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Abstract. Purpose: At present, few studies have investigated the functional performance 
in patients with low grade glioma (LGG) from the perspective of brain structural 
characteristics. This study aimed to analyze the topological properties of brain 
structural networks in LGG patients and investigate the influence of operation and 
lesion location on whole-brain and hemisphere networks. On this basis, the structural 
plasticity and function compensatory mechanism of LGG patient were discussed. 
Method: We constructed whole-brain and hemisphere anatomical networks for 20 LGG 
patients and 20 normal controls (NC). The structural connections were established by 
selecting an appropriate connectivity threshold.  Brain hub nodes and random nodes 
between LGG and NC were compared. Statistical analyses were performed to reveal the 
significant differences of various network characteristics between LGG patients and NC 
as well as between LGG patients before and after operation. The two-factor variance 
analysis was used to investigate the influence of operation and lesion location on whole-
brain and hemisphere networks. Results: From the graph-based topological metrics of 
the constructed network, various global parameters changed significantly in LGG 
patients. Meanwhile, altered regions in the LGG patients was obtained and various nodal 
parameters were further calculated in each region. Most of hub nodes were identical 
between LGG and NC groups, while the betweenness centrality values of those hub 
nodes and some random nodes were higher in the LGG patients. By comparing LGG 
patients pre- and post- operation, more significantly altered network metrics were 
obtained from hemisphere network analysis than that from whole-brain network 
analysis, and network features of dominant hemisphere changed more drastically when 
the lesion is located in the same hemisphere. Conclusion: To conclude, the present study 
indicates the existence of compensatory mechanism in LGG patients to adapt to 
cognitive requirements. Function reorganization and the rewiring of neuronal circuits 
allow signal transmission bypassing the lesion area or surgical trauma. It also suggests 
that graph-based topological metrics analysis could become a useful method to provide 
valuable indices of brain function in the evaluation of the LGG. © 2017 Journal of 
Biomedical Photonics & Engineering. 
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1 Introduction 
Low-grade gliomas (LGGs) are a diverse group of 
gliomas that arise from uncontrolled growth of brain 
glial cells [1]. Surgical resection is considered as the 
primary option for the clinical treatment of LGG, with 
the aim of maximum tumor removal while preserving 
functional cortical and subcortical areas so as to 
minimize postoperative morbidities. The gold standard 
to identify the brain tumor margins and important brain 
regions is intraoperative electrophysiological cortical 
mapping (ECM), which has already been verified for its 
clinical application in maximizing tumor resection and 
significantly improving long-term survival in LGG 
patients [2]. However, intraoperative ECM often 
requires active participation and compliance of patients, 
high demands of technical expertise and is highly time 
and effort consuming. 

In recent years, blood oxygenation level dependence 
functional MRI (BOLD-fMRI) has demonstrated its 
particular value in preoperative risk assessment in 
patients with LGG, which can facilitate planning of 
surgery, shorten the duration of the operation, and 
obtain prognostic information prior to surgery [3]. 
Nevertheless, BOLD-fMRI only provides information 
on cortical representation of brain function, but not on 
the course of the subcortical and deep white matter 
tracts [4, 5]. As the white matter possesses about 50% of 

the adult brain volume and consists of a complex array 
of neuronal fiber connectivity [6], brain lesions often 
affect the white matter and may alter the known 
anatomical path in which the fiber pass. Inadvertent 
transection may lead to equally devastating results as 
the resection of the eloquent cortex. As to LGG patients, 
functional impairment is not only originated from tumor 
areas, but also could be affected by damaged fiber 
bundles that connect tumor lesions with the rest of the 
brain. In order to assess the structural integrity and fiber 
orientation, diffusion tensor imaging (DTI) has been 
developed as a noninvasive MRI technique to provide 
information about the integrity and physiology of white 
matter fiber tracts and neural pathway connections [7]. 

Recently, network model has been proposed as a 
useful tool for investigating the structural organization 
and functional mechanisms of the human brain. Graph 
theoretical analysis can reveal key topological and 
geometrical properties of network such as small-
worldness, modularity, and highly connected hubs, 
heterogeneous degree distributions, network 
information transfer efficiency and so on. Graph 
theoretical approaches can provide a new powerful way 
of quantifying the brain’s structural and functional 
systems, identifying the alteration of brain activation 
and localizing corresponding functional regions in 
patients [8]. In contrast to the large number of studies 
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on functional network regarding other brain diseases, 
there are only a handful of reports on examining the 
function areas from the perspective of the cerebral 
anatomical network, and little is known about the 
alteration of the white matter fiber connection patterns 
in LGG patients.  

