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ABSTRACT

The brain undergoes functional dynamic changes at all times. Investigating functional dy-
namics has been recently verified to be helpful for detecting psychological conditions and
powerful for analyzing disease-related abnormalities of the brain. This article aims to detect
functional dynamics. Specifically, we focus on how to effectively distinguish corresponding
functional connectivity and change points from functional magnetic resonance imaging (fMRI)
data. By combining Bayesian connectivity change point model (BCCPM), a modified genetic
algorithm (GA) is presented to optimize the evolutionary procedure toward the most probable
distributions of real change points in fMRI. We randomly initialize different binary indicator
vectors to represent different distributions of change points. Each indicator vector represents
an individual in GA, and together they form an initial population. Then we calculate Bayesian
posterior probability and use it as the fitness of each individual. Finally, we evolve individuals
of current generation toward the next higher fitness generation by a series of modified genetic
operators. After several evolutionary procedures, individuals in the final generation may have
outstanding fitness and the one with highest fitness can represent the most likely change point
distribution in the corresponding fMRI data. Furthermore, the most probable change point
distribution could be resolved. We test the optimized method for BCCPM on several syn-
thesized data sets, and the experimental results verify that the proposed model produces
higher accuracy results with lower time consumption. Also, we apply the new model to real
block-designed task-based fMRI data set and excellent results are obtained.

Keywords: functional brain dynamics, Bayesian inference, optimization algorithm.

1. INTRODUCTION

UNDERSTANDING FUNCTIONAL LOCALIZATIONS and exploring functional interactions within the brain are
ongoing challenges in the area of neuroscience (Passingham et al., 2002; Lv et al., 2015). Among several
methods, neuroimaging is an efficient way to achieve this task. Functional magnetic resonance imaging (fMRI) is
a functional neuroimaging method (Wikipedia, 2017). By quantifying blood flow using MRI technology, fMRI
data can be used to measure human brain activities (Friston et al., 1998; Logothetis et al., 2001; Wikipedia, 2017).
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In recent years, multiple neuroscience researches on neuronal network-level activities using fMRI data
set have invoked increasing number of attentions (Zhang et al., 2014; Ou et al., 2015b). Modeling func-
tional connectivity and abrupt boundaries among regions of interest (ROIs) in fMRI data has been generally
considered as a powerful way to investigate brain functional interactions (Malonek and Grinvald, 1996; Ou
et al., 2013, 2014; Zhang et al., 2014).

Inspired by the successes of signal analysis technologies, sliding time window, short-time Fourier
transform, and wavelet transform-based schemes are proposed to detect brain functional dynamics in recent
literature (Friston et al., 1994; Bassett et al., 2006; Allen et al., 2014; Zhang et al., 2014). Unfortunately,
these frameworks are limited due to some difficulties such as how to decide the length of the sliding
window. Sparse representation is widely used in applications such as image processing, audio processing,
and document analysis (Passingham et al., 2002; Mairal et al., 2008; Wright et al., 2009; Plumbley et al.,
2010; Zhao et al., 2010; Lyu et al., 2016). Recently, there are several researches that utilize sparse
representation for fMRI signal analysis, and some excellent results are achieved. However, sparse repre-
sentation is based on the typical assumptions that the neural integration of those components is linear and
the components of each voxel’s fMRI signal are sparse (Passingham et al., 2002). In general, these basic
assumptions might not be easy to reach for fMRI data analysis. From a technical perspective, several other
very popular tools for signal analysis can also be developed for exploring brain functional interactions, such
as Markov random field models, principal component analysis, independent component analysis, and
autoregressive spatial models (Passingham et al., 2002; Ou et al., 2013, 2015a; Lyu et al., 2016).

In some recent studies, several Bayesian inference-based methods have been proposed for exploring
brain functional dynamics. These methods are less sensitive to fMRI noises and more reliable in estimating
functional interactions (Stevenson et al., 2009). Lian et al. (2014a) proposed a Bayesian connectivity
change point model (BCCPM) to detect change points (defined as abrupt boundaries of functional inter-
actions in brain networks) in fMRI. It uses Bayesian inference method to calculate the probability of
multivariate time series while some certain time points are assumed as change points among fMRI data. It
obtains significant performance. However, it is based on Markov Chain and Monte Carlo (MCMC) strategy
and not easy to be speeded up with multiprocessor computers or graphics processing unit (GPU).

