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Abstract

Background and objective: In computational neuroimaging, brain par-
cellation methods subdivide the brain into individual regions that can be used
to build a network to study its structure and function. Using anatomical or
functional connectivity, hierarchical clustering methods aim to offer a meaning-
ful parcellation of the brain at each level of granularity. However, some of these
methods have been only applied to small regions and strongly depend on the
similarity measure used to merge regions. The aim of this work is to present a
robust whole-brain hierarchical parcellation that preserves the global structure
of the network.

Methods: Brain regions are modeled as a random walk on the connectome.
From this model, a Markov process is derived, where the different nodes rep-
resent brain regions and in which the structure can be quantified. Functional
or anatomical brain regions are clustered by using an agglomerative informa-
tion bottleneck method that minimizes the overall loss of information of the
structure by using mutual information as a similarity measure.

Results: The method is tested with synthetic models, structural and func-
tional human connectomes and is compared with the classic k-means. Results
show that the parcellated networks preserve the main properties and are con-
sistent across subjects.

Conclusions: This work provides a new framework to study the human

connectome using functional or anatomical connectivity at different levels.
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1. Introduction

The human brain contains an extraordinary network of roughly one hun-
dred billion neurons capable of sharing and processing information efficiently.
The connectome models these connections as a graph, where nodes represent
brain areas and edges represent structural or functional connections [1, 2]. To
define the nodes, parcellation methods are used to subdivide the brain cortex
into different regions according to a predefined criterion (i.e., cytoarchitecture,
structure, function...).

Atlas-based parcellation methods subdivide the brain by employing a three-
dimensional anatomical template [3]. This template can be based on cytoarchi-
tecture, electrophysiological observations, cortical curvature patterns [4], struc-
tural or functional connectivity profiles [5], among others. A limitation of these
methods is the lack of individuality as they are based on a sample dataset as
opposed to the subject.

On the other hand, connectivity-based parcellation methods subdivide the
brain into spatially coherent regions of homogeneous connectivity by grouping
grey-matter voxels according to the similarity of their connectivity patterns [3],
obtained from diffusion magnetic resonance imaging (dMRI) or functional mag-
netic resonance imaging (fMRI). The more popular methods are based on the
k-means approach [6, 7, 8], which groups voxels into k non-overlapping clus-
ters using a similarity measure. The main issues with these methods are the
definition of the number of clusters a priori and the reliance on initial random
sampling, as it has been shown that iterative repetitions of the same method
may lead to different results [9]. To overcome these limitations, and assuming
that brain networks have hierarchical properties [10, 11], several hierarchical
clustering methods that compute a parcellation at each level in the hierarchy

have been proposed [12, 13, 14, 15]. These methods obtain brain parcellations
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at multiple granularities without the need to define the number of clusters.
Connectivity-based methods are strongly dependent on the similarity mea-
sure used by the algorithm. Gorbach et al. [13] proposed a hierarchical method
that clusters voxels using the mutual information between tractograms, and ob-
tained promising results for specific regions of the brain. The use of mutual
information as a similarity measure is, therefore, an effective solution to group
voxels. However, Gorbach et al’s method [13] assumes that the whole cluster

can be represented by only one tractogram.

1.1. Our approach

In this paper, we present a hierarchical parcellation method that preserves
the structure of brain network with no need to define representative tractograms.
We model brain networks as a random walk on the connectome by using the
structural or functional connectivity matrix. From this model, we quantify the
brain structure. Brain regions are clustered by applying a bottom-up hierar-
chical method based on the information bottleneck using a control process [16].
We evaluate the parcellation method by using synthetic, structural, and func-
tional brain networks at different scales. The robustness of the method is tested
by doing multiple-subject comparisons with the resulting vector of hierarchical

clusters.

2. Method

In this section, we propose a new method to parcellate the brain. First,
we introduce a brain model based on a Markov process. Then, we describe
the parcellation method, which uses the information bottleneck-based method.
Additionally, we describe a measure based on mutual information which is used

to perform pairwise group comparisons.

2.1. Markov process-based brain model

A brain network can be modeled as a graph with a pair of sets G = (V, E),
where V represents the set of v brain regions, denoted by {Vi,...,V,}, and
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E the set of e edges between two nodes of V', that denotes their anatomical or
functional connectivity. This graph can be represented by a connectivity matrix
C with v X v elements, where Cj; gives the connectivity weight between node ¢
and node j.