Permanent damage to white matter integrity is 
known to occur in cases of severe and chronic exposure 
to mechanical intra-cranial pressure as happens in 
hydrocephalus [9, 10]. In case of LGG, the lesion 
mostly causes the fiber displacement or temporary 
damage which may result in substantial reorganization 
of the functional areas and could be recovered after 
operation [11]. Therefore, understanding the 
characteristics of brain anatomical network in LGG 
patients and how structural changes may affect the 
functional integration and interaction between different 
regions is very necessary for presurgical planning and 
evaluation of surgical treatments. 

In present study, we constructed the whole brain and 
hemisphere anatomical networks for 20 brain LGG 
patients and 20 healthy subjects based on DTI 
technique, and then various graph theoretical analysis 
approaches were applied to examine the topological 
properties of brain network. Statistical analysis was 
performed to determine group differences in global and 
nodal properties between LGG patients and normal 
controls as well as between pre-surgery patients and 
post-surgery patients. Furthermore, the two-factor 
variance analysis was used to investigate whether the 
surgical treatment has an influence on hemisphere 
networks and whether the topological properties of 
hemisphere networks would change significantly when 
the lesion located in different brain hemisphere. The 
possible change of white matter plasticity and brain 
functional lateralization were discussed based on above 
results. 

2 Methods and Materials 

2.1 Subjects 
This study included 20 LGG patients (10 males; mean 
age 51 years; range 16-67 years) and 20 healthy adult 
subjects (10 males; mean age 25 years; range 24-34 
years). All patients with LGG were selected from 
Nanjing Brain Hospital, among which 12 cases of 
lesions are in the right hemisphere and 8 cases of lesions 
are in the left hemisphere. All LGG patients were 
diagnosed as frontal lobe or temporal lobe tumor, and 
the histopathological diagnosis was performed 
according to the WHO Classification of tumors 
affecting the central nervous system. All healthy 
subjects as the normal controls (NC) were recruited 
from voluntary participants in university. All 
participants were right-handed and had no history of 
neurological or psychiatric disease or head injury. All 
LGG patients received clinical cognitive function 
assessment pre-operation and post-operation, and had 
no significant cognitive dysfunction. Each participant 

was provided with a written informed consent before 
DTI examinations and this study was approved by the 
Medical Research Ethics Committee of Nanjing Brain 
Hospital. 

2.2 Image acquisition 
DTI was performed with a 3T Siemens Trio MR system 
with a 32-channel phased-array head coil. Head motion 
was minimized with restraining foam pads provided by 
the manufacturer. DTI data were acquired by employing 
a single-shot twice-refocused echo planar imaging (EPI) 
sequence in alignment with the anterior-posterior 
commissural plane. The parameters used for diffusion 
data acquisition were as follows: repetition time       
(TR) = 6, 500 ms, echo time (TE) = 95 ms, 30 non-
linear diffusion directions with b = 1000 s/mm2 and an 
additional volume with b = 0 s/mm2, acquisition matrix 
= 128×128, field of view (FOV) = 240 mm × 240 mm, 
bandwidth (BW) = 1447 Hz/pixel. 3D high-resolution 
brain structural images (voxel size = 1 mm3, isotropic) 
were acquired using a T1-weighted magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence for 
each subject. The sequence parameters: TR/TE =     
1900 ms/2.49 ms, inversion time (TI) = 900 ms, flip 
angle (FA) = 9°, FOV = 250 mm × 250 mm, and 176 
sagittal slices covering the whole brain. For each 
subject, both the DTI data and the brain structural 
images were acquired in the same session. 

2.3 Data preprocessing and network 
construction 

Firstly, the cerebrum was automatically partitioned into 
90 cortical and subcortical regionals (45 for each 
hemisphere) according to the widely accepted 
Automated Anatomical Labeling (AAL) atlas [12]. 
Since this atlas only has T1-weighted structural images, 
the DTI image cannot be directly registered to the AAL 
atlas. Therefore, inverse transformations were used to 
warp the AAL atlas from the Montreal Neurological 
Institute (MNI) space to the DTI native space in which 
the discrete labeling values were preserved by using a 
nearest neighbor interpolation method [12, 13]. Briefly, 
for each subject, the individual T1-weighted images 
were firstly coregistered to the b0 images in the native 
diffusion space using a linear transformation. The 
transformed T1 images were then nonlinearly 
transformed to the ICBM152 T1 template in MNI space. 
The above linear and nonlinear transformations were all 
performed using the SPM8 package 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8). 
Using this procedure, we obtained 90 cortical and 
subcortical region of interest (ROIs), each representing 
a node of the network. 

