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Alzheimer's disease is a neurodegenerative disease that is associated with the abnormal accumulation of amyloid-g. Much is
known about regional brain atrophy in Alzheimer's disease, yet our knowledge about the network nature of Alzheimer's disease-
associated amyloid-p accumulation is limited. We use stepwise connectivity analysis of Pittsburgh Compound B positron
emission tomography images to reveal the network properties of amyloid-p deposits in normal elderly subjects and clinical
patients with Alzheimer's disease. We found that amyloid-p accumulation in the medial temporal lobe is associated with
accumulation in cortical regions such as orbitofrontal, lateral temporal and precuneus/posterior cingulate cortices in
Alzheimer's disease. In normal subjects, there was a predominant association between amyloid-p deposits in the hippocampus
and the midline prefrontal/orbitofrontal regions, even in those with very low amyloid-p burden. Moreover, the orbitofrontal
cortex, amygdala nucleus and hippocampus exhibit hub properties in the amyloid-f network that may be critical to understand-
ing the putative spreading mechanisms of Alzheimer's disease pathology in early stages.
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Introduction

Alzheimer's disease is a devastating neurological illness character-
ized by misfolded proteins that progressively accumulate as
intracellular neurofibrillary tangles (Mann, 1985; Arnold et al.,
1991; Braak and Braak, 1991a, b) and insoluble self-aggregating

amyloid-p in extracellular space (Ogomori et al., 1989; Braak and
Braak, 1991b; Mattson, 2004; Walsh and Selkoe, 2004; Selkoe,
2006; Ikonomovic et al., 2008; Hyman et al., 2012). The brain
neurofibrillary tangle and amyloid-B deposits are not randomly
distributed but have characteristic spatial patterns (Hyman et al.,
1984; Lewis et al., 1987; Braak et al., 1989, 2006; Kalus et al.,
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1989; Arnold et al., 1991; Braak and Braak, 1991b; Thal et al.,
2002). For instance, in early stages of the evolution of Alzheimer's
disease pathology neurofibrillary tangles are frequently located in
the trans-entorhinal cortex, and amyloid-B in neocortical regions,
particularly in basal regions of temporal and frontal lobe (Braak
and Braak, 1991b; Thal et al., 2002; Braak et al., 2006). When
Alzheimer's disease is well established, both neuropathology land-
marks largely affect a set of distinctive brain regions now con-
sidered to be cortical hubs, which include the default mode
network (Buckner et al., 2009; Sepulcre et al., 2010).

During the past decades, Alzheimer's disease research has par-
ticularly focused on describing the early stages of the disease with
the hope of implementing preventive treatments with disease-
modifying agents. The introduction of molecular imaging tech-
niques such as PET with Pittsburgh compound B (PIB-PET) has
facilitated early detection by allowing the in vivo visualization of
brain amyloid-B deposition (Klunk et al., 2001, 2004; Bacskai
et al., 2003; Nordberg, 2004). However, PIB-PET imaging, as
well as previous pathological studies, have also brought new chal-
lenges. For instance, large numbers of elderly cognitively normal
subjects have significant amyloid-p deposits detected by PIB-PET
(10-50%) (Lopresti et al., 2005; Mintun et al., 2006; Kemppainen
et al., 2007; Rowe et al., 2007; Forsberg et al., 2008; Gomperts
et al., 2008; Rentz et al., 2010) suggesting an early onset and
continuous nature of the pathology (Vlassenko et al., 2011).
Another challenge is that although Alzheimer's disease has been
recognized as a disorder of large-scale brain systems, it has often
been studied by focusing on a single vulnerable region (or multiple
unrelated regions). The reason for regional focus in such studies
was, in part, an issue of practicality; however, it also has to do
with the limitations of techniques for surveying distributed brain
systems. This outlook has changed in recent years. For instance,
with the development of functional and structural connectivity
MRI and graph theory based methods we now know that,
rather than appearing in functionally unrelated regions, neurode-
generation in Alzheimer's disease occurs within the boundaries of
well-known functional/structural connectivity networks (Gusnard
and Raichle, 2001; Greicius et al., 2004; Greicius, 2008; Buckner
et al., 2009; Seeley et al., 2009; Zhou et al., 2012).

Other evidence that supports the idea of Alzheimer's disease as
a network pathology is the ‘synaptic excitatory toxicity hypothesis'
(Mackenzie and Miller, 1994; Gouras et al., 1997; Palop et al.,
2006; Palop and Mucke, 2010). This hypothesis states that neural
damage can be the result of the over-activation of N-methyl-p-
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aspartic acid receptors by glutamate at the synaptic level.
Consequently, interconnected regions with high basal metabolism,
and presumably high excitatory synaptic activity, could be the
target for a progressive neurodegenerative cascade. It has been
demonstrated in experimental settings that the processing of
amyloid precursor protein and increasing of amyloid peptides in
the extracellular space depends on synaptic activity (Nitsch et al.,
1993; Kamenetz et al., 2003; Cirrito et al., 2005; Selkoe, 2006;
Brody et al., 2008; Bero et al., 2011). In this sense, the overlap
between functionally highly connected cortical hubs and amyloid-
B deposits, as well as regions with elevated aerobic glycolysis me-
tabolism, suggest that continuously sustained activity may lead to
consecutive activity-dependent neurodegeneration (Hardy, 1992;
Hardy and Higgins, 1992; Mintun et al., 2006; Selkoe, 2006; Bero
et al., 2012).

In this study, we aim to investigate the in vivo amyloid-f spatial
co-variation patterns during normal ageing to understand the
distributed systems affected in preclinical stages of Alzheimer's
disease. We postulate that amyloid-p deposits are not independent
between specific regions, even when they are far away, reflecting
the neurodegeneration influence of interconnected neurons at the
network level. More specifically, we think that it is the regional
co-variation rather than the total amount of amyloid-p accumula-
tion—known to be relatively sparse in some regions of the medial
temporal lobe—that will elucidate pathological features of
Alzheimer's disease genesis. In other words, we hypothesize that
the amyloid-B co-variation between pathological deposits in the
medial temporal lobe and other parts of the brain will reveal the
early stages of the amyloid-B network. We use graph theory tech-
niques and in vivo PIB-PET imaging to characterize the spatial
associations, stepwise connectivity and network stages of amyl-
oid-B brain deposits in the ageing brain.

