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Abstract

Functional MRI (fMRI) is one of the most impor-
tant techniques to study the human brain. A relatively
new problem to the analysis of fMRI data is the identifi-
cation of brain networks when the brain is at rest i.e. no
external stimulus is applied to the subject. In this work
a method to find the Resting State Networks (RSNs), us-
ing fMRI time series, is proposed. To achieve that our
method uses the Regression Mixtures Models (RMMs).
RMMs are mixture models specifically design to clus-
ter time series. Furthermore, our method takes into ac-
count the spatial correlations of fMRI data by using a
new functional for the responsibilities of the mixture.
Experimental results have showed the usefullness of the
proposed approach compared to other methods of the
field such as the k - means algorithm.

1. Introduction

fMRI is a technique that help us to understand the
function of the brain by using task - based or stimu-
lus driven paradigms. This is achieved by measuring
the relative change of the BOLD signal from the base-
line during the performance of a task or in response to a
stimulus. In recent years there is an increase interest in
the application of the method when the subject is at rest.
This approach is called resting state fMRI (RS fMRI) or
functional connectivity of MR imaging (fc fMRI). RS
fMRI investigates syncronous activations between dis-
tinct spatially regions in order to identify RSNs. This
technique focuses to the analysis of spontaneous low
frequency fluctuations of the BOLD signal. The signif-
icance of these fluctuations was first presented by [1].
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From a physiological viewpoint, in the literature
have been reported many RSNs. The most notable of
them is the Default Mode Network (DMN). Studies
have showed that the functions of brain areas within
the DMN are crusial to human mental activity. More
specifically, it has been observed the connections be-
tween brain areas belonging in the same network are
disrupted in pathological case such as Altzheimer dis-
ease [2]. Also, several other RSNs have been identified.
These networks include the somatosensory network, the
visual network and the auditory network among oth-
ers [3]. These networks have demonstrated high con-
cistency and reproducibility across subjects.

Although the study of resting state fMRI time se-
ries is a relatively new field, enough works have been
published in last years concerns the analysis of time se-
ries from a methological point of view. Methods based
on correlation analysis, such as the seed - based anal-
ysis [1], are proposed. Also, multivariate approaches
such as ICA are used to analyze RS fMRI time series.
More specifically, the ICA approach is used to identify
spatially independent resting networks [4]. Also, Graph
based methods are used to study the time series. These
approaches represent the brain as a collection of nodes
connected with edges [5]. Finally, clustering methods,
such as the k-means, are used to divide the time series
into distinct groups where the members inside a group
have large similarity while each group compare to oth-
ers present great differences [6].

In this work we proposed a new mixture model to
find the RSNs of the brain. More specifically, a re-
gression mixture model is utilized. Regression mix-
ture models are designed to dealt with various aspects
of time series analysis such as variable size of time se-
ries. The spatial characteristics of fMRI data are intro-
duce into our model through the mixing probabilities
of the mixture. In addition a new prior for the mixing
probabilities is proposed. This prior acts as a mean fil-
ter on the neighborhood of a time series. The remainder
of this paper is organized as follows: In section 2 we
present the regression mixture model while in Section 3
the regression mixture model with spatial properties is



described. In section 4 results using simulated and real
data are presented. Furthermore, a comparison of the
proposed approach with the k-means algorithm is pro-
vided. Finally, in Section 5 we give some concluding
remarks and future directions.

2. Mixture Modeling of Time Series

Let Y = {y1,y2,---,y~} be a set of N fMRI time
series of length T, i.e. each element y, is a sequence
of values measured at 7" successive time instances x;,
ie. yu = {yw}i=1,..r- It must be noted that the data
analysis in our study has been made on a single slice.
We assume that the time series can be described using a
linear regression model. Hence each time series can be
formulated as:

Yn:XW11+en, (1)

where w,, is the vector of M (unknown) linear regres-
sion coefficients, while e, corresponds to the stochastic
noise term that is assumed to be zero mean Gaussian
with variance 67, i.e. €, ~ .4 (0,062I). Finally, X is
the design matrix where its selection plays an impor-
tant role for the data analysis. A typical design matrix
scheme is the Vandermonde or B-splines matrix dealing
with polynomial or splines models, respectively. Also,
predetermined dictionaries such as the Fourier Trans-
form, the Discrete Cosine Transfofm and the Wavelet
Transform can be used to construct the design matrix.
Finally, another approach is to assume a kernel design
matrix using an appropriate kernel basis function over
time instances {x;}/_,. A common choice is to use the
Gaussian kernel
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where A is a scalar parameter. In addition, the design
matrix may contain information about the experimental
paradigm of fMRI experiment [7].

According to this model, the conditional probabil-
ity density of the observative sequence y, is also Gaus-
sian

(X = K(xp,x:2) = exp(—

p(yal6,) = A (Xw,,0,1) .
where 6, is the set of model parameters, i.e. 6, =
{wa, 0}

In this study we consider the task of fMRI time-
series clustering, i.e. the division of the input set of time
series Y into K clusters, in such a way that each clus-
ter contains similar in nature elements. This is equiva-
lent of assuming that each cluster has its own regression
generative mechanism, as given by a conditional density
with parameters 6; = {w;, GJZ}. Mixture modeling pro-
vides a powerful platform of establishing the clustering

procedure. It is described with the following probability
density:

K
F(ynl®) = 3, mip(yal6)) 2
j=1
where 7; are the weights (prior probabilities) of every
cluster that satisfy the constraints: 7; > 0 and 25-(:1 =
1, while © is the set of all mixture model parameters,
ie © = {m;, Gj}le. Assignment of the data to the K
groups is then achieved according to the maximun of
the posterior probabilities of component membership:
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Based on the above formulation, the task of clustering

can be converted into a parameter estimation problem
where we need to maximize the log-likelihood function:
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3. Spatially Variant Mixture Modeling of
fMRI time-series

The fMRI time series are structures that involve
spatial properties, where adjacent voxels tend to have
similar activity behavior. This effect is introduce into
our model by treating carefully the mixing probabili-
ties. More specifically, we assume that any sequence y,,
has a set of labels 7,; that provides with the degree of
belonginess to each cluster j. We treat these parameters
as random variables that have also the contraints 7,; > 0
and X m,; = 1.

Following the theory of Markov Random Fields
(MRF), we consider a Gibbs distribution over these
mixing labels parameters. This establishes spatial de-
pendencies and offers smoother solutions. More specif-
ically, we assume a Gibbs potential function of the fol-
lowing formulation:

l}]‘n = z ZjnZjm (5)

menN,

This function describes the influence of the neighbor-
hood to the decision process. More specifically, it acts
as a smooth filter to the posteriors and it works like
a voting system i.e. a particular time series will be
grouped into the cluster where the most time series of
the neighborhood belong. Finally, the following prior
over mixing probabilities is given by:
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An important role in using a regression model is
how to estimate its order M, i.e. the size of linear regres-
sion coefficients w;. Estimating the proper value of M
depends on the shape of data to be fitted, where models
of small order may lead to underfitting, while large val-
ues of M may become responsible for data overfitting.
This may deteriorate significantly the clustering perfor-
mance. Bayesian regularization framework provides an
elegant solution to this problem [8,9]. It initially as-
sumes a large value of order M. Then, a heavy tailed
prior distribution p(w;) is imposed upon the regression
coefficients that will enforce most of the coefficients to
be zero out after training.

The sparsity can be achieved in an hierarchical way
[8] by considering first a zero-mean Gaussian distribu-
tion over the regression coefficients:

p(wjlo) = A (w;l0,A7") HJV wil0,05,') s (7)
where A; is a diagonal matrix containing the M com-
ponents of the precision (inverse variance) vector o; =
(aji,...,ajp). At asecond level, precision can be seen
as hyperparameters that follow a Gamma prior distribu-

tion:
M
p(e) = [T (|, ) ocHa” Lexp ™. (8)
=1

Note that both Gamma parameters b and ¢ are a priori
set to zero so as to achieve uninformative priors. The
above two-stage hierarchical sparse prior is actually the
Student’s-t distribution enforcing most of the values o
to be large and thus eliminating the effect of the cor-
responding coefficients wj; by setting to zero. In such
way the regression model order for every cluster is au-
tomatically selected and overfitting is avoided.

