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SUMMARY

Aims: Neurodegenerative changes observed in Alzheimer’s disease (AD) have been sug-

gested to begin at the entorhinal cortex and hippocampus and then to propagate in a stereo-

typical fashion. Using diffusion-weighted imaging, we test whether disruption of structural

connectivity in AD is centered on these “epicenters of disease”. Methods: Fifteen healthy

controls, 14 amnestic mild cognitive impairment (aMCI), 13 mild, and 15 moderate patients

with AD were enrolled. The percentages of affected connections directly linking to the epi-

center (named first ring) and to nodes with topological distance 2 from the epicenter

(named second ring) were calculated. Results: For the group of aMCI patients, just 5.3% of

the first ring (n.s.) and 2.9% of the second ring (n.s.) connections were affected. However,

for mild AD there was disruption involving 20% of the first ring (P < 0.0001) and 10.3% of

the second ring (P < 0.0001) connections. In the moderate AD group, a stronger effect was

observed, with 38.0% of the first ring (P < 0.0001) connections and 17.9% of the second

ring (P < 0.0001) connections affected. Conclusion: Our results favor an epicentral disrup-

tion of structural connectivity in aMCI and AD around entorhinal and hippocampal regions,

consistent with the transneuronal spread hypothesis.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-

order, known as the most common form of dementia [1]. The two

neuropathological hallmarks of AD are neurofibrillary tangles

(NFTs), related to intraneuronal formation of hyperphosphoryla-

ted tau protein, and neuritic plaques (NPs) composed of extracel-

lular deposits of amyloid beta (Ab) protein [2–4]. Pathology

studies have shown that AD-related neuropathological changes,

especially NFTs, begin at specific sites of the human brain and

then propagate from affected to unaffected areas in a systematic

and stereotypical fashion [2–6]. Indeed, the first brain regions

affected by NFTs are the transentorhinal and the entorhinal cortex

(EC), followed by the hippocampus (HIP) [2–6]. It is until a later

phase of the disorder that the neocortex and especially the asso-

ciative areas are thought to become involved in the disease process

related to NFTs [2–6]. Structural MRI studies have shown support-

ing evidence that EC and HIP are the first affected brain regions in

subjects with mild cognitive impairment (MCI) and AD, and, fur-

thermore, that the atrophy pattern in EC and HIP can predict the

conversion fromMCI to AD [7,8].

There is a growing body of research showing that network

analyses contribute greatly to the understanding of brain dys-

function [9]. Abnormal structural connectivity has indeed been

revealed in several psychiatric [10] and neurological disorders,

including AD [11]. Four major models of network-based neu-

rodegeneration spread have been proposed. In the ‘‘nodal stress’’

model, regions with high neural activity are damaged due to a

‘‘wear and tear’’ mechanism [12–14]. The ‘‘trophic failure’’

model assumes connectivity impairment to cause failure of inter-
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nodal trophic factor, promoting neurodegeneration [15,16]. In

the “shared vulnerability’’ model, a common disease-specific

gene or protein expression underlies the susceptibility of specific

regions of a network [17]. Last, the ‘‘transneuronal spread’’

model is based on the hypothesis that toxic agents propagate

along brain connections with a prion-like behavior [18,19].

Recently, Zhou and colleagues used graph theoretical analysis to

investigate how intrinsic functional connectivity in health pre-

dicts the brain’s vulnerability to neurodegeneration [17]. Their

findings suggested the transneuronal model as the most likely to

underlie the changes observed in neurodegenerative diseases

including AD [17].

Here, using graph theoretical analysis of diffusion-weighted

imaging (DWI) data, we tested the hypothesis that structural con-

nectivity of AD and amnestic mild cognitive impairment (aMCI)

patients might be explained by the transneuronal spread model,

focusing specifically on the topological distance of nodal connec-

tivity from the EC/HIP, a priori selected as a potential disease epi-

center. Disease effects of reduced structural connectivity were

expected to be stronger at shorter topological distance from the

EC/HIP epicenter. Correlations between connectivity measures

and Mini Mental State Examination (MMSE) scores were

assessed, to test a possible relationship between neurodegenera-

tive effects of global, EC, and HIP connectivity disruption and cog-

nitive performance in patients.

Materials and Methods

Subjects and Clinical Evaluation

The study was approved by the local ethical committee and was

conducted in accordance with the Declaration of Helsinki. All sub-

jects or caregivers provided their written informed consent to use

their anonymized data for research purposes.

