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Abstract: In this paper, we investigate the connectivity alterations of the subcortical brain network
due to Alzheimer’s disease (AD). Mostly, the literature investigated AD connectivity abnormalities
at the whole brain level or at the cortex level, while very few studies focused on the sub-network
composed only by the subcortical regions, especially using diffusion-weighted imaging (DWI) data.
In this work, we examine a mixed cohort including 46 healthy controls (HC) and 40 AD patients
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data set. We reconstruct the brain
connectome through the use of state of the art tractography algorithms and we propose a method
based on graph communicability to enhance the information content of subcortical brain regions in
discriminating AD. We develop a classification framework, achieving 77% of area under the receiver
operating characteristic (ROC) curve in the binary discrimination AD vs. HC only using a 12 x 12
subcortical features matrix. We find some interesting AD-related connectivity patterns highlighting
that subcortical regions tend to increase their communicability through cortical regions to compensate
the physical connectivity reduction between them due to AD. This study also suggests that AD
connectivity alterations mostly regard the inter-connectivity between subcortical and cortical regions
rather than the intra-subcortical connectivity.

Keywords: brain connectivity; neuroscience; Alzheimer’s disease; diffusion tensor imaging; complex
networks; communicability; subcortical brain network

1. Introduction

Complex networks provide a powerful framework to model components of biological systems
and their interactions. In particular, they find application in neuroscience research, since they are
tailored to study the human brain and its connectivity. In fact, the brain can be modeled as a system
with several regions, whose interactions produce complex behaviors [1].

The reconstruction of the brain connectivity network can be achieved through the use of magnetic
resonance imaging (MRI) techniques, including structural MRI (sMRI), functional MRI (fMRI) and
diffusion-weighted imaging (DWI). A large number of studies (e.g., [2-6]) have been conducted to
examine anatomical and functional connectivity in order to understand the organization and topology
of the brain network and for identifying critical areas. In particular, several studies (e.g., [7]) focused
on the brain connectivity alterations due to neurodegenerative diseases to understand the mechanisms
underlying such degeneration.
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Among neurodegenerative brain disorders, Alzheimer’s disease (AD) is the most widespread,
characterized by a progressive deterioration of cognitive and memory functions [8]. There is a growing
body of evidence, e.g., [9,10], suggesting that this decline is related to a disrupted connectivity among
brain regions, due to white matter (WM) degeneration. DWI is particularly suited to investigate the
integrity of WM fiber tracts by measuring the water diffusion along them. Pulsed magnetic field
gradients are applied along the three axes x, y, z. The strength of the by field is linearly altered and this
makes the magnetic resonance signal sensitive to the diffusion coefficient. For each voxel, a diffusion
tensor is defined describing the molecular mobility along the gradient axes and the correlation between
these directions [11]. Starting from DWI scans, and using tractography algorithms together with
a parcellation scheme, anatomical brain connectivity networks can be constructed. Some fiber tracking
algorithms use the diffusion tensor to track fibers along their whole length. In this case, for each brain
voxel, the dominant direction of axonal tracts can be assumed to be parallel to the primary eigenvector
of the diffusion tensor. Thus, these fiber tracking algorithms use the diffusion tensor of each voxel
to follow an axonal tract in 3D from voxel to voxel. In case of crossing fibers, the assumption that in
each voxel there is a unique orientation of the fibers is not valid and higher order models, such as new
tractography algorithms based on constrained spherical deconvolution, have been developed in order
to address this issue [12]. By investigating the tractography networks, AD-induced abnormalities in
the topological organization of the brain have been found [13] and AD-related group differences of
network metrics were found also at preclinical stages [14].

Recently, we successfully used the communicability metric, introduced in [15], to uncover
connectivity differences in AD brain networks reconstructed at the cortical level and we
developed a graph-based classification framework to distinguish unhealthy from healthy subjects
automatically [16]. Since communicability quantifies the ease of communication between two nodes,
taking into account not only the shortest path but all possible paths connecting them, it revealed to
be particularly suited to describe the alteration of communication between brain regions due to AD,
and it outperformed more classic network measures when used as feature of a supervised classification
algorithm. In fact, this metric provides a more global measure of the efficiency of the information
spread through a network, and so it can be more useful than other network measures to characterize
the brain connectivity alterations due to a disconnection syndrome related to an integrity loss of the
communication routes.

It should be emphasized that most of the existing literature in this context focused on AD
connectivity abnormalities at a relatively global level, such as the whole-brain level [17], and at the
cortex level, as in our previous study [16] and in [13,18]. There has been much less research working
on understanding the AD-related network changes at the subcortical structural level. The study of
the subcortical connectivity is really important for the AD characterization because of the key role
played by these regions in triggering the disease [19]. Furthermore, to the best of our knowledge,
no subcortical connectivity network study has been conducted on DWI data but only on structural
MRI and fMR], as in [20]. Our hypothesis is that extracting the subcortical sub-network from the
whole communicability network, instead of extracting the subcortical sub-network from the whole
weight network, could enhance the information content of subcortical regions in discriminating
AD and in revealing AD-related subcortical connectivity patterns. In this work, we analyze the
subcortical structural connectivity networks of 46 healthy control (HC) subjects and 40 AD patients.
We measure the information content of subcortical connections in discriminating AD from normal
subjects, in terms of communicability between the subcortical regions and between these regions and
the rest of the network. This investigation is carried out both with a statistical-descriptive approach and
from a machine learning perspective. We show that communicability is able to highlight interesting
subcortical connectivity patterns in AD, which do not emerge from simply considering the connectome.
We also show that, when using graph measures involving only the subcortical regions as features for
AD discrimination, communicability values are significantly better then graph weights.
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2. Materials

In this study, we employed data from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database (http://adni.loni.usc.edu/). ADNI was launched in 2003 as a multisite, longitudinal study;,
which combines several biological markers and clinical and neuropsychological assessments to measure
the progression of early AD. Determination of sensitive and specific markers of AD progression is
intended to aid researchers and clinicians to develop new treatments and monitor their effectiveness,
as well as to lessen the time and cost of clinical trials.

