional synchronization mediated the association between Aβ retention
and HAMD17 total scores in the depression group, mediation analysis was
performed using the PROCESS macro controlled for age, sex, and
education level [32].

RESULTS
Baseline demographic and clinical data
Supplementary Table S1 shows the baseline demographic data of
the depression group and no depression group. All variables were
normally distributed. There were no significant differences in sex,
age, or education distribution between the two groups. The two
groups also had no significant differences in amyloid positivity,
APOE4 genotype, WMH burden, neuropsychological tests, or
mean SUVR values.

Group difference in FC
Fig. 1A, B show statistical maps representing the anterior and
posterior DMN determined across all subjects. Group ICA shows
significantly increased FC in the anterior DMN in the depression
group compared to the no depression group in the subgenual
anterior cingulate (ACC) (Fig. 1C and Table 1, FDR corrected P <
0.05). In contrast, precuneus FC of the depression group was
significantly decreased in the posterior DMN (Fig. 1D and Table 1,
FDR corrected P < 0.05).

Effects of depression on relationships between Aβ retention
and FCs
In the anterior DMN, there was a significant group by Aß retention
interaction in the FCs of subgenual ACC (Fig. 2A and Table 1, FDR

corrected p< 0.05). In terms of posterior DMN, posterior cingulate FC
showed significant group by Aß retention interaction (Fig. 2B and
Table 1, FDR corrected p< 0.05). As the interaction between group
and Aβ retention was statistically significant, to determine the
direction of the association between FC and Aβ retention, we
performed separate GLMs for each group (FC as an outcome and Aβ
retention as an independent variable) controlling for age, sex, and
education. The global mean SUVR scores showed a positive
correlation with subgenual ACC and thalamus of the anterior DMN
FC, and negative correlations in the precuneus and angular gyrus of
posterior DMN FC (Fig. 3, FDR corrected P< 0.05) in the depression
group. However, no significant correlations between the global mean
SUVR scores and the FC were observed in the no depression group.

Depression severity and FCs
Fig. 2C and Table 1 show the results of correlation analysis
between the HAMD17 total scores and the FCs within anterior
DMN. In the anterior DMN of the depression group, the FC of the
subgenual ACC showed positive correlations with the HAMD17

total scores (FDR corrected P < 0.05). However, no significant
correlations were observed between HAMD17 total scores and
posterior DMN in the depression group.

Effects of depression on the relationships between cognitive
functions and FCs
There were significant group by CERAD-K total scores interaction
in the left and right fusiform gyrus of posterior DMN (Supple-
mentary Fig. S1A, Table 1, FDR corrected p < 0.05). In addition,
CERAD-K total scores showed significant positive correlations in
the bilateral parahippocampal gyrus and right precuneus of the
posterior DMN in the depression group (Supplementary Fig. S1B,
Table 1, FDR corrected P < 0.05). However, no significant correla-
tions were observed in the no depression group.

Effects of depression on the relationships between WMH
burden and FCs
In the anterior DMN, there were significant group by log-
transformed total WMH volumes interactions in ACC (Supplemen-
tary Fig. S2A, Supplementary Table S2, FDR corrected p < 0.05).
However, no group by WMH burden interactions in the posterior

Fig. 1 Group difference of functional connectivity. Statistical map representing (A) anterior and (B) posterior default mode network (DMN)
determined across all subjects. Group independent component analysis showed (C) increased functional connectivity (FC) in the anterior DMN in the
depression group compared to the no depression group in subgenual anterior cingulate, and (D) decreased FC in the posterior DMN in the
depression group compared to the no depression group in precuneus. Ant Anterior, Dep Depression Group, ND No Depression Group, Post Posterior.
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DMN FC was observed. In addition, significant positive correlations
between log-transformed total WMH volumes and ACC FC within
the anterior DMN were observed in the depression group
(Supplementary Fig. S2B, Supplementary Table S2, FDR corrected
p < 0.05).