In total, 57 subjects, of which 15 healthy controls (HC), 14

aMCI, 13 mild AD, and 15 moderate AD, were included in this

study. Demographics and clinical characteristics are listed in

Table 1. All subjects were recruited from the outpatient clinic of

Neurology Unit at Universit�a Campus Bio-Medico di Roma (Italy).

Each subject underwent medical, neurological, cognitive, and lab-

oratory screening together with an MRI scan of the brain,

reviewed by two independent and experienced neuroradiologists

to rule out structural abnormalities. A detailed description of the

administered neuropsychological test battery is provided in the

Data S1.

The diagnosis of AD or aMCI was made by two independent,

experienced neurologists according to the criteria of the National

Institute of Neurological and Communicative Disorders and

Stroke and the Alzheimer’s Disease and Related Disorders Associa-

tion (NINCDS-ADRDA) [20] and to the criteria of Petersen [21],

respectively. Patients with AD were further classified into two

groups based on the corrected MMSE scores (adjusted for age and

education), being mild AD (22–27), and moderate AD (10–20)

[22,23]. Severity differences were confirmed using the Clinical

Dementia Rating (CDR) scale [24,25].

For aMCI patients exclusion criteria included mild AD, conco-

mitant dementia, reversible dementias, fluctuations in cognitive

performance, mixed dementias, concomitant extra-pyramidal

symptoms, depression with Geriatric Depression Scale (GDS)

scores >13, other psychiatric diseases, epilepsy, drug or alcohol

addiction, use of psychoactive drugs, systemic diseases, traumatic

brain injuries, and use of cholinergic drugs. For patients with AD,

exclusion criteria included frontotemporal dementia [26], vascu-

lar dementia [27], extra-pyramidal syndromes, reversible demen-

tias (including pseudodementia of depression and normotensive

hydrocephalus) and Lewy body dementia [28]. Healthy subjects

were recruited among non-consanguineous relatives of the

patients and through advertisements. All healthy subjects met the

criteria of having a GDS score <13 and a MMSE score ≥27 and did

not have a history of neurological or psychiatric diseases, chronic

systemic illnesses or use of psychoactive drugs. In total, this

resulted in the inclusion of 57 subjects divided into 4 groups:

aMCI (14 patients), mild AD (13 patients), moderate AD (15

patients), and the healthy control group (15 subjects).

Imaging Acquisition

Images were acquired using a 1.5 Tesla MRI system (Avanto B13,

Siemens, Erlangen, Germany), configured with a 12-element

designed Head Matrix Coil. The imaging protocol included the fol-

lowing: structural T1-weighted MPRAGE (Magnetization Pre-

pared Rapid Acquisition with Gradient Echo) sequences (TR

Table 1 Demographic and clinical features of the diagnostic groups

HC (N = 15) aMCI (N = 14) Mild AD (N = 13) Moderate AD (N = 15) v2 or F P value

Gender (men, women) 7, 8 10, 4 8, 5 8, 7 0.57 n.s.

Age years (SD) 73.1 (6.1) 74.4 (5.9) 74.5 (9.7) 74.9 (4.8) 0.21 n.s.

Range 61–84 63–85 58–89 63–82

Education years (SD) 6.9 (3.2) 8.8 (4.3) 10.2 (4.7) 9.0 (4.9) 1.15 n.s.

Range 5–15 4–18 5–17 4–18

MMSE raw score (SD) 28.6 (1.1) 26.9 (2.2) 23.6 (1.7) 17.9 (3.1) 61.9 <10�7

Range 27–30 23–30 22–28 13–23

Corrected score (SD) 28.2 (1.1) 26.3 (2.5) 22.5 (1.1) 17.2 (2.5) 83.3 <10�7

Range 26.7–30.0 22.3–30.0 21.0–24.4 12.9–21.3

CDR 0 0.5 1 2

HC, healthy controls; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; MMSE, Mini-Mental-State Examination; CDR, Clinical Dementia

Rating; SD, standard deviation.
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2400 ms, TE 3.61 ms, TI 1000 ms, FOV read 240 mm, FOV phase

