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Abstract
There is increasing evidence showing that the accumulation of the amyloid-β (Aβ) peptide into extracellular plaques is a
central event in Alzheimer’s disease (AD). These abnormalities can be detected as lowered levels of Aβ42 in the cerebrospinal
fluid (CSF) and are followed by increased amyloid burden on positron emission tomography (PET) several years before the
onset of dementia. The aim of this study was to assess amyloid network topology in nondemented individuals with early stage
Aβ accumulation, defined as abnormal CSF Aβ42 levels and normal Florbetapir PET (CSF+/PET−), and more advanced Aβ
accumulation, defined as both abnormal CSF Aβ42 and Florbetapir PET (CSF+/PET+). The amyloid networks were built using
correlations in the mean 18F-florbetapir PET values between 72 brain regions and analyzed using graph theory analyses. Our
findings showed an association between early amyloid stages and increased covariance as well as shorter paths between
several brain areas that overlapped with the default-mode network (DMN). Moreover, we found that individuals with more
advanced amyloid accumulation showed more widespread changes in brain regions both within and outside the DMN. These
findings suggest that amyloid network topology could potentially be used to assess disease progression in the predementia
stages of AD.
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Introduction
Although there is currently no cure for Alzheimer’s disease
(AD), the past 2 decades have suggested that certain pathologi-
cal processes may trigger the disease. Amongst these pro-
cesses, the accumulation of the amyloid-β (Aβ) peptide into
extracellular plaques may be a central event that initiates a
cascade of synaptic, metabolic and neurodegenerative changes,
which ultimately lead to dementia (Jack et al. 2013).

Several studies have assessed Aβ pathology in AD as
decreases of Aβ42 in the cerebrospinal fluid (CSF) or increased
amyloid deposition on positron emission tomography (PET)
(Blennow et al. 2015). Although low concentrations of CSF Aβ42
are associated with greater amyloid burden on PET imaging
(Koivunen et al. 2008; Grimmer et al. 2009; Tolboom et al. 2009;
Palmqvist et al. 2014), the agreement between these 2 markers
in identifying Aβ pathology is not perfect (Jagust et al. 2009). For
instance, previous studies have shown that some individuals
may present abnormal CSF Aβ42 levels but normal amyloid PET
(Mattsson et al. 2015; Palmqvist et al. 2016). This discordant bio-
marker profile has been found more frequently in subjects that
are cognitively normal than in AD patients (Mattsson et al.
2015), suggesting that CSF Aβ42 may be an earlier marker of Aβ
pathology compared to amyloid PET. Previous findings from
our group provide support to this assumption as we found that
nondemented cases with abnormal CSF Aβ42 levels but normal
amyloid PET, showed a higher Aβ accumulation rate than sub-
jects where both modalities were normal, and that was similar
to the accumulation rate in subjects with both abnormal CSF
and PET (Palmqvist et al. 2016). These results suggest that indi-
viduals with abnormal CSF Aβ42 levels will eventually develop
Aβ pathology also on amyloid PET.

There is increasing evidence suggesting that amyloid plaques
are not randomly distributed in the brain but show a character-
istic spatial pattern (Braak and Braak 1991). In line with this,
amyloid deposition may expand into areas that receive neuro-
nal projections from other brain regions already exhibiting Aβ,
spreading between interconnected neurons through large-scale
networks (Thal et al. 2002). The organization of the brain as a
large-scale network has been extensively assessed in the past
few years using concepts from graph theory (Bullmore and
Sporns 2009). Using this method, amyloid networks can be built
as a collection of nodes representing the mean amyloid values
from different brain regions, which are connected by edges cor-
responding to the links or correlations between them. In a pre-
vious study using graph theory analyses, it was shown that Aβ
accumulation in the medial temporal lobe is associated with
accumulation in medial parietal, orbitofrontal, and temporal
areas in individuals with low amyloid burden (Sepulcre et al.
2013). In addition, other studies have also compared the amy-
loid networks between controls and MCI patients (Jiang et al.
2015; Son et al. 2015) or controls and AD patients (Duan et al.
2017; Jiang et al. 2015; Son et al. 2015). These studies showed
network abnormalities in temporal (Son et al. 2015), frontal,
parietal (Jiang et al. 2015), or occipital areas (Duan et al. 2017) in
the previous patient groups.

To this date, it is not known whether Aβ pathology has a
similar impact on the nodal centrality (i.e., number of connec-
tions), integration (i.e., critical long-distance connections) or
segregation (i.e., local clustering of connections) properties of
network organization. Studying the relationship of amyloid
deposition between different brain regions is important as it
might provide important clues on how Aβ pathology spreads in
the brain. In addition, no studies have assessed the amyloid

networks in the earliest stages of Aβ accumulation, which can
be defined as nondemented individuals with abnormal CSF
Aβ42 levels but still normal amyloid PET (CSF+/PET−).