In this paper, we propose to model a brain network as a Markov process
X = {Xo, X1,...,X¢, Xt41, ...}, which represents a random walk of a particle
moving from one brain region to another. From this model, we can define a
probability density function p(X;) = {p(z}),...,p(zl),...,p(z})}, where p(al)
represents the probability that a particle takes the value x; (i.e. the particle is
in the brain region i) at state X; (i.e. at time step t). This particle randomly
moves from a node x; to node x; according to the connectivity or probability

defined in the transition probability matrix, whose elements are given by

Cij
& (1)

where C;; = Cj;,Vi,j and C; = ), Cjj is the total weight of the edges emanating

plaft|zf) =

from node z;. The transition probability p(mi—“\mﬁ) defines the probability of
being in node z; after visiting node z;. Note that the transition probability
depends only on the current state and not on the previous ones.

The transition probabilities can be used to define the transition distribution

from each node z;, which is given by

p(Xepalzd) = {p(aiz}), ... plaftHal), .. p(aft2f)}
. Cz Cij Cl
- {Ci’...’C,L‘"..’Ci}. (2)

This distribution represents the overall probability of a particle to be in a
different node after visiting node z;.

The probability of being in node x; can be defined by a stationary distribu-
tion [17]. In this case, for undirected brain networks, the stationary distribution
is given by

pa) = o Q

where Cp = 2, >, Cj; is twice the sum of the weights of all the edges [17].

The stationary distribution, p(X;) = {p(x1),...,p(x;),...,p(xy)}, defines the
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probability of a particle to be in each of the nodes. Note that the stationary
distribution of a node is proportional to the total weight of the edges emanating

from that node.

2.2. Mutual information as a measure of brain structure

Mutual information (MI) is a well-known measure that quantifies the shared

information between two different variables X and Y defined as

I(X;Y) H(X) - H(X|Y)

> pla,y)log 2zy) (4)

22 p(@)p(y)

where H(X) = =3, p(z)logp(z) is the Shannon entropy of X and measures

the uncertainty of the variable X, and H(X|Y) = —>_ 3, p(y) >_,c » P(2|y) log p(z[y)

is the conditional entropy and measures the average uncertainty associated with
X if we know the outcome of Y. In our approach, we use the MI measure to
quantify the shared information or similarity between two states of a Markov
chain, i.e. I(Xy; Xpy1).

For a stationary Markov chain, the MI between consecutive states, I(X¢; X¢41),
coincides with the excess entropy [18, 19], which is a measure of system struc-
ture. We use this measure to quantify the structure of the networks. High
values of MI will indicate that there is a high correlation between consecutive
states and, therefore, that the brain is highly structured. Mutual information
can also be seen as the difference between the uncertainty of the states without
any prior knowledge and the uncertainty of the states when the past is known
(or information gained when the previous node is known). Therefore, the higher

the MI, the less random the connections.

2.3. Parcellation method
The goal of our parcellation method is to cluster the brain regions, repre-
sented as different states of a Markov chain, by minimizing the loss of infor-

mation when two regions are merged, the effect of which is to maintain the
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overall structure. The agglomerative information bottleneck method, proposed
by Thisby et al. [20], clusters a random variable X depending on a random
variable Y by minimizing the loss of mutual information. Gorbach et al. [13]
used this method to preserve the maximum information between the represen-
tative tractogram and all the tractograms that belonged to the same cluster.
However, in our brain model, we want to preserve the maximum information
between brain regions, represented as consecutive states (X; and X;y1) of a
Markov process X instead of two different variables X and Y. In this case,
when two nodes of the Markov process are merged, both X; and X7 are mod-
ified. Due to this limitation, the classic agglomerative information bottleneck
method cannot be used. Thus, we use the extended version of the algorithm
presented in [16], which takes this fact into consideration and enables to cluster
a random variable X depending on a Markov process.