100.0%, flip angle 8◦, slice thickness 1.20 mm, averages 1, slice

for slab 160, slab 1, bandwidth 180 Hz/Px) and T2-/PD-weighted

TSE (Turbo Spin Echo) sequences (TR 3000 ms, TE1 12 ms, TE2

92 ms, FOV read 240 mm, FOV phase 89.1%, flip angle 150◦, slice

thickness 3 mm, averages 1, slices 48, bandwidth 163 Hz/Px),

according to the Italian Alzheimer Disease Neuroimaging Initia-

tive (ADNI) harmonization protocol. Diffusion-weighted images

(DWI) were acquired with a weighting 1000 mm2/s and with gra-

dients applied in 12 different directions, together with a b0 scan

(slice group 1, slices 38, dist factor 30%, phase enc. dir. A ≫ P,

phase oversampling 0%, FOV read 250 mm, FOV phase 100%,

slice thickness 3 mm, TR 7600 ms, TE 103 ms, concatenations 1,

coil elements BO1.2.SP4.5). Four complete sets (each of 12 direc-

tions) were acquired, providing a total of four b0 and 48 diffusion-

weighted volumes.

Construction of Structural Brain Networks

Individual structural brain networks were reconstructed on the

basis of a parcellation of the brain into 83 distinct brain regions

combined with white matter fibers resulting from tractography

(see Data S1 for details including T1 and DWI preprocessing and

tractography). The networks, mathematically described as a graph

consisting of a collection of nodes (brain regions) and a collection

of edges between nodes (white matter tracts), were represented

by 83 9 83 structural connectivity matrices storing information

regarding the existence, absence, and weight of a connection

between node i and j in cell c(i,j). Fractional anisotropy (FA) was

chosen as a measure of microstructural fiber directionality and the

number of streamlines (NOS) as a measure to quantify the abso-

lute number of connection fibers. Streamline density (NOS

divided by the mean volume of the two interconnected nodes

[29,30]) was added in an attempt to account for potential effects

of cortical atrophy on NOS metrics.

Global Connectivity Strength

The Jonckheere–Terpstra test was used to assess whether average

global connectivity strength, that is, the sum of all connection

strengths per subject, decreased from the HC group to the aMCI,

mild AD, and moderate AD groups, effectively testing for potential

ordering of three or more population medians. Global connectiv-

ity strength levels were controlled for age, gender, and education

effects using a linear regression model.

Connectivity Ring Analysis

To test whether disease progression from aMCI to mild and mod-

erate AD could be reflected by structural damage to the epicenter,

the percentage of connections to the epicenter that were affected

was computed for all three groups of patients and was compared

to the control population (Figure 1). First, individual connectivity

matrices were masked to keep those connections that were pres-

ent in at least 50% of the healthy control subjects [31,32]. Second,

two rings of nodes were defined. A first ring of nodes directly

linked by one connection to either one of the epicenter nodes,

and a second ring of nodes at topological distance two from the

epicenter [33]. Third, the strengths of connections between the

epicenter and the first ring and between first and second ring were

compared in each of the three groups of patients with those

observed in the control population. In each patient group sepa-

rately, connections that showed a lower average strength com-

pared to the HC group (t-test, P-value <0.05) were labeled as

“affected” following an approach similar as defined by Network

Based Statistics (NBS) [34]. As for the global analysis, connection

strengths were controlled for age, gender, and education effects

using a linear regression model. Next, the percentage of affected

connections was computed for the two rings in each patient

group. This procedure was carried out for both hemispheres sepa-

rately, and percentages of affected connections were subsequently

averaged. Fourth, significance of the findings was assessed by

means of permutation testing. For each of the three patient

groups, the analysis was repeated for 10,000 random permuta-

tions of group assignments (i.e., HC or patient) to obtain a distri-

bution of results under the null hypothesis.

Examining Specificity of the a priori Selected
Epicenter

In addition, to assess the merit of selecting the EC and HIP as the

epicenter, the analysis described above was carried out for all pos-

sible epicenters consisting of two homologous node pairs

(41 9 40/2 = 820) according to the used gray matter parcellation.

For each of the three patient groups, the share of all possible epi-

centers yielding higher percentages of affected connections than

the original EC and HIP epicenter in both the first and second ring

denoted the P-value.

Relationship between Structural Connectivity
and MMSE

To assess a potential link between global structural connectivity

and cognition, for each patient the strengths of all connections

present in the connectivity matrices were summed and examined

for a correlation with corrected MMSE scores. To analyze the cor-

relation between MMSE scores and structural connectivity of the

epicenter regions specifically, strength values were summed of all

connections linking to the HIP or EC regions. Global and epicenter

connectivity strengths were controlled for age, gender, and educa-

tion effects using a linear regression model. Pearson’s correlation

coefficient was used to assess correlations between connectivity

strengths and MMSE scores.