Hence, the aim of this study was to assess the organization
of the amyloid networks in CSF+/PET− and CSF+/PET+ indivi-
duals by combining Florbetapir PET with graph theory. We ana-
lyzed measures reflecting centrality, integration and segregation
properties in (1) nondemented cases in the earliest stages of Aβ
accumulation (CSF+/PET−) and (2) nondemented cases in the
more advanced stages of Aβ accumulation (CSF+/PET+). Based
on previous evidence showing that several regions with amyloid
deposition overlap with the areas of the default-mode network
(DMN), (Buckner et al. 2005, 2009; Sperling et al. 2009; Palmqvist
et al. 2017), we predicted that CSF+/PET− and CSF+/PET+ sub-
jects would present abnormalities in the DMN. The DMN is a
network of interacting brain regions that display highly corre-
lated activity with each other. These regions include the poste-
rior cingulate and precuneus, the medial prefrontal cortex,
bilateral angular gyri, and medial temporal lobes (Raichle et al.
2001; Greicius et al. 2004). There is increasing evidence showing
that the DMN is involved in different high-level cognitive func-
tions, including day-dreaming, mind-wandering, episodic mem-
ory, semantic processing, and attention (Buckner et al. 2008; Mevel
et al. 2011). In addition, this network presents abnormalities in
predementia stages of AD (Denis and Thompson 2014), suggesting
it plays a relevant pathophysiological role in AD-dementia.

Method
Subjects

Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data-
base (adni.loni.usc.edu). The ADNI was launched in 2003 as a
public-private partnership, led by Principal Investigator Michael
W. Weiner, MD. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging (MRI), PET, other
biological markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of mild cog-
nitive impairment (MCI) and early AD.

Our study sample consisted of nondemented individuals
who were cognitively normal (CN), presented subjective mem-
ory complaints (SMC), early mild cognitive impairment (EMCI)
or late MCI (LMCI). Inclusion/exclusion criteria are described in
detail at http://www.adni-info.org/. In brief, the included sub-
jects were between the ages of 55 and 90 years, had completed
at least 6 years of education, were fluent in Spanish or English,
and were free of any significant neurological disease other than
AD. These subjects were recruited and assessed across different
clinical sites in USA and Canada (for a full list on ADNI’s sites,
see Weiner et al. 2010). Each site was assigned a principal investi-
gator, a study physician, study coordinator, psychometrist, and a
clinical dementia rating (CDR) scale rater. The principal investi-
gator was responsible for overseeing all ADNI-related activities at
their site. The study physician was responsible for conducting
and supervising the clinical evaluation of all subjects, including
physical and neurological examinations, reviewing adverse
events and interpreting laboratory results. The psychometrist
was in charge of the administration of the ADAS-Cog and the
neuropsychological battery of tests, except the CDR scale, which
was assessed by an independent rater, as mentioned above. All
clinical sites were managed by the ADNI Clinical Core at the
University of California (San Diego) and Mayo Clinic (Rochester)
(Weiner et al. 2017).
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CSF Analysis

CSF collection, processing, and storage procedures have been
described previously (Shaw et al. 2009). CSF Aβ42 was measured
at the ADNI biomarker core (University of Pennsylvania) using
the multiplex xMAP Luminex platform (Luminex Corp) with the
INNOBIA AlzBio3 kit (Fujirebio).

Amyloid PET

Amyloid deposition was assessed using 18F-florbetapir PET,
which was acquired in four 5-min frames 50–70min after injec-
tion of approximately 10mCi. The 4 frames were coregistered
to each other, averaged, interpolated to a uniform image and
voxel size (160 × 106 × 96, 1.5mm3), and smoothed to a uniform
resolution (8mm full width at half-maximum). The prepro-
cessed florbetapir data was corregistered to the structural MRI
scan, which was preprocessed using FreeSurfer (version 5.3;
http://freesurfer.net/) as described elsewhere (Mormino et al.
2009; Landau et al. 2012). The 18F-florbetapir means were
extracted from each cortical region included in the Desikan
atlas (Desikan et al. 2006) in addition to the hippocampus and
amydala (Fischl et al. 2002). In addition, for the current study
we calculated a mean standardized uptake value ratio (SUVR)
relative to a freesurfer-based reference region consisting of the
whole cerebellum, the pons/brainstem region, and eroded corti-
cal white matter (Landau et al. 2015).