Materials and methods

Participants

Table 1 shows the demographics of elderly subjects and the partici-
pants with Alzheimer's disease. Forty cognitively normal older adults
and 30 patients with Alzheimer's disease were included in the primary
analysis of the study. Participants were recruited from ongoing neu-
roimaging longitudinal studies in ageing and during screening for de-
mentia clinical trials at the Massachusetts General and Brigham and

Alzhemier's disease

Elderly control subjects Elderly control subjects low

PIB
Sample size 30 (13 male) 40 (14 male) 20 (6 male)
Mean age, years (SD) 73.03 (7.99) 76.15 (8.04) 73.47 (9.38)
Mean education, years (SD) 17.5 (1) 16.24 (2.88) 16.5 (3.22)
Mean MMSE (SD) 25 (1.63) 29.05 (1.1) 28.83 (1.33)
Mean CDR 1 0 0
PIB —/+ 0/30 20/20 20

MMSE = Mini-Mental State Examination; CDR = clinical dementia rating; PIB —/ + = elderly control subjects with mean cortical PIB distribution volume ratio <1.150or >1.1.
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Women's Hospitals. All elderly controls and participants with
Alzheimer's disease were studied using protocols and informed consent
procedures approved by the Partners Human Research Committee.
Inclusion as a cognitively normal elderly subject required a normal
neurological examination, a clinical dementia rating (Hughes et al.,
1982; Morris, 1993) scale score of 0, a Mini-Mental State
Examination >27 and performance within 1.5 SD on age and educa-
tion-adjusted norms on cognitive testing (Becker et al., 2011).
Moreover, none of the cognitively normal elderly participants had
any notable medical or neuropsychiatric illness, and none had a history
of alcoholism, drug abuse, or head trauma, or a family history of
autosomal dominant Alzheimer's disease. All participants with
Alzheimer's disease were Clinical Dementia Rating scale =1 and satis-
fied criteria for a clinical diagnosis of probable Alzheimer's disease
according to the National Institute of Neurological and
Communicative Disorders and Stroke/Alzheimer's Disease and
Related Disorders Association criteria (McKhann et al., 1984). Elderly
controls and Alzheimer's disease subjects underwent a standard bat-
tery of neuropsychological tests (Becker et al., 2011). In addition to
the primary analysis of neuroimaging data, 20 subjects of the elderly
controls sample, classified as low amyloid-f burden subjects (see below
for details), were analysed 1 year after their recruitment (~10-13
months).

We further validated that PIB network follows functional pathways
by using a functional connectivity MRI data set from 100 normal
young control subjects (mean age = 21.3 years, 37 male). Young con-
trol subjects were obtained from a neuroimaging collaborative effort
across multiple laboratories at Harvard and at the Massachusetts
General Hospital (Yeo et al., 2011). These subjects met the following
criteria: their functional MRI data exhibited a signal-to-noise ratio
>100, no artefacts were detected in the magnetic resonance data,
the subjects had no self-reported neurological and psychiatric disease
and psychoactive medication history. All young control participants
provided written informed consent in accordance with the
Declaration of Helsinki and guidelines set by institutional review
boards of Harvard University or Partners Healthcare.

Finally, two more data sets were included in the study in order to
replicate our findings. First, we analysed 20 new subjects with
Alzheimer's disease to assess the potential influence of volume atrophy
in our approach (mean age=71.32 years, eight male, Clinical
Dementia Rating scale =1). We also analysed an independent data
set of 20 elderly PIB-negative control subjects (mean age =71.23
years, eight male). These new subjects were also recruited from
ongoing neuroimaging longitudinal studies at the Massachusetts
General and Brigham and Women's Hospitals and this recruitment
followed the protocols, selection criteria and informed consent proced-
ures as stated above.

Pittsburgh compound B positron

emission tomography acquisition
procedures in elderly controls and
subjects with Alzheimer's disease

We used PET with a "'C-PIB, [N-methyl ""C-2-(4-methylaminophe-
nyl)-6-hydroxybenzothiazole] imaging tracer that specifically binds to
fibrillar amyloid-B (Mathis et al., 2002; Bacskai et al., 2003).
Procedures for PIB-PET imaging have been described previously
(Mathis et al., 2003; Klunk et al., 2004; Johnson et al., 2007); data
were acquired at Massachusetts General Hospital on a Siemens/CTlI
ECAT PET HR scanner. Following a transmission scan, 10-15 mCi
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"C-PIB was injected intravenously as a bolus and followed immedi-
ately by a 60-min dynamic PET scan in 3D mode (63 image planes,
15.2 cm axial field of view, 5.6 mm transaxial resolution and 2.4 mm
slice interval; 69 frames: 12 x 155, 57 x 605s). PIB retention was ex-
pressed as the distribution volume ratio at each voxel, applying
Logan's graphical method with time-activity data acquired over
60 min after tracer injection (Lopresti et al., 2005; Mintun et al.,
2006; Johnson et al., 2007) and using the cerebellar cortex as refer-
ence region (Logan et al., 1990). Participants were classified as PIB-
negative—also referred here as low amyloid burden—and PIB-positive
subjects by using the average PIB distribution volume ratio intensity in
frontal, lateral parietal and lateral temporal, and retrosplenial cortices
(the FLR region) (Hedden et al., 2009). Mean FLR distribution volume
ratio <1.15 was used as cut-off for PIB-negative classification.
Corrections for non-uniformity of detector response, dead time,
random coincidences, scattered radiation and attenuation were per-
formed (Hedden et al., 2009). In addition, each subject's PIB-PET
data were spatially normalized to the MNI atlas space and smoothed
with a Gaussian filter (8-mm full-width at half-maximum) using
Statistical Parametric Mapping (SPM2; Wellcome Department of
Cognitive Neurology). For computational efficiency we down-sampled
all PIB neuroimaging data to 8 mm isotropic voxels. Finally, as part of
the imaging protocol we acquired high-resolution MRI images from all
participants using magnetization-prepared rapid gradient-echo
(MPRAGE) images as described in Hedden et al. (2009).