Results

Demographic and Clinical Features

When the global cognitive status was assessed by means of MMSE,

the four groups (HC, aMCI, mild AD, and moderate AD) differed

significantly (F3,53 = 61.9; P < 0.0001). Post hoc comparisons

(Fisher LSD test) showed that all groups differed significantly

between each other (P < 0.0001). A similar effect was observed

for corrected MMSE scores (F3,53 = 83.3; P < 0.0001). No signifi-

cant difference among groups was observed in age (F3,53 = 0.21;

p = n.s.) and education level (F3,53 = 1.15; p = n.s.).
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Global Connectivity Strength

Two-sample t-tests on NOS global strengths of each patient group

versus the HC group showed no significant global effects for aMCI

(n.s.; P = 0.88) and mild AD (n.s.; P = 0.17), while a significant

global effect was observed in moderate AD (P = 0.03). These find-

ings suggest that only in moderate AD the connectivity disruption

is widespread to an extent that enables detection of a global effect.

Similar results were found using FA: aMCI (n.s.; P = 0.85), mild

AD (n.s.; P = 0.43), and moderate AD (P = 0.05) as compared to

controls. No significant global effect was observed for any of the

groups using streamline density (aMCI n.s.; P = 0.45; mild AD

n.s.; P = 0.98; moderate AD n.s.; P = 0.58).

Additional nonparametric Jonckheere–Terpstra testing revealed

a significant group ordering effect for NOS (P < 0.01) and FA

(P = 0.02), indicative of a progressive reduction of structural con-

nectivity across patients groups as compared to controls (Fig-

ure 2). No significant group ordering effect was found using

streamline density (n.s.; P = 0.32).

Connectivity Ring Analysis

To investigate whether pathways linking to nodes with lower

topological distance to the selected EC/HIP were characterized by

greater structural damage, the percentage of affected connections

was calculated for connections directly linking to the EC/HIP and

connections between first and second ring nodes. The total num-

ber of connections and nodes belonging to the first and second

ring is listed in Table 2.

Number of Streamlines

Connectivity ring analysis based on NOS yielded a total of 15, 50,

and 94 affected connections of which 13%, 16%, and 16% were

first ring connections, and 60%, 62%, and 58% were second ring

connections, in the aMCI, mild, and moderate AD groups, respec-

tively.

Among all connections of the first ring, 5.3% were found to

be affected (i.e., t-test, P < 0.05) (n.s.; P = 0.11) for the aMCI

group, together with just 2.9% in the second ring (n.s.;

P = 0.18). For mild AD, 20.0% of connections in the first ring

(P < 0.0001) and 10.3% in the second ring were found affected

(P < 0.0001), and more severely, for the moderate AD group

38.0% of connections were found affected in the first ring

(P < 0.0001) and 17.9% in the second ring (P < 0.0001) (Fig-

ure 3). Moreover, controlling for cortical atrophy effects, stream-

line density analysis revealed supportive effects for reduced EC/

HIP connectivity. Using streamline density, a total of 31, 38, and

68 affected connections of which 8%, 13%, and 16% were first

ring connections, and 54%, 68%, and 56% were second ring

connections, in the aMCI, mild, and moderate AD groups,

respectively.

In the aMCI group, 2.6% of connections in the first ring (n.s.;

P = 0.34) were found affected, with 2.3% in the second ring (n.s.;

P = 0.32). For mild AD, 12.7% of connections in the first ring

(P = 0.0038) and 8.6% in the second ring (P < 0.0001) were

affected, while in the moderate AD, 28.2% of first ring connec-

tions (P < 0.0001) and 12.5% second ring connections

(P < 0.0001) were found to be affected.

Fractional Anisotropy

Examining FA, a total of 30, 53, and 77 affected connections of

which 3%, 13%, and 14% were first ring connections, and

80%, 72%, and 60% were second ring connections, in the

aMCI, mild, and moderate AD groups, respectively. For the

aMCI group, 2.6% connections in the first ring (n.s.; P = 0.43)

and 7.9% in the second ring (P = 0.0003) were affected; for mild

AD, 17.4% of connections in the first ring (P = 0.0003) and

12.3% in the second ring (P < 0.0001) were found affected; for

(A)

(B)

Figure 1 (A) Structural connectivity analysis of

patients compared with healthy controls using

matrices. (B) Two classes of connections were

defined relative to the epicenter, referred to as

first and second ring connections. First ring

connections are those directly linking to the

epicenter (orange lines in (B)), second ring

connections are those with topological

distance 2 from the epicenter (yellow lines in

(B)).
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moderate AD, 27.9% of connections in the first ring

(P = 0.0001) and 14.9% in the second ring (P < 0.0001) were

found to be affected.