Group Classification

Subjects were classified into 4 groups based on CSF Aβ42 and 18F-
florbetapir PET amyloid markers: normal CSF and PET (CSF−/PET−),
abnormal CSF and normal PET (CSF+/PET−), normal CSF and
abnormal PET (CSF−/PET+) and abnormal CSF and PET (CSF
+/PET+). Subjects with CSF+PET− were in the early Aβ accumu-
lation stages, whereas CSF+PET+ subjects were in more
advanced Aβ stages. We established abnormality in CSF Aβ42
levels using a previously established cut-off (CSF Aβ42: 192 pg/ml)
that maximized the separation of autopsy-confirmed AD cases
with Aβ pathology from controls without Aβ pathology (Shaw
et al. 2009). For 18F-florbetapir PET, abnormal values were defined
using the cut-off >0.8724 SUVR, which was established by using
mixture modeling statistics to identify an unbiased cut-off. This
approach has been used in several previous studies to establish
Aβ PET cutpoints (Palmqvist et al. 2014, 2015; Villeneuve et al.
2015).

Network Analysis

In this study, the amyloid networks were built for each group
as a collection of nodes representing brain regions connected
by edges corresponding to the links between them (He et al.
2007). The nodes were defined using the mean amyloid values
from 68 cortical regions of the Desikan atlas in addition to the
bilateral hippocampus and amygdala, forming a total of 72 cor-
tical and subcortical regions. The edges were calculated as the
partial correlation coefficients using Pearson’s R between every
pair of brain regions, while controlling for the effects of age,
gender, education, apolipoprotein (APOE) ɛ4 carriership, and
diagnosis.

This procedure provides a very convenient and structured
way of analyzing the topology of amyloid pathology and its
spread. Of note, the edges or connections between brain
regions in amyloid PET networks have a different interpretation
compared with networks derived from diffusion tensor imaging

(DTI) or functional magnetic resonance imaging (fMRI). In a DTI
network, 2 regions are connected if there is a physical white
matter tract uniting them. In a fMRI network, 2 regions are con-
sidered to be connected if their BOLD signals correlate with
each other, showing a synchronous pattern of brain activation
across time. In contrast, in an amyloid network, 2 regions are
considered to be connected if their amyloid values correlate
with each other, which occurs when 2 regions show a similar
number of plaques or amyloid deposition.

In this study, for each group, we generated a weighted asso-
ciation matrix by compiling all pairwise associations in mean
amyloid values between the nodes of each group. To compare
network topology between the groups, these matrices were
binarized (He et al. 2007) using a range of network densities D
to ensure all groups had the same number of edges: Dmin = 5%
to Dmax = 15%, in steps of 0.3%. For densities below 5%, the
number of edges was inferior to the number of nodes, corre-
sponding to a widely disconnected network. For D above 15%,
the networks became similar to random graphs and showed a
small-world index close to 1. All self-connections were
excluded from the analyses.

Network topology can be assessed using a variety of mea-
sures that characterize the importance of the nodes in a net-
work (centrality), the ability to combine information between
distant brain regions or global efficiency (integration) and the
capacity for specialized processing within densely intercon-
nected groups of regions (segregation) (Rubinov and Sporns
2010). In this study, we assessed centrality by calculating the
nodal degree, which is the number of connections that link a
node to the rest of the network (Rubinov and Sporns 2010). We
assessed the integration of the network using the global effi-
ciency, which is the average inverse of the shortest path length
between a node and the rest of the network (Latora and
Marchiori 2001). Note that the global efficiency for a given node
is different from the local efficiency, another commonly used
measure in graph theory analyses. The local efficiency assesses
the shortest path length between 1 node and its immediate
neighbors, whereas the global efficiency assesses the shortest
path length between 1 node and all the other nodes in the net-
work (Rubinov and Sporns 2010). We assessed network segrega-
tion by calculating the nodal clustering coefficient, which
quantifies the number of connections that exist between the
nearest neighbors of a node as a proportion of the maximum
number of possible connections (Watts and Strogatz 1998).
Finally, in this study, we also assessed the community struc-
ture by carrying out a modularity analysis, which subdivided
the whole-brain amyloid network into groups of nodes, with a
maximally possible number of within-group links and a mini-
mally possible number of between-group links (Newman 2004).
Figure 1 provides a schematic overview of the analysis of amy-
loid networks carried out in the current study.

The construction of brain networks and graph theory analy-
ses were performed using BRAPH (Brain analysis using grAPH
theory; http://braph.org/; Mijalkov et al. 2017).

