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Methods 

 

Network topology analysis 

We measured the brain functional network topologies using the Brain Connectivity 

Toolbox (http://www.brain-connectivity-toolbox.net) 1. We evaluated the following 

global network measures: 1) total connection strength (Snet), 2) overall clustering 

coefficient (Cnet), 3) global efficiency (Enet), and 5) small-worldness (Sigma). Nodal 

topological characteristics were also calculated for each node, including nodal 

efficiency, nodal clustering coefficient, and betweenness centrality. The definition 

and brief interpretation of these metrics is described below.  

 

Global properties 

The degree ( w

iS ) was computed as the sum of the weights of all the connections of 

node i , that is 
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computed as the sum of w
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The nodal efficiency of a given node i  ( w

iE ) is defined as the inverse of the mean 

harmonic shortest path length between this node and all other nodes in the network 
2, 3, according to the formula: 
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where the ijL  is the weighted shortest path length between nodes i  and j  in 

the network. w

iE  quantifies the importance of the nodes for the communication 

within the network 4. Accordingly, the node i  is more important if the value of w

iE  

is higher.  

 

The weighted clustering coefficient of node i , w

iC , which expresses the likelihood 

that the neighbourhoods of node i  are connected 5, is defined as follows: 
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C , where ijw  is the weight between nodes i  and j  in 

the network, and ik  is the degree of node i . The clustering coefficient is zero, 

0w

iC , if the nodes are isolated or with just one connection. The overall clustering 

coefficient, w

netC , was computed as the average of w

iC  across all nodes in the 

network: 
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, extent measure of the local interconnectivity or 

cliquishness of the network 6.  

 

The path length between nodes i  and j  was defined as the sum of the edge 

lengths along the path, where each edge’s length was obtained by computing the 

reciprocal of the edge weight, ijw/1 . The shortest path length ijL  between nodes 

i  and j  was defined as the length of the path with the shortest length between 

the two nodes. The weight characteristic shortest path length w

netL  of a network 

was measured by a “harmonic mean” length between pairs 7, to overcome the 

problem of possibly disconnected network components. Formally, w

netL  is the 

reciprocal of the average of the reciprocals:  
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where N  is the number of nodes. The weight characteristic shortest path length 

quantifies the ability for information propagation in parallel. 

 

Small-world properties were originally proposed by Watts and Strogatz 6. Here, we 

investigated small-world properties of the weighted functional connectivity network.  

A small-world network has similar path length but higher clustering than a random 

network, that is 1/  w

random

w

net CC , 1/  w

random

w

net LL  6. These two conditions 

can also be summarized into a scalar quantitative measurement, the small-worldness, 

 / , that is typically larger than one in case of small-world organization 8, 9. For 

each individual brain network a set of 100 comparable random networks with similar 
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degree sequence and symmetric adjacency matrix were formed, and w

randomC  and 

w

randomL  were defined as the average weighted clustering coefficient and weighted 

path length. 

 

Nodal characteristics analysis  

Three nodal topological characteristics, including clustering coefficient ( w

iC ) (see 

above definition), efficiency ( w

iE ) (see above definition) and betweenness centrality 

( w
iBC ) were used. These measures are known to be interrelated, each provides a 

different viewpoint from which to discern major features of the large-scale 

architecture 10, 11.  

 

The betweenness centrality w
iB  of a node i  considers the fraction of all shortest 

paths in the network that pass through the node 12. In this study, we computed the 

normalized betweenness as w
i

w
i

w
i BBBC / , where w

iB  is the averaged nodal 

betweenness of the network. The global centrality measure w
iBC  captures the 

influence of a node over information flow between other nodes in the network.  

 

Nodes with high clustering coefficient, w
iC , indicates how close a given node’s 

neighbors are to forming a clique; those with high efficiency, w

iE , are relevant for 

information flow; those with high betweenness centrality, w
iBC , may serve as way 

stations for network traffic. Accordingly, nodes with these properties were 

considered as network hubs. 
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Table S1. Regions of interest (ROI) in the Harvard-Oxford Atlas 