Significant overlap was observed between the affected connec-

tions in the three patient groups for all investigated diffusion mea-

sures (NOS, streamline density, and FA), in support of the a priori

selected EC/HIP epicenter, see Data S1.

Examining Specificity of the a priori Selected
Epicenter

The reported proportions of affected connections, based on NOS

and FA, were found to be specific for our epicenter selection con-

sisting of the EC and HIP nodes (P < 0.02). The analysis of stream-

line density confirmed a specific effect for the selected epicenter in

(A) (B)

Figure 2 Global effect evaluated as the sum of all connection strengths per subject for NOS (A) and FA (B). A significant group ordering effect for global

NOS (A) as well as for FA (B), showing progressive reduction of global structural connectivity across groups. Error bars represent standard deviations.

Table 2 Regions and total number of connections of each ring centered on the epicenter

LH Ring 1 RH Ring 1 LH Ring 2 RH Ring 2

Number of connections 21 19 167 142

Node names Thalamus Thalamus Accumbens area Accumbens area

Caudate Caudate Caudal anterior cingulate Caudal anterior cingulate

Putamen Putamen

Pallidum Pallidum Caudal middle frontal Cuneus

Amygdala Amygdala Cuneus Inferior parietal

Fusiform Fusiform Inferior parietal Lateral occipital

Inferior temporal Inferior temporal Lateral occipital Lateral orbitofrontal

Isthmus cingulate Isthmus cingulate Lateral orbitofrontal Medial orbitofrontal

Lingual Lingual Medial orbitofrontal Middle temporal

Parahippocampal Parahippocampal Middle temporal Paracentral

Pericalcarine Precuneus Paracentral Pars opercularis

Precuneus Superior parietal Pars opercularis Pars orbitalis

Superior frontal Temporal pole Pars orbitalis Pars triangularis

Superior parietal Pars triangularis Pericalcarine

Temporal pole Postcentral Postcentral

Insula Posterior banks of superior temporal Posterior banks of superior temporal

Posterior cingulate Posterior cingulate

Precentral Precentral

Rostral anterior cingulate Rostral anterior cingulate

Rostral middle frontal Rostral middle frontal

Superior temporal Superior frontal

Supramarginal Superior temporal

Frontal pole Supramarginal

Transverse temporal Frontal pole

Brain Stem Transverse temporal

Insula

Brain Stem

LH, Left Hemisphere; RH, Right Hemisphere.
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terms of affected connections in both patient with AD groups

(P < 0.01), but not in the aMCI patients (n.s., P = 0.13). Less than

2% (NOS and FA) of all other possible combinations of nodes

(n = 41 9 40/2 = 820 unique combinations of two nodes out of

the 41 that make up one hemisphere) showed an equal or stron-

ger effect than the EC and HIP combination, confirming the

appropriateness of the a priori selected epicenter. Importantly, no

node combination scored higher in both rings and in all three

patient groups than our chosen EC/HIP epicenter. Furthermore,

the majority of possible alternative epicenters overlapped with the

original EC/HIP epicenter, containing either the EC or HIP, or

included the parahippocampal gyrus which is directly connected

to the HIP [35] and known to be involved in AD [36]. Apart from

the EC, HIP, or parahippocampal gyrus, the cingulate and middle

frontal regions show strong involvement in patients with aMCI

and AD, consistent with the literature [37,38].

Relationship between Structural Connectivity
and MMSE

A significant correlation between corrected MMSE scores and glo-

bal connectivity strength based on NOS (r = 0.36; P = 0.02) as

well as global connectivity strength based on FA (r = 0.34;

P = 0.03) was observed (Figure 4A–B). For left and right HIP

together, we found significant correlations with MMSE for both

NOS (r = 0.43; P < 0.01), FA (r = 0.47; P < 0.01) and streamline

density (r = 0.34; P = 0.03, correcting for regional volume effects)

(Figure 4C–D). No significant correlation was observed between

MMSE and structural connectivity strength (FA, NOS, and

streamline density) of the left and right EC, nor between MMSE

and global connectivity strength based on streamline density

(r = 0.02; P = 0.90). Also, no significant correlations were

observed between MMSE score and structural connectivity

strength (FA, NOS, and streamline density) within any group

taken separately.