Statistical Analysis

To assess differences between groups in demographic, clinical,
genetic, and amyloid variables, we carried out nonparametric
tests between every pair of groups using Mann-Whitney U tests
and Chi-squared tests due to the non-normal distribution of
the data. To establish Aβ PET cutpoints, finite mixture models
were carried out using the mixtools package of R (R Foundation
for Statistical Computing, Vienna, Austria, 2013; version 3.2.2).
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To assess the statistical significance of the differences in the
network measures between groups, we carried out nonpara-
metric permutation tests with 1000 replicates (Bassett et al.
2008; He et al. 2008). First, the nodal degree, global efficiency
and nodal clustering coefficient were calculated separately for
each group. Then, we randomly reallocated each subject’s set
of regional amyloid values to one of the groups and computed
the partial correlation matrices for each randomized group.
These matrices were binarized using the same range of densi-
ties as in the real networks and we calculated the differences
in network measures between the randomized groups for each
network density. This randomization procedure was repeated
1000 times and the 95th confidence intervals were used as the
critical values for a 2-tailed test at P < 0.05. A false discovery
rate (FDR) correction (Benjamini and Hochberg 1995) was
applied across the 72 brain regions to control for multiple com-
parisons (q < 0.05). Below, we present the significant nodal
results after FDR corrections at D = 10.1%, which corresponds
to the middle value in the density range assessed in the current
study (5–15%, in steps of 0.3%). However, the mean nodal val-
ues, 95th confidence intervals and P-values obtained for the
group comparisons across all other network densities evalu-
ated in this study have been included in Supplementary
Material (Supplementary Tables 1, 2 and 3).

Results
Our sample consisted of 651 subjects, who were classified into
different groups based on CSF Aβ42 and 18F-florbetapir PET amy-
loid markers. Hence, 291 subjects were classified as CSF Aβ42 neg-
ative and 18F-florbetapir PET negative (CSF−/PET), 81 subjects as
CSF Aβ42 positive and 18F-florbetapir PET negative (CSF+/PET−),
7 subjects as CSF Aβ42 negative and 18F-florbetapir PET positive
(CSF−/PET+) and 272 subjects as CSF Aβ42 positive and 18F-
florbetapir PET positive (CSF+/PET+). The characteristics of this
sample can be found in Table 1.

Compared to the CSF−/PET− group, CSF+/PET− subjects
showed a higher prevalence of the APOE ɛ4 allele (P < 0.001).

Compared to both the CSF−/PET− and CSF+/PET− groups,
CSF+/PET+ subjects were significantly older (P < 0.001, P =
0.003), less educated (P = 0.036, P = 0.019), had more LMCI and
less CN or SMC subjects (P < 0.001, P < 0.001), worse MMSE
scores (P < 0.001, P < 0.001) and a higher prevalence of the APOE
ɛ4 allele (P < 0.001, P < 0.001).

The regional amyloid values in each group are displayed in
Supplementary Figure 1. These values show that the distribu-
tion of amyloid in the brain did not follow a random pattern, in
line with previous evidence showing the progressive and con-
tinuous nature of amyloid pathology (Vlassenko et al. 2011;
Sepulcre et al. 2013; 2016) in specific sets of brains regions
(Palmqvist et al. 2017).

Below, we describe the quantitative differences in network
analyses between the CSF−PET− and CSF+PET− groups and
between the CSF+PET− and CSF+PET+ groups. We did not carry
out analyses in the CSF−/PET+ group due to small sample size
(n = 7). Comparisons between the CSF−PET− and CSF+PET+ groups
have been included in Supplementary Material (Supplementary
Fig. 2, Supplementary Table 1).

Nodal degree

We found that the early Aβ accumulation group (CSF+/PET−)
showed a higher nodal degree in several brain regions com-
pared to CSF−/PET− (Fig. 2, Supplementary Table 2). These
regions were mostly located in the medial brain surface and
included the medial orbitofrontal, rostral anterior cingulate,
caudal anterior cingulate, posterior cingulate, and isthmus cin-
gulate in addition to the insula and parahippocampal gyri.
Moreover, there were also decreases in the nodal degree in the
CSF+/PET− subjects when compared to CSF−/PET− in the bilat-
eral postcentral and right precentral gyri.