Functional connectivity acquisition
procedures in young control participants

Image acquisition was performed on a 3 T Tim Trio system (Siemens)
using a 12-channel phased-array head coil with a functional gradient-
echo echo-planar pulse sequence sensitive to blood oxygen level-de-
pendent contrast (repetition time =2500 ms, echo time =30 ms, flip
angle =90°, 3.0 mm isotropic voxels, 148 time points). An optimized
functional connectivity MRI protocol (Van Dijk et al., 2010), extending
from the approach developed by Biswal et al. (1995) was used in the
preprocessing steps. The first four volumes were removed to allow for
T4-equilibration effects, followed by compensation of systematic, slice-
dependent time shifts, motion correction and normalization to the atlas
space of the MNI (SPM2, Wellcome Department of Cognitive
Neurology, London, UK). Temporal filtering removed constant offsets
and linear trends over each run while retaining frequencies <0.08 Hz.
Several sources of spurious or regionally non-specific variance were
removed by regression of nuisance variables including: six parameter
rigid body head motion (obtained from motion correction), signal aver-
aged over the whole brain, signal averaged over the lateral ventricles,
and signal averaged over a region centred in the deep cerebral white
matter (Biswal et al., 1995; Birn et al., 2006; Van Dijk et al., 2010).
Finally, for computational efficiency we down-sampled all functional
connectivity MRI neuroimaging data to 8 mm isotropic voxels.

Stepwise connectivity analysis

Stepwise connectivity analysis is a graph theory-based method that
complements neuroimaging conventional connectivity approaches by
detecting not only direct spatial correlations between brain regions but
also multistep associations between a given region and the rest of the
brain through relay stations (Sepulcre et al., 2012b). In this sense,
stepwise connectivity facilitates a more comprehensive description of
the spatial regional associations, for example in the amyloid network.
Before the stepwise connectivity network analysis, we performed the
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following steps using the PIB distribution volume ratio maps: (i) to
compute the group-based correlations, we first extracted each individ-
ual subject's image data within a whole brain mask (3329 voxels),
vectorized these data and stacked them up into a 'PIB intensity’
matrix where the rows represented the voxels and the columns cor-
responded to subjects (Fig. 1A); (ii) next, we computed the Pearson R,
or product-moment correlation coefficient between each voxel pair,
which yielded a 3329 x 3329 'PIB association matrix’, where only
positive correlations were saved; (i) we built the group-specific
whole-brain networks using a false discovery rate (FDR; Benjamini
and Hochberg, 1995) correction at 0.001 level to control for the
rate of false positives in the final group-specific network adjacency
matrices (Fig. 1B). Therefore, only FDR corrected correlations were
included in the final analysis; and (iv) we binarized the resulting matri-
ces to obtain undirected and unweighted data that served as input
data for the stepwise connectivity analysis.

An additional analysis was performed to check the potential influ-
ence of volume atrophy in our approach. We used SPM2 (Wellcome

Pipeline Approach:
From Amyloid Maps to Association Matrix
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Department of Cognitive Neurology) to compute a spatial normaliza-
tion and segmentation of the individual high-resolution MPRAGE MRI
sequences using the voxel-based morphometry protocol. We then
computed the partial correlations (P < 0.001) between the 'PIB inten-
sity’ values of each voxel, while controlling for the grey matter
concentration values at the corresponding voxel pair computed by
SPM2. Finally, the stepwise connectivity analysis with atrophy correc-
tion followed the same steps as the original stepwise connectivity
analysis that did not correct for atrophy.

A similar protocol was performed for the functional connectivity MRI
data in the young control sample but instead of the 'PIB association
matrix’, a subject level functional connectivity matrix was obtained
from resting state blood oxygen level-dependent series (functional
connectivity MRI association matrix).

Stepwise connectivity analysis aims to characterize regions that
connect to specific target areas at different levels of ‘link-step’ dis-
tances (e.g. Fig. 1Ba and Bc) (Sepulcre et al., 2012b). In our frame-
work, a step refers to the number of links that belong to a path
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Figure 1 Stepwise connectivity method in PIB-PET images. (A) Main steps of the pipeline approach of the study, from conventional PIB
images to association matrix. "'C-PIB PET images, transformed to distribution volume ratio maps (DVR), were used to obtain group-level
intensity matrices (voxels x subjects). Later, group-specific association matrices were calculated by applying the Pearson R correlation
coefficient between all pair of voxels. Finally, we use the association matrices to achieve FDR corrected adjacency matrices and build the
specific graphs for each study group. (B) Simplified diagram of the stepwise connectivity (SC) method [figure partially adapted from
Sepulcre et al. (2012b)]. Stepwise connectivity analysis takes advantage of the whole connectivity association matrix and analyses the
connectivity patterns of target regions using a wide range of link-step distances. Briefly, from any node (j; red nodes) in the brain, we
compute the number of pathways that connect to a voxel in an a priori target node (i; blue node) with a particular number of links /
(D; where | is the specific link-step distance). In the ‘One Link-Step’ case, only direct connections to the target are considered (small
arrows in Ba). In higher order step distances, connectivity patterns beyond direct connections are obtained (Bb and c). Note that for
schematic purposes only one target voxel-node (blue colour) is displayed in Ba—c.
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connecting a node to the target area. The degree of stepwise con-
nectivity of a voxel j for a given step distance / (D,-,-/ in Fig. 1B) is
computed from the count of all paths that: (i) connect voxel j to any
voxel in target area i; and (ii) have an exact length of /.

Therefore in the stepwise connectivity analysis of specific targets,
the value D;/ of a brain voxel represents the sum of the number of
pathways between that voxel and any of the voxels in the target
region in a given link-step distance. Note also that in stepwise con-
nectivity analysis there is no discrimination between the contributions
of local and long-range connections since physical distances play no
role in the computations.