Next, the fibers linking each pair of brain regions in 
the diffusion space were reconstructed. The whole-brain 
fiber tracking was constructed using DTI studio2.4 
software (http://www.mristudio.org) based on the Fiber 
Assignment by Continuous Tracking (FACT) algorithm. 
Fiber tracking was stopped at voxels where FA < 0.2 or 
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if the turning angle between two eigenvectors of two 
consecutive voxels was greater than 45° [13].  

To define the network edges, we selected a threshold 
value of three fibers to ensure that the average size of 
the biggest connected component of the network keeps 
90 across all subjects (threshold selection will be 
introduced in details in section 2.4). That is to say, if 
there are at least three fibers with end points in regions 
! and ! , then the two nodes ! and ! are connected with 
an edge. And the number of fibers between regions was 
only used to indicate the existence/absence of the edge. 
In this way, the binarized anatomical network for each 
subject was constructed and represented by a symmetric 
90 × 90 matrix.  

The construction process of anatomical networks is 
illustrated in Fig. 1. Firstly, AAL atlas in DTI native 
space (Fig. 1 (a)) was used to segment the whole-brain 
fiber tracking results (Fig. 1 (b)) into 90 regions. Then, 
fiber number in each region was extracted, and a 90 × 
90 binary matrix (Fig. 1 (c)) was obtained by setting a 
threshold value of fiber number. Next, according to the 
symmetric 90 × 90 matrix, we can extract two 45 ×45 
binary matrix representing the structural connectivity of 
left and right hemisphere, respectively (Fig. 1 (e) and 
(f)). The visualization of brain networks (Fig. 1 (d), (g) 
and (h)) were obtained using Brainnet software 
(http://www.nitrc.org/projects/bnv/). 

 

 
Fig. 1 Schematic illustration of the construction process 
of structural networks by DTI. (a) The AAL atlas was 
warped from the MNI space to the DTI native space by 
using inverse transformations, obtaining the parcellation 
of the cortex into 90 brain regions for each subject. (b) 
The whole-brain fiber tracts were reconstructed by 
using deterministic fiber tractography. (c) A 90 × 90 
binary matrix was obtained by extracting fiber number 
in each region. (d) The visualization of whole-brain 
anatomical network. A 45 × 45 binary matrix 
representing the structural connectivity of (e) left and (f) 
right hemisphere. The visualization of (g) left and (h) 
right hemisphere anatomical network. 

2.4 Threshold selecting 
During brain network construction, the network matrix 
threshold (τ) is critical, and the optimal value of τ would 
result in the most accurate reconstruction of networks 
[14]. Brain networks, as well as their topological 
properties, are often sensitive to the connectivity 

threshold [15-16]. If threshold τ is too low, the resulting 
network would include connections that do not actually 
exist in reality and vice versa. Even a small number of 
spurious or misdetected edges can affect the properties 
of networks to a large extent [17]. In our study, we 
determined the optimal threshold value based on the 
small-world characteristics of network. The concept of 
small-world was originally proposed by Watts and 
Strogatz [18]. The small-world properties of a network 
can be characterized by the normalized clustering 
coefficient (γ) and the normalized characteristic path 
length (λ) of the network. These two conditions can be 
summarized into a scalar quantitative measurement, 
small-worldness, ! = γ !, which is typically larger than 
1 for small-world networks [18, 19]. Many studies 
revealed that human brain has a typical small-world 
topology, which is characterized by large clustering 
coefficients and short mean path length [18, 20].  

In this study, we evaluated the effects of different 
network matrix thresholds on the small world 
characteristics by setting the number of fiber bundles 
ranged from 1 to 5 (Fig. 2). We found that small 
worldness reached maximum when the fiber number 
was set to be 3, and thus the threshold of 3 fibers was 
used for anatomical networks construction in Section 
2.3. 

 

	
Fig. 2 Small world parameters under different threshold. 