The method starts by assigning each node (or brain region) to a different
cluster, with a total of v clusters. In the first step, the loss of mutual information
due to a possible merge of every pair of nodes (z;,z;) is calculated. The MI loss
is computed as the difference of mutual information between two consecutive
states I(Xy; X¢11), when nodes x; and z; belong to different clusters, and the
mutual information I (Xt; )A(tﬂ) when nodes z; and z; have been merged into

a single node & [16] as follows

6IA(X) = I(Xt;Xt+1) _I()?t;)?t-‘rl)

= 2p(2)J8 (zi,25) — p(&, &) (Xt; Xey1), (5)

where p(2) = p(z:) +p(x;), P(2,2) = >_,—i 5 2onei; P(Tm, Tn), and JS (24, 25)
is the Jensen-Shannon divergence [21] between p(X;11|2}) and p(X;412%), which

is defined as
JS (xj,x;) =H (p(Xt+1|§ft)) - p(l})
p(2)

where p(Xy41]2") = 30, p;(””i’“))p(XHﬂxZ).

H (p(Xopa]at)) — Z]’f(”;))H (P(Xrialz))) . (6)
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The term I()zt; )N(tﬂ) is given by

I()?ﬁ)?t—l-l Z Z ZL’m,SUn IOg 1();”; ( )) (7)

m= Z,j’ﬂ Z,j

- ~ T, Tn ~ Zn i, P(@mon) 5 Zm L P(@m zn)
where p(Z,, Tn) = %,P(iﬂm) = =S adp(in) = T

Next, the method finds and clusters the pair of nodes (x;,z;) with a minimum
loss of information (5IZ.AJ. (X). In other words, it merges the states that preserve
the maximum information of the whole network.

After each merge, the MI loss of the new cluster & and any other cluster
has to be calculated. This is performed using Equation 5. Note that, when two
nodes are merged, the connectivity probability function p(X;41|x},) of each node
xj, changes, since the two nodes (x;,z;) become a single node &. Due to this
fact, the MI loss of the other states has to be recomputed to take into account
the information lost by the new cluster. The merge of nodes (z;,x;) leads to
a variation of the MI loss of nodes (zy,x;). As shown in [16], this variation is

given by

ASTI(R) = —2plag, i) (XL X1,), (8)

where p(:%’?l,i"?j) = ek 2on—ijP(m,n), and I()Z'fl, X;JH) is defined as

X XE) = 55 S pl@min 1ogW 9)

m=k,l n=1,j (it
Note that, it is much more efficient to compute Equation 8 than Equation 5.
As a result, a new matrix of MI loss is obtained. The algorithm repeats the

described process until all the regions have been clustered. Fig. 1 shows a

graphical diagram of the main steps of the method.

2.4. Group comparison

An important desirable property of clustering algorithms is the consistency
of results across subjects. To quantify the similarity of different parcellations,
we use the normalized mutual information (NMI) [22] which has been used in

similar studies [23]. NMI calculates the shared information between a pair of
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Figure 1: Diagram showing the main steps of the method. The input is a low-scale segmen-
tation of the brain which is modeled as a Markov process. First, the loss of information for
each possible pair of regions is calculated. Then, the method searches for the minimum value
and the corresponding regions are merged. The loss of information is updated and the search

is repeated. As a result, a whole-brain hierarchical parcellation is obtained.

clusterings and can be seen as a distance value of results obtained from different
subjects. The NMI of two discrete random variables A and B can be defined as

1(4; B)

NMI(A, B) TROAE

(10)

The measure takes values between 0 and 1, taking the value 0 if and only if
A and B are independent. In our case, A and B are vectors of regions corre-
sponding to two different results of the method, where each value corresponds
to the index of the cluster that the region has been assigned. The comparison
is done for a particular number of clusters. Note that, A and B refer to two

different brain parcellations, and thus, I(A; B) is not related to the measure
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used by the proposed parcellation method.

3. Materials

In this section, the datasets used to perform the experiments are described in
detail. We used synthetic model networks with small-world properties to test the
properties of the parcellated brain networks. In addition, we analyzed human
structural and functional datasets to characterize the clustered connectivity

patterns and evaluate the consistency of the method across subjects.

8.1. Synthetic modular small-world networks

Brain networks have been shown to exhibit small-world properties [24, 25,
26, 27, 28]. We used the Brain Connectivity Toolbox (BCT) [29] to generate
binary directed networks with small-world properties employing the function
makeeven_CILJ. A set of 40 networks with 2048 nodes, 700,000 edges and 8 mod-
ules and a second set of 40 networks with 1024 nodes, 287,000 edges and 7
modules were created. A random weight was assigned to each edge of the net-
work. The weighted undirected networks were obtained by copying the elements

above the diagonal to below the diagonal.