In this study, we were interested in the spatial correlations between
the medial temporal lobe, specifically hippocampal formation and
parahippocampal gyrus (HFPG), and the rest of the brain, and in
particular the core of the default mode network, namely the poster-
ior cingulate cortex. It has been suggested that interactions between
distant brain systems, such as the medial temporal structures and
the cingulate cortex, may be the key factor to conceptualizing the
conversion from MCI to Alzheimer's disease stages (Tosun et al.,
2011). HFPG and posterior cingulate cortex are key regions that
exhibit early and profound neurodegeneration in Alzheimer's dis-
ease and we selected them as representing the medial temporal and
the distributed brain degeneration, respectively. We selected a
priori Anatomical Automatic Labeling regions of interest (Tzourio-
Mazoyer et al., 2002) as target areas. Although left and right
regions of interest were used in the analyses of the study,
we observed no salient lateralization in our results and thus only left
hemisphere results from left regions of interest are presented to avoid
redundancy.

We note that since no directionality information is presentin the (PIB or
functional connectivity MRI) association matrix data, we decided not to
impose any restrictions about recurrent pathways crossing the target re-
gions multiple times in the stepwise connectivity analyses. On the other
hand, an important aspect of the stepwise connectivity approach is that
the interpretation of the number of link-steps depends heavily on the
resolution of the images. Therefore, we explored a wide range of link-
step distances in order to characterize the stability of the derived maps. As
seen in Supplementary Fig. 1, the PIB-related stepwise connectivity pat-
terns are topographically stable after three to four link-steps. The cortical
map of this final stable state collapses onto regions previously described
as the cortical hubs of the human brain (Buckner et al., 2009; Sepulcre
etal., 2010). Therefore, in the ‘Results’ section we only show maps up to
three steps. Finally, similar to the usage of functional connectivity in
resting state functional MRI, we adopt the term ‘amyloid network con-
nectivity' or connectivity in general to refer to the degree of association
(reflected in stepwise connectivity patterns) between the amyloid load of
distinct brain regions; and not as a direct structural or axonal connectivity
concept.

The statistical assessment of the 1-year longitudinal stepwise con-
nectivity changes of HFPG in the 20 elderly controls with low amyloid-
B burden was carried out using a permutation test. We obtained the
null hypothesis distribution for comparing the stepwise connectivity
baseline and follow-up differences by randomly swapping the tem-
poral ordering of the scans and creating 10000 simulated data sets.
We then computed the adjacency matrix for each data set and
repeated the stepwise connectivity analysis for these simulated ‘base-
line" and "1 year follow-up' scans, separately. Next, we computed the
longitudinal difference between stepwise connectivity measures by
subtracting the ‘1-year follow-up’ values from the ‘baseline’ values.
These differences were finally compared with the actual differences
obtained with the true baseline versus follow-up data sets to obtain
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a permutation P-value for each measure (significance level permuta-
tion P < 0.05 are reported).

Interconnectors between target areas

Stepwise connectivity analysis allows us to explore the main streams
of connectivity between a target region and the rest of the brain.
A complementary method to this approach is what we call the inter-
connector analysis, which aims to characterize the relationship
between two target regions of interest (Sepulcre et al., 2012b).
Here, we are interested in using this approach to capture the direct
interconnectors between pairs of regions, such as HFPG and posterior
cingulate cortex.

First, we detect interconnector voxels (nodes), which are the
voxels that have direct connectivity, i.e. connectivity at one link-
step, to multiple target regions. Then, we compute the degree of
connectivity of a given interconnector node, by summing the total
number of paths to the target nodes. In summary, this interconnector
analysis strategy provides direct information about the interface
regions that bond together two target regions in the brain (Sepulcre
et al., 2012b).

Degree centrality (network hubs)

Degree centrality, a classical graph theoretic measure, is defined
for each node (voxel) as the total number of its links to the rest of
the nodes in the graph. Degree centrality quantifies ‘network hubs'
and has been used to reveal cortical hubs based on resting state
functional connectivity MRI data (Buckner et al., 2009; Sepulcre
et al., 2010). In this work, we used the degree centrality method to
further identify the network hubs of the graph in the elderly controls
with low amyloid-f burden. Note that degree centrality relates to the
number of connections of a node to the rest of the network nodes,
while the stepwise connectivity degree of connectivity at 1-step dis-
tance measures the number of connections between all nodes in a
given region of interest and the rest of the network nodes.
Therefore, both metrics share similarities but represent different
pieces of information.

Visualization

As a final step, all resulting maps were projected onto the cere-
bral hemispheres of the PALS surface (PALS-B12) provided
with Caret software (Van Essen and Dierker, 2007) using the
‘enclosing voxel algorithm' and ‘multi-fiducial mapping’ settings. To
aid visualization across different link-step conditions, all surface step-
wise connectivity images were displayed using a normalized colour
scale from O to 1, where 0 is the intensity corresponding to z-score
equal to zero and 1 is the maximum z-score in the image. We used
Pajek software (de Nooy et al., 2005) and Kamada-Kawai energy
layout (Kamada and Kawai, 1989) for the network graph display in
Fig. 4. The Kamada-Kawai algorithm is a force layout method based
on a network energy procedure that arranges the nodes in a network
by minimizing the length and crossing of links. It assigns forces in
the links and nodes of the network and finds the optimal lengths
and positions of them. We visually represented degree centrality
(degree of connectivity) by plotting regions with higher values as
larger nodes.
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Results

Amyloid-p deposition in the medial
temporal lobe and distributed regions
of the cortex are correlated in
Alzheimer's disease

Our stepwise connectivity analysis of HFPG in Alzheimer's disease
reveals strong direct correlations with three distributed cortical
regions: orbitofrontal, anterior-lateral temporal and precuneus/
posterior cingulate cortex cortices (one link-step map to HFPG;
Fig. 2Aa—c). Amyloid-B deposit in HFPG is also directly associated
with amyloid-fB all along the contralateral HFPG (detailed inset
in Fig. 2A). Interestingly, the pattern of stepwise connectivity
highlights the orbitofrontal, lateral temporal and precuneus regions

A Alzheimer’s disease
Medial Temporal Lobe

One Link-Step

Medial

C Young Controls
Medial Temporal Lobe

Two Link-Steps

Medial
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in the next steps (two link-step map to HFPG; Fig. 2Ad-f) to
finally reach a stable topology in which the midline prefrontal
and large lateral prefrontal areas dominate the connectivity land-
scape (three link-step map to HFPG and beyond; Fig. 2Ag; and
Supplementary Fig. 1). Stepwise connectivity maps with and with-
out atrophy correction generate similar results in an independent
data set (Supplementary Fig. 2).

