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Focal brain lesions, such as stroke and tumors, can lead to remote structural alterations across the whole-brain networks. Brain
arteriovenous malformations (AVMs), usually presumed to be congenital, often result in tissue degeneration and functional
displacement of the perifocal areas, but it remains unclear whether AVMs may produce long-range effects upon the whole-brain
white matter organization. In this study, we used diffusion tensor imaging and graph theory methods to investigate the
alterations of brain structural networks in 14 patients with AVMs in the presumed Broca’s area, compared to 27 normal
controls. Weighted brain structural networks were constructed based on deterministic tractography. We compared the
topological properties and network connectivity between patients and normal controls. Functional magnetic resonance imaging
revealed contralateral reorganization of Broca’s area in five (35.7%) patients. Compared to normal controls, the patients
exhibited preserved small-worldness of brain structural networks. However, AVM patients exhibited significantly decreased
global efficiency (p = 0:004) and clustering coefficient (p = 0:014), along with decreased corresponding nodal properties in some
remote brain regions (p < 0:05, family-wise error corrected). Furthermore, structural connectivity was reduced in the right
perisylvian regions but enhanced in the perifocal areas (p < 0:05). The vulnerability of the left supramarginal gyrus was
significantly increased (p = 0:039, corrected), and the bilateral putamina were added as hubs in the AVM patients. These
alterations provide evidence for the long-range effects of AVMs on brain white matter networks. Our preliminary findings
contribute extra insights into the understanding of brain plasticity and pathological state in patients with AVMs.

1. Introduction

Brain arteriovenous malformations (AVMs) are commonly
presumed to be congenital lesions with the pathology of
direct connection between arteries and veins, resulting in
arteriovenous shunting of blood [1, 2]. The local hemody-
namic abnormalities associated with arteriovenous shunts
may lead to pathological changes in the surrounding brain
parenchyma, which are thought to be the causes of seizures
and neurological dysfunction [1, 3, 4]. Besides, it has been
found that the local damage may cause cortical functional
reorganization, mostly in those patients who have lesions
right in or close to the presumed eloquent areas [5–8]. Most

of the current studies of AVMs focus on the structural and
functional changes of the perifocal areas. However, the high
incidence of cognitive decline reported in AVM patients can-
not be fully explained by these local effects [9]. In other
words, the potential long-range effects of AVMs might have
been overlooked. Recent advancement of brain connectome
analyses has provided new insights into the interactions
between brain regions at the whole-brain level. Based on
the growing number of results from studies of functional
and structural connectivity, it has been recognized that focal
brain lesions, such as stroke and tumors, can affect not only
the surrounding tissue but also the remote brain regions
across the whole-brain networks [10–13]. A recent resting-
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state network study found the disruption of normal anticor-
relation between the default mode network and the atten-
tional control network in AVM patients, contributing to the
discussion on the remote effects of AVMs [14].

The graph theory analysis provides an outstanding
framework for studying the complex brain networks [15,
16]. Recently, using diffusion tensor imaging (DTI) and
graph theory methods, disrupted topological organization
of the white matter networks has been revealed in various
psychiatric and degenerative disorders [17, 18]. Several stud-
ies have demonstrated the altered brain structural networks
in patients with stroke and the correlations between the topo-
logical properties and functional outcomes [19–21]. In brain
tumor patients, a study showed notable alterations in topo-
logical properties of brain structural networks compared to
healthy subjects, which were considered evidence of compen-
satory structural plasticity [22]. By comparison with stroke
and tumors, AVMs produce effects on the brain from much
earlier life due to the congenital and chronic nature course.
Since structural connectivity is thought to be the physical
substrate of functional interactions across the brain [23,
24], analysis of altered structural networks will help in under-
standing the brain plasticity associated with AVMs.

We hypothesized that AVMs not only cause brain reor-
ganization of the perifocal areas but also have long-range
effects on the whole-brain white matter organization. In this
study, we selectively included patients with AVMs located in
the presumed Broca’s area, in order to investigate the alter-
ations in topological properties and network connectivity of
brain structural networks.