Figure 1. Overview of the methodology. Amyloid networks were built as a set of nodes connected by edges. The nodes were defined as the mean amyloid values

extracted from 72 cortical and subcortical brain regions (A), whereas the edges were calculated using partial correlation Pearson’s R, which were included in a

weighted connectivity matrix (B). This matrix was binarized using a range of densities (B) and the nodal degree (C), global efficiency (D), nodal clustering coefficient (E)

and brain modules (F) were computed and compared between groups.
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When we compared the early and more advanced Aβ accu-
mulation groups with each other, we found that the more
advanced Aβ group (CSF+/PET+) showed a higher nodal degree
in the left cuneus and a lower nodal degree in the left frontal
pole, bilateral hippocampus and parahippocampal gyri com-
pared to the early Aβ group (CSF+/PET−) (Fig. 2, Supplementary
Table 3).

Global efficiency

We found that that the early Aβ (CSF+/PET−) subjects showed
increases in the global efficiency mostly in medial (medial orbi-
tofrontal, rostral anterior cingulate, caudal anterior cingulate,
posterior cingulate, isthmus cingulate, precuneus) and

temporal (hippocampus, transverse temporal, insula, parahip-
pocampal gyri) brain regions as well as a few frontal areas
(superior frontal, pars opercularis) (Fig. 3, Supplementary
Table 2) compared to the CSF−/PET− group.

The comparison of the early and more advanced Aβ accu-
mulation groups showed that the later Aβ group (CSF+/PET+
subjects) had global efficiency increases in the left cuneus and
efficiency decreases in the bilateral hippocampus and parahip-
pocampal gyri compared to the early (CSF+/PET−) group, simi-
larly to the results we found for the nodal degree (Fig. 3,
Supplementary Table 3).

Nodal clustering coefficient

We found that the CSF+/PET− subjects showed clustering
decreases in the bilateral supramarginal and right lateral
occipital gyri (Fig. 4, Supplementary Table 2) compared to the
CSF−/PET− group.

The comparison of the early and later Aβ accumulation
groups showed clustering increases in the left pericalcarine
gyrus in the CSF+/PET+ group compared to the CSF+/PET− sub-
jects (Fig. 4, Supplementary Table 3).

Modularity Analysis

We identified 2 modules in the CSF−PET−, CSF+PET− and CSF+
PET+ groups (Fig. 5). For a full list of the regions that belong to
each module, see Supplementary Table 4.

In the CSF−PET− group, Module I included medial brain
areas such as the medial orbitofrontal gyrus, rostral anterior
cingulate, caudal anterior cingulate, posterior cingulate, isth-
mus cingulate, and precuneus.

In the CSF+PET− group, Module I included the previous
brain areas in addition to a few temporal and parietal regions
such as the superior temporal, transverse temporal, and supra-
marginal gyri.

In the CSF+PET+ group, Module I also included the same
medial brain areas in addition to several frontal and parietal
regions such as the rostral middle frontal, lateral orbitofrontal,
superior parietal, and inferior parietal gyri.

Module II was mainly composed of lateral occipital and lat-
eral temporal regions in all groups. In addition, it also included
lateral frontal regions in the CSF−PET− and CSF+PET− groups.

Table 1. Characteristics of the sample.

CSF−/PET−
(n = 291)

CSF+/PET−
(n = 81)

CSF−/PET+
(n = 7)

CSF+/PET+
(n = 272)

CSF−/PET−
vs
CSF+/PET−
(p value)

CSF−/PET−
vs
CSF−/PET+
(p value)

CSF−/-PET
− vs
CSF+/PET+
(p value)

CSF+/PET−
vs
CSF+/PET+
(p value)

Age (years) 71.2 (55.5–89.6) 71.7 (55.0–91.4) 75.3 (67.8–88.3) 74.3 (55.0–87.8) 0.598 0.119 <0.001 0.003
Sex (m/f) 144/147 37/44 5/2 130/142 0.544 0.255 0.688 0.688
Education (years) 17 (8–20) 17.0 (12–20) 15.4 (12–20) 16 (10–20) 0.332 0.248 0.036 0.019
CN/SMC/EMCI/

LMCI
96/49/110/36 30/9/28/14 2/5/0/0 42/18/107/105 0.398 0.262 <0.001 <0.001

MMSE 29 (24–30) 29 (24–30) 27.1 (23–30) 28 (21–30) 0.628 0.091 <0.001 0.001
APOE ɛ4 (%) 18.6% 48.1% 28.6% 63.6% <0.001 0.487 <0.001 <0.001
CSF Aβ42 (ng/L) 230.4 (192.1–321.5) 167.4 (99.2–191.1) 209.2 (193.2–236.7) 135.2 (84.7–189.6) <0.001 0.009 <0.001 <0.001
Global 18F-

florbetapir PET
SUVR

0.73 (0.6–0.9) 0.79 (0.7–0.9) 0.92 (0.9–1.0) 1.14 (0.9–1.5) <0.001 <0.001 <0.001 <0.001

Values represent medians followed by range, unless otherwise specified. Differences between groups were assessed using Mann–Whitney U or Chi-squared tests. CSF−/PET−, sub-
jects with normal CSF Aβ42 and 18 F-florbetapir PET; CSF+/PET−, subjects with abnormal CSF Aβ42 and normal 18 F-florbetapir PET; CSF−/PET+, subjects with normal CSF Aβ42 and

abnormal 18 F-florbetapir PET; CSF+/PET+, subjects with abnormal CSF Aβ42 and 18 F-florbetapir PET.

