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Abstract
Conditional Granger causality analysis (CGCA) has been employed to identify effective connectivity (EC) in the human brain [1]. However, the
application of CGCA method using complete fMRI time series to calculate a single Granger causality (GC) pattern has faced many challenges. For
example, the entire fMRI series are not necessarily covariance stationary (CS), which is one of the CGCA assumptions to be satisfied. In addition,
previous studies have shown that brain activities are dynamic and could vary during fMRI sessions [2]. Here, we propose a windowing-based Granger
causality analysis for analyzing effective connectivity in fMRI data called dynamic Granger causality analysis (DGCA). In DGCA, non-CS problem
is avoided by analyzing a section of fMRI time series at a time. More important, the dynamic changes in causal relationships among brain regions can
be revealed by DGCA. In this study, an auditory-motor fMRI experiment was used to test the proposed framework. Clustering was used in group
analysis to find the principal EC patterns while performing auditory-motor task. Results show that DGCA provides more EC information that could
potentially provide more knowledge of dynamic changes in the brain.
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In DGCA, the window size was set to be 60 time points and Fig. 2 Top: K-means clustering converges to five principal GC patterns that reflect
sliding distance was 1 time point, resulting in a total of 1097 common brain states among subjects in auditory-motor fMRI. Bottom: Dynamic switching

windows. Data from each window was analvzed by CGCA to among five GC patterns in two subjects during fMRI experiment. GC patterns are color
) . . Y Y coded as seen in color boxes at the top.
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clustering method. The cluster number was initially set to 25 and was gradually reduced Ratep(% )y 159 | 16.3 17.3 | 14.7 | 35.8

whenever an empty cluster is found after applying statistical test (P < 0.05).

Results and Discussion

Figure 1 shows four task-related ROIs identified by GLM including AC, MCL, THA and
SMA from GLM, which are confirmed by previous auditory-motor fMRI studies [4,5]. In
DGCA, K-means clustering converges to five GC patterns as shown at the top of Fig. 2. Each centroid is a principal GC pattern found from the
auditory-motor fMRI experiment. The five colors (cyan, green, orange, red, and blue) represents each of five GC patterns respectively. DGCA results
from two subjects (S1 and S2) are shown at the bottom of Fig. 2 demonstrating the dynamic switching among five GC patterns during the experiment.
In addition, the five centroids are found evenly distributed in all subjects (data not shown), implying that the five GC patterns could be common brain
states while processing auditory-motor task. The total number of brain states found in this study is similar to the circuits found in a resting-state fMRI
study [6]. Note that among five centroids, green and orange patterns reveal the interactions among AC, MCL and SMA, which are directly related to
the auditory-motor task. In addition, the blue pattern, which contains no link, represents windows with links that do not pass statistical test. The total
occupancy rates of five centroids in all subjects are listed in Table 1. All centroids occupied almost equal number of windows within 16 subjects
except for the empty GC pattern. To sum up, the proposed DGCA framework resolves dynamic changes in EC and has potential to find common brain
states in subjects performing the same tasks. DGCA may also be employed to investigate how brain regions coordinate for specific tasks. However,
further investigation is needed to gain insight of the temporal switching between brain states and different sequence of switching among subjects.
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Table 1 The occupancy rate of five GC patterns in 16
subjects. Each GC pattern appears at about the same
frequency except for the empty pattern (blue).
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