Conclusion

Our findings demonstrate reduced structural connectivity in AD

and aMCI patients with respect to controls, with a topological pat-

tern that it is centered on the EC and HIP. White matter involve-

ment surrounding the epicenter regions entorhinal cortex and

hippocampus was found to increase with worsening of disease sta-

tus from aMCI to moderate AD. In this study, graph theoretical

analysis was used to assess the structural connectivity changes in

AD and aMCI and our findings support the transneuronal model

of disease spread.

Zhou and colleagues recently investigated four models of neu-

rodegeneration (“nodal stress,” “trophic failure,” “shared vulnera-

bility,” and “transneuronal spread”) and defined, for each of five

different neurodegenerative disorders, critical “epicenters” as the

regions whose seed-based intrinsic functional connectivity map in

healthy subjects best match the disease-related atrophy pattern

[17]. They reported the vulnerability of a node to be best predicted

by its greater total connectional flow and by a shorter functional

path to the disease-related epicenters. Furthermore, they put for-

ward the transneuronal spread as the best model to fit processes of

neurodegeneration [17], a conclusion consistent with our

currently presented findings of epicentral structural connectivity

disruptions around the EC/HIP.

(A)

(B)
Figure 3 (A) Bar plot showing the percentage

of affected connections for the first and second

ring in each group of patients. (B) NOS-

weighted brain network for each group of

patients showing the affected connections

colored in orange for the first ring and in yellow

for the second ring. The locations of

homologous nodes, based on anatomy, have

been symmetrized. For all groups, a greater

percentage of connections were affected in the

first ring as compared to the second (A) and a

progressive increase of affected connections

was observed across groups (B).
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The EC and HIP are two brain regions located in the medial tem-

poral lobes. Spatially, EC and HIP are regions located close to each

other. EC, indeed, is known to merge with structures belonging

either to the hippocampal formation or the parahippocampal

region on its medial side and with the perirhinal and the parahip-

pocampal cortex on its lateral and posterior side [39]. As it is

known from early anatomical studies, EC and HIP are strongly

inter connected, thus suggesting a common physiological signifi-

cance of the two structures [39]. Moreover, HIP is noted to be

involved in declarative memory processes [40] and the EC is

believed to be involved in memory functions [39]. Although its

specific functional contributions remain to be clearly determined,

EC is considered to be the nodal point of connection between the

hippocampal formation and the multimodal association areas

[39]. The above anatomical notions support the biological ratio-

nale of this study to focus on a disease epicenter based on EC and

HIP, two brain regions closely linked and related to each other.

From a neuropathological point of view, intracellular neurofi-

brillary tangles (NFTs) are first found in the EC, then in the HIP

and later on in other regions [2–6]. As the selected epicenter is

noted to be more involved in tau protein than beta accumulation,

especially in early stages of AD [41,42], where a random distribu-

tion of cortical amyloid beta deposits has been observed, the

results of our study possibly relate to the effects of tau protein. The

distribution of NFTs in the human cerebral cortex is noted to clo-

sely match, on a laminar and regional basis, that of pyramidal

neurons enabling cortico-cortical connections between and

within hemispheres [43–46], observations consistent with a latent

interplay between cytoarchitectural features of cortical regions

and their global cortico-cortical connectivity fingerprint [47]. Fur-

thermore, neuritic plaques (NPs) and NFTs have been observed to

be localized in the same cortical layers reached by the terminal

axons of the perforant pathways both within the hippocampal

formation and the dentate gyrus [6,48]. Thus, a connectivity-

based approach, as used in our study, provides more insight into

the widespread involvement of brain regions in AD and, selecting

the HIP and EC as the epicenter of connectivity disruption in AD

allows for exploring the association of neuropathological changes

with neurodegenerative processes.

Our current study hypothesized that AD pathology may propa-

gate stepwise along white matter pathways and that the clinical

expression of AD could be supported by selective vulnerability of

subtypes of pyramidal neurons and consequent loss of cortico-cor-

tical connections, resulting in a so-called disconnection syndrome

[3–6,23]. Results indicate that the progressive structural connec-

tivity impairment (aMCI <mild AD <moderate AD) of pathways

linking to nodes with lower topological distance to the epicenter

begins in circumscribed sites and then gradually involves connec-

tion-wise neighboring regions. Indeed, the connectivity ring

analysis showed the same pattern of reduction for all metrics used

(FA, NOS, streamline density) as disease severity increased.