The scans processed for the present analysis belong to 86 subjects, 46 HC subjects and 40 AD
patients. HC subjects show no sign of depression, mild cognitive impairment or dementia; participants
with AD are those who meet the NINCDS/ADRDA criteria for probable AD. Each subject underwent
a cognitive evaluation including the mini-mental state examination test (MMSE) (scores less than
24 out of 30 indicate impairment) [21] and Alzheimer’s disease assessment scale (ADAS) (scores less
than or equal to 10 may be considered in the normal range) [22]. Demographics and clinical scores for
the participants are summarized in Table 1. The diffusion-weighted scans were acquired using a 3T GE
Medical Systems scanner. For each subject, we considered both T1-weighted 3D anatomical spoiled
gradient echo (SPGR) sequences (256 x 256 matrix; voxel size =1.2 x 1.0 x 1.0 mm?; TI =400 ms;
TR =6.98 ms; TE = 2.85 ms; flip angle = 11°), and diffusion weighted images (256 x 256 matrix
with a field of view of 35 cm; voxel size = 2.7 x 2.7 x 2.7 mm?3; scan time = 9 min; repetition
time/echo time = 9 5/60 ms; flip angle = 90°). More precisely, concerning DWI, 46 separate images were
acquired for each scan: 5 with negligible diffusion effects (by images) and 41 diffusion-weighted images
(b = 1000 s/mm?). More details can be found at http://adni.loni.usc.edu/wp-content/uploads/2010/
05/ADNI2_GE_3T_22.0_T2.pdf.

Table 1. Demographic and clinical characteristics of the study participants. For the clinical assessment,
the mini-mental state examination test (MMSE), Alzheimer’s disease assessment scale (ADAS) 11 [22]
and ADAS 13 [23] scores are reported. According to the t-test statistics, MMSE, ADAS 11 and ADAS 13
are significantly different between healthy controls (HC) and Alzheimer’s disease (AD). For age and
gender, the chi-squared test was performed.

HC (46) AD (40) p-Value

Age 732+571 7478 £8.37 0.31
Gender 21M/25F 25M/15F 0.11
MMSE 29.02+1.17 23.43+1.81 <0.0001
ADAS11 5.64+326 20324713 <0.0001
ADAS13 9.08+476 30441824 <0.0001

3. Methods

The analysis we carried out consisted of a number of steps which are described in the following
subsections. It is worth to note that all data analyses here presented require huge computational
capacities, with image processing time, in particular, of more than ten hours per subject. For this reason,
we used the distributed infrastructure in the ReCaS-Bari computing farm https:/ /www.recas-bari.it .

3.1. Image Processing

The image processing steps we performed allow for the reconstruction of the brain connectome
from the raw DWI scans. For each subject, the raw DICOM images were acquired from the ADNI
database. The dem2nii software, within the MRIcron suite, was used to convert the DICOM images into
the NIFTI format. The NIFTI images were then organized in the standard BIDS format. The subsequent
processing steps, from image preprocessing to structural connectome generation, were performed
using tools provided by the MRtrix3 software package http:/ /mrtrix.org [24,25], including, for some
preprocessing step, scripts interfacing with the external package FSL FMRIB Software Library (FSL)
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ [26]. The main steps of the whole procedure are depicted in
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Figure 1. Diffusion-weighted images were preprocessed following some standard steps. First of all,
a denoising step was performed to enhance the signal-to-noise ratio (SNR) of the diffusion-weighted
MR signals in order to reduce thermal noise, due to the stochastic thermal motion of water molecules
and their interaction with surrounding microstructure, and which propagates to the diffusion
parameters of interest [27]. Head motion and eddy current distortion in each subject were corrected by
aligning the DWI images to the average by image with FSL's eddy correct tool. The brain extraction tool
(BET) [28] was then used to skull-strip the brains. Then the bias-field correction was performed by first
estimating a correction field from the by image, then applying the field to correct all diffusion-weighted
volumes. The T1-weighted anatomical scans were preprocessed with the fsl_anat tool performing
the following stages: reorientation to the standard image MNI152, automatic cropping, bias-field
correction, registration to the linear and non-linear standard space, brain-extraction. The next step
was the inter-modal registration for each subject between the T1-weighted anatomical image and the
diffusion-weighted image.

Co-registration

Preprocessing Tractography

steps

Connectivity matrix

Figure 1. Main steps of the image processing pipeline.

After the preprocessing and co-registration steps, a structural connectome generation pipeline
was performed. First, a tissue-segmented image appropriate for anatomically constrained tractography
was generated [29] (MRtrix command 5ttgen). Then, unsupervised estimation of WM, gray matter and
cerebro-spinal fluid response functions was performed (MRtrix command dwi2response dhollander).
In the next step, the fibre orientation distributions (FOD) for spherical deconvolution [30] was estimated
(MRtrix command dwi2fod msmt_csd). The following step was the probabilistic tractography [31]
utilizing dynamic seeding [32] and anatomically-constrained tractography (ACT) [33], which improves
tractography reconstruction using anatomical information through a dynamic thresholding strategy.
The initial tractogram was generated (MRtrix command tckgen, with 14 million streamlines,
maximum tract length = 250, FA cutoff = 0.06) and the Spherical-deconvolution Informed Filtering
of Tractograms (SIFT2) [32] methodology was applied (MRtrix command tcksift2). SIFT2 not only
provides more biologically meaningful estimates of structural connection density, but also allows
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for a more computationally efficient solution to the streamlines connectivity quantification problem:
by determining an appropriate cross-sectional area multiplier for each streamline rather than removing
streamlines altogether, biologically accurate measures of fibre connectivity were obtained whilst
making use of the complete streamlines reconstruction [32]. The obtained streamlines were then
mapped through a T1 parcellation scheme using the AAL2 atlas [34] (120 regions), a revised
version of the automated anatomical atlas (AAL). The last step was a robust structural connectome
construction [35] (MRtrix command tck2connectome) that generates a connectome matrix from the
streamlines file and the parcellation scheme. This pipeline is used in other recent structural connectivity
studies performing tractography (e.g., [36,37]).