In this article, to develop a higher accuracy algorithm that can be parallelized in multiprocessor com-
puters or GPU in the future realization, we investigate most Bayesian inference-based methods for ex-
ploring brain functional interactions (Stevenson et al., 2009; Lian et al., 2014a,—d; Zhang et al., 2014; Guo
et al., 2016; Xiao et al., 2017). By combining BCCPM, we propose a modified genetic algorithm (GA) to
optimize the evolutionary procedure to improve the detection accuracy and decrease the time consumption.
We test GA-based BCCPM on several synthesized data sets, and the experimental results verify that our
new model produces results with higher accuracy in less time. Also, we apply the new model to real block-
designed task-based fMRI data set, and excellent results are obtained. In this section, we mainly describe
the modified GA and BCCPM. The modified GA will be utilized as an optimization strategy and Bayesian
inference theory will be used to calculate fitness of each individual in GA.

2. MODIFIED GA AND BAYESIAN INFERENCE THEORY

In this section, we mainly describe the modified GA and BCCPM. The modified GA will be utilized as
an optimization strategy and Bayesian inference theory will be used to calculate fitness of each individual
in GA.

2.1. Modified GA

As aforementioned, we need an optimization method to achieve better performance such as higher
accuracy and lower time consumption. Moreover, the potential parallelized realization is an important
factor we may concern.

GA is a kind of evolutionary method inspired by the process of natural selection (Liu et al., 2016; Pei et al.,
2016). Commonly, we represent the possible solutions of a problem with indicator vectors called individuals.
Then, we evolve the initial individuals to the next generation using selection, crossover, and mutation operators.

Actually, GA may utilize very different selection, crossover, and mutation strategies for different problems.
To effectively explore brain functional interactions, we design a series of special selection, crossover, and
mutation operators as follows.
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Selection and crossover:

Step 1. Randomly produce an integer n€ 1 ~n0.

Step 2. Randomly produce two different integers al and a2€ 1~n, and select the al-th and a2-th
individuals in the sorted i-th generation.

Step 3. Randomly produce two different integers bl and b2 e 1 ~N as the selected positions.

Step 4. Crossover the selected individuals at the selected positions.

Mutation:

Step 5. Randomly produce a floating point number u € [0,1].

Step 6. if u>u0, go to step 8.

Step 7. Randomly produce integers cl,c2,...,cs € [O,N].

Step 8. Change the cl-th, c2-th,..., and cs-th positions from 1 to 0 or from 0 to 1.
Step 9. If all the individuals have been generated, stop; otherwise, go to Step 1.

Figure 1 illustrates the structure and flowchart of the modified GA. The main procedures of the algorithm
in Figure 1 can be summarized as follows. First, we randomly initialize some binary indicator vectors to
represent different distributions of change points. The dimensions of these indicator vectors are the same as
the number of time points in the fMRI data. From the view of GA, these indicator vectors can be regarded
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FIG. 1. Flowchart of the proposed GA. BCCPM, Bayesian connectivity change point model; fMRI, functional
magnetic resonance imaging; GA, genetic algorithm.
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as individuals of the initial population. We then calculate Bayesian posterior probability and use it as the
fitness of everyone. Finally, we evolve individuals of the current generation toward the next higher fitness
generation by a series of modified genetic operators, that is, special selection, special crossover, and special
mutation strategies. After several evolutionary procedures, individuals in the final generation may have
outstanding fitness, and the highest fitness individual can represent the most likely change point distribution
in the corresponding fMRI data. Thus, the most probable change point distribution could be resolved.

Moreover, if we carefully inspect every step illustrated in Figure 1, we can see that the modified GA is
different from a traditional algorithm. Besides typical selection, crossover, and mutation operators, it has a
sorting operation and a duplication operation. These two operations exert very important influence on all
other operators, and may directly improve the performance.

2.2. Bayesian connectivity change point model

In this subsection, we mainly introduce BCCPM, which was first proposed by Lian et al. (2014a) in the
literature. We will use Bayesian inference theory to calculate fitness of each individual in GA.

Given an RXT data set X=(xy, xp, - - -, x7), in which T is the number of observations and R is the
number of ROIs, we are interested in whether there are some differences in the joint probabilities within
these ROIs between different time periods.

We define a block indicator vector as

I=, L, -, 1Ip), (1)

where Iy =1 if the k-th observation x; is a change point of the start of a temporal block, Iy =0 otherwise.