2.5 Network Analysis 
The topological properties of anatomical networks were 
investigated at the global and regional (nodal) levels, 
respectively. The global properties of the whole brain 
networks were quantified in terms of clustering 
coefficient (Cp ), characteristic path length ( Lp ), degree 

( Kp ), local efficiency ( Eloc ) and global efficiency  

( Eglob ) [19-20]. The regional properties were 

investigated by analyzing degree ( iK ), clustering 
coefficient ( iC ), shortest path length ( iL ), local 
efficiency ( localiE _ ), regional efficiency ( nodalE ), 
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normalized betweenness centrality ( ib ) and vulnerability 
( iV ) of the node i  [21-24]. Based on the constructed 
anatomical network of each subject, significant 
differences in global and the nodal properties between 
LGG patient and NC group were further studied. 

As an important parameter of network evaluation, 
betweenness centrality is often used to assess the hub 
nodes in complex networks. The node with higher 
betweenness centrality value often exists in the 
concentrated areas with shortest path length, which 
means that more information will pass through and 
converge at this node. In this study, we calculated the 
value of betweenness centrality of 90 regions, and the 
averaged value of each region in all 20 subjects within 
the same group.  

The vulnerability of the network can also be used to 
quantitatively assess the damage on network 
performance caused by a simulated failure of its 
element, e.g. removal of a particular node [24]. If one 
wants to protect the network by guarding or by a 
temporary isolation of some nodes (edges), the most 
important nodes (edges), breaking of which makes the 
whole network malfunctioning, should be identified 
[25]. In our study, to calculate the vulnerability values   
( iV ) of each node and edge, we removed the nodes or 
edges one by one from the network and calculated the 
changes in global efficiency of resulting network by:

. Where  is the global 
efficiency after the removal of the node i  and all its 
edges [26]. 

2.6 Statistical analysis 
Based on the binary network construction result in each 
subject, between-group differences (NC and LGG 
groups) in the graph-based metrics (global parameters 
!! , pL , pK , locE , globE , γ , λ , and σ ) of the 

anatomical networks were tested by two-sample t-tests. 
A two-sample two-tailed t-test was used to detect the 
relationship between nodal properties in network 
metrics with significant group difference, and a paired-

samples t test was used to detect statistical difference 
between pre-operation and post-operation groups. 

3 Results 

3.1 Altered topological properties of 
anatomical networks in LGG patients 

From the graph-based topological metrics of the 
constructed network, various global parameters ( pC ,  

pL , pK , locE , globE , γ , λ , and σ ) were calculated in 
all three groups, i.e. NC, pre-operation LGG and post-
operation LGG group, and between-group statistical 
comparison was performed to detect significant 
difference, respectively. As shown in Table 1-3, all of 
three groups have similar path lengths ( 1≈λ ) and high 
local clustering coefficients ( 1>>γ ), exhibiting typical 
small-world features. 

Statistical analysis indicated that, compared with NC 
group, there is a significant increase in normalized 
clustering coefficient ( γ ) (p = 0.037 and p = 0.036), 
small-worldness (σ ) (p = 0.043 and p = 0.040), and 
characteristic path length ( pL ) (p = 0.037 and  
p = 0.035) in the anatomical networks of LGG patients 
(both pre-operation and post-operation), while a 
significant lower degree ( pK ) (p = 0.022 and p = 0.025) 
and global efficiency ( globE ) (p = 0.030 and p = 0.032) 
were found in LGG patients. In addition, aside from the 
characteristic path length ( pL ) (p = 0.048), there is no 
significant statistical difference in most of topological 
metrics of the whole-brain network in LGG patients pre- 
and post-operation. Therefore, following analysis of 
whole-brain topological properties will only be 
performed between NC and pre-operation LGG groups. 
As to the post-operation LGG group, the corresponding 
effects on the network properties upon surgical 
treatments will be discussed in details by deciphering 
the topological metrics of hemisphere networks.

Table 1 The comparison of topological properties between NC and pre-operation LGG groups. 

 γ* λ σ* CP LP* KP* Eglob* Eloc 

NC 2.6837 1.1422 2.3496 0.4953 2.3115 12.8706 0.5022 0.7452 

LGG(pre-) 2.8472 1.1531 2.4692 0.4950 2.3801 11.9356 0.4871 0.7434 
*Significant group differences at p<0.05 

Table 2 The comparison of topological properties between NC and post-operation LGG groups. 

 γ* λ σ* CP LP* KP* Eglob* Eloc 

NC 2.6837 1.1422 2.3496 0.4953 2.3115 12.8706 0.5022 0.7452 

LGG(post-) 2.8511  1.1536  2.4712  0.4951  2.4212  11.8701  0.4827  0.7473  

*Significant group differences at p<0.05. 

globglobglobi EEEV /)( '−= '
globE
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Table 3 The comparison of topological properties between pre- and post-operation LGG groups. 