3.2. Subcortical Network Analysis

The output of the image processing steps was a 120 x 120 weighted symmetric connectivity matrix
W for each subject, whose entries w;; corresponded to the number of fiber tracts connecting region i
to region j. The resulting matrices were quite sparse (the mean density was 0.42 =+ 0.06 for HC and
0.40 4 0.06 for AD). In order to evaluate the consistency across participants in the two diagnostic groups,
the correlation between the upper triangular matrices was calculated for each pair of subjects: we found
a mean correlation of 0.83 & 0.13 for the HC group and 0.83 £ 0.14 for the AD group. The matrices were
normalized in the range [0, 1] by dividing all weights of each matrix by the maximum weight. For each
subject, the subcortical sub-network was extracted, including Hippocampus, Amygdala, Caudate,
Putamen, Pallidum and Thalamus, both right and left, resulting in a 12 x 12 subcortical weighted
connectivity matrix Ws#0.

In order to investigate the connectivity changes due to AD at the subcortical level, we analyzed the role
of the subcortical regions in distinguishing the two groups under observation in terms of communicability.

As a first step, we calculated the communicability between pairs of subcortical regions,
considering only the subcortical network W***. Based on the definition provided in [38], the weighted
communicability for each node pair p and g of the subcortical network W**? was calculated as follows:

) k
[G(Wwbﬂpq = I;) (Nid)pq = (EM)pqr (1)

where M = D~1/2Ws#*D~1/2 being D the diagonal subcortical strength matrix.
Generally for a weighted network described by the weight matrix {w;;}, the strength of node i is
defined as the sum of the weights of all edges attached to node i:

Si=)_ w, ()
jEN
where N is the set of nodes of the network. Thus, from the G(W***) matrix, we can define
the intra-strength communicability for each node i € N;, being N; the set of nodes of the
subcortical network:

Scizntm _ E [G(Wsub)]ij’ (3)
JEN:
which expresses the intensity of the total node connectivity with the other subcortical regions, in terms
of communicability.

Then, in order to evaluate the extent of the inter-communication between the subcortical regions
and the rest of the network, we calculated the whole communicability matrix G(W), whose elements are
the communicability values between the node pairs of the whole network, i.e., the network including
both cortical and sub-cortical regions. From this matrix, we defined the inter-strength communicability
of a subcortical node i as the communicability between i and only the cortical nodes. Being N the set of
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the whole matrix indices and S the subset of the whole matrix indices corresponding to the subcortical
regions, Vi € S the inter-strength communicability can be defined as:

scimer =y [GW)];;, )
jE{N—-{S—i}}

which expresses the intensity of the total subcortical node connectivity, in terms of communicability,
with the rest of the whole network, excluding the other subcortical regions.

Additionally, starting from the whole communicability matrix G(W), we extracted the
communicability sub-network considering only the entries corresponding to the subcortical regions:
we obtained a subcortical network whose entry (i,j) is the communicability value between
two subcortical regions which, in this case, takes into account also the possible path between i and
j passing through cortical nodes. We called this matrix the extracted sub-network communicability
matrix, [G(W)]**?. Therefore, for each subject we had three matrices describing the subcortical network,
calculated starting from the whole connectivity matrix: W¥*?, G(W**?) and [G(W)]**’ (Figure 2).

120

[Gw)e

G(Wsub) 2

Figure 2. Representative scheme of the construction of the three matrices W, G(W**?) and [G(W)]*#b

starting from the whole connectivity matrix W.

3.3. Group-Wise Statistical Analysis

For all subjects, the weighted sub-network communicability [G(W**?)],, and the extracted
sub-network communicability [G(W)]%b were calculated for each node pair pg. Thus each subject
was characterized by three sets of features, i.e., the entries of the three matrices Weub, G(WS”b) and
[G(W)]*#b. For each set of features, a group-wise statistical analysis was performed in order to identify
subcortical brain region pairs with statistically significant difference between HC and AD. In order
to make the identification of the significantly different brain regions robust, permutation tests were
performed by randomly assigning subjects to the two comparison groups 10,000 times. Differences

were considered significant if they did not belong to 95% of the null distribution derived from the
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permutation tests (corrected p-value < 0.05). The False Discovery Rate [39] was used for multiple
comparison correction.

The same statistical analysis was performed in order to find if any of the brain regions,
within the 12 subcortical regions, had a statistically different intra-strength communicability SC4,
or a statistically different inter-strength communicability SC*" between the two groups HC and AD.

3.4. Classification

The second goal of the present work was to evaluate the discriminating power of the subcortical
regions’ communicability in distinguishing between HC and AD from a machine learning perspective.
To this end, a supervised classification framework has been developed based on the random forest
(RF) classifier.

Since the dataset is small, the classification procedure has been validated through a 50-times
repeated 10-fold cross-validation. As features to feed the classification model, we considered the three
sets of features, i.e., the entries of the three matrices W, G(W*“?) and [G(W)]**’ calculated from the
connectivity matrices obtained by the image processing steps described in Section 3.1.

The folds were stratified by diagnosis to have approximately the same number of subjects
from each diagnostic group in each fold. Within each cross-validation iteration, the training set was
subjected to two feature selection steps in order to select the most relevant features. Note that a nested
feature selection within the cross-validation helps avoid a feature selection bias which may lead to
overoptimistic results [40,41].