To further examine the amyloid-p associations between
HFPG and distributed cortical systems commonly affected
in Alzheimer's disease, we used a network interconnector ana-
lysis that captures the direct links between HFPG and posterior
cingulate cortex. Similar to the previous stepwise connectivity
results, this analysis shows that there are mainly three regions
that are placed inbetween HFPG and posterior cingulate cor-
tex, in terms of amyloid-B accumulation (white circles nodes
in Fig. 2B).

B Alzheimer’s disease
Medial Temporal Lobe & PCC

Three Link-Steps

Interconnectors

PIB Maps

D Young Controls
Medial Temporal Lobe & PCC

Figure 2 Stepwise connectivity analysis of medial temporal lobe and interconnector analysis of medial temporal lobe and posterior
cingulate cortex in PIB-PET images of patients with Alzheimer’s disease (A and B) and in functional connectivity MRI images of young
controls (C and D). Inset in A shows the contralateral amyloid-B connectivity in one-step. Colour bars represent a normalized colour scale
from 0 to 1, where 0 is the intensity corresponding to z-score equal to zero and 1 is the maximum z-score.
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Finally, we performed an additional analysis to confirm that
the stepwise connectivity patterns of amyloid-B deposits follow
specific functional connectivity networks in the human brain.
In order to do so, we used stepwise connectivity analysis on
functional connectivity MRI data in a young control sample.
In agreement with the amyloid-f spatial associations obtained in
Alzheimer's disease, stepwise connectivity of functional connectiv-
ity images shows that orbitofrontal, lateral temporal and posterior
cingulate cortex regions display direct connectivity with HFPG
(one link-step map to HFPG; Fig. 2Ca—c). Subsequently, the func-
tional stepwise connectivity pattern in further steps expands to the
midline prefrontal, lateral temporal and precuneus/posterior cingu-
late cortex (two link-step map to HFPG; Fig. 2Cd-f) to finally
reach the cortical hubs of the human brain. Although topological
similarities between amyloid-p and functional connectivity maps
are striking, two major divergences arise. On one hand, the func-
tional connectivity in a large number of steps between distributed
regions and HFPG involves a hub in the lateral parietal region in
young controls (three link-step map to HFPG; Fig. 2Cg) that is
conspicuously absent in the amyloid-B map of Alzheimer's disease.
However, it is also worth noting that in the young controls, the
connectivity between the medial temporal lobe and lateral parietal
region is the least prominent among all possible pathways. On the
other hand, the ventrolateral prefrontal region of the brain seems
to be more pronounced in the amyloid-B map of patients with
Alzheimer's disease, compared to the functional connectivity
MRI maps in young controls. Similarly to the Alzheimer's disease
maps, our interconnector analysis of functional connectivity MRI
data revealed that HFPG and posterior cingulate cortex

A Elderly Controls
Medial Temporal Lobe
Stepwise One Link-Step Two Link-Steps
Connectivity -

Medial

Ventral
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connectivity is achieved through three direct functional pathways;
orbitofrontal, mid-lateral temporal and inferior precuneus/posterior
cingulate cortex cortices (white circles in Fig. 2D).

Association between amyloid-§
deposition in the medial temporal
lobe and the midline prefrontal
cortex in elderly controls

Stepwise connectivity analysis of HFPG in elderly controls reveals
noticeable topological features. We found that amyloid-p in
HFPG is preferentially associated with the midline prefrontal and
orbitofrontal areas (one link-step map to HFPG; Fig. 3Aa and b).
Compared with the Alzheimer's disease results, the association
between the medial temporal lobe and orbitofrontal/midline pre-
frontal regions is more prominent than other potential connectivity
patterns such as between medial temporal lobe and the lateral
temporal or posterior cingulate cortex areas. In this group, amyl-
oid-B deposits in HFPG are also directly associated with amyloid-f
deposits in the contralateral hippocampus but not in the parahip-
pocampus cortex (inset in Fig. 3A). The pattern of stepwise con-
nectivity continues to connect to the orbitofrontal, midline and
lateral prefrontal, lateral temporal and precuneus/posterior cingu-
late cortex (two and three link-step maps to HFPG; Fig. 3Ac-g)
areas in later steps, which conforms to a similar map as the one
obtained in the Alzheimer's disease group. In addition, the inter-
connector analysis confirms that midline prefrontal and orbitofron-
tal areas (white circle in Fig. 3B) intermediate the amyloid-p

B Elderly Controls
Medial Temporal Lobe & PCC

Three Link-Steps Interconnectors

Figure 3 Stepwise connectivity analysis of medial temporal lobe (A) and interconnector analysis of medial temporal lobe and posterior
cingulate cortex (B) in PIB-PET images of elderly controls. Inset in A shows the contralateral amyloid-f connectivity in one-step. Colour bar
represents a normalized colour scale from O to 1, where 0 is the intensity corresponding to z-score equal to zero and 1 is the maximum

Z-score.
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association between HFPG and the hubs of distributed systems
such as the posterior cingulate cortex. Cortical maps displayed in
Figs 2 and 3 use a relative threshold based on the maximal degree
of stepwise connectivity of the group in order to reveal the topo-
logical patterns of association. Therefore, it may seem that the
elderly controls have overall greater values in their stepwise con-
nectivity amyloid maps than patients with Alzheimer's disease.
However, this is not the case. When using the same absolute
z-score value threshold, the Alzheimer's disease group shows
greater values in the stepwise connectivity amyloid maps than
elderly controls (Supplementary Fig. 3).