Although it may be argued that the percentage of affected tracts

(A) (B)

(C) (D)

Figure 4 Scatter plots indicating significant correlations between cognitive status (i.e., MMSE) and structural connectivity metrics: global NOS (A), global

FA (B), hippocampus NOS (C), and hippocampus FA (D).
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may be influenced by the different number of connections

between ring 1 and ring 2 (i.e., ring 1 < ring 2), the progressive

increase of affected connections in the first ring with the severity

of the disease supports the notion that shorter topological distance

from the epicenter of disease is associated with higher percentage

of affected connections. The global connectivity analysis showed a

significant reduction of FA and NOS only for the moderate AD

group, suggesting that the connectivity ring analysis centered on

the HIP/EC is more sensitive than a global approach to detect early

connectivity changes associated to aMCI and AD.

The major aim of the study was to test a transneuronal spread

model by examining potential epicentral structural connectivity

disruptions. However, in this context, it is critical to specifically

assess whether the total connectional flow (“nodal stress” model)

may better explain the observed effects. Thus, to examine the

“nodal stress” hypothesis, in a post hoc analysis, the connectivity

ring analysis was performed for different selections of hub regions

(see Data S1) that have been demonstrated to show strong con-

nectional flow [12,29,49] and that have been suggested to form

an anatomical substrate for integration among functional net-

works [30]. Taking these “hub nodes” as potential disease epicen-

ters did not result in differences between connectivity effects in

the first and second ring (Figure S1) as was observed for the EC/

HIP epicenter (Figure 3), suggesting that the total connectional

flow did not affect our results and that the ‘‘wear and tear’’ mech-

anism is less likely to explain observed patterns of structural con-

nectivity disruptions.

Global NOS and FA measures significantly correlated with

MMSE, revealing a relationship between the level of dysconnec-

tivity and cognitive status in patients. The regions belonging to

the epicenter were also explored separately: Significant correla-

tions between HIP structural connectivity and MMSE were

observed, while no significant correlations were found with EC;

these results suggest a significant impact of the HIP structural

connectivity on the patient’s cognitive status.

It is important to note that our current study does not include

longitudinal data. Such data would be of great interest in order

to strengthen findings and to confirm a spatiotemporal connec-

tion-driven disease spread in AD. Moreover, although our results

are consistent with transneuronal disease spread, they do not

allow for a direct demonstration of transneuronal transfer of

potential toxic agents. In addition, on a more technical note, a

single-tensor deterministic approach was used in our connec-

tome reconstruction (as the data described only 12 diffusion

directions), which might yield inaccurate fiber reconstructions in

voxels of crossing fibers [50,51]. Future studies examining proba-

bilistic fiber tracking and/or multi-tensor approaches in AD struc-

tural connectivity would be of particular interest to elucidate the

impact of crossing fibers voxels on our results. Using different

imaging modalities, for example, functional MRI and FDG-PET,

other regions, most prominently in the default mode network

including the posterior cingulate gyrus and the precuneus, have

been shown to be early involved in MCI and AD [52–55]. These

diverging functional and structural findings call for future inte-

grative studies providing more insight into the structure–function

relationship in AD.

The results of this study support an epicentral disruption of

structural connectivity in aMCI and AD, consistent with the

effects of a potential transneuronal spread of disease. EC and HIP

together represent a good target to be considered the epicenter of

anatomical connectivity impairment in aMCI and AD.
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Supporting Information

The following supplementary material is available for this article:

Data S1.Methodological details and additional analyses.

Figure S1. Bar plot showing the percentage of affected connec-

tions (in terms of NOS) for the first and second ring in each group

of patients when the four strongest hub nodes, having the highest

number of connections, (superior parietal and putamen, left and

right) were taken as the epicenter. Connectivity disruptions were

not found to be stronger in the first ring compared to the second

ring, suggesting that hub nodes are not specifically targeted in

aMCI and AD as hypothesized by the “nodal stress” model of neu-

rodegeneration. Proportions of affected connections observed in

the aMCI/mild AD/moderate AD patient groups were: 3.7 / 8.4 /

17.5% (first ring); 2.8 / 10.4 / 18.8% (second ring).
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