 γ λ σ CP LP* KP Eglob Eloc 

LGG(pre-) 2.8472 1.1531 2.4692 0.4950 2.3801 11.9356 0.4871 0.7434 

LGG(post-) 2.8511  1.1536  2.4712  0.4951  2.4212  11.8701  0.4827  0.7473  

*Significant group differences at p<0.05 
.
3.2 Alteration of hub nodes in patients 
Betweenness centrality and vulnerability were used to 
define network hub nodes. Firstly, the average 
betweenness centrality and vulnerability of each node in 
NC and LGG groups were calculated, respectively. As 
shown in Fig.3, the betweenness centrality values of 90 
brain regions were sorted in descending order for NC 
group, and the betweenness centrality values for LGG 
groups and the vulnerability values for both two groups 
were sorted accordingly. On the whole, the changes of 
betweenness centrality values coincided with the 
changes of vulnerability values in corresponding 
groups. As the betweenness centrality of nodes are 
closely related to the network performance, and the 
removal of nodes with higher betweenness centrality 
would result in possible damage of network, i.e. the 
increase of vulnerability values. Consistent with 
previous studies, nodes with higher betweenness 
centrality value are thus identified as hub nodes in our 
study [23, 27]. More specifically, a node was defined as 
hub node if its betweenness centrality value is at least 
one standard deviation above the network mean. 
Thirteen hub nodes were determined in NC group, 
among which 9 hub nodes locating in associative cortex, 
2 hub nodes locating in paralimbic cortex, and 2 hub 
nodes locating in subcortical region. In LGG group, 10 
hub nodes were identified, including 5 hub nodes in 
associative cortex, 3 hub nodes in paralimbic cortex, 
and 2 hub nodes in subcortical region. 

In order to visualize the location of hub nodes, 3D 
distribution diagram of hub nodes was obtained (Fig. 4).   
Clearly, most of the hub nodes were identical and 
distributed in same location (with color-coded in red) in 
both NC and LGG group, while 3 hub regions only 
existed in the NC group (middle part in Fig. 4, color-
coded in green), i.e. left superior frontal gyrus-
dorsolateral (SFGdor.L), left superior occipital gyrus 
(SOG.L) and left Lingual gyrus (LING.L)In order to 
show the similarities in the spatial patterns of the node 
betweenness of the two groups, we plotted the 
correlation-degree of the betweenness centrality of all 
90 regions in the anatomical networks of the NC and 
LGG groups. As shown in Fig. 4 (right), red dots 
represent hub regions that exist in both groups, green 
dots refer to the 3 hub regions specific to the NC group, 
and pink circles represent those nodes that are not 
identified as hub nodes. From our results, the non-hub 
nodes (random nodes) showed the best correlation 
between the two groups ( 3213.7,8907.0 −== epr ), 
which means the majority of structural networks may 
remain relatively stable in LGG group. On the other 

hand, some random nodes with increased betweenness 
centrality values were found in LGG group, which 
could contribute to the alteration of brain functional 
network. 

3.3 Alteration of network regional parameters 
in patients 

The topological properties of anatomical networks were 
also investigated at regional (nodal) levels. Altered 
regions in the LGG patients was obtained and various 
nodal parameters were further calculated in each region. 
Two-sample two-tailed t-test was performed to 
determine group difference in the nodal properties 
between the NC and LGG groups. Three significance 
thresholds of p < 0.05, 0.01, and 0.005 was used for 
testing each of the graph-based metrics, respectively. As 
shown in Fig. 5, compared with NC group, significant 
decrease of degree ( iK ) and regional efficiency ( nodalE ) 
were found in LGG group in various regions, especially 
in the frontal (ORBsupmed.L, ORBinf.L, ORBsup.L, 
SFGdor.L), occipital (SOG.R), supplementary motor 
areas (SMA.L, SMA.R) and median cingulate and 
paracingulate gyri (DCG). On the contrary, path length  
( iL ) increased significantly in the frontal and occipital 
regions, while demonstrating opposite changes in the 
supplementary motor areas and median cingulate and 
paracingulate gyri. The clustering coefficient ( iC ) and 
local efficiency ( localiE _ ) showed a significant decrease 
in the middle frontal gyrus (ORBmid.L) and a 
significant increase in the olfactory cortex (OLF) in 
LGG patients. 