2. Materials and Methods

2.1. Subjects. This study was approved by the institutional
review board of Beijing Tiantan Hospital, Capital Medical
University. The participants provided their written informed
consent to participate in the study. From January 2015 to
June 2019, patients with AVMs in the left frontal lobe were
screened out from our clinical trial database (ClinicalTrials.-
gov, identifier: NCT02868008). The inclusion criteria were as
follows: (1) patients with lesions located in the left frontal
lobe, wholly or partially overlying the presumed Broca’s area
(the classical Brodmann areas 44 and 45, i.e., the pars opercu-
laris and pars triangularis of the inferior frontal gyrus); (2)
patients with no history of AVM rupture; (3) patients with
no apparent perifocal edema on T2-weighted images; (4)
patients with no apparent space-occupying effect (e.g.,
space-occupying dilated draining veins); and (5) patients
with no other neurological or psychiatric disorders.

Fourteen patients were included in this study, of whom
eight (57.1%) were female and six (42.9%) were male, with
ages ranging from 15 to 38 years (mean ± SD, 27:4 ± 7:0
years). All patients were native Chinese speakers and right-
handed, and no patient showed language deficits before the
participation. Meanwhile, 27 right-handed normal controls
with no history of neurological or psychiatric disorders were
recruited, of whom 15 (55.6%) were female, with ages
ranging from 19 to 40 years (mean ± SD, 25:0 ± 4:0 years).

2.2. Image Acquisition. All subjects had undergone T1-
weighted and T2-weighted imaging. Furthermore, the AVM
patients went through DTI and language fMRI examination,
while the normal controls only underwent DTI scanning.
MRI data was acquired with a 3.0T system (MAGNETOM
Trio, Siemens Healthineers, Erlangen, Germany) with the
following parameters:

(1) T1-weighted anatomical images were acquired with a
3D MP-RAGE sequence, with TR = 2300ms, TE =
2:98ms, flip angle = 9°, voxel size = 1 × 1 × 1mm,
slice thickness = 1mm, FOV = 240 × 256mm, matrix
size = 240 × 256, and sagittal slices = 176

(2) Diffusion tensor images were acquired with an EPI
sequence, with b‐value = 1000 along 30 diffusion
directions, TR = 6800ms, TE = 93ms, flip angle =
120°, voxel size = 1:8 × 1:8 × 2:8mm, slice thickness
= 2:8mm, FOV = 230 × 230mm, matrix size = 128
× 128, slice number = 50, double averaging, and
parallel acquisition (GRAPPA factor = 2)

(3) Functional images were acquired with an EPI
sequence, with TR = 3000ms, TE = 30ms, flip angle
= 90°, voxel size = 3:3 × 3:3 × 4mm, slice thickness
= 4mm, FOV = 210 × 210mm, matrix size = 64 ×
64, and slice number = 30

2.3. Lesion Mapping. The boundaries of the AVMs were
manually drawn on the anatomical T1-weighted images slice
by slice with the MRIcron software (https://people.cas.sc
.edu/rorden/mricron/). Next, using the clinical toolbox
(https://www.nitrc.org/projects/clinicaltbx/) on SPM12, the
lesion masks were normalized with the individual’s T1-
weighted images into the Montreal Neurological Institute
(MNI) space and were then overlapped on an MNI template
for display.

2.4. DTI Processing and Network Construction. All processes
were following the accepted pipeline. Structural segmenta-
tion was performed with the FreeSurfer software package
(http://surfer.nmr.mgh.harvard.edu/). In order to overcome
the possible signal loss and structural distortions of the
lesioned brain, we employed the enantiomorphic filling
method using the clinical toolbox on SPM12 [25, 26]. The
steps were as follows. First, for each patient, the mirrored
T1-weighted image was created and coregistered to the native
T1-weighted image. Next, a chimeric anatomical image was
generated based on the native T1-weighted image with the
lesion area replaced by tissue from the homologous region
of the intact contralateral hemisphere (smoothed lesion mask
was used for inserting tissue). Then, the enantiomorphic fill-
ing anatomical images instead of the original T1-weighted
images were processed. This fix enabled FreeSurfer to prop-
erly trace the cortical surface and the subcortical structures
[27]. The cerebral cortex was automatically parcellated into
68 cortical areas according to the Desikan-Killiany atlas.
The 14 automatically segmented subcortical gray matter vol-
umes were added to the cortical parcellation [28, 29]. Next,
the voxels of the resulting segmentation that correspond to
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the lesion area were excluded by the normalized lesion mask.
Careful visual inspection and possibly additional manual
editing were required to ensure accuracy. Finally, the 82
regions of interest (ROIs) (41 ROIs for each hemisphere,
Table 1) were warped into the individual’s native diffusion
space with the nearest neighbor resampling for network
analysis.