The clustering procedure becomes now a
Maximum-A-Posteriori (MAP) estimation prob-
lem, where the MAP log-likelihood function is given
by

N K
uap(©) = Y log{ Y ,ip(yn|6;)} +log p(I)

n=1 j=1
K
+ 2 {logp(wjla)) +logp(aj)} . (9)
j=1
where © = {{m,;}IV_,,0;, = (Wj»aj,o'f)};(:l and

p(I) =TIV, [TX j—1 Tnj. Employing the EM algorithm
to MAP estimation requires at each iteration the condi-
tional expectation values z,; of the hidden variables to
be computed first (E-step):

7, p(¥n|0))

P (10)
SR up(ya|6k)

Zjn:

Also, during the M- step of the algorithm we obtained:
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To conclude the proposed algorithm consists from
Egs. (10) - (13). These equations are applied iteratively
until converged. Furthermore, 7,; are calculated by us-
ing Eq. (6). Finally, to assign labels in each time series
the posterior probabilities are used (see Eq. 10).

4. Experiments

We have conducted experiments using simulated
fMRI time series. The proposed algorithm has been
compared with the k-means algorithm. During the ex-
periments with simulated fMRI data, we have created
3-D datasets of time series using linear regression mod-
els with known design matrix and regression coeffi-
cients. In these time series, we have added white Gaus-
sian noise of various SNR levels. The spatial corre-
lation between the time series is achieved through the
regression coefficients. The spatial patterns are drawn
in Fig. 1(a). Finally, for each SNR level we studied
the performance of the comparative methods by exe-
cuting 50 Monte Carlo simulations. To measure the
quality of each clustering approach, we have used the
performance, calculated as the percentage of correctly
classified time series. As we can observe the proposed
method provides us with better results compared to k-
means algorithm (see Fig. 1(b)). More specifically,
the performance of the proposed approach for -8 dB is
0.9908 while for the k - means is 0.9616. As the SNR is
becoming smaller the performance of both approaches
is detoriated. However, the detoriation rate of the pro-
posed approach is smaller than that of k - means.

We have test the proposed approach in real
data and we have compared with the k-means algo-
rithm. These data have been downloaded from NITRC
(http://www.nitrc.org), under the project name: NYU
CSC TestRetest. A detailed description of the dataset
can be found in [10]. From this dataset a subject was
chosen to study the performance of our method. We
have applied the proposed method and the k - means to
the raw time - series without any preprocessing steps.
This will showed how robust are the two approaches in
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Figure 1. (a) Spatial patterns with 5 clusters
employed in our experiments with simulated
time series and (b) Performance of the two
methods for various SNR levels

difficult and noisy situations. Both methods are applied
by define the number of clusters to 5. The obtained re-
sults are shown in Fig. (2). As we can see both approach
find the DMN (cluster 5 for the proposed approach and
cluster 2 for the k-means), however the proposed ap-
proach provides us with a cluster more compact than
the k-means. Also, this feature can be observed to oth-
ers provided clusters.

5. Conclusions

In this work a new regression mixture model was
proposed. More specifically, a new spatial prior over
the mixture propabilities of the mixture model was de-
fined. Furthermore, to estimate the model parameters
the EM framework was adopted. The proposed method
has been tested in real resting state fMRI time series
and simulated cases and it has been compared with k -
means, while the provided results have shown its supe-
riority. In the future we intend to study more carefully
the concept of model order (i.e. number of clusters) and
the behavior of the method in larger resting state fMRI
datasets.

(b) k- means

(a) Proposed approach

Figure 2. Obtained clusters in the cases of real
data. (In colorbars the cluster indexes)
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