Now, suppose a set of vectors xi, xp, ---,xr is i.i.d. (independent and identically distributed) from
R-dimensional multivariate normal distribution, that is, x~N(u, >) t=1, 2, ..., T, where T denotes the
number of vectors, R denotes the dimension of vectors xi, x>, - - -, x7, )l denotes the R-dimensional mean
vector, and 3" denotes the RXR covariance matrix. The conjugate prior distribution of (i, ) is N-Inv-
Wishart (¢, Ao/ %0, Vo, Ao) (Gelman et al., 2014), and the posterior distribution of (u, 3°) based on the data

X=(x1,x2, -+, xr) is also N-Inv-Wishart (ur, Ar/xr, vr, Ar) (Gelman et al., 2014). Therefore, we can
calculate the probability of x;, x5, - - -, xras follows:
@1, X, o X YD) ] Ko g, TROCT) (det (Ag)Vo/2
p(xls X2, 0, XT)= Lt 2 S K Z =(_)RT/2(_O)R/2 \30 - 0/ 2RT/2, (2)
p(, Ylx1, x2, -+, xr) 21 K Tr(%) (det (Ar)Vr/2
where I'g(z)is the multivariate gamma function:
R
Tr(e)=m" V4 1T T+ (1-))/2). (3)
j=
Consider the block indicator vector in Equation (1), the likelihood of the data matrix X =(x;, x5, - - -, x7) is
DY
pX|D= T p(Xy), “)

where X, is the temporal observations that belong to b-th block and p(X}) can be calculated according to
Equation (2). The temporal blocks are independent from each other; therefore, the posterior distribution of
the configuration is

- - — - T o
pI1X) x p(I)p(X|I), where p(I)= 1_[1 p(I;) and p(I,) is Bern (0.5).
t=

It is worth noting that Equation (4) will be regarded as the fitness function of the proposed GA to calculate
the fitness of every new individual generated by the evolutionary operators.

3. SIMULATION STUDY AND REAL DATA APPLICATION

In this section, intensive simulation study is carried out to evaluate and validate MCMC-based BCCPM
(Lian et al., 2014a) and GA-based BCCPM on several simulation data sets. Furthermore, the application
results on a real emotion processing task-based fMRI data set are compared and summarized.
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3.1. Simulation study

In the simulation study, eight data sets are generated based on eight different structures of dynamic
networks (Fig. 2a-h) to testify that GA-based BCCPM can effectively detect the change points. There are
various types of interaction patterns in the eight different structures of dynamic networks to make sure the
applicability of the model. Multiple experiments are completed to validate the proposed model. The
designed change points of eight different dynamic networks are shown in Figure 2 by using a vertical solid
line with a position number below it.

For each of the eight structures of dynamic networks, we repeat the experiment 50 times and all the
results are saved to calculate their average performance. The number of repetitions of GA-based BCCPM is
set as 100 and that of MCMC-based BCCPM is set as 20,000 to achieve good convergence and change
point detection results for both methods. Note that all parameters of BCCPM are set at the same values for
the sake of fairness.
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FIG. 2. Eight different structures of dynamic networks (a=h) and their change point distributions.
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FIG. 3. Convergence curves for
networks (a-=h). Left column shows
results from MCMC-based BCCPM.
Right column shows results from
GA-based BCCPM. MCMC, Markov
Chain and Monte Carlo.
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FIG. 4. Change point detection re-
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TABLE 1. COMPARISON OF COMPUTATIONAL COST (TIME IN MILLISECONDS)

MCMC-based BCCPM GA-based BCCPM
Network (a) 35722 3168.6
Network (b) 5284.6 3618.8
Network (c) 8687.4 4468.6
Network (d) 5000.2 2790.4
Network (e) 6009.4 3206.4
Network (f) 8784.6 4525.0
Network (g) 7890.2 5706.0
Network (h) 8218.8 5728.2

BCCPM, Bayesian connectivity change point model; GA, genetic algorithm; MCMC,
Markov Chain and Monte Carlo.

The simulation results are summarized in Figures 3 and 4 to compare the convergence curves and change
point detection results. In Figure 3, the convergence curves of the two methods are displayed on the left and
right columns, respectively, from network (a) to network (h). We can observe that there are some vibrations
within the highest peaks of the convergence curves in MCMC-based BCCPM. However, thanks to the
advantage of the proposed modified GA, which copies the subjects with highest fitness directly to the next
generation, GA-based BCCPM performs better as it always climbs to its peak monotonically. In Figure 4,
the change point detection results of the two methods are shown on the left and right columns, respectively,
from networks (a) to (h). We can observe that the GA-based BCCPM has better performance than the
MCMC-based BCCPM as GA-based BCCPM detects all the designed change points precisely, whereas
MCMC-based BCCPM makes some minor mistakes in networks (b), (c), (d), (f), and (h).

Moreover, the computational cost of each method is also taken into consideration. The running times (in
milliseconds) of MCMC-based BCCPM and the proposed method are recorded and summarized in Table 1.
We can easily see that the former has lower computational cost in all eight networks. Note that our computing
environment is Windows 10 Pro; processor: Intel® Core™ i7-4770K CPU @ 3.50 GHz; installed RAM:
16.0 GB; system type: 64-bit operating system, x64-based processor.