The first step was an ad hoc selection of features, customized to connectivity networks, already
used in [16]. An average matrix was calculated from the HC subjects of each training set, resulting
in a weighted matrix whose entries ¢;; range from 0 to 1 and represent the frequency at which
the corresponding edges occur among the HC matrices. This matrix has then been thresholded
(the threshold in this case turned to be 0.6, using the binomial test with # = 0.01), obtaining a binary
matrix to be used as a mask. The matrices of all subjects were then projected onto this mask to select
the features to be considered in the following step. The second step was a more conventional recursive
feature elimination (RFE) based on support vector machines (SVMs). Briefly speaking, SVMs are
a classification model which works by constructing a separating hyperplane between the two classes,
so that the minimal distance from the closest data points of either classes is the largest [42]. RFE uses
criteria derived from the SVM model to assess feature importance and removes features having small
criteria. The process is iteratively computed until all features have been removed and the final output
is a ranked feature list. Feature selection is done by choosing a set of top-ranked features [43].

Finally, a RF classifier was trained on the selected features. RF is a state-of-the-art ensemble
method for classification which builds a “forest” of decision trees at training time and outputs the
mode of the classes predicted by each individual tree at test time [44]. More precisely, RF repeatedly
(B times) selected a random sample with replacement from the training set and fits a decision tree
to this sample based on a subset of randomly selected features. The final predictions of unseen test
examples were obtained via majority voting of the B single predictions. B is a free parameter: in the
present work, we set B = 500 trees.

4. Results

4.1. Group-Wise Statistical Analysis

In order to investigate changes in physical connectivity (edge weights) and in communicability,
subcortical brain region pairs with significant (p-value < 0.05) group-wise differences were
identified considering the three matrices W*"?, G(W***) and [G(W)]**’. In particular, considering
the weights matrix, five of 78 subcortical region pairs were found: (left Hippocampus, left Putamen),
(right Hippocampus, right Pallidum), (left Amygdala, right Caudate), (left Amygdala, left Putamen),
(left Caudate, right Thalamus). Figure 3a shows the relative difference between the HC mean weight
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and the AD mean weight for the five identified node pairs normalized by the HC mean weight.
It can be observed an average disruption of subcortical physical connectivity in AD subjects for all
region pairs.

Also in the case of the sub-network communicability G(Ws#t), five of 78 subcortical region
pairs were found to have significantly different values: (left Hippocampus, left Amygdala),
(left Hippocampus, right Pallidum), (right Hippocampus, right Pallidum), (left Amygdala,
right Caudate), (left Amygdala, right Pallidum). Figure 3b shows the relative difference between
the HC mean subcortical communicability and the AD mean subcortical communicability for the
five identified node pairs normalized by the HC mean communicability. An average disruption
of subcortical communicability in AD subjects can be observed for all region pairs except for
(left Amygdala, right Pallidum). Figure 3c shows the same results when considering the extracted
sub-network communicability [G(W)]**?. In this case, we found nine of 78 subcortical region pairs with
significantly different communicability for the two groups: (left Hippocampus, right Hippocampus),
(left Hippocampus, left Putamen), (right Hippocampus, left Pallidum), (left Amygdala, Right Pallidum),
(left Amygdala, right Thalamus), (right Amygdala, right Pallidum), (left Caudate, left Putamen),
(left Caudate, left Pallidum), (right Caudate, right Caudate). Each significant region pair shows, in this
case, an increased communicability in AD compared to HC.
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Figure 3. Heat map visualization of the relative differences between the mean values of the significant
region pairs in the healthy controls (HC) and AD group for the three cases: (a) Wb () G(Ws”b) and
(c) [G(W)]*#. The edge color is descriptive of the values.

Concerning the intra strength communicability SC™?, no statistically significant difference
between HC and AD was found. Instead, the permutation test revealed that in terms of inter strength
communicability SC*" the regions with statistically difference at the 0.05 significance level are left and
right Hippocampus and left and right Caudate (p-value = 0.005 for left Hippocampus, p-value = 0.01
for right Hippocampus, p-value = 0.001 for left Caudate, p-value < 0.001 for right Caudate in the
permutation test). The absolute value of the relative difference between the mean HC inter strength
communicability and the mean AD inter strength communicability for each subcortical region is
depicted in Figure 4 and is expressed in percentage: regions with significant group-wise difference are
marked with bigger node sizes.

4.2. Classification

Following the procedure described in Section 3.4, the mean classification performance, averaged
over all the cross-validation iterations, were measured in terms of accuracy, area under the receiver
operating characteristic (ROC) curve (AUC), sensitivity and specificity considering the three sets of
features. These performances quantify how well the three measures W, G(W**?) and [G(W)]**?,
calculated between only the subcortical regions, discriminate between AD patients and HC subjects.
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Figure 4. Medial view of left and right hemispheres which shows the group-wise difference of mean
inter strength communicability (absolute value in percentage). Information about the absolute value of
inter strength communicability of each regions is coded by the color of the ROI node, while statistically
significant regions are marked with bigger node sizes. Putamen (both left and right) exhibits mean
value greater in AD than in HC.

The results, depicted in Figure 5, show a comparison between the performance obtained in the
three cases, thus allowing us to estimate the different information content of the three measures,
calculated on the subcortical region pairs, in distinguish between HC and AD.

The best classification performance in terms of accuracy, AUC and sensitivity (0.72 4 0.02 of
accuracy, 0.77 + 0.02 of AUC and 0.65 =+ 0.03 of sensitivity) are obtained using [G(W)]***. The best
mean specificity (0.79 £ 0.02) is reached using weights but it corresponds to a very law value of
sensitivity (0.53 + 0.03). Therefore, globally, [G(W)]**? provides the best performance.
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Figure 5. Classification performance comparison.

