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Abstract 

In this study, we analyzed the default-mode network in the resting-state brain by conducting a 

rigorous analysis of several topological properties in the network. Using freely available data, we 

investigated existing hub nodes in a meta-analysis of 67 studies using MATLAB and the BCT 

toolbox. Following that, we computed the values for betweeness centrality, local efficiency, 

degree distribution, and cluster coefficients for each of the nodes. In addition, we explored macro 

scale network properties such as modularity and motif frequency. Six hub nodes were identified, 

and most of them converged with the literature on the default-mode network. Still, interesting 

nuances were found in the data set, suggesting strong implications for future studies.  
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Introduction 

In recent years, researchers have placed a new focus on the functional connectivity of the 

brain, in a move to a more integrative approach to neuroscience. Through graph theory and other 

groundbreaking quantitative methods, studies confirmed that human brain networks have 

topological properties that include, among others, small-worldness, high degree hub nodes, and 

module structures (Bullmore & Sporns, 2009). Of the many networks in the brain, one has 

attracted high levels of interest for its importance in a variety of pathologies, as well as for its 

significance for introspection, day-dreaming, creativity, and inward-thinking. This network, 

named the default-mode network (DMN) is mostly comprised of the medial frontal cortex, the 

precuneus and posterior cingulate cortex, the lateral parietal and temporal cortex, the amygdala, 

and the hippocampus (Buckner et. al, 2008). As it often times happened with neuroscientific 

research, experiments targeting to observe a change in BOLD signals for a given task usually 

contain a comparison of the resting-state fMRI and the one with the task at hand. For this paper, 

we utilized only the resting-state fMRI (rsfMRI) data, as we focused on the identification of hub 

nodes for the default-mode network.  

 

Measures 

In this paper, we will examine several topological properties of the network. In order to 

determine whether or not the network has hub nodes, we must compare their betweeness 

centrality, cluster coefficient, and number of degrees. Betweeness centrality refers to a node’s 

proportion of shortest paths that also pass through the node itself. Hub nodes are theorized to 

have a high value for between centrality (BC). Likewise, a node’s clustering coefficient is the 

proportion of a node’s neighbors that are neighbors themselves. Hub nodes should have low 
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cluster coefficients. Finally, the number of degrees of a node describes how many other nodes 

are connected to that node. Hub nodes are theorized to have a high number of degrees because 

they connect many other nodes together. In this study, we also examine the network’s 

modularity, which describes the networks “components”. Usually, the value for a network’s 

modularity is in between -.05 and 1.0. The higher this value is, the more the network can be 

easily broken down into motifs, namely, recurrent patterns of connections in the network. In the 

appendix of this paper, we have included a table that shows some different possible motifs in a 

network. 

Data Description 

The data describes a subset of 110 contrasts derived from 67 studies. To ensure a precise 

measurement of the default mode network, rest or fixation were used as task controls. The data 

also reports activations (task > rest) and deactivations (rest >task) for the same contrast. The data 

was acquired from healthy volunteers (n = 27), the mean age was 24 years old, and 

experimenters used a 3T Siemens Tim Trio system while participants laid quietly at rest in the 

scanner with closed eyes. BOLD signals were recorded for 5 minutes and 6 seconds with the 

following parameters: relaxation time of 2 s; echo times, 13 and 31 ms; flip angle, 80°; voxel 

size, 3.5 × 3.5 × 3 mm; in-plane field of view, 22.5 cm; 36 interleaved slices. Images were slice-

time corrected, realigned, and normalized. Regional mean time series were estimated for each of 

638 gray matter regions, corrected by regression for head movement parameters (rotations and 

translations in three dimensions and their first derivatives) and the mean ventricular 

cerebrospinal fluid time series (Bullmore & Sporns, 2009). The MATLAB files provided in the 

data set included a co-activation matrix for the task, and a group average for the resting-state 

fMRI data in the form of an adjacency matrix. In addition, the data provided a variable “Coord” 
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that displays the nodes positioning in MNI space. In this study, I primarily used the group 

average adjacency matrix. 

