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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by
the accumulation of toxic misfolded proteins, which are believed to have propagated
from disease-specific epicenters through their corresponding large-scale structural
networks in the brain. Although previous cross-sectional studies have identified potential
AD-associated epicenters and corresponding brain networks, it is unclear whether these
networks are associated with disease progression. Hence, this study aims to identify the
most vulnerable epicenters and corresponding large-scale structural networks involved
in the early stages of AD and to evaluate its associations with multiple cognitive domains
using longitudinal study design. Annual neuropsychological and MRI assessments
were obtained from 23 patients with AD, 37 patients with amnestic mild cognitive
impairment (MCI), and 33 healthy controls (HC) for 3 years. Candidate epicenters were
identified as regions with faster decline rate in the gray matter volume (GMV) in patients
with MCI who progressed to AD as compared to those regions in patients without
progression. These epicenters were then further used as pre-defined regions of interest
to map the synchronized degeneration network (SDN) in HCs. Spatial similarity, network
preference and clinical association analyses were used to evaluate the specific roles of the
identified SDNs. Our results demonstrated that the hippocampus and posterior cingulate
cortex (PCC) were the most vulnerable AD-associated epicenters. The corresponding
PCC-SDN showed significant spatial association with the patterns of GMV atrophy
rate in each patient group and the overlap of these patterns was more evident in the
advanced stages of the disease. Furthermore, individuals with a higher GMV atrophy rate
of the PCC-SDN also showed faster decline in multiple cognitive domains. In conclusion,
our findings suggest the PCC and hippocampus are two vulnerable regions involved
early in AD pathophysiology. However, the PCC-SDN, but not hippocampus-SDN, was
more closely associated with AD progression. These results may provide insight into the
pathophysiology of AD from large-scale network perspective.

Keywords: Alzheimer’s disease, mild cognitive impairment, structural covariance network, synchronized
degeneration network, hippocampus, posterior cingulate cortex
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FIGURE 2 | The spatial distribution of the vulnerable SDNs and GMV atrophy rate patterns in disease groups. (A) Direct group comparison of the annual gray matter
atrophy rate between MCls and MClp groups to identify early AD-associated epicenters. (B) Whole brain vulnerable SDNs illustrated in the HC group by seed-based
correlation analyses in the epicenters on (A). (C) Group-specific spatial patterns in each patient group based on one-sample t-tests. The transparent colors indicate
the z-value of statistical results without a significant threshold; the solid colors show the significant regions. AD, Alzheimer’s disease; HC, healthy control; HIPP,
hippocampus; GMV, gray matter volume; MClp, mild cognitive impairment with progression to AD; MCls, mild cognitive impairment stable without progression to AD;
PCC, posterior cingulate cortex; SDN, synchronized degeneration network.
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FIGURE 3 | Network preference analysis. (A) Statistical maps of the hippocampus- and PCC-SDNs. (B) Preference determined by goodness-of-fit showed a stronger
association of the PCC-SDN than that of the hippocampus-SDN, especially in the MClp and AD groups. AD, Alzheimer’s disease; FWE, family-wise error; HIPP,
hippocampus; MClp, mild cognitive impairment with progression to AD; MCls, mild cognitive impairment stable without progression to AD; PCC, posterior cingulate
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TABLE 2 | Correlations between the mean annual gray matter volume atrophy
rate and slopes of neuropsychological test scores.

Spearman rank order test correlation coefficients

Hippocampus-SDN PCC-SDN

rho p-value rho p-value
MMSE 0.001 0.994 0.245 0.035*
CWLT 0.093 0.432 0.400 <0.001"
CFT copy —0.030 0.799 0.052 0.659
CFT recall 0.089 0.455 0.336 0.004"
VFT 0.150 0.202 0.429 <0.001"
BNT 0.298 0.010 0.304 0.008"
Trail B line 0.052 0.668 0.215 0.076
*n < 0.05.

o < 0.008 (statistically significant correlation after Bonferroni correction).