Effects of Aβ retention on depression severity
There were no significant correlations between the mean 18F-FMM
SUVR values and the HAMD17 total scores. However, as subgenual
ACC in the anterior DMN showed significant correlations with Aβ
retention and HAMD17 total scores, we performed mediation analysis
to investigate whether subgenual ACC FC mediated Aβ retention on
severity of depression. Fig. 4 shows the results of mediation analysis
with the global mean 18F-FMM SUVR value as an independent factor
and the HAMD17 total score as a dependent factor in the depression
group. The proposed mediator was the FC value of subgenual ACC
within the anterior DMN, which showed significant group by Aβ
retention. Mediation analysis showed that there was no significant
direct effect of global mean 18F-FMM SUVR value on HAMD17 total
score (β= 0.08, P= 0.44). On the other hand, the effect of global
mean 18F-FMM SUVR value on HAMD17 total score was mediated by
subgenual ACC FC value within the anterior DMN (β= 0.27, P=
0.002).

DISCUSSION
To our knowledge, this is the first study to investigate the
neurobiological mechanisms underlying the associations between
cerebral Aβ burden, aberrant FC of DMN, and depressive disorder
in cognitively normal older adults. We also investigated the role of
WMH burden in these relationships.

Differences in patterns of FC between the depression group
and no depression group
Group ICA analysis showed that, in comparison with the no
depression group, the depression group had increased FC in the
anterior DMN and decreased FC in the posterior DMN. Consistent
with our findings, previous studies showed that patients with
depression have a dissociation pattern between the anterior and
the posterior parts of the DMN [23, 24]. In a study using diffusion
tensor imaging, patients with LLD were shown to have reduced
white matter integrity of the cingulate bundle connecting the
anterior and the posterior DMN, and this reduced integrity was
correlated with severity of depression [33]. This suggests that
destructive white matter transformations, such as demyelination
and axonal damage, in the tract connecting the anterior and
posterior DMN may be responsible for the anterior-posterior DMN
dissociation observed in LLD. However, there were no previous

Table 1. Results of voxel-wise functional connectivity analysis.

Region L/R Cluster T score P valuea MNI (x, y, z)

Group differences

Anterior DMN: Depression group > No depression group

Subgenual anterior cingulate L 169 7.49 <0.001 −4 16 −4

Posterior DMN: Depression group < No depression group

Precuneus R 380 −5.17 <0.001 4 −60 36

Mean SUVR-FC relationship

Group by mean SUVR interaction

Anterior DMN

Subgenual anterior cingulate L 118 5.36 <0.001 −2 16 −6

Posterior DMN

Precuneus R 139 −5.13 <0.001 4 −58 36

Mean SUVR-Anterior DMN FC in Depression group: positive correlation

Subgenual anterior cingulate L 169 7.30 <0.001 −2 12 −4

Thalamus R 43 5.43 <0.001 16 −32 −4

Mean SUVR-Posterior DMN FC in Depression group: negative correlation

Precuneus R 254 −6.57 <0.001 6 −60 34

Angular gyrus R 108 −5.08 <0.001 56 −60 26

HAMD17-FC correlations in Depression group

Anterior DMN: positive correlation

Subgenual anterior cingulate L 108 5.12 <0.001 −2 12 −4

CERAD total score-FC relationship

Group by CERAD total score interaction

Posterior DMN: negative correlation

Fusiform gyrus L 210 4.60 <0.001 −26 −48 −14

Fusiform gyrus R 117 4.20 <0.001 36 −40 −20

CERAD total score-Post DMN FC in Depression group: positive correlation

Parahippocampal gyrus L 225 5.77 <0.001 −26 −44 −14

Parahippocampal gyrus R 193 5.02 <0.001 14 −10 −22

Precuneus R 112 5.59 <0.001 22 −52 12
aFDR corrected P-values for multiple comparisons.
CERAD Consortium to Establish a Registry for Alzheimer’s Disease, DMN Default Mode Network, FC Functional Connectivity, HAMD17 17 Item Hamilton
Depression Rating Scale, MNI Montreal Neurological Institute coordinate, SUVR Standardized Value Uptake Ratio.
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studies integrating aberrance of DMN with amyloid pathology
in LLD.