TABLE 2. RESULTS ON REAL DATA APPLICATION

No. of change  No. of change points No. of change points

No. of change  points aligned partially aligned not aligned with

Subject Model points detected with boundaries with boundaries any boundaries

1 MCMC-based BCCPM 7 1 2 4
GA-based BCCPM 7 5 1 1

2 MCMC-based BCCPM 7 3 2 2
GA-based BCCPM 8 5 2 1

3 MCMC-based BCCPM 8 5 1 2
GA-based BCCPM 7 2 2 3

4 MCMC-based BCCPM 7 4 1 2
GA-based BCCPM 7 2 3 2

6 MCMC-based BCCPM 8 4 2 2
GA-based BCCPM 7 6 1 0

7 MCMC-based BCCPM 8 2 3 3
GA-based BCCPM 8 4 3 1

8 MCMC-based BCCPM 8 4 2 2
GA-based BCCPM 7 2 2 3

9 MCMC-based BCCPM 8 4 2 2
GA-based BCCPM 8 2 4 2

10 MCMC-based BCCPM 8 3 2 3
GA-based BCCPM 7 2 3 2
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3.2. Real data application

In this study, we applied the GA-based BCCPM on a real emotion processing task-based fMRI data and
compared the results with MCMC-based BCCPM. These nine fMRI data sets are acquired from an emotion
processing task on a Siemens Skyra 3T scanner (Zhu et al., 2013). The total scan length was 176 frames
(i.e., time points). The data sets were preprocessed by Lian et al. (2014a) using the open source DICCCOL
tools in Human Connectome Project (2013). From each of the scanned subject’s brain, fMRI time series are
extracted from 358 DICCCOL ROIs. Details of the data processing can be found in Human Connectome
Project (2013) and Lian et al. (2014a). The resulting size of each data set is 358*176, where 358 is the total
number of ROIs and 176 is the total number of frames (i.e., time points). The application results are
summarized in Table 2. Similar to Lian et al. (2014a), we define change points that are detected within +5
time points as aligned with boundaries, and change points that are detected within £10 time points as
partially aligned. From the results, we can see that our proposed GA-based BCCPM detects change points
more precisely than MCMC-based BCCPM among most of the nine subjects. On average, out of the seven
expected change points, MCMC-based BCCPM detects 75% (aligned and partially aligned) and GA-based
BCCPM detects 81% (aligned and partially aligned).

In addition, change points that are not aligned with any boundaries are also shown in Table 2. The
average number of not aligned change points detected by MCMC-based BCCPM is 2.44, whereas that
detected by GA-based BCCPM is 1.67. It also indicates that the GA-based BCCPM has better performance
than MCMC-based BCCPM. Furthermore, these not aligned change points could be used to infer the
dynamic changes happened within the designed blocks.

To better understand the functional interactions between the ROIs within the temporal blocks found by
our method, the PC (named after its authors with their first names, Peter and Clark) algorithm (Spirtes and
Glymour, 1991) is applied to search the patterns that can represent the underlying causal structure from the
data. Since subject 6 has the most aligned change points detected by our method, we used subject 6 as an
example to show the functional interaction patterns searched by the PC algorithm. In Figure 5, the top
graph shows that the change points detected by GA-based BCCPM align with designed task blocks and
only the last one is not aligned per our definition. From these temporal blocks, three of them are labeled as
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135 4
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176

FIG. 5. Top: Detected change points shown in blue ridges with designed blocks split by red dotted lines of subject 6.
Bottom: Functional interaction patterns searched by PC algorithm from three temporal blocks: I, face; II, shape; III,
fixation.



Downloaded by "National Science Library, Chinese Academy of Sciences' from www.liebertpub.com at 07/18/19. For personal use only.

346 XTAO ET AL.

I, II, and III, which represent a face block, a shape block, and a fixation block in the experiment, re-
spectively. The bottom row in Figure 5 shows the functional interaction patterns searched by the PC
algorithm for I, face block; II, shape block; and III, fixation block. It is obvious that the interaction patterns
are different from each other in the two task blocks and the fixation block.

4. CONCLUSION AND FUTURE WORK

Finally, we conclude our method and discuss further work in this section. In this article, an optimized
method for BCCPM is presented. We apply it to detect change points in synthesized and real fMRI data,
and excellent results are obtained.

In the future, we will combine our method with other Bayesian inference models, such as BMCPM,
DBVPM, and BCBCPM. Furthermore, for the potential parallel realization of the GA, GA-based BCCPM
could be easily implemented in a parallel mode and run efficiently within GPU or multiprocessor com-
puters, thus, we will also investigate its GPU or multiprocessor version.
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