Figure 2. Differences between groups in the nodal degree. The regions show-

ing significant nodal degree increases are colored in orange, whereas the

regions showing nodal degree decreases are colored in blue. These regions are

listed in Supplementary Tables 2 and Table 3. Larger nodes indicate greater

differences between groups. CSF−/PET−, subjects with normal CSF Aβ42 and
18F-florbetapir PET; CSF+/PET−, subjects with abnormal CSF Aβ42 and normal
18F-florbetapir PET; CSF+/PET+, subjects with abnormal CSF Aβ42 and 18F-florbetapir

PET.
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Discussion
In this study, we assessed the organization of amyloid net-
works in nondemented individuals with abnormal early and
late markers of Aβ pathology. Our findings showed an associa-
tion between the very early accumulation of Aβ fibrils with an

increased covariance and shorter paths between several brain
areas that overlapped with the DMN. Moreover, we found that
nondemented individuals with more advanced amyloid pathol-
ogy showed changes both within and outside the DMN com-
pared to early amyloid accumulators. Altogether, these findings
suggest that the pattern of network changes is different in the
earliest and later stages of Aβ pathology and could potentially
be used to assess disease progression in the predementia
stages of AD.

The hypothesis that Aβ has a causal role in the pathogenesis
of AD has received support from different lines of evidence,
including the early accumulation of amyloid in the brain in
people who go on to develop sporadic AD (Palop and Mucke
2016). This amyloid accumulation starts with the formation of
non-fibrillar Aβ species, which results in decreased CSF Aβ42
levels but cannot be detected with amyloid PET (Fagan et al.
2009; Morris et al. 2010). Only when these non-fibrillar Aβ spe-
cies become fibrillar and form neuritic plaques, amyloid PET
scans become abnormal, but not earlier in the disease process
(Mathis et al. 2012).

In the current study, we found that a group of nondemented
subjects presented lowered CSF Aβ42 levels but normal amyloid
PET, consistent with previous findings showing that an earlier
stage of Aβ accumulation may be present in the course of AD.
These individuals (CSF+/PET−) showed network abnormalities
that were mainly characterized by an increased nodal degree
and higher global efficiency. The nodal degree increases were
observed in the anterior cingulate, posterior cingulate, medial
orbitofrontal gyri, and parahippocampus. The global efficiency
increases were observed in the previous brain areas in addition
to the precuneus, hippocampus, isthmus cingulate, lateral fron-
tal, and parietal regions. Altogether, these regions appear to
overlap with a set of heteromodal high-order association areas
that belong to the DMN (Raichle et al. 2001; Greicius et al. 2004),
in line with our initial hypothesis.

In contrast to the nodal degree and global efficiency, the clus-
tering coefficient showed relatively few changes in CSF+PET−
individuals. In the amyloid network, increases in nodal net-
work measures occur when regions that are affected by Aβ
pathology to a similar extent co-vary with each other (nodal
degree), have shorter network paths (global efficiency), or form
clusters with nearby areas (nodal clustering coefficient). The
fact that more prominent changes were found in the degree
and global efficiency in early Aβ accumulators (CSF+PET− sub-
jects) could have a biological interpretation related to the DMN,
where most of our results were observed. Previous findings
have shown that many regions of the DMN have a higher num-
ber of connections compared to other brain areas, especially
those located along the parasagittal line, such as the medial
prefrontal cortex and precuneus (van den Heuvel and Sporns
2013). In addition, the regions that belong to the DMN are rela-
tively far away from each other compared with regions that
belong to other networks, such as the precentral and postcen-
tral areas of the sensorimotor network. This implies that short
paths exist between the distant regions of the DMN; otherwise
they would not be able to efficiently communicate with each
other. Thus, the high number of connections and short network
paths that characterize the regions of the DMN make them
ideal candidates as epicenters of the brain through which dis-
ease proteins may initially spread to other areas (Zhou et al.
2012). Our results provide support to this assumption since we
found a higher degree and global efficiency between the regions
of the amyloid network that overlapped with the regions of the
DMN. The relatively few changes we found in the clustering

Figure 3. Differences between groups in the global efficiency. The regions showing

significant global efficiency increases are colored in orange, whereas the regions

showing nodal degree decreases are colored in blue. These regions are listed in

Supplementary Tables 2 and Table 3. Larger nodes indicate greater differences

between groups. CSF−/PET−, subjects with normal CSF Aβ42 and 18F-florbetapir

PET; CSF+/PET−, subjects with abnormal CSF Aβ42 and normal 18F-florbetapir PET;

CSF+/PET+, subjects with abnormal CSF Aβ42 and 18F-florbetapir PET.