5. Discussion and Conclusions

The aim of this work was to study the information content of the subcortical DWI sub-network
in discriminating AD from HC subjects and to evaluate the usefulness of the communicability
metric to describe the subcortical connectivity and its alterations caused by AD. To the best of
our knowledge, there has been little research working on understanding the AD-related network
changes at the subcortical structural level, especially on DWI data. The present analysis took a step
in this direction. Moreover, in this work the communicability metric has been used for the first
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time to identify the connectivity profile of the subcortical network. The information content of the
subcortical network for the HC/AD discrimination was investigated in terms of edge weights and
in terms of communicability. In particular, two types of sub-network communicability were defined:
the sub-network communicability G(W*"?) calculated starting from the subcortical weights matrix,
and the extracted sub-network communicability [G(W)]*#?, extracted from the whole communicability
matrix. The analysis was conducted from two points of view:

(i) A group-wise statistical analysis has been performed to find subcortical brain region pairs
with significantly different values of weights and communicability. The same analysis has been
conducted to identify subcortical regions with different intra and inter-strength communicability,
that are measures introduced to quantify the total intensity of subcortical nodes” connectivity,
in terms of communicability with the other subcortical nodes and with the rest of the
whole network.

(ii) A classification procedure has been adopted to investigate to which extent the sub-network
communicability values and the extracted sub-network communicability between the subcortical
regions are able to automatically discriminate between HC subjects and AD patients.
The performance were also compared to the ones obtained using the subcortical edge weights as
features for training the classification models.

Concerning the group-wise statistical analysis on the subcortical edge weights, five subcortical
region pairs have shown statistically significant different values between HC and AD, mostly involving
Hippocampus, Amygdala, Putamen and Caudate. The key role played by these regions in AD is well
known [45-50]. It is worth noting that an average connectivity degradation emerges in AD patients
when considering the physical connections between the subcortical regions, as it could be expected.

Regarding the group-wise statistical analysis on the subcortical node pairs communicability,
calculated starting from the subcortical weight sub-network G(W*"?), five subcortical region pairs
were found with significantly different communicability between HC and AD, mostly involving
Hippocampus and Amygdala, but also Pallidum and Caudate. It is worth noting that, also in this
case, an average communicability disruption is observed in AD but, in spite of this, the region
pair (left Amygdala, right Pallidum) shows an increased communicability in AD compared to HC.
Two significantly different region pairs were in common with the findings previously obtained
from the weights matrix: (right Hippocampus, right Pallidum) and (left Amygdala, right Caudate).
Thus, using the sub-network communicability matrix G(W**?), instead of the weights matrix W**?,
for the characterization of the subcortical connectivity alterations in the patological scenario, seems to
not provide additional relevant information.

Different conclusions can be reached considering the group-wise statistical analysis on the
extracted sub-network communicability [G(W)]**?. First of all, nine significant node pairs were
found and the mostly involved regions are again Hippocampus, Amygdala, Caudate and Pallidum.
In particular the node pairs (left Caudate, left Putamen) and (left Caudate, left Pallidum) were
recently found among the top-ranked AD predictor variables in connectome DWI networks in
a study considering the whole brain graph [51]. Compared to the previous cases, it is worth noting
that in this case all significantly region pairs showed a greater extracted communicability in AD
compared to HC. This is not the first time some regions with greater communicability in patients
compared to controls have been reported in a disconnection syndrome and using DWI data. In [52],
some areas of greater communicability in stroke patients compared to controls were found also
in the lesioned hemisphere. One possible interpretation of these results may be that the increased
communicability in AD reflects adaptive changes in the white matter structure that have occurred
secondary to the disease. It is interesting to underline that communicability is not limited to merely
consider the physical connections between two nodes, like weights do, or to consider the shortest
path lenght between them, but takes into account all possible paths connecting them passing, in this
case, also through the cortical nodes. It may be hypothesized that the subcortical regions intensify
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the communication along the possible routes connecting them in order to compensate the average
reduction of physical connectivity occurring between them because of AD. In particular, if we look
at the pair (left Hippocampus, left Putamen), it shows a significant reduction of weight in AD but
a significant increase of extracted communicability.

Another interesting result concerns the group-wise comparison of inter-strength communicability.
Hippocampus (both right and left) again plays an important role showing a statistical significant
difference, between HC and AD, together with the left and right Caudate. These results are in line with
the literature, in particular with the evidence that one of the first events in AD is the disconnection of
the hippocampal formation and neocortex [53]; moreover, neuropathological studies have documented
the isolation of the hippocampal formation in AD, e.g., [9]. The connectivity patterns regarding the
inter-strength communicability of Hippocampus and Caudate should be more in-depth investigated
analyzing their single connections with each cortical region.

Conversely, no statistically significant difference between HC and AD was found considering
the intra-strength communicability SC™"?. These results suggest that the connectivity changes in AD
mostly involve the connections between subcortical and cortical regions or between subcortical regions
through cortical regions.

The same conclusions can be reached considering the classification comparison. The best
classification performance, in fact, are obtained using as features the extracted sub-network
communicability (0.72 & 0.02 of accuracy, 0.77 4= 0.02 of AUC, 0.77 4= 0.02 of specificity and 0.65 £ 0.03
of sensitivity). This comparison suggests that, when using subcortical network-based features,
the communicability between brain regions is more informative then weights for AD discrimination,
especially when considering all possible communication routes between subcortical brain regions
passing through cortical nodes. It is worth to note that the best performance obtained, using only
the 12 x 12 subcortical network, are quite comparable to those we obtained with the 96 x 96 cortical
network in our previous study [16] and in other studies conducted on the ADNI database using
network measures extracted from the whole brain network [54] and from the cortical brain network [55].
Future work should address how to better combine cortical and subcortical regions to develop more
accurate classification models. Moreover, because of the complex fibre layout in subcortical regions,
DWI reliability in subcortical connections reconstruction could be affected by the dataset quality and
by the choise of the parcellation scheme. Thus, further analysis will be performed to investigate the
informative power of complex patterns of the WM fibers by adopting more atlases and different public
datasets, e.g., NACC [56].