3.2. Structural connectome

As structural networks we used the normalized whole-brain structural con-
nection matrices created from dMRI tractography at 5 different scales [30],
corresponding to 83, 129, 234, 463 and 1015 cortical and subcortical regions of
interest. These matrices were created from 10 subjects, all males aged 22+1.3
years old. Edge weights were calculated by dividing the number of fibers within
a region by the average of the region surface and by the average length of the

fibers. The average matrices were calculated from the 10 subjects for each scale.

3.3. Functional connectome
The functional connectivity network used in this work was generated using
the Automated Anatomical Labeling (AAL) atlas [31] which contains the cere-

brum divided into 45 regions for each hemisphere. This atlas has been used
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in recent studies such as [32, 33, 34] and it is included in the BrainNet viewer
(version 1.52) [35]. The surface volume template was from the ICBM152 (Inter-
national Consortium from Brain Mapping). Data were created from 198 healthy
subjects (76 males and 122 females), aging from 18 to 26 years old. The func-
tional matrices were built by first parcellating the brain with the AAL atlas
and the mean fMRI time courses were calculated for each pair of nodes using

Pearson’s correlation coefficients [35].

4. Results and discussion

To evaluate how the proposed method preserves the overall properties of the
networks, we used standard well-known global (one value per network) and local
(one value per node) network measures. Additionally, we calculated the mutual
information of the networks as described in Section 2.2 to quantify the struc-
ture. As standard global measures, we calculated the density, which is defined
as the fraction of connections of the nodes versus all possible connections, the
assortativity coefficient, which measures if nodes highly connected tend to be
connected with nodes also highly connected, the modularity, which is defined
as the strength of division in which the network can be subdivided into non-
overlapping modules, and the small-world index, which tests if the network has
small-world properties by considering the clustering coefficients and the char-
acteristic path lengths. As standard local measures, we calculated the degree,
which is defined as the number of links connected to the node, the strength,
which is the sum of the weights, and the clustering coefficient, which is defined
as the fraction of neighbors of a node that are also connected to each other.
Standard measures were calculated using the BCT toolbox. For comparison
purposes, we provide the results obtained employing the classic k-means method
by clustering the network using the correlation between brain regions (distance
measure = 1-joint probability). We tested the robustness of the method by

comparing the results across subjects.

10
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4.1. Synthetic modular small-world networks

In the first experiment, we considered the 40 synthetic networks with small-
world properties and 2048 nodes created with the BCT toolbox. We applied
the classic k-means algorithm and the proposed method to obtain 40 clustered
networks with 1024 nodes. We compared the results with the original networks
and also with the second set of 40 synthetic networks with 1024 nodes, which

we used as a reference. Results are shown in Table 1.

Table 1: Values of standard measures for the 40 synthetic model networks with 2048 and 1024
nodes compared to the values of the clustered networks with 1024 nodes obtained by using

the classic k-means algorithm and the proposed method (mean + STD)

Measure Original 2048 Original 1024 k-means Clustered 1024
MI 2.86+9.54x10™* 2.1440.002 2.24+0.002 2.27+40.002
Density 0.1749.91x107° 0.2743.35x10~*  0.2743.93x10~* 0.2743.67x10~*
Assortativity 0.003x+0.002  1.38x107%£0.002 0.02+0.007 5.43x10*40.002
Modularity — 0.6120.028 0.32+0.013 0.5840.043 0.6240.007
Small-world ~ 2.9740.005 1.16-£0.003 1.4740.004 1.5340.004
Degree 341.8149.05 280.85-+11.29 283.88+39.47  281.09+14.41
Strength 170.9447.01 140.4147.43 340.99+89.95  341.01420.61
Clustering

oefficiont 0.2940.013 0.1940.006 0.594:0.089 0.5740.03

As expected, the MI was higher with our approach, as it was optimized by
the method. Although the results obtained were similar to the original network
with 2048 nodes, some differences could be appreciated. For instance, the den-
sity was slightly higher, and the small-world index and the degree were slightly
lower, due to the fact that, after clustering, connections within the same cluster
were not counted. However, these measures were similar to the original net-
work with 1024 nodes. On the other hand, the clustered networks had a higher
strength because it was preserved when two nodes were clustered. Interest-
ing properties were found with the modularity and the assortativity measures.