Figure 4. Differences between groups in the nodal clustering coefficient. The

regions showing significant nodal clustering coefficient increases are colored in

orange, whereas the regions showing nodal degree decreases are colored in

blue. These regions are listed in Supplementary Tables 2 and 3. Larger nodes

indicate greater differences between groups. CSF−/PET−, subjects with normal

CSF Aβ42 and 18F-florbetapir PET; CSF+/PET−, subjects with abnormal CSF Aβ42
and normal 18F-florbetapir PET; CSF+/PET+, subjects with abnormal CSF Aβ42
and 18F-florbetapir PET.
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coefficient fit well with this view and with the findings of a
recent study (Sepulcre et al. 2016) suggesting that early Aβ
deposits may not affect local neighboring areas (clustering) to
the same extent as distant brain regions (global efficiency) in
early stages of amyloid accumulation.

When the early Aβ accumulators (CSF+/PET− subjects) were
compared to the more advanced Aβ accumulators (CSF+/PET+
subjects), we found again significant differences in the nodal
degree and global efficiency in addition to one change in the
nodal clustering. These differences were characterized by
increases in network measures in the parahippocampal gyri
and hippocampus in the CSF+/PET− group and increases in
occipital areas such as the left pericalcarine gyrus and cuneus
in the CSF+/PET+ group. The increases observed in the para-
hipppocampal gyri and hippocampus in CSF+/PET− subjects
are in line with previous evidence suggesting that Aβ may ini-
tially expand from these brain areas to other brain regions at
very early stages of amyloid accumulation (Sepulcre et al.
2013). These areas may make an essential contribution to the
neurodegeneration process first by intraneuronally accumulat-
ing neurofibrillary tangles and second by extraneuronally
inducing amyloid deposition in its synaptic terminals of pro-
jecting neurons (Pearson and Powell 1989). Hence, they might
be useful to distinguish early and late stages of amyloid bur-
den. The increases we observed in occipital areas in CSF+/PET+
subjects suggest that areas falling outside the DMN might sig-
nal the spread of connectivity abnormalities to other neocorti-
cal regions, reflecting the progression of the disease in later
amyloid stages.

The resolution of the PET scans that were used to build the
amyloid networks in the current study did not allow contrast-
ing our findings directly with the stages of amyloid deposition
or neurofibrillary tangles provided by Braak and Braak (1991)
since these include very small brain structures such as the
basal forebrain nuclei, substantia nigra or hippocampal sub-
fields. However, in general, we found that the early Aβ accumu-
lators (CSF+/PET− subjects) showed network changes
consistent with the intermediate amyloid stages proposed by
Braak and Braak (1991), in which pathological abnormalities are
found in almost all neocortical association areas. In addition,
the late Aβ accumulators (CSF+/PET+ subjects) showed network
changes that were in line with late amyloid stages (Braak and
Braak 1991), in which amyloid deposits spread from the previ-
ous areas to primary sensory and motor regions such as the
pericalcarine and paracentral gyrus (Supplementary Fig. 2 and
Supplementary Table 1). Hence, our network findings in early
and later Aβ accumulators were in line with the intermediate
and late neuropathological stages of amyloid deposits in AD

(Braak and Braak 1991). Regarding the distribution of neurofi-
brillary tangles, our findings in early and late Aβ accumulators
showed some agreement with the later stages of tau pathology,
in which tangles are found in isocortical areas (Braak and Braak
1991).

The modularity analyses carried out in the current study
revealed the existence of 2 communities of nodes in the amy-
loid networks across all groups. One of these communities
included several regions that belong to the DMN such as the
anterior cingulate, posterior cingulate and precuneus. This sub-
network was present in all groups but included additional lat-
eral temporal and parietal areas in CSF+PET− subjects as well
as additional lateral frontal and parietal areas in CSF+PET+
subjects. Previous studies have shown that regions from the
lateral temporal, parietal, and frontal lobes show increased amy-
loid deposition on PET in cognitively normal and mild cognitive
impairment subjects who have a positive amyloid scan (Pike et al.
2007; Forsberg et al. 2008). These areas, especially the ones in the
frontal lobes, show more prominent amyloid pathology in nonde-
mented subjects with cognitive deficits who later convert to AD
(Okello et al. 2009). Hence, our findings of a subnetwork that
extended from medial brain areas in CSF−PET− subjects to lateral
and more widespread brain regions in CSF+PET− and CSF+PET+
individuals is in line with previous studies showing the regional
spread of amyloid pathology with progression to AD.