BNT, Boston Naming Test; CFT, Complex Figure Test; CVVLT, Chinese version of
the Verbal Learning Test; MMSE, Mini-Mental Screening Examination; PCC, posterior
cingulate cortex; SDN, synchronized degeneration network; TMT-B lines, Trail-making Test
Part B lines completed in 120s; VFT, Verbal Fluency Test.

Significant values are bolded.

distinct roles of PCC- and hippocampus-epicentered SDNs in the
pathophysiology of AD.

The hippocampus, which plays an important role in
declarative memory, is the anatomical signature of AD (Schroder
and Pantel, 2016). Hippocampal atrophy, and more specifically,
its atrophy rate, may be potential biomarkers to predict the
conversion from MCI to AD (Henneman et al., 2009). Our
voxel-wise atrophy rate analyses supported the regional role of

the hippocampus in AD progression. In addition to its regional
significance, the hippocampus has also been shown to be an
important node in several large-scale brain networks and has
been implicated as part of the subsystem of the default mode
network (DMN) (Andrews-Hanna et al, 2010). Decreased
integrity of hippocampus-associated functional and structural
networks has also been reported (Zhou et al., 2008; O’Callaghan
et al., 2019). In this study, we used the coupling atrophy rate as
a surrogate image marker for longitudinal mapping of potential
large-scale brain SDNs. We identified the parahippocampus,
temporal pole, temporal fusiform cortex, frontal poles, and
cerebellum within a single hippocampus-epicentered SDN.
Although network mapping approaches vary among studies,
the spatial distribution of identified hippocampus-epicentered
SDNs is highly accordant with previous studies (Bai et al., 2009;
Zhu et al., 2018). Close connections between the hippocampus
and nearby regions, collectively referred to as the medial
temporal lobe, have been reported in various histopathological
and neuroimaging findings of AD (Braak and Braak, 1985,
1991). Beyond the limbic system, considerable evidence
indicates that the hippocampus and prefrontal cortex become
coupled via oscillatory synchrony reflecting bidirectional
information flow (Battaglia et al., 2011) and may play an
important role in memory and learning (Eichenbaum, 2017).
Taken together, these regional and network-level findings
underscore the importance of the hippocampus and its
corresponding functionally/structurally connected areas in
AD pathophysiology.

The PCC is an area in the brain with higher metabolic activity
and dense anatomical and functional connections to many
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other brain regions. PCC hypometabolism, volume atrophy, and
connectivity corruption have been reported in patients with AD
(Leech and Sharp, 2014). Longitudinal follow-up in patients with
MCI revealed that changes in PCC connectivity over time were
correlated with declines in MMSE and other cognitive test scores
(Wang et al., 2012). From a global network perspective, the PCC
is considered to be a central hub of the DMN and is inter-
connected with several large-scale brain networks (Raichle et al.,
2001). Based on its regional and global characteristics, previous
studies have indicated that the PCC may be involved in multiple
cognitive functions including autobiographical/episodic memory
retrieval, attention, salience, attention, and emotion (Leech and
Sharp, 2014). These domains of cognitive function also changed
during AD progression (Mortamais et al., 2017). Among these
multiple PCC-connected large-scale brain networks, DMN is the
first and most consistently reported network to be involved in
AD (Badhwar et al, 2017). DMN failure begins early in the
course of AD, even prior to measurable amyloid accumulation
(Jones et al., 2016). Furthermore, using various network mapping
approaches, including intrinsic functional connectivity and the
cross-sectional structural covariance method, previous studies
have reported that the integrity of the PCC-epicentered DMN
may be associated with the clinical severity and progression
of AD (Zhang et al, 2010), suggesting that the PCC and
its corresponding brain networks have important roles in
AD progression.