While the modularity with our method was similar to the original network, it

11
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was slightly lower using k-means. Additionally, while the assortativity was sim-
ilar to the original network with 1024 nodes using our method, it was higher
with k-means. These values showed that while the k-means failed in preserving
these characteristics, our method was able to provide a network with more sim-
ilar values. The clustering coefficient was higher using both k-means and our

method, probably due to the increase in number of edges per node.

4.2. Structural connectome

In the following experiment we used the average structural connectome from
the 10 subjects. We applied our method to the group-average connectivity ma-
trix with 1015 partitions to obtain a clustered network of 83 regions, which we
compared with the corresponding anatomical parcellation of 83 regions and the
results of the k-means method. Results are shown in Table 2. In this case, as
in the synthetic model networks, similar values were achieved for the anatom-
ical parcellation and the clustered parcellation, which indicates that the main
properties of the network were preserved. As expected, the mutual information
value was higher, since this is the aim of the method. The assortativity mea-
sure, which is used to measure if nodes are connected to nodes with a similar
connectivity pattern, was similar with our method but not with k-means, which
indicates that the k-means network was more random.

In order to further evaluate the resulting brain parcellations, the 3D volumes
of the group average anatomical parcellation with 1015 regions and with 83 re-
gions are shown in Fig. 2(a) and Fig. 2(b), respectively. The results obtained
with the proposed method by clustering the original network with 1015 regions
into 83 regions are shown in Fig. 2(c). Differences in the generated parcella-
tions could be appreciated. The network obtained with the proposed approach
had higher mutual information than the anatomical parcellation, therefore the
resulting networks provided more information about the structure. It is worth
mentioning that regions tended to cluster with neighboring regions, although no
spatial restrictions were used in the proposed method. A good clinical study to

investigate such differences at various levels is required, which is out of the scope

12
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Table 2: Values of the standard network measures for the anatomical parcellation compared
to values obtained from the clustered network using our method and k-means algorithm. All

networks have a total of 83 nodes. For local measures the mean + standard deviation is given.

Measure Anatomical 83 k-means 83 Clustered 83
MI 2.53 2.71 3.16

Density 0.57 0.57 0.62
Assortativity -0.037 0.03 -0.036
Modularity  0.45 0.49 0.56
Small-world  0.40 0.42 0.32

Degree 47.13+15.15 46.38+£12.91 50.961+12.02
Strength 0.01+0.001 0.01£0.003 0.01£0.002
Clustering

2.44x107%+6.95x107° 1.16x107%£3.52x107° 1.25x107*+2.49x10~°
coefficient

of this work. However, with these results, we show that the proposed method
may provide useful parcellations to study properties of the network such as the
overall structure at different levels.

Additionally, we provide the dendrogram corresponding to the hierarchical
clustering of the structural connectome with 83 regions in Fig. 3. As an ex-
ample, we show the connectogram of the last four regions at the bottom of
the dendrogram, corresponding to the right hemisphere banks superior tempo-
ral (Fig. 4(a)), right hemisphere transverse temporal (Fig. 4(b)), right hemi-
sphere superior temporal (Fig. 5(a)) and the right hemisphere middle temporal
(Fig. 5(b)). Due to the high density of the nodes, the connectograms only show
the connections with values higher than 1073, As it can be seen in the dendro-
gram of Fig. 3, the first step of the method merges the banks of the superior
temporal sulcus of the right hemisphere with the right hemisphere transverse
temporal gyrus. As it can be seen in Fig. 4(a) and (b), both are connected
to the right hemisphere superior temporal gyrus and the banks of the superior
temporal sulcus does not have strong connections. Thus, the merge of these two
regions provides the minimum loss of mutual information. These two clustered

regions are latter merged with the right hemisphere superior temporal gyrus

13
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(a) Anatomical (b) Anatomical (c) Clustered
N =1015 N =83 N =83

Figure 2: (a) Anatomical parcellation with 1015 regions; (b) Anatomical parcellation with 83

regions; (¢) Clustered parcellation obtained by clustering (a) into 83 regions.

and the right hemisphere middle temporal gyrus. These three regions have a
very similar connectivity pattern (see Fig. 4(a) and Fig. 5(a) and (b)), hence,
merging these regions the network is simplified, as one region can predict the

other, thus, the loss of information is minimum and the structure is preserved.