Although the amyloid cascade hypothesis, which posits that
Aβ accumulation is the key event leading to neurodegeneration
(Jack et al. 2010), has dominated the AD field for the past years
(Chetelat 2013), a few studies have highlighted inconsistencies
with the linear structure of this hypothesis. For instance,
Knopman et al. (2013) showed that the initial appearance of
neurodegeneration markers in cognitively normal individuals
may be independent of amyloid pathology. Moreover, subjects
carrying the APOE e4 allele, who are at increased risk of devel-
oping sporadic AD, can show Aβ-independent reduced glucose
metabolism (Jagust and Landau 2012). Although these findings
are not in line with the amyloid cascade hypothesis, there is
strong evidence showing that individuals with amyloidosis
present a greater risk of developing AD and show AD-related
brain abnormalities (Pike et al. 2007; Okello et al. 2009;
Vlassenko et al. 2011; Landau et al. 2012; Musiek and Holtzman
2015). The network changes we observed in the areas of the
DMN in CSF+PET− and CSF+PET+ subjects provide further sup-
port to the role of amyloid in AD as the DMN is typically dis-
rupted in these patients (Buckner et al. 2005, 2009).

Despite the value of our study in characterizing disease pro-
gression, a few limitations should be recognized. First of all,
although partial volume corrections were carried out, we

Figure 5. Brain modules in the different groups. We identified two modules in each group. For a full list of regions that belonged to each module, see Supplementary

Table 4. CSF−/PET−, subjects with normal CSF Aβ42 and 18F-florbetapir PET; CSF+/PET−, subjects with abnormal CSF Aβ42 and normal 18F-florbetapir PET; CSF+/PET+,

subjects with abnormal CSF Aβ42 and 18F-florbetapir PET.

346 | Cerebral Cortex, 2018, Vol. 28, No. 1



cannot exclude the possibility that nonspecific amyloid binding
could have influenced some of our network findings. Second,
the cross-sectional design of our study is also a limitation since
amyloid progression should be assessed by analyzing amyloid
accumulation over time. Finally, the assessment of network
topology we carried out does not allow performing correlations
with clinical measures since we did not have a network for
each subject but only a network per group. This limitation has
been previously assessed in the analysis of structural MRI net-
works by Tijms et al. (2012, 2016) and needs to be addressed in
future graph theory studies for 3D PET imaging.

In conclusion, our study assessed amyloid network topology
in individuals with abnormal CSF Aβ42 levels and normal/
abnormal amyloid PET using 3 network measures: nodal
degree, global efficiency, and clustering coefficient. The inter-
pretation of the results associated with the nodal degree was
relatively straightforward; regions with similar amyloid values
correlated with each other and showed strong co-variance. In
contrast, the interpretation of the global efficiency and cluster-
ing coefficient results in an amyloid PET network was less
straightforward. The global efficiency provides an insight on
the correlations in amyloid values between brain regions that
are far away from each other. We found that this measure was
increased in the CSF+PET− and CSF+PET+ subjects, suggesting
that distant brain regions showed similar amyloid values. On
the other hand, the nodal clustering coefficient provides an
insight on the correlations in amyloid values between brain
regions that are close to each other. We found that this mea-
sure detected fewer changes in CSF+PET− and CSF+PET+ sub-
jects, suggesting that, in general, neighboring brain regions did
not show similar amyloid values. Hence, the global efficiency
seems to be more relevant in characterizing network changes
in early and later amyloid accumulators, indicating that distant
brain areas correlate in their amyloid values and might act as
conduits of propagation of Aβ pathology. Regarding the locali-
zation of network changes, we found that subjects with early
amyloid pathology showed increases in the nodal degree and
global efficiency in regions that overlapped with the DMN. In
contrast, subjects with advanced amyloid pathology showed
changes in areas both within and outside the DMN compared
to early Aβ accumulators. Altogether, our findings contribute to
an increased understanding on the mechanisms of Aβ pathol-
ogy and could provide a novel approach for the early detection
of the predementia stages of AD.

Supplementary Material
Supplementary data is available at Cerebral Cortex online.
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