The earliest stage of the amyloid
network in the elderly brain

To confirm that the midline prefrontal and orbitofrontal cortex are
dominant regions in early stages of the amyloid-B network, we
performed additional analyses using only elderly controls with low
amyloid-B burden. First, our stepwise connectivity analysis of
HFPG reveals direct associations with the ipsilateral (Fig. 4Aa)
and contralateral amygdala and anterior hippocampus (detailed
inset in Fig. 4A). There are no direct associations with any cortical

A Elderly Controls Low AB Burden
Medial Temporal Lobe

Longitudinal Changes in
B Elderly Controls Low AB Burden

Medial Temporal Lobe
One Link-Step
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structure (one link-step map to HFPG; Fig. 4A). In further link-step
distances (two and three link-step maps to HFPG; Fig. 4A) we
found an association between amyloid-f deposits in HFPG, amyg-
dala nucleus (Fig. 4Ab and d) and orbitofrontal cortex (Fig. 4Ac
and e), as well as a subtle association with cingulum areas
(Fig. 4Af) (see also Supplementary Fig. 4 for a replication of this
finding in an independent data set of elderly controls with low
amyloid-B burden).

Amyloid hubs and longitudinal changes

Finally, we focus our attention on the network hubs and the
longitudinal changes that occur in elderly controls with low amyl-
oid-f burden. We postulate that regions that exhibit a high degree
of spatial amyloid-f co-variation with other regions in early stages
may be related to brain mechanisms underlying amyloid-p spread-
ing. First, we study longitudinal changes in the elderly controls
with low amyloid-B burden. We found that HFPG shows signifi-
cant changes in direct spatial associations with the lateral temporal
lobes (Fig. 4Ba), precuneus and contralateral HFPG and amygdala
nucleus (Fig. 4Bb) after 1 year of follow-up. This finding suggests
that once amyloid-B accumulation has begun in the amygdala-
orbitofrontal-HFPG triplet then a more lateral and posterior brain

(o] Amyloid Network
Elderly Controls Low AB Burden
Necwork @ Amnsis Nodesof

- Lateral Temporal
Changes Precuneus Cortex

Ant. Hippocampus
Posz.

®o
Fiubs & Hippocameun

Figure 4 Stepwise connectivity analysis of medial temporal lobe (A and B) and visualization of the amyloid network (C) in elderly controls
with very low amyloid-B burden. Inset in A shows the contra-lateral amyloid-f connectivity in one-step. In the network graph (C), size of
nodes represents degree centrality values (larger nodes denote high number of connections to the rest of the network). Colour bars
represent normalized z-score scale in A; and 1 minus P-value scale in B.
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pattern of progression emerges. It is important to note that a more
conventional statistical analysis to compare the baseline and
follow-up PIB-distribution volume ratio maps (Supplementary
Fig. 5), such as a paired t-test, did not show significant differ-
ences. Second, in order to quantify the network centrality or
hub property of brain regions at the early stages of amyloid-f
pathology, we ranked all grey matter regions based on the
degree centrality value in the amyloid-f association network of
the elderly PIB-negative group. We found that the amygdala nu-
cleus and orbitofrontal cortex, and to a less extent the anterior
hippocampus, are the most important hubs of the amyloid-p as-
sociation network of the elderly PIB-negative group (Table 2).
Accordingly, these three brain regions exhibit a central position
in the graph (Fig. 4C, shows the network location of the top 20
hubs from Table 2 in different colours) and nodes that show lon-
gitudinal changes in the follow-up, such as the posterior hippo-
campus, lateral temporal, ventrolateral prefrontal or precuneus
cortices (Fig. 4B) are placed in the periphery of the graph (dark
nodes in Fig. 4C). Third, we compare the PIB-distribution volume
ratio intensity and mean degree centrality values (normalized and
non-normalized by the total amount of brain degree) in the medial
temporal lobe of the study groups. As shown in Supplementary
Fig. 6, PIB-distribution volume ratio intensity and degree centrality
reflect different types of information. For instance, elderly controls
with low amyloid-B burden have lower PIB-distribution volume
ratio intensity values compared with patients with Alzheimer's dis-
ease, but the highest normalized degree of connectivity. This sug-
gests that in early stages of amyloid deposition it may be more
relevant to study the co-variation with the medial temporal lobe
rather than its absolute PIB-distribution volume ratio intensity.

Table 2 Top degree centrality values of grey matter nodes
in the network of elderly subjects with very low amyloid-f
burden

Region MNI (x, y, 2) Degree
value
Amygdala nucleus (R) 30, 8, —10 65
Amygdala nucleus (R) 30, 0, —10 52
Orbitofrontal cortex (L) —18, 24, —18 50
Orbitofrontal cortex (L) —18, 16, —10 50
Orbitofrontal cortex (L) —10, 24, —18 48
Hippocampus (L) 34, -8, —10 44
Orbitofrontal cortex (L) -10, 32, —18 43
Amygdala nucleus (L) —26,0, —10 42
Orbitofrontal cortex (L) —18, 24, —26 40
Orbitofrontal cortex (L) —18, 32, —18 38
Amygdala nucleus (R) 22,8, —10 37
Amygdala nucleus (L) —26,8, —10 37
Orbitofrontal cortex (R) 22,16, —10 37
Orbitofrontal cortex (L) —18, 16, —18 35
Orbitofrontal cortex (R) 6,32, —18 35
Orbitofrontal cortex (L) -26, 24, —10 35
Orbitofrontal cortex (L) — 2,32, —18 33
Hippocampus (L) —34, —16, —10 33
Orbitofrontal cortex (L) —-10, 40, -2 32
Orbitofrontal cortex (L) —-10, 16, —18 31
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Discussion