The results presented in this work bring to the following conclusions:

(i) The weights of brain networks, which have widespread use in literature to describe the brain
connectivity, could not be informative enough, taken alone, to discriminate between HC and AD
when relying on the subcortical regions’ connectivity.

(i) If the whole brain network communicability matrix is calculated and a sub-network
communicability is extracted including the 12 subcortical regions (which are well-known AD
related-brain regions), these features describe AD connectivity changes better than subcortical
edge weights, and lead to better classification performance.

(iii) Using the communicability metric gives a different viewpoint to describe the subcortical brain
connectivity and allowed us to point out a sort of resilience mechanism of subcortical regions that
tends to increase their communication (mainly through cortical nodes) in order to compensate the
physical structural disconnection occurring between them because of AD.

It would be appropriate to introduce an innovative connectivity model based on communicability
to perform diverse connectivity analyses that could uncover AD-related alterations difficult to be
observed by simply considering the connectome. We believe that this model may be generalized
and applied to investigate various diseases related to connectivity aberrations and disconnection
syndromes, such as Parkinson’s disease [57].



Entropy 2019, 21, 475 12 of 14

Author Contributions: Conceptualization, E.L.; data curation, E.L.; investigation, E.L. and A.L; software, E.L.;
writing—original draft preparation, E.L.; methodology, E.L. and A.L; formal analysis E.L. and A.L.; visualization,
E.L.; resources, D.D.; supervision, R.B. and S.T.; validation, all authors; writing—review and editing, all authors.

Acknowledgments: We wish to thank Robert Smith of the Florey Institute of Neuroscience and Mental Health,
Austin, for his valuable suggestions on the image processing pipeline concerning the brain connectivity
reconstruction with MRtrix. Data collection and sharing for this project was funded by the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) (National Institutes of Health Grant U01 AG024904) and DOD ADNI (Department
of Defense award number W81XWH-12-2-0012). ADNI is funded by the National Institute on Aging, the National
Institute of Biomedical Imaging and Bioengineering, and through generous contributions from the following:
AbbVie, Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.;
Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly
and Company; Eurolmmun; F. Hoffmann-La Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio;
GE Healthcare; IXICO Ltd.; Janssen Alzheimer Immunotherapy Research and Development, LLC.; Johnson and
Johnson Pharmaceutical Research and Development LLC.; Lumosity; Lundbeck; Merck and Co., Inc.; Meso Scale
Diagnostics, LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.;
Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition Therapeutics. The Canadian Institutes
of Health Research is providing funds to support ADNI clinical sites in Canada. Private sector contributions are
facilitated by the Foundation for the National Institutes of Health (www.fnih.org). The grantee organization is
the Northern California Institute for Research and Education, and the study is coordinated by the Alzheimer’s
Therapeutic Research Institute at the University of Southern California. ADNI data are disseminated by the
Laboratory for Neuro Imaging at the University of Southern California.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sporns, O.; Tononi, G.; Kotter, R. The human connectome: A structural description of the human brain.
PLoS Comput. Biol. 2005, 1, e42.

2. Bullmore, E.; Sporns, O. Complex brain networks: Graph theoretical analysis of structural and functional
systems. Nat. Rev. Neurosci. 2009, 10, 186.

3. Van den Heuvel, M.P; Sporns, O. Network hubs in the human brain. Trends Cogn. Sci. 2013, 17, 683—696.

4. Lombardi, A.; Tangaro, S.; Bellotti, R.; Bertolino, A.; Blasi, G.; Pergola, G.; Taurisano, P.; Guaragnella, C.
A novel synchronization-based approach for functional connectivity analysis. Complexity 2017,
doi:10.1155/2017/7190758.

5. Lombardi, A.; Guaragnella, C.; Amoroso, N.; Monaco, A.; Fazio, L.; Taurisano, P.; Pergola, G.; Blasi, G.;
Bertolino, A.; Bellotti, R.; et al. Modelling cognitive loads in schizophrenia by means of new functional
dynamic indexes. Neurolmage 2019, 195, 150-164

6. Tangaro, S.; Amoroso, N.; Brescia, M.; Cavuoti, S.; Chincarini, A.; Errico, R.; Inglese, P; Longo, G.;
Maglietta, R.; Tateo, A.; et al. Feature selection based on machine learning in MRIs for hippocampal
segmentation. Comput. Math. Methods Med. 2015, doi:10.1155/2015/814104.

7. Fornito, A.; Zalesky, A.; Breakspear, M. The connectomics of brain disorders. Nat. Rev. Neurosci. 2015, 16, 159.

Alzheimer’s Association. 2017 Alzheimer’s disease facts and figures. Alzheimers Dement. 2017, 13, 325-373.

9.  Delbeuck, X.; Van der Linden, M.; Collette, F. Alzheimer’s disease as a disconnection syndrome?
Neuropsychol. Rev. 2003, 13, 79-92.

10. Rose, S.E; Chen, E; Chalk, ].B.; Zelaya, F.O.; Strugnell, W.E.; Benson, M.; Doddrell, D.M. Loss of connectivity
in Alzheimer’s disease: An evaluation of white matter tract integrity with colour coded MR diffusion tensor
imaging. J. Neurol. Neurosurg. Psychiatry 2000, 69, 528-530.

11. Le Bihan, D.; Mangin, J.E; Poupon, C.; Clark, C.A.; Pappata, S.; Molko, N.; Chabriat, H. Diffusion tensor
imaging: Concepts and applications. J. Magn. Reson. Imaging Off. ]. Int. Soc. Magn. Reson. Med. 2001, 13,
534-546.