4.8. Functional connectome

In the last experiment, we show the applicability of the proposed method to
functional data. In this case, we used the functional matrix with 90 partitions

corresponding to the AAL atlas described in Section 3.3. Fig. 6, which was

14
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Figure 3: Dendrogram of the hierarchical clustering parcellation obtained from an anatomical
segmentation with 83 regions. The two volumes at the bottom correspond to the parcellations

obtained after 15 and 45 steps, respectively.

20 generated with BrainNet [35], shows the resulting volumes along with the con-
nectivity matrix, after applying the clustering. As can be seen in the images,

the method tended to join the same area from the left and the right hemi-
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Figure 4: Connectogram of the original structural network with 83 anatomical partitions. In

red, the connections of (a) the right hemisphere banks superior temporal and (b) the right

hemisphere transverse temporal. 16



frontal

£ E 5
I} LS o Py
o £ o & @, 8
T 502 859
< Sz0fsf8e3fs, &
6 %5, _c33i::2ilf8seS
: % 5293385888595
<4 % % < .°¢g-<5u;5:~cwo(~‘k'~bb o
G % T % 52%338358L88L0p S S & e
Mhsg, oo, 5 < 0% 5E5ESEEFILLIEL S Lo (& °
(/7%@@%»%&.%,%maw"‘ CeEr Py & & \e6°_&é°
o My, o & & 0@
*/,;7 " %, %, 2 _a\a“ d(\q“ .
Uiy 0r P o
‘e o
¢ ,"7,00 Q.o\x\‘““s (@
H PNSCS D ™ el
Parapy, org;, Yo ?‘%\’\‘)05 ‘a‘“ﬁrg‘“ @
Ocay, 0/ e arie!
Iy qu,.f’;’ﬁe/ \ R\“\_\Ssupeno' p2 il
%{H Inferior pane

LH jin
Qual
LH latera) occipilall
LH pericalcarine

RH precuneus
RH cuneus
RH pericalcarine

LH cuneus = i
recuneus e later: -
AP arietel =% RH i, al ocgipita)

~oferiof P \ R 'Juar
L nf aniet@ H £,
pef P2 ged Riy o SSiforp,
WA SUPE e e —= By o ey,
s e 4 g sy, O,
\,\'\“ec;\oéq\\\'o oo,
WP &, g,
& 2y, P, U,
RO RS %oy, % ts, PO
N 6@0 ~o‘°\' o, ’90; /o
2 o 8% %, 15 O
(SIS 3. P % 2
> ) «& Lo~ EAE RN %, %o,
o S R S e e F R e nnnE 0 N v T
@ O 5588t 0T e % »
N VLo S8% 53 ) -
N P IS EE§82585%%° % %, O
FIFFL o888 ¥
= = %
I TESEEIrss3 . 7
v 3g 2 &
3 ®
z I
3
-
(a)
K]
13 -~
s z
B3 g o ~
1 S 2 3
C = 5§50 ¢ &
eI _cf5efies &
¢ 2255538875 ¢es &
& 23038 5ssf88 &S
% R 22033822 ISRF L F e
Yo G % 552235833888 f0 58S &
9 % e LSS . 5@
s % % 0,2 5292888322, 888 0 Lo P
& 0 T, e, 50,883 TEEr T H S & & (&
<y g, g F 5% o &%
7 7 y
¢ ,y%/;bre’%% ™ 90@\‘@0\‘\ N
lon, fe,,] N P o sd‘(\g
Yoy, Po, L™
JTE Y WS e A
Parapy, org;, % B ard
L 2eamp ! A sup e et
f”Sifor,.,, rH supe” arietal
LH lingyg R inferiof P
LH latera) occipita) RH precuneus
LH pericalcarine 7/~ RH cuneus
LH cuneus RH pericalcarine
S lat "
H precuney eral ocgip;i
u ?,pane\a\ RH ling, " CCipital
winfer® o hera RH fysre
v jior P2 o Riy WUsitory,
UL QURA e Rey Parap,
W 5“:\Q°e\°e;\,\e B ”’Or/,,:"" My
AT e Mo, ey
S o, e,
NPT %
W et (9 S, Y
\3&’0 \ea(\,os %s o,
w8 s o . S, 8/
o 553 SEERs L 3 % & o
I sasf 0.2
W& SESFe558328%5%% . 0
R S SFEEEE58288225 % % N R
> RIS S8 5235583229 . 2, A
Ty Lo5fcL8T 3> % % 4
FIFFLO58588% [ S
3 $ 2885553 3 %,
v eI g 3E e " -
I <~ £ & @
N k]
T
I
~ —