Cognitively normal individuals with elevated levels of brain amyl-
oid-PB have a high risk of developing symptomatic Alzheimer's dis-
ease in the upcoming years (Morris et al., 2009; Jack et al., 2010;
Sperling et al., 2011). Several studies have shown that preclinical
stages of Alzheimer's disease, by virtue of high amyloid-p accu-
mulation, suffer from early brain functional and structural changes
that might be critical to understanding the transition to symptom-
atic forms of Alzheimer's disease-related neurodegeneration
(Hedden et al., 2009; Sperling et al., 2009, 2011; Becker et al.,
2011). However, even at very early stages of amyloid-p depos-
ition, for example in those subjects classified as amyloid-f3 negative
based on current PIB-PET standards, it is possible to detect mean-
ingful patterns of brain changes that suggest an eventual devel-
opment of Alzheimer's disease-related pathology (Villain et al.,
2012). In this sense, amyloid-B accumulation in the human brain
is not a static phenomenon but a progression, likely starting during
the asymptomatic period (Sabuncu et al., 2011, 2012; Sojkova
et al., 2011; Villemagne et al., 2011; Vlassenko et al., 2011)
and advancing along neural networks (Pearson and Powell,
1989; Seeley et al., 2009) until reaching the Alzheimer's disease
phase (Jack et al., 2009, 2010). Our findings support this view.
We studied the connectivity relationships between local brain sys-
tems such as the medial temporal lobe and distributed systems,
such as key regions of the default mode network, in order to
characterize the connectional fingerprints of neurodegeneration
and potential pathways where amyloid-B expands. We show
that amyloid-p associations between brain regions, rather than
the amyloid-p accumulation in terms of PIB-distribution volume
ratio intensity (Supplementary Fig. 5), seem to track key features
of Alzheimer's pathology. Analyses of elderly controls with low
amyloid-B burden show that there are predominant associations
between amyloid-f deposits in the medial temporal lobe, orbito-
frontal cortex and amygdala. In fact, these regions represent
the core hubs of the amyloid-B network. On the other hand, it
is the peripheral nodes of the amyloid-B network that progress
over time. These findings suggest that very early network axes
of pathology may exist (green nodes in Fig. 5) from amyloid-f3
hubs to peripheral network regions such as temporal, frontal and
parietal areas (blue nodes in Fig. 5). In this sense, our results may
provide some clues regarding where fibrillar amyloid-p starts accu-
mulating in the human brain and expands as the disease
progresses.

Alzheimer's disease is a
network disease

For several decades, it has been postulated that the pathological
changes in Alzheimer's disease affect and extend through inter-
connected neurons (Saper et al., 1987; Pearson and Powell,
1989). In other words, the pattern of distribution of neurofibrillary
tangles and neuritic plaques has pointed out that Alzheimer's dis-
ease-related brain changes are strongly associated with anatomical
interconnectivity (Pearson and Powell, 1989; Arnold et al., 1991;
Braak and Braak, 1991b). After this line of research and congruent
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Figure 5 Based on our findings from elderly control subjects with low amyloid-p accumulation, we postulate that amyloid-f initially
expands from the amygdala-orbitofrontal-hippocampal formation to the posterior medial and lateral temporal lobe and the midline and

lateral frontal lobe.

with previous observations, several recent investigations have
found that Alzheimer's disease-related neurodegeneration follows
specific functional connectivity or metabolic networks of the
human brain such as the default mode network (Seeley et al.,
2009; Villain et al., 2010; Raj et al., 2012; Zhou et al., 2012).
It is now well known that default mode network regions are pref-
erentially vulnerable to amyloid-p deposition (Klunk et al., 2004;
Buckner et al., 2008), increase of glycolysis (Vlassenko et al.,
2010) and disruption of activity and metabolism (Minoshima
et al., 1997; Lustig et al., 2003; Greicius et al., 2004). In this
sense, these studies have introduced a renewed enthusiasm
about the network nature of Alzheimer's disease, leading to a
new reformulation of the Hebbian principle that ‘not only neurons
that fire together wire together (Hebb, 1961) but also neurons
that wire together die together’ (Sepulcre et al., 2012a).

In the era of neuroimaging, two viewpoints have shaped the
landscape of Alzheimer's disease research: one focused on the
hippocampus degeneration and the other on the large-scale
disruption of the default mode network. However, Alzheimer's
disease studies have sometimes been inconsistent and it has
been difficult to reconcile the default mode network findings
with more local HFPG degeneration. A striking example is the
postulation that high basal and sustained metabolism is a key
factor to developing amyloid-p deposition. This is in contrast
with the observations that the hippocampal formation, an early

affected region, does not show high functional connectivity or
metabolic activity and it is not a central functional hub in the
normal human brain (Buckner et al., 2009; Royall, 2010). One
explanation for this inconsistency may be the characteristic fea-
tures of HFPG, which show preferential affinity for neurofibrillary
tangle or paired helical filament tauopathy but not for high neurtic
plaques/amyloid-f3 deposits (Mann, 1985; Pearson and Powell,
1989; Arnold et al., 1991; Braak and Braak, 1991b). As has
been shown before, early stages of Alzheimer's disease show a
low density of amyloid-p in HFPG, which is mostly concentrated in
the presubiculum and entorhinal cortex, but overall much less than
other regions such as the temporal rostral or orbitofrontal cortices
(Braak and Braak, 1991b). In this sense, several researchers have
postulated that the HFPG may make a key contribution in the
neurodegeneration process by first intraneuronally accumulating
neurofibrillary tangles and second extraneuronally inducing amyl-
oid-B deposition in its synaptic terminals of projecting neurons
(Pearson and Powell, 1989). This view accounts for the mismatch
between neurofibrillary tangle and amyloid-B deposits in HFPG
and predicts that from just a few neurofibrillary tangle-affected
neurons it is possible to generate a high number of amyloid-f
deposits in its efferent targets, especially orbitofrontal cortex and
other medial temporal regions. An alternative explanation is that
rather than the total amount of amyloid-p accumulated in the
HFPG, its co-variation with deposits in the rest of the brain
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might be more important. This idea is partially supported by our
data. HFPG has meaningful amyloid-p deposits that highly co-vary
within the contra-lateral HFPG and with external distributed
regions such as orbitofrontal, lateral temporal and posterior cingu-
late cortex/precuneus cortices in Alzheimer's disease and elderly
controls. In other words, HFPG and central regions of the default
mode network are indeed highly related in terms of amyloid-p
accumulation independently of the different amount of absolute
regional deposition.