Research Questions & Hypotheses 

 The main goal of this paper is to analyze the resting-state brain and find potential hub 

nodes that describe the default mode network. We hypothesized these hub nodes will be located 

in areas that are associated with the default-mode network, namely, the medial frontal cortex, the 

precuenus and posterior cingulate cortex, the lateral parietal and temporal cortex, the amygdala, 

and the hippocampus. In addition, we will also examine the degree of modularity in the network 

as well as measures of closeness centrality, and local efficiency for the network as a whole.  

Computing nodes in the resting-state network 

 In order to begin computing hub nodes, a variety of graphs were produced so we could 

visually identify ranges in which these hub nodes could be located. The first step was to produce 

a heat map graph for the overall network, with a normalized range from 0.0 to 1.0, corresponding 

to the blue-red color scheme. Normalization was processed with a weight conversion function 

included in the BCT toolbox. The function, along others used in this study, are included in the 

appendix section of the paper. Figure 1 (Average rsfMRI Connectivity) displays the normalized 

heat map graph of the resting-state brain. We can visually identify active clusters in between 

nodes [100-200], [200-300], and [350-450]. To gather further knowledge about these regions, we 

produced a histogram and scatter plot of the betweeness centrality of the network nodes. Figure 2 

shows the betweeness centrality of the network in a histogram; graphically, it is visible that the 

network seems to be under a power-law distribution, which is expected for this kind of network. 

We went a step further and displayed the between centrality in a scatter plot to identify specific 



FUNCTIONAL CONNECTIVITY OF THE DEFAULT-MODE NETWORK 
 

6 

points that could be hub nodes. In the x-axis, we included a variable to correspond the node 

number (created through a sequencer in MATLAB) and plotted it against the betweeness 

centrality in the y-axis. Figure 3 shows the scatter plot of the betweeness centrality. If we draw a 

line around the 12000 mark in the y-axis, 6 points lie on top. Those will be examined in more 

detail in this paper, as they are strong candidates for network hub nodes.  

Fig. 1: Average rsfMRI Connectivity 

The figure below displays a heatmap graph of the functional connectivity of the network. 
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Figure 2: Betweeness Centrality (Histogram) 

The histogram below displays a histogram for the betweeness centrality value for the network 

 

 

 

 

 

 

 

 

Fig. 3: Betweeness Centrality (Scatter Plot)  

The figure below displays a scatter plot of the betweeness centrality of each node 
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A precise computation of the individual betweeness centralities over the value of 12000 

can be seen in Table A, where six nodes were identified as further candidates for hub nodes. As 

can be seen in the table, the highest BC value for any node in the network lies in node 150; nodes 

6,18, and 51 have fairly close BC values to each other and fall a bit short of node 150 in the BC 

magnitude. Yet, the gap between these nodes and node 150 is shorter than the gap between them 

and the post-node 150 nodes, in which the values for the BC aren’t as high (varying in the 

12000-13000 range). To further investigate these nodes, we computed the cluster coefficients for 

the network, and the individual nodes. Figure 4 displays a plot of the cluster coefficients, and 

Table A displays the individual CC values for each of the six selected nodes.  In addition, Table 

A also displays the cluster coefficient (CC) values for the same nodes. Finally, we also computed 

the number of degrees for each node, and also included them in Table A. 