In our study, the PCC-epicentered SDN involved widespread
frontal, temporal, insular, and cerebellar areas. Most of these
areas overlap with the classical DMN that includes the precuneus,
medial and lateral parietal, medial prefrontal, and medial and
lateral temporal cortices (Raichle, 2015). The insular cortex
is a notable exception, as it is typically not included in the
DMN. The insular cortex is a core limbic area, historically and
phylogenetically associated with emotion, and may underpin the
behavioral and emotional symptoms in AD (Spalletta et al., 2010).
The insular and anterior cingulate cortices are key hubs of the
salience network that is also involved in AD and MCI. The
insula may play a role in connecting the salience network and
DMN, switching from externally-oriented to internally-oriented
mental status (Sridharan et al., 2008). Functional and structural
disruptions to the switching mechanism occur with disease
progression in patients with AD (Xie et al., 2012; Liu et al., 2018).
On the other hand, the cerebellum was shown to be involved in
the PCC-epicentered SDN. Although traditionally considered to
be involved in motor coordination, recent studies have further
suggested that the cerebellum may be involved in multiple
domains of cognitive function based on its complex spatial
connectivity profile with large-scale cortical brain networks
(King et al., 2019). Beyond its spatial characteristics, recent
intrinsic functional connectivity studies have further suggested
that the cerebellum may engage in a domain-general function in
the adaptive control of the cortical process which may impaired
in the progression of AD (Bai et al,, 2011; Zheng et al.,, 2017;
Marek et al., 2018). Taken together, these findings suggest the
potential importance of the cerebellum in the pathogenesis
of AD.

The findings of our study demonstrated that compared to
the hippocampus-epicentered SDN, the PCC-epicentered SDN
atrophy rate was more strongly correlated with deterioration
slopes of cognitive tests in multiple domains. Moreover,
the PCC-epicentered SDN predicted AD progression better
than did the hippocampus SDN. One possible explanation
is that the hippocampus and the surrounding entorhinal
cortex are involved earliest in the course of AD (Braak and
Braak, 1991), which might suggest that further atrophy rate
in the hippocampus SDN is not as relevant. In addition,
compared to the hippocampus, the PCC may be an integrative
hub which mediates information flow across whole-brain
networks (Leech and Sharp, 2014). Although the PCC
and hippocampus are both components of the DMN, and
considering the different functional roles in the DMN (central
vs. peripheral), we propose that deficits in the PCC-epicentered
network may better represent overall AD progression in
terms of structural changes and cognitive decline in multiple
domains. In addition, the fact that we did not observe any
correlation between hippocampus-epicentered network and
cognitive decline might be due to the small sample size in
the current study. Future studies with a larger sample size
will be needed to confirm the potential role of core PCC
region and related connected brain areas and to determine
the exact mechanism of the involvement of this region in the
pathophysiology of AD.

To the best of our knowledge, this study is the first to
investigate the associations between structural network changes,
brain volume atrophy, and cognitive decline using an SDN
approach from a longitudinal perspective. One strength of our
study was its longitudinal follow-up design, which enabled us
to identify AD-related epicenters involved early in the course of
AD. Additionally, we demonstrated a relationship between large-
scale structural brain networks and AD progression. However,
our results should be interpreted with caution; first, due to
the longitudinal design, the dropout rate was high, limiting
the generalizability of our results to large disease populations.
However, our exploratory findings may guide future studies
with larger samples. Second, AD and MCI diagnoses were
made according to characteristic clinical presentation and
neuropsychological performance. Although these criteria are
widely accepted for both clinical and research purposes, potential
bias may exist due to a lack of amyloid and tau biomarkers. Third,
we defined the structural networks based on brain regions with
maximal changes during the conversion from MCI to AD; earlier
changes occurring during the progression from HC to MCI might
have been overlooked.

In conclusion, the PCC and hippocampus are two vulnerable
regions involved early in AD pathophysiology. Notably, the
PCC-epicentered, but not hippocampus-epicentered, network
predicts AD progression, including brain atrophy and cognitive
decline. Our results support the network degeneration hypothesis
of AD and suggest that PCC large-scale SDNs may be used
as potential markers for disease progression. Further, the
results provide insight regarding the mechanisms of network
pathology in AD.
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