The amygdala-hippocampus-
orbitofrontal triplet in the early
stages of amyloid-p deposition

Recent data shows that there is a continuous accumulation of
amyloid-B protein from healthy ageing to Alzheimer's disease,
where higher amyloid-B burden at baseline is associated with
higher amyloid-B deposition in the future (Jack et al., 2009;
Sojkova et al., 2011; Villemagne et al., 2011; Villain et al.,
2012). However, the details of this continuum remain elusive;
for instance, how and where does amyloid-f start its accumulation
in the normal brain or does the accumulation reach a plateau
when cognitive decline appears, especially, at the Alzheimer’s dis-
ease stage (Andreasen et al., 1999; Engler et al., 2006; Grimmer
et al., 2010; Jack et al., 2010; Petersen, 2010; Kadir et al., 2011;
Koivunen et al., 2011; Sperling et al., 2011; Villemagne et al.,
2011; Weiner et al., 2012). As part of one characterization of
the early phases of amyloid-f accumulation, Villain et al. (2012)
describe that, in PIB negative individuals, it is possible to detect
meaningful longitudinal changes in the temporo-parietal junction
and the posterior cingulate cortex. Our study also provides novel
findings related to the low amyloid-f burden population, although
in another direction. We found that the amygdala, orbitofrontal
cortex and HFPG form a robust triplet of amyloid-p connectivity
that seems to have a central role in the preclinical pathological
network. We described an anterior pattern of connectivity be-
tween the medial temporal and the frontal lobe in low amyloid-
B healthy controls that may represent a putative pathway for the
spreading of pathology and lead to a future conversion to
Alzheimer's disease. It is important to remark here that our hub
measure captures the extent of the association between a given
region and the rest of the brain. If only few specific regions display
hub properties, then it is plausible to think that they may represent
centres of vulnerability. Our first hypothesis was that the HFPG
could be the top hub in the amyloid-pB network, however, the
amygdala and orbitofrontal cortex turn out to have a higher ‘hub-
ness' in the early amyloid-p network computed on healthy elderly
subjects with low amyloid-p burden. The posterior hippocampus,
posterior cingulate cortex, and temporo-parietal junction seem to
make an important contribution in the longitudinal progression
during the very early stages of amyloid-f accumulation.

The spreading of Alzheimer's disease

Alzheimer's disease has been consistently postulated as spreading
through long-range connections in the brain rather than a
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proximity-wise progression (Pearson and Powell, 1989; Arnold
et al., 1991; Braak and Braak, 1991b). More recent findings
using high-resolution neuroimaging techniques and animal
models seem to confirm some of the principles formulated in the
past (Seeley et al., 2009; de Calignon et al., 2012; Zhou et al.,
2012). For instance, specific epicentres of the brain, such as default
mode network-related regions, are likely to be the main venues by
which the disease progresses in the brain (Raj et al., 2012; Zhou
et al., 2012). At the molecular level, it is likely that transneuronal
spread in a ‘prion-like’ manner or other transaxonal/transsynaptic
propagation mechanisms take place during the progression of
amyloid-p and tau (Buxbaum et al., 1998; Lazarov et al., 2002;
de Calignon et al., 2012; Walker et al., 2012). Our study does not
clarify the spreading mechanisms or causal associations between
affected regions in Alzheimer's disease but shows connectional
fingerprints with high potential of being pathological-related and
part of spreading pathways. For instance, the amyloid-p network
of healthy low amyloid burden individuals shows that the amyg-
dala nucleus, orbitofrontal cortex and hippocampus have a hub
role in the network configuration, but it is mostly the peripheral
nodes of the network that experience expansion over time. This
finding supports the plausible interpretation of amyloid-p path-
ology advancing through a connected network of regions. This
view also suggests that the hub regions in the amyloid-B network
of healthy low amyloid burden individuals are likely to be plausible
candidates where the amyloid-B pathology originally started.
Hence, it seems that the triplet of amygdala nucleus, orbitofrontal
cortex and HFPG, but especially the amygdala nucleus, may be the
beginning of Alzheimer's disease-related amyloid-f alterations and
the gateway to distributed cortical systems in the brain such as the
default mode network. Interestingly, previous research has also
suggested that the amygdala may be involved in the spreading
process of the disease due to the reciprocal connections and
matching numbers of tangles between the amygdala and key
Alzheimer's disease-related regions of the neocortex (Esiri et al.,
1990). The fact that amyloid-p accumulation in both HFPG and
orbitofrontal cortex are primarily connected to the amygdala and
that the amygdala is the top hub in the amyloid-p network, re-
minds previous interest of amygdala in Alzheimer's disease. The
amygdala nucleus has been found to be severely affected in
Alzheimer's disease (Herzog and Kemper, 1980; Esiri et al.,
1990; Kromer Vogt et al., 1990; Poulin et al., 2011) and has
been postulated as one of the central regions for early amyloid-f
changes (Mann et al., 1987), although not necessarily a region
with high amyloid-B binding. Moreover, the amygdala has key
connectivity to the nucleus basalis of Meynert (Mesulam and
Mufson, 1984; Palmer et al., 1986), the degeneration of which
might explain the neocortical cholinergic deficits present in
Alzheimer's disease (Francis et al., 1987; Esiri et al., 1990).

Conclusions and limitations

The emerging tools of what is called ‘network medicine' offer a
platform to study complex systems in neuroscience and uncover
the biological mechanisms of neurological disorders (Sporns et al.,
2004; Bullmore and Sporns, 2009; Barabasi et al., 2011). Network
techniques applied to neuroimaging data present the attractive
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possibility of improving our understanding of the disease, while
providing us with better capability of staging individuals at risk
of Alzheimer's disease. Our study has some limitations that need
to be indicated. First, we must acknowledge that our study con-
siders brain amyloidosis as a central neuropathological event in
Alzheimer's disease, and, therefore, we are only investigating a
portion of the complex tissue alterations that take place in the
disease (for instance tau or non-fibrillar amyloid-p accumulations).
Secondly, we found some discrepancies between the amyloid-p
and functional connectivity MRI connectivity maps of patients
with Alzheimer's disease and young control subjects. It is likely
that other factors and not just the functional pathways of the
brain play a role in the spreading distribution of the amyloid-f
pathology. Finally, our network analyses based on linear statistical
inferences do not provide directionality information about the re-
lationships between regions and are not suitable for drawing con-
clusions regarding causation.
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