3.4 Altered topological properties of 
hemisphere networks in patients 

In order to investigate whether the topological 
properties of hemisphere networks (lesion side) would 
have significant changes when the lesion located in 
different brain hemisphere, and whether the operation 
(tumor removal) has an influence on hemisphere 
networks (lesion side), we performed the two-factor 
variance analysis with “Lesion location” and “surgery 
or not” as the fixed factors. Variance analysis results in 
Table 4 indicated that, surgery would result in 
significant changes in various parameters including  
pK � pL � globE , while the lesion location in different 

brain hemisphere would only cause significant 
difference in clustering coefficient( pC ). 
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Fig. 3 Betweenness centrality (bi) and vulnerability (Vi) values of corresponding brain regions in NC and LGG groups. 

 

 

  

Fig. 4 Hub nodes distribution and correlation degree of all nodes between NC and LGG groups. From left to right: hub 
nodes distribution in LGG group; hub nodes distribution in NC group; the correlation-degree of betweenness centrality 
of all nodes between two groups. The size of the node represents the magnitude of the betweenness centrality. Nodes 
color-coded in red represent hub regions detected in the anatomical networks of both the subject groups. Nodes color-
coded in green represent hub regions specific to the controls. The location of the regions was visualized with the 
BrainNet View software (http://www.nitrc.org/projects/bnv). 
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Fig. 5 Distribution of regions with significantly altered nodal properties in NC and LGG groups. Unstarred bars: 
significance with p<0.05; *:p<0.01; **:p<0.005. 

Table 4 The results of variance analysis with “Lesion location” and “surgery or not” as the fixed factors. 

 
  

 pK  pC  pL  globE  localE  γ  λ  σ  

Lesion(left/right) 
F  0.559 4.189 0.027 0.153 3.521 1.215 0.112 1.531 

P  0.350 0.040* 0.917 0.712 0.083 0.282 0.751 0.233 

Surgery(pre-/post-) 
F  5.287 0.128 5.512 5.519 0.076 2.899 2.181 2.745 

P  0.023* 0.744 0.026* 0.021* 0.813 0.095 0.162 0.111 

 Note: Significant group differences at *p < 0.05 

Table 5 The parameter comparison of hemisphere networks with significant difference. 

  globE  pK  

globE  pL  pCpre −  pCpost−  

Pre- 0.572 11.214 2.321 �� �� 

Post-  0.559 10.387 2.386 �� �� 

left  �� �� �� 0.532 0.538 

right �� �� �� 0.579 0.545 

Note: Significant group differences at *p < 0.05 
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Comparing those network parameters � pK � pL �

globE � with significant difference between pre-
operation and post-operation groups, we found that the 
value of global efficiency ( globE ) and degree ( pK ) 

decreased, while the characteristic path length ( pL ) 
increased after surgery (Table 5). In addition, regardless 
of operation conditions, for the lesion in right 
hemisphere, the clustering coefficient ( pC ) were always 

greater than that in left hemisphere. 

4 Discussion 

4.1 Altered topological properties of 
anatomical networks in patients 

This study compared the global and regional properties 
of brain anatomical networks of LGG patients with 
those of healthy controls. Consistent with previous 
studies, we found that the anatomical networks of both 
the LGG patients (pre- and post-surgery) and the 
controls showed features of small-worldness, 
characterized by a high value of local clustering 
coefficients ( 1>>γ ) but low values of path lengths        
( 1≈λ ). 

Based on the graph theoretical analysis results, a 
decrease in degree and global efficiency and an increase 
in path length were found in LGG group. As the degree 
of each node is closely related to the connectivity of 
anatomical network, a decreased degree in LGG patients 
could result in a sparser network as compared with NC 
group [19]. According to the definition of key metrics in 
graph theory, the decreased degree will increase the 
path length of signal flow, and will contribute to the 
decrease of global efficiency [28]. In good agreement 
with this, decreased global efficiency and increased path 
length were indeed found in LGG patients, which is 
suggestive of slow information transmission and 
inefficient communication between brain regions. 
Interestingly, our graph analysis also revealed changes 
in the small-world network architecture, with a 
significant increase in small-worldness and clustering 
coefficient in LGG patients. More prominent small 
world network organization was observed in LGG 
patients compared to healthy controls, which could be 
interpreted as a compensatory mechanism. Comparing 
LGG patients pre- and post- operation, there is no 
significant between-group difference in small-world 
characteristics despite an increased path length in post-
surgery group. As the topological characteristics of 
whole-brain network remained almost stable regardless 
of surgery conditions, we speculate that local network 
properties could be better indicators for evaluating the 
surgical effectiveness and will discuss in details below. 