Region name Abbreviation  Classification 

Precentral Gyrus PRG.L  Primary 

Postcentral Gyrus POG.L  Primary 

Intracalcarine Cortex CALC.L  Primary 

Heschls Gyrus (includes H1 and H2) HG.L  Primary 

Occipital Pole OP.L  Primary 

Superior Temporal Gyrus, anterior division STGant.L  Unimodal 

Superior Temporal Gyrus, posterior division STGpost.L  Unimodal 

Inferior Temporal Gyrus, anterior division ITGant.L  Unimodal 

Inferior Temporal Gyrus, posterior division ITGpost.L  Unimodal 

Inferior Temporal Gyrus, temporooccipital part ITGto.L  Unimodal 

Superior Parietal Lobule SPL.L  Unimodal 

Supramarginal Gyrus, anterior division SGant.L  Unimodal 

Lateral Occipital Cortex, superior division OLs.L  Unimodal 

Lateral Occipital Cortex, inferior division OLi.L  Unimodal 

Supplementary Motor Cortex SMC.L  Unimodal 

Cuneal Cortex CN.L  Unimodal 

Lingual Gyrus LG.L  Unimodal 

Temporal Fusiform Cortex, anterior division TFant.L  Unimodal 

Temporal Fusiform Cortex, posterior division TFpost.L  Unimodal 

Temporal Occipital Fusiform Cortex TOF.L  Unimodal 

Occipital Fusiform Gyrus OF.L  Unimodal 

Frontal Operculum Cortex FO.L  Unimodal 

Central Opercular Cortex CO.L  Unimodal 

Parietal Operculum Cortex PO.L  Unimodal 

Planum Polare PP.L  Unimodal 

Planum Temporale PT.L  Unimodal 

Supracalcarine Cortex SCLC.L  Unimodal 

Frontal Pole FP.L  Heteromodal 

Superior Frontal Gyrus SFG.L  Heteromodal 

Middle Frontal Gyrus MFG.L  Heteromodal 

Inferior Frontal Gyrus, pars triangularis IFG3t.L  Heteromodal 

Inferior Frontal Gyrus, pars opercularis IFG3o.L  Heteromodal 

Middle Temporal Gyrus, anterior division MTGant.L  Heteromodal 

Middle Temporal Gyrus, posterior division MTGpost.L  Heteromodal 

Middle Temporal Gyrus, temporooccipital part MTGto.L  Heteromodal 

Supramarginal Gyrus, posterior division SGpost.L  Heteromodal 

Angular Gyrus AG.L  Heteromodal 

Paracingulate Gyrus PAC.L  Heteromodal 

Precuneus Cortex PCN.L  Heteromodal 

Insular Cortex INS.L  Paralimbic 

Temporal Pole TP.L  Paralimbic 

Frontal Medial Cortex FMC.L  Paralimbic 
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Subcallosal Cortex SC.L  Paralimbic 

Cingulate Gyrus, anterior division CGant.L  Paralimbic 

Cingulate Gyrus, posterior division CGpost.L  Paralimbic 

Frontal Orbital Cortex FOC.L  Paralimbic 

Parahippocampal Gyrus, anterior division PHant.L  Paralimbic 

Parahippocampal Gyrus, posterior division PHpost.L  Paralimbic 

Hippocampus Hip.L  Limbic 

Amygdala Amy.L  Limbic 

Thalamus Tha.L  Subcortical 

Caudate Caud.L  Subcortical 

Putamen Put.L  Subcortical 

Pallidum Pall.L  Subcortical 

Accumbens Accbns.L  Subcortical 

Precentral Gyrus PRG.R  Subcortical 
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Figure S1 

 
Figure S1. Network resilience analysis with HOA-512. Graphs display the network 

features as a fraction of removed nodes. All the features (largest component, cluster 

coefficient and global efficiency) were normalized to the measure obtained from the 

intact network. “Stars” illustrate measures that were statistically significant between 

seizure-free and non-seizure-free groups for each level of percent of the network 

being attacked (P<0.05 corrected). Shadow bands with different colors show the SEM 

across subjects of the corresponding group. Bar graphs represent the resilience of 

the area under the curve of patient groups. 
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Figure S2 

 

Figure S2. Outcome and treatment main effect of edges. Edges in red color indicate 

higher strength in seizure-free patients or pre-operative state. The full name of the 

regions connected by these edges could be found in Table S1. 
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Figure S3 

 

 

Figure S3. Interaction effect between outcome and treatment for network nodes 

(HOA-512). Four nodes show significant interaction effect. Line graphs show how the 

four nodes modulated by surgery in each patient group. The full name of the nodes 

could be found in Table S1. The spheres are classified into six modules and colored as  
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Figure S4 

 
Figure S4. Treatment main effect for betweeness centrality. The full name of the 

regions connected by these edges could be found in Table S1. 
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