12.  Tournier, ].D.; Calamante, F.; Gadian, D.G.; Connelly, A. Direct estimation of the fiber orientation density

*®

function from diffusion-weighted MRI data using spherical deconvolution. Neurolmage 2004, 23, 1176-1185.

13. Lo, C.Y,;; Wang, PN.; Chou, KH.; Wang, J.; He, Y,; Lin, C.P. Diffusion tensor tractography reveals
abnormal topological organization in structural cortical networks in Alzheimer’s disease. J. Neurosci. 2010,
30, 16876-16885.

14. Fischer, EU.; Wolf, D.; Scheurich, A.; Fellgiebel, A. Altered whole-brain white matter networks in preclinical
Alzheimer’s disease. Neurolmage Clin. 2015, 8, 660—-666.

15. Estrada, E.; Hatano, N. Communicability in complex networks. Phys. Rev. E 2008, 77, 036111.


www.fnih.org

Entropy 2019, 21, 475 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lella, E.; Amoroso, N.; Lombardi, A.; Maggipinto, T.; Tangaro, S.; Bellotti, R. Communicability disruption in
Alzheimer’s disease connectivity networks. J. Complex Netw. 2018, 7, 83-100.

Seo, E.H.; Lee, D.Y.; Lee, ].M,; Park, ].S.; Sohn, B.K.; Lee, D.S.; Choe, Y.M.; Woo, J.I. Whole-brain functional
networks in cognitively normal, mild cognitive impairment, and Alzheimer’s disease. PLoS ONE 2013,
8, €53922.

He, Y.;; Chen, Z.; Evans, A. Structural insights into aberrant topological patterns of large-scale cortical
networks in Alzheimer’s disease. J. Neurosci. 2008, 28, 4756-4766.

Tang, X.; Holland, D.; Dale, A.M.; Younes, L.; Miller, M.I.; Alzheimer’s Disease Neuroimaging Initiative.
Shape abnormalities of subcortical and ventricular structures in mild cognitive impairment and Alzheimer’s
disease: Detecting, quantifying, and predicting. Hum. Brain Mapp. 2014, 35, 3701-3725.

Son, S.J.; Kim, J.; Park, H. Structural and functional connectional fingerprints in mild cognitive impairment
and Alzheimer’s disease patients. PLoS ONE 2017, 12, e0173426.

Folstein, M.E,; Folstein, S.E.; McHugh, P.R. “Mini-mental state”: A practical method for grading the cognitive
state of patients for the clinician. . Psychiatr. Res. 1975, 12, 189-198.

Rosen, W.G.; Mohs, R.C.; Davis, K.L. A new rating scale for Alzheimer’s disease. Am. J. Psychiatry 1984, 141,
1356-1364.

Mohs, R.C.; Knopman, D.; Petersen, R.C.; Ferris, S.H.; Ernesto, C.; Grundman, M.; Thal, L.J. Development of
cognitive instruments for use in clinical trials of antidementia drugs: Additions to the Alzheimer’s Disease
Assessment Scale that broaden its scope. Alzheimer Dis. Assoc. Disord. 1997, 11, S13-S21.

Tournier, ].D.; Calamante, F.; Connelly, A. MRtrix: Diffusion tractography in crossing fiber regions. Int. J.
Imaging Syst. Technol. 2012, 22, 53—-66.

Tournier, J.D.; Smith, R.E.; Raffelt, D.A.; Tabbara, R.; Dhollander, T.; Pietsch, M.; Christiaens, D.; Jeurissen, B.;
Yeh, C.H.; Connelly, A. MRtrix3: A fast, flexible and open software framework for medical image processing
and visualisation. bioRxiv 2019, 551739.

Jenkinson, M.; Beckmann, C.F.; Behrens, T.E.; Woolrich, M.W.; Smith, S.M. FSL. Neurolmage 2012, 62, 782-790.
Veraart, J.; Novikov, D.S.; Christiaens, D.; Ades-Aron, B,; Sijbers, J.; Fieremans, E. Denoising of diffusion
MRI using random matrix theory. Neurolmage 2016, 142, 394-406.

Smith, S.M. Fast robust automated brain extraction. Hum. Brain Mapp. 2002, 17, 143-155.

Zhang, Y.; Brady, M.; Smith, S. Segmentation of brain MR images through a hidden Markov random field
model and the expectation-maximization algorithm. IEEE Trans. Med. Imaging 2001, 20, 45-57.

Jeurissen, B.; Tournier, J. D.; Dhollander, T.; Connelly, A.; Sijbers, J. Multi-tissue constrained spherical
deconvolution for improved analysis of multi-shell diffusion MRI data. Neurolmage 2014, 103, 411-426.
Tournier, ].-D.; Calamante, F.; Connelly, A. Improved probabilistic streamlines tractography by 2nd order
integration over fibre orientation distributions. Proc. Int. Soc. Magn. Reson. Med. 2010, 18, 1670.

Smith, R.E.; Tournier, ].D.; Calamante, F.; Connelly, A. SIFT2: Enabling dense quantitative assessment of
brain white matter connectivity using streamlines tractography. Neurolmage 2015, 119, 338-351.

Smith, R.E.; Tournier, J.-D.; Calamante, F.,; Connelly, A. Anatomically-constrained tractography: Improved
diffusion MRI streamlines tractography through effective use of anatomical information. Neurolmage 2012,
62,1924-1938.

Rolls, E.T.; Joliot, M.; Tzourio-Mazoyer, N. Implementation of a new parcellation of the orbitofrontal cortex
in the automated anatomical labeling atlas. Neurolmage 2015, 122, 1-5.

Smith, R.E.; Tournier, ].D.; Calamante, F.; Connelly, A. The effects of SIFT on the reproducibility and biological
accuracy of the structural connectome. Neurolmage 2015, 104, 253-265.

Amico, E.; Goiii, ]. Mapping hybrid functional-structural connectivity traits in the human connectome.
Netw. Neurosci. 2018, 2, 306-322.