4.2 Alteration of hub nodes in patients. 
Compared with normal subjects, three hub nodes were 
missing in LGG patients: left superior frontal gyrus-

dorsolateral (SFGdor.L), left superior occipital gyrus 
(SOG.L) and left Lingual gyrus (LING.L). SOG.L and 
LING.L are both located in the upper part of occipital 
lobe, and SFGdor.L is located in the middle-upper part 
of frontal gyrus, suggesting these brain regions could be 
more susceptible to LGG. The absence of these hub 
nodes indicates that the topological structure of 
functional networks was probably restrained by the 
lesions in LGG patients, and these regions could 
become less important for information transmission 
with the presence of LGG. 

The distribution of other hub nodes, such as 
precuneus (PCUN), insula (INS), lenticular putamen 
(PUT), hippocampus (HIP), and the pillow back 
(MOG), are mostly identical between NC and LGG 
group. However, the betweenness centrality values of 
these hub nodes are higher in LGG group than those in 
NC, suggesting these hub nodes could be directly 
associated with structural and functional modifications 
and become more important in the anatomical network 
in LGG group. Most of the hub nodes tend to change 
towards a high betweenness centrality value (red dots in 
Fig. 4 right) in LGG patients, while the majority of 
random nodes (non-hub nodes) remained stable between 
two groups. Nevertheless, there exist some random 
nodes with high-betweenness value, and these nodes 
may play more active role in the network due to brain 
plasticity and functional modifications. When signals 
cannot directly flow through the shortest path between 
two hub nodes, it may flow through indirect connections 
of non-hub nodes [29, 30]. In the human brain network, 
evidence suggests that mechanisms of brain plasticity 
include the strengthening of specific connections or the 
recruitment of parallel and indirect connections [31]. 
Therefore, based on this mechanism, the rewiring of 
neuronal circuits and reorganization of tracts between 
the regions may occur in response to LGG, allowing 
signal transmission via longer paths bypassing the 
lesion area. Indeed, in our results, significantly 
increased average path length was found in the LGG 
group. 

It also implies that, for presurgery planning, we 
cannot only focus on the hub nodes, and those random 
nodes with temporary function alteration and neural 
reconnection capabilities may also play critical roles in 
the anatomical network. We therefore further 
investigated the function alteration by analyzing 
regional parameters of anatomical networks. 

4.3 Alteration of network regional parameters 
in patients 

Based on the analysis results of regional parameters, the 
node degrees and node efficiency of the LGG patients 
showed a significant decrease, while the average path 
length demonstrated a significant increase in the frontal 
and occipital regions. Furthermore, the clustering 
coefficient and local efficiency of the LGG patients also 
have a significant decrease in the frontal region. These 
finds suggest that the frontal region could be severely 
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damaged, which can be mainly explained by the 
presence of LGG in the frontal lobe or temporal areas in 
the subjects. The function of the frontal lobe involves 
integrating voluntary movement, longer non-task based 
memories, and accessing information for analysis and 
judgment [32]. Theoretically, the changes of regional 
parameters could be indicative of corresponding 
functional impairment. However, in our study, all of 
LGG patients were reported with no obvious 
clinical cognitive deficits, and we thus hypothesize that 
there may be some recovery on the basis of 
compensation mechanism as well as the participation of 
other regions to assume the lost functions of damaged 
areas. As the occipital regions are mainly responsible 
for visual functions [33], great alteration of nodal 
parameters found in occipital regions is consistent with 
clinical reports of vision loss in LGG patients. In 
addition, there were a significant increase of clustering 
coefficient and local efficiency in the supplementary 
motor area (SMA) and median cingulate and 
paracingulate gyri (DCG) in LGG patients, which 
indicated that these two regions might have more 
connections with other brain regions and play emerging 
roles in information signal transfer. In fact, SMA and 
DCG were not determined as hub nodes, but they could 
become more important during functional compensation 
due to brain structural plasticity. Together with above 
random nodes analysis results, in the presence of LGG 
lesions, function reorganization could exist with 
involvement of random nodes. During presurgical 
planning, while special attention should be paid into 
more accurate identification of the few highly 
influential nodes, the functions of those non-highly 
influential nodes (non-hub nodes) should never be 
underestimated. A throughout analysis of the regional 
parameters of brain network would help us to determine 
the critical nodal areas which could be related to 
possible functional impairment, so as to avoid unwanted 
damage during surgery and preserve the brain function 
to the maximum extent. 