Figure 5: Connectogram of the original structural network with 83 anatomical partitions. In

red, the connections of (a) the right hemisphere superior temporal and (b) the right hemisphere
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sphere. This was due to the similarity of the connection pattern in both areas.
Thus, joining both regions the functionality of the whole-brain remained similar
while the network was summarized. For a lower number of clusters, the method
tended to merge areas belonging to the same lobe. As can be seen in the matri-
ces shown in Fig. 6, the general structure of the network was preserved for all

the cases.

4.4. Group comparison

To evaluate the consistency of the results, Fig. 7 shows the average NMI
values and standard deviation of the pairwise comparison between the different
parcellations obtained from the structural connectome of 10 subjects. Initially,
there is a one-to-one correspondence between the parcellations, therefore NMI
= 1. Then, due to accumulated error, the NMI slowly degrades in each step
of the method, as each subject region becomes clustered in a slightly different
order. As expected, when the number of clusters is small, the NMI degrades
quicker, having more random behavior and a greater accumulated error. As it
can be seen from the NMI values in Fig. 7, the results are consistent across
subjects, with less variability when the number of clusters is high.

Although it is still unclear which level gives the best representation, this
measure can be used to provide a threshold for the minimum number of regions
to consider when taking into account the desired similarity across subjects. For
example, if a NMI of 0.8 is preferred, only parcellations with a minimum of 300

regions should be considered.

4.5. Final discussion

In this paper, we show a proof of principle demonstration of a new parcel-
lation method that provides robust and reproducible results using dMRI and
fMRI data. Although a further investigation with clinical data is required,
the proposed approach provides a new framework which may be of interest in

studying the structure and function of complex brain networks.
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Original

90 clusters 50 clusters

40 clusters 30 clusters 20 clusters 10 clusters

Figure 6: Illustrative example of the results obtained with the functional connectome. The
method takes as input the original network with 90 clusters. This figure shows the results for

70, 60, 50, 40, 30 20 and 10 clusters.

Hierarchical clustering methods were proposed to overcome some of the lim-
itations of connectivity-based methods such as the k-means algorithm, by merg-
ing only one region at each step, resulting in a tree structure. As we have shown,
the proposed method leads to clustered networks with similar network metrics

to the original networks but with a higher MI. We have seen that our method

19
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Figure 7: All possible NMI pairwise comparison for each level between the pacellations ob-

tained from 10 subjects (mean value + standard deviation).

performs better than the k-means method, with the advantage of a hierarchical
solution. One limitation of our method is that it does not guarantee a global
optimum, as the proposed greedy algorithm only takes into account the local
loss of information. The information bottleneck method has been used before
to parcellate the brain. Gorbach et al. [13] presented an information-based par-
cellation method able to cluster brain regions with promising results. However,
Gorbach’s method assumes that there is a prototype that represents the whole
cluster and adds a new parameter to control the sensitivity of the uncertainty
which may affect the result of the method. In this work, by using an extended
version of the bottleneck method, we eliminate the need to define a representa-
tive tractogram that defines the connectivity pattern of the cluster and no extra

parameters are used.

5. Conclusions

In this paper, we describe a robust whole-brain hierarchical parcellation
method that preserves the global structure of the network. A Markov model
is defined by modeling a brain network as a random walk on the connectome.

Using this model, the mutual information is used to quantify the structure of a

20
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network. Brain regions are clustered by employing the information bottleneck
method which minimizes the loss of information between connectivity profiles
when two regions are merged into the same cluster. The method is tested on
synthetic model network with small-world properties, structural and functional
human connectomes. We use the normalized mutual information to compare
the results at different scales. From our tests, we show that the method is able
to create summarized brain networks that preserve the brain structure and are
consistent across subjects. With this work, we provide a new approach that
could improve the understanding of the human connectome structure. Future
work should focus on the variability of the results using different anatomical
atlases for initialization and also include cases with large-scale lesions. A multi-

modal version of the method is being studied.
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