Tipnis, U.; Amico, E.; Ventresca, M.; Goni, J. Modeling communication processes in the human connectome
through cooperative learning. IEEE Trans. Netw. Sci. Eng. 2018, d0i:10.1109/TNSE.2018.2878487.

Crofts, J.J.; Higham, D.J. A weighted communicability measure applied to complex brain networks.
J. R. Soc. Interface 2009, 6, 411-414.

Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B 1995, 57, 289-300.



Entropy 2019, 21, 475 14 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lella, E.; Amoroso, N.; Bellotti, R.; Diacono, D.; La Rocca, M.; Maggipinto, T.; Tangaro, S. Machine learning
for the assessment of Alzheimer’s disease through DTIL In Applications of Digital Image Processing XL;
International Society for Optics and Photonics: Bellingham, WA, USA, 2017; Volume 10396, p. 1039619.
Maggipinto, T.; Bellotti, R.; Amoroso, N.; Diacono, D.; Donvito, G.; Lella, E.; Monaco, A.; Scelsi, M.A.;
Tangaro, S. DTT measurements for Alzheimer’s classification. Phys. Med. Biol. 2017, 62, 2361.

Vapnik, V. The Nature of Statistical Learning Theory; Springer Science and Business Media: Berlin,
Germany, 2013.

Yan, K.; Zhang, D. Feature selection and analysis on correlated gas sensor data with recursive feature
elimination. Sens. Actuators B Chem. 2015, 212, 353-363.

Breiman, L. Random forests. Mach. Learn. 2001, 45, 5-32.

Allen, G.; Barnard, H.; McColl, R.; Hester, A.L.; Fields, ]J.A.; Weiner, M.F,; Ringe, WK_; Lipton, A.M.;
Brooker, M.; McDonald, E.; et al. Reduced hippocampal functional connectivity in Alzheimer disease.
Arch. Neurol. 2007, 64, 1482-1487.

Cuénod, C.A,; Denys, A.; Michot, J.L.; Jehenson, P,; Forette, F.; Kaplan, D.; Syrota, A.; Boller, F. Amygdala
atrophy in Alzheimer’s disease: An in vivo magnetic resonance imaging study. Arch. Neurol. 1993, 50,
941-945.

De Jong, L.W.; Van der Hiele, K.; Veer, LM.; Houwing, ].J.; Westendorp, R.G.J.; Bollen, E.L.EM,;
Van Der Grond, J. Strongly reduced volumes of putamen and thalamus in Alzheimer’s disease: An MRI
study. Brain 2008, 131, 3277-3285.

Grady, C.L.; Furey, M.L.; Pietrini, P.; Horwitz, B.; Rapoport, S.I. Altered brain functional connectivity and
impaired short-term memory in Alzheimer’s disease. Brain 2001, 124, 739-756.

Rombouts, S.A.; Barkhof, F.; Witter, M.P,; Scheltens, P. Unbiased whole-brain analysis of gray matter loss in
Alzheimer’s disease. Neurosci. Lett. 2000, 285, 231-233.

Ryan, N.S.; Keihaninejad, S.; Shakespeare, T.J.; Lehmann, M.; Crutch, S.J.; Malone, I.B.; Thornton, J.S.;
Mancini, L.; Hyare, H.; Yousry, T.; et al. Magnetic resonance imaging evidence for presymptomatic change in
thalamus and caudate in familial Alzheimer’s disease. Brain 2013, 136, 1399-1414.

Wang, Q.; Guo, L.; Thompson, P. M; Jack, C.R,, Jr.; Dodge, H.; Zhan, L.; Alzheimer’s Disease Neuroimaging
Initiative. The added value of diffusion-weighted MRI-derived structural connectome in evaluating mild
cognitive impairment: A multi-cohort validation. J. Alzheimers Disease 2018, 64, 149-169.

Crofts, ].J.; Higham, D.J.; Bosnell, R.; Jbabdi, S.; Matthews, PM.; Behrens, T.E.].; Johansen-Berg, H. Network
analysis detects changes in the contralesional hemisphere following stroke. Neurolmage 2011, 54, 161-169.
Wang, L.; Zang, Y.; He, Y.; Liang, M.; Zhang, X.; Tian, L.; Li, K. Changes in hippocampal connectivity in the
early stages of Alzheimer’s disease: Evidence from resting state fMRI. Neurolmage 2006, 31, 496-504.

Zhan, L.; Liu, Y,; Wang, Y.; Zhou, ].; Jahanshad, N.; Ye, J.; Thompson, PM. Boosting brain connectome
classification accuracy in Alzheimer’s disease using higher-order singular value decomposition.
Front. Neurosci. 2015, 9, 257.

Prasad, G.; Joshi, S.H.; Nir, TM.; Toga, A.W.; Thompson, PM. Alzheimer’s Disease Neuroimaging
Initiative (ADNI) Brain connectivity and novel network measures for Alzheimer’s disease classification.
Neurobiol. Aging 2015, 36, 5121-S131.

Beekly, D.L.; Ramos, EM.; Lee, WW.; Deitrich, W.D.; Jacka, M.E.; Wu, J.; Hubbard, J.L.; Koepsell, T.D.;
Morris, J.C.; Kukull, W.A. The National Alzheimer’s Coordinating Center (NACC) database: The uniform
data set. Alzheimer Dis. Assoc. Disord. 2007, 21, 249-258.

Impedovo, D.; Pirlo, G.; Vessio, G. Dynamic Handwriting Analysis for Supporting Earlier Parkinson’s
Disease Diagnosis. Information 2018, 9, 247.

® (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials
	Methods
	Image Processing
	Subcortical Network Analysis
	Group-Wise Statistical Analysis
	Classification

	Results
	Group-Wise Statistical Analysis
	Classification

	Discussion and Conclusions
	References