4.4 Altered topological properties of 
hemisphere networks in the patients 

By comparing the topological properties of whole-brain 
network in LGG patients before and after operation, 
characteristic path length is the only parameter that 
changed significantly. In contrast, the hemisphere 
network metrics showed a great dependence on the 
operation, and the degree, global efficiency and the 
shortest path greatly altered with significant difference 
between pre- and post-surgery patients. We thus assume 
that local damage caused by operation could contribute 
to the altered network properties of affected brain 
hemisphere, while the whole-brain function could be 
compensated due to possible tracts reorganization and 
self-repairing mechanism. 

Previous researches have showed that cognitive 
impairment may have significant difference when the 
lesion is located on different brain hemispheres. 

Compared with patients with gliomas located in non-
dominant hemisphere, the patients with gliomas located 
in the advantage hemisphere usually had more severe 
cognitive impairment [34]. Moreover, resections of 
dominant temporal lobe were reported to be correlated 
with verbal memory decline, whereas non-dominant 
temporal lobe resections were associated with 
visuospatial memory decline [35]. From our results, the 
clustering coefficient showed a great dependence on the 
lesion location. As all of our subjects are right-handed 
and the left hemisphere is usually considered as the 
dominant hemisphere, brain network features of left 
hemisphere could be more sensitive to lesion sites and 
surgical trauma, which can be explained by the smaller 
cluster coefficient found in the group with lesion in left 
hemisphere. The asymmetry characteristics of brain 
network in healthy individual is associated with 
cognitive differences between left and right hemisphere 
[36]. Clearly, studies regarding network topological 
properties of hemispheres could bring more insights in 
understanding the lesion location-related brain cognitive 
damage and provide more knowledge for the evaluation 
of surgical treatment. 

4.5 Methodological issues 
Several methodological issues related to present study 
are discussed below. Firstly, in consideration of its 
simplicity, robustness and speed, and for better 
comparison with other previously reported studies [37], 
the commonly used deterministic tractography 
algorithm was applied to track fiber in our study. 
Noticed that this method cannot resolve crossing fiber 
bundles [38], future study using probabilistic 
tractography [39] could be an alternative approach to 
address this issue. Secondly, there is actually no 
physiological criterion for definition edge and node 
selection in human brain anatomical network 
construction. Similar to other studies [12-13], we used 
the AAL template and fiber number to determine nodes 
and edges, respectively. However, as the nodes and 
edges are closely related to the substantial analysis 
results of the constructed network, their physiological 
definition could be of great importance and requires 
future studies supported by a wealth of evidence from 
both anatomical and physiological studies. At last, as a 
pilot proof-of-concept study, the results obtained in our 
studies were based on a relatively small sample size. We 
believe that more comprehensive investigation towards 
a more precise data interpretation could be achieved 
with continuous expanding of sample size.  

5 Conclusion 
In this paper, we constructed the anatomical networks of 
whole-brain and hemisphere in NC, pre-surgery and 
post-surgery LGG patient groups, then the topological 
properties and regional parameters of networks were 
analyzed and compared, respectively. Our results 
showed that the presence of lesion and operation may 
alter the information transmission path between regions, 
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making original direct signal transmission through hub 
nodes turn into indirect signal transmission through 
non-hub nodes, characterized by the increase of path 
length. At the same time, more prominent small world 
network organization in LGG patients can evidence the 
active processes of neuroplasticity and compensatory 
mechanism in response to the presence of LGG. In 
addition, due to possible tract reorganization and 
network reconfiguration, some non-highly influential 
nodes became progressively important with the presence 
of lesion or in response to operation, of which functions 
cannot be underestimated. It is thus necessary to 
investigate those nodal regions by further analyzing 
regional parameters of network. Comparing the whole-
brain and hemisphere anatomical networks of LGG 
patients pre- and post- operation, whole-brain function 
in post-operation LGG patients could be compensated 
as a result of self-repairing mechanism, while 
hemisphere network metrics changed significantly 
before and after operation, suggesting that hemisphere-
dependent network analysis could bring valuable 
information for the evaluation of treatment 
effectiveness. Furthermore, it is found that brain 
network metrics altered more significantly when the 
lesion is located in the dominate hemisphere. This 
finding could be helpful for understanding the cognitive 
function related to lesion location and provide a new 
way to predict and evaluate the effects of surgical 
treatments. 
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