Fig. 4: Network Cluster Coefficients 

The figure below displays the cluster coefficients for each node in the network 
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Table A: Betweeness Centrality values for Critical Nodes 

Node Betweeness Centrality (BC) Cluster Coefficient (CC) Degrees 

6 15592 0.3239 171 

18 15168 0.2701 150 

51 15002 0.1946 84 

150 17988 0.2576 125 

251 13966 0.3688 152 

403 12632 0.6784 58 

 

In theory, hub nodes have a high value for betweeness centrality and number of degrees, 

and a low clustering coefficient. This is the case for all the six nodes, though considerably more 

for some than others. Node 150 has the highest betweeness centrality [17988], but node 51 is the 

one with the lowest cluster coefficient [.1946]. In contrast, node 6 is the one with the highest 

number of degrees [171]. It is possible to conduct further analysis of the nodes by measuring 

their closeness centrality, or local efficiency coefficients.   

Mapping nodes to their anatomical region 

 After nodal identification, we used the MNI coordinates for each node and displayed 

them in MRICron. Table B describes the corresponding brain regions to each node. We have also 

included a sample image of how the node was mapped with a brain region through MCICron 

using node 150 (see Figure 5). The coordinates were extracted from the “Coord” variable and 

pasted into MRICron using an already established template for better area identification. 
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Table A: Anatomical Regions corresponding to nodes 

Node Number MRICron Name Brain Region 

6 Cingulum_Mid_L Left Middle Cingulum 

18 Cingulum_Mid_R Right Middle Cingulum 

51 Frontal_Inferior_Orb_L Left Inferior Orbito-frontal 

150 Frontal_Superior_Medial_L Left Medial Superior Frontal 

251 Lingual_R Right Lingual Gyrus 

403 Precentral_L Left Precentral 

 

Figure 5: Anatomical region corresponding to nodes 150 

The figure below shows a sample MRICron identification picture 
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Closeness centrality and local efficiency 

In the next part of this study, we examined the macro properties of the network. Initially, 

we attempted to compute the closeness centrality of the network with a MATLAB function that 

computes the shortest distances between nodes and the number of edges in these distances, 

however many values displayed “Infinity” as a result. This finding demonstrated that the network 

was not all connected, and thus, we opted to investigate the local efficiency of the network 

instead. By computing the local efficiency, we used the inverse of the path lengths. A value of 

zero corresponded to a node that was not connected to any other nodes. Figure 6 displays a plot 

of the local efficiency for the network. As can be seen, there are a few nodes that display a value 

of zero, and thus, are not connected to any other nodes. This is an interesting result that is more 

thoroughly discussed later in this paper. In addition, we also computed the local efficiency 

measures for each of the hub nodes and found they are relatively similar to each other (Table C 

displays the local efficiency measure for each hub node.  

Figure 6: Local Efficiency 

The figure below shows a plot of the local efficiency for each node in the network 
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Table C: Local Efficiency Values For Hub Nodes 

Node Number Local Efficiency  

6 0.6450 

18 0.6107 

51 0.5912 

150 0.6449 

251 0.6682 

403 0.7428 

 

Network modularity 

Next, we computed the modularity for the network. We found the value for the network 

modularity to be 0.4907, which implies this is a non-random, small-world network. We also 

investigated the most common motifs in the network. Figure 7 displays a histogram for the motif 

(x-axis), and the frequency in which it appears (y-axis). As can be seen, the most common motif 

in the network is motif 2, followed by motif 3, then motif 4, and motif 2. It is important to note 

these motifs are labeled arbitrarily in the computer – they do not correspond to the 13 motifs 

mentioned in the appendix section. Next, we identified which motif the hub nodes belonged to. 

Table D displays the motif association of each one of the six hub nodes previously identified. As 

the results indicate, three of the hub nodes belong to a motif-4 structure, two of them belong to 

the motif-2 structure, and only one belongs to the motif-1 structure. Interestingly, none of them 

belong to the motif-3 structure. 
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Figure 7: Network Motifs 

The figure below shows a histogram distribution for the motifs in the network 

 