Diffusion images were processed by using the FSL
diffusion toolbox (http://www.fmrib.ox.ac.uk/fsl) and the
PANDA pipeline toolbox (https://www.nitrc.org/projects/
panda/). Eddy currents and head motion artifacts were
corrected. A whole-brain deterministic tractography was
performed by using the Fiber Assignment by Continuous
Tracking (FACT) algorithm. Fiber tracking was stopped at
voxels with FA less than 0.15, and the curvature angle thresh-
old was set to 45°.

The whole-brain structural networks were represented as
an adjacent matrix. The parcellated 82 gray matter ROIs were
used as nodes, and the edges were defined as the white matter
fibers connecting each pair of nodes. If the number of
streamlines between two nodes was less than three, the con-
nection would be set to zero in order to reduce possible spu-
rious connections. The connectivity strength (wij) between a
pair of nodes i and j was the number of streamlines with a
correction with the distance travelled by the fibers and the
volumes of ROI i and j. Thus, a weighted 82 × 82 structural
connectivity matrix was generated for each subject.

2.5. Network Graph Analysis. Based on graph theory, the
topological properties of the weighted networks were ana-
lyzed at global and nodal level using the brainGraph toolbox
available in R (https://github.com/cwatson/brainGraph). The
nodal topological properties computed included the connec-
tivity strength, nodal efficiency, local clustering coefficient,
betweenness centrality, and vulnerability. The global topo-
logical properties computed included the global efficiency,
local efficiency, clustering coefficient, characteristic path
length, and small-worldness.

2.5.1. Nodal Topological Properties. The connectivity strength
(Si) of node i is the sum of the weights of all its connections:

Si = 〠
j∈N

wij, ð1Þ

where wij is the connectivity weight between nodes i and j
and N is the set of all 82 nodes of the network.

The nodal efficiency (Enod) measures the ability of node i
to exchange information with the remaining nodes in the
network:

Enod,i =
1

N − 1
〠
j∈N

1
Lij

, ð2Þ

where N is the number of nodes within the network and Lij
was the length of the shortest weighted path between nodes
i and j.

The local clustering coefficient (Ci) of node i describes
how strong the node and its neighbors tend to cluster as a
local network:

Ci = 〠
j,h∈N

wijwihwjh

� �1/3

ki ki − 1ð Þ , ð3Þ

where ki is the number of edges connected to node i and wij,
wih, and wjh are the weights between node i and its neighbor
nodes j and h and the weight between j and h.

The betweenness centrality (Bi) quantifies the centrality
of node i, which is the fraction of all the shortest paths in
the network that contain i:

Bi =
1

N − 1ð Þ N − 2ð Þ 〠
j,h∈N

δjh ið Þ
δjh

, ð4Þ

where δjhðiÞ is number of the shortest paths between nodes j
and h that pass through node i. In this study, node i was
defined as a hub, if Bi was at least one standard deviation
(SD) greater than the average betweenness centrality of the
network.

The vulnerability (Vi) reflects the influence of node i on
the network efficiency, which is defined as the proportional
drop in global efficiency when i and its connections are
removed from the network:

Vi =
Eglob − Ei

glob

Eglob
, ð5Þ

where Ei
glob is the global efficiency after removing node i.

2.5.2. Global Topological Properties. The global efficiency
(Eglob) measures how efficient the information is exchanged
across the whole network, which is the average of the nodal
efficiency values of all nodes in the network:

Eglob =
1
N
〠
i∈N

Enod,i: ð6Þ

The local efficiency (Eloc) measures the average capacity
for information transfer within a local network:

Eloc =
1
N
〠
i∈N

Eglob,i, ð7Þ

where Eglob,i is the global efficiency of the subgraph consisting
of the neighbors of node i.

The global clustering coefficient (Cp) measures the degree
to which the nodes in the network tend to cluster