Effects of depression on the relationships between Aβ
retention and FCs
Earlier studies showed that global cerebral Aβ retention is
negatively correlated with the posterior DMN FC and positively
correlated with the anterior DMN FC in cognitively normal adults
[21, 34]. We extended previous research by suggesting that the
Aβ-associated anterior-posterior DMN dissociation could be more
pronounced in patients with depression than in people without
depression.
Since cerebral Aβ burden is known to be associated with

decrement of synaptic plasticity [16], the FC aberrance could have
been more predominant in areas known to be more vulnerable to
early Aβ deposition, which is the posterior DMN [18]. In order to
compensate for the lowered FC of the posterior DMN and
associated cognitive dysfunctions, the FC of the anterior DMN

could have been increased, which resulted in rumination and
depressive symptoms [22]. In the other perspective, depressive
symptoms might have emerged first and consequently exacer-
bated inflammatory cascade in patients within the AD trajectory
[35]. Heightened neuroinflammatory process might have facili-
tated the Aβ cascade, which could have been more predominant
in the more vulnerable region of the brain or the posterior DMN
[18]. The anterior DMN FC might have elevated as a result of the
depressive symptoms per se [23, 24], whereas the posterior FC
might have lowered due to synaptic dysfunction caused by the
early Aβ deposition [21]. However, longitudinal studies are needed
to confirm this hypothesis.

Effects of depression on relationships between cognitive
function and FC
Previous studies have suggested that failure to downregulate
DMN activity normally in the resting state could be an
important hallmark of depression [36]. Our results confirmed

Fig. 2 Effect of depression on the relationships between Aß retention and FC. A significant group by Aß retention interaction was not in
the FC of (A) subgenual anterior cingulate cortex (ACC) for the anterior DMN and (B) posterior cingulate for the posterior DMN (all both FDR
corrected p < 0.05). C In depression group, the FC of the subgenual ACC had positive correlations with the HAMD17 total scores. Aß Beta-
Amyloid, Ant Anterior, Dep Depression Group, DMN Default Mode Network, ND No Depression Group, Post Posterior.
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previous reports by showing that the FC of the anterior DMN
was heightened in association with increased depressive
symptoms, whereas the FC in the posterior DMN was reduced
in association with decreased episodic memory [23, 24, 37]. We
also advanced previous models by illustrating a significant
group by cognitive score interaction in the left and right
fusiform gyrus of posterior DMN. Similarly, correlations
between cognitive function and FC of the bilateral parahippo-
campal gyrus and right precuneus were evident in the
depression group, but not in the no depression group. Both
parahippocampal gyrus and precuneus play critical roles in the
formation and recall of episodic memory, both of which are
well-studied brain areas in AD [38, 39]. Fusiform gyrus, a brain
region mainly involved in facial recognition and lexical-
semantic memory, is also known to play important roles in
the onset and progression of AD [40, 41]. This suggests that the
detrimental effect of the decreased posterior DMN FC and
associated cognitive dysfunction could be more predominant
in patients with depression.

Effects of depression on the relationships between WMH
burden and FCs
According to the “vascular depression hypothesis,” cerebrovas-
cular disease and its subsequent WMH are essential parts of the
pathogenesis of LLD [42]. We showed a positive correlation
between WMH burden and the FC of ACC in the depression group.
An earlier study showed that older adults with greater WMH
burden showed a higher DMN FC in the medial frontal gyrus, a
brain region adjacent to the ACC [43]. The authors speculated
further that the FC increment may reflect a compensatory
recruitment or reallocation of cognitive resources. Taken together,
these observations suggested that a greater WMH burden may
have resulted in a compensatory increment in the FC of ACC,
which culminated in worse rumination and depressive symptoms.
In contrast, Wu et al. reported that there was a negative rather
than a positive correlation between WMH burden with anterior
DMN FC in patients with LLD [44].
The depressed patients in the study of Wu et al. had higher

severity of depression than the depressed patients in the present

Fig. 3 Direction of the association between FC and Aß retention. In the depression group, the global mean SUVR scores showed (A) positive
correlation with the subgenual ACC and thalamus of the anterior DMN FC, and (B) negative correlations in precuneus and angular gyrus of the
posterior DMN FC (FDR corrected p < 0.05). Aß Beta-Amyloid, Ant Anterior, Dep Depression Group, DMN Default Mode Network, Post Posterior.