Table D: Hub Nodes Motifs 

Node Number Associated Motif 

6 4 

18 4 

51 2 

150 2 

251 1 

403 4 
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Discussion 

 In theory, hubs are typically defined as having a high number of degrees, high 

betweeness centrality, and low clustering coefficients. In this data set, we’ve found six nodes that 

demonstrate these characteristics: nodes 6, 18, 51, 150, 251, and 403. These correspond to 

different anatomical regions in the brain, namely, the left middle cingulum, the right middle 

cingulum, the left inferior orbito-frontal cortex, the left medial superior frontal cortex, the right 

lingual, and the left precentral areas, respectively. The middle cingulum and the left medial 

superior frontal cortex are expected result for the default mode network and makes sense with 

the literature, however, the other areas showcase interesting nuances in the data. While the areas 

may not be in the prototypical default mode network, they are not too far off the prediction. The 

inferior orbitofrontal cortex, for instance, is related to decision-making and expectation, both of 

which can be cognitions presented as the participant lies in a MRI machine. The right lingual 

gyrus makes less sense as the area is typically associated with semantic processing, something 

that should not be activated in the resting-state. Recall that nodal identification in this paper 

began with a visual analysis of the betweeness centrality for the network. A hypothetical line was 

drawn along the 12000 line to minimize the number of potential hub nodes. However, an 

additional mechanism could have computed the average betweeness centrality and then taken as 

a hub node only nodes which lied above two standard deviations above the mean. If this were the 

case, perhaps the lingual area would not have qualified as a hub node.  

In this study, we also attempted to examine the closeness centrality of the network, but 

were unable to do so because the network is not all connected. As a result, we opted to computer 

the local efficiency for the network instead. The local efficiency for the hub nodes were around 

the 0.60 range, all fairly similar to one another. This indicates that these nodes are indeed 
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moderately well connected to other nodes in the network. Interestingly, node 403 displayed the 

highest local efficiency value even though the left precentral gyrus is not typically thought of 

being part of the default-mode network. Overall, grouping together the values for local 

efficiency, betweeness centrality, cluster coefficients and number of degrees gives strong support 

for the nodes identified to be the defining hub nodes of the network in this data set.  

 In addition, we examined the modularity of the network. We found the network to best fit 

the small-world model given that the modularity coefficient was found to be 0.4907. We also 

identified the most common motifs in the network. We found that the most recurring motif was 

motif “2” followed by motif “3”, then motif “4”, and finally motif “1”. It is important to note 

these motifs do not necessarily correspond to the motifs presented in the usual motif table shown 

in the introduction. They are arbitrarily named in MATLAB. Still, given that the data represents 

the resting-state brain, we would not hypothesize very complex motifs for this network. 

Conclusion & Future Studies 

 Our results seem to indicate an interesting small-world network with a few motif 

structures characterizes the resting-state brain. However, though partially converging with the 

literature, our study had a few limitations and nuances. Future studies should compare the 

resting-state brain with an activation task and find out which areas are activated in both, in an 

attempt to filter out areas of the brain that will be inherently activated by the mere fact the 

participant is laying inside of an MRI machine. In addition, we did not attempt to find out which 

specific motifs the hub nodes belong to, but there are a few MATLAB functions that enable 

researchers to do so. Future studies should consider this as they find out more about the hub 

nodes in the resting-state brain. 
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Appendix 

Motifs 

The figure below describes the 13 types of motifs (A), as found by Milo et al, 2002. 

 

Heatmap 

Create Variable for group average 

MDAI = GroupAverage_rsfMRI;  

 

Plot the Matrix 

Imagesc(MDAI); 

n = 638;  

title('Average rfMRI connectivity', 'FontSize', 14); 

colormap('jet'); 

colorbar; 
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Normalization 

W = weight_conversion(W, 'normalize'); 

 

Betweeness Centrality 

Sequencer 

seq = 1:n; 

 

Local Efficiency 

Anre = efficiency_wei(Q,1); 

Plot(Anre); 

 

Degree Distribution 

de = degrees_und(MDAI); 

de(150); 

 

Modularity 

[Ci A] = modularity_und(MDAI); 

 