Fig. 4 Mediation analysis. No significant direct effect of global mean FMM SUVR values on HAMD17 total scores (β= 0.08, p= 0.44) were
noted. Effect of global mean FMM SUVR values on the HAMD17 total scores was mediated by subgenual ACC FC values within the anterior
DMN (β= 0.27, p= 0.002). Ant Anterior, CERAD Korean version of the Consortium to Establish a Registry for Alzheimer’s Disease, Dep
Depression group, DMN Default Mode Network, FC Functional Connectivity, Post Posterior.
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study. We conducted subgroup analysis with patients having
moderate to severe severity (HAMD17 score ≥18) only, and
correlation analysis of these subjects showed significant positive
correlations between log-transformed total WMH volumes and the
ACC FC within the anterior DMN (table S2). This discrepancy,
although still not clear, might be attributable to diverse reasons
such as differences in sample size, presence of the Aß pathology,
and the resting state network identification methods (ICA vs seed-
based analysis). For example, previous studies showed that subtle
changes in analytic approach to resting state fMRI, such as using
slightly different spatial seeds or altering the model order
dimensionality estimation in ICA, can have a significant impact
on the spatial characteristics of the resting state networks
identified [45]. However, further replication studies with larger
sample sizes are needed to clarify this point.

Relationships between Aβ retention, FC, and depression
There was no significant correlation between global cerebral Aβ
retention and severity of depression, but subgenual ACC FC
showed significant correlations with both global cerebral Aβ
retention and severity of depression. However, these simple
correlation patterns were not sufficient to elucidate the role of
aberrant DMN FC linking Aβ retention and depressive symptoms.
Mediation analysis provided new evidence that cerebral Aβ
burden did not have a direct effect on the symptoms of
depression but, rather, was mediated by the increment of FC in
subgenual ACC within the anterior DMN. This suggests that a high
Aβ burden causes either a toxic excitatory or compensatory
increment in the anterior DMN FC, or so-called frontostriatal
circuitry damage, leading to LLD [6].

Strengths, limitations, and future perspectives
By including a large sample size, objective depressive symptom
measurement, and the inclusion of drug-naïve patients only, we were
able to integrate and investigate the effects of depression on Aβ
pathology and aberrance of DMN FC in a comprehensive manner.
However, this study had several limitations. This was a cross-sectional
study, so the results only elucidate correlations and have limited
ability to interpret causal relations. Further longitudinal studies are
needed to elucidate the causal relation of cerebral Aβ with the
aberrant connectivity of the DMN and development of depression in
the trajectory of AD. We focused on global Aβ retention, and so were
unable to investigate the relationship between regional Aβ retention
and regional FC pattern of the DMN. Although previous works
showed importance of other functional networks beyond DMN, such
as executive control network (ECN) [46–48] and salience network (SN)
[49–51], in LLD and AD pathology, we did not broaden our research
to investigate their intra- and inter-network connectivity. Studies
consistently reported decreased functional connectivity (FC) of ECN
in patients with LLD and AD compared with healthy controls [52].
The FC of ECN was increased in whose depressive symptoms
remitted [53], and its disturbance was associated with progression of
dementia in patients with AD trajectory [46]. The aberrant FC of ECN
was also associated with executive and cognitive dysfunction in both
LLD [47] and AD [48]. In terms of SN, more studies focused on inter-
network rather than within-network connectivity in LLD. The FC
between SN and ECN was less decreased in patients with LLD than in
normal control [51]. Patients with AD showed increased FC within the
SN [49], and this higher FC of SN was reported in association with Aβ
burden [50]. More studies are needed to elucidate interactive roles of
multiple networks related to LLD and AD.
In conclusion, the findings of the present study suggest that

anterior and posterior DMN FC dissociation may be an important
neurobiological pathway underpinning Aβ pathology and depres-
sion. Cerebral Aβ burden may initiate different detrimental
cascades in the anterior and posterior DMN. We also showed that
higher degree of vascular pathophysiology was associated with
the anterior and posterior DMN FC dissociation in patients with

LLD. Finally, we elucidated the role of Aβ in the pathogenesis of
depression by illustrating that the increment of the severity of
depression with high cerebral Aβ burden was mediated by the
heightened FC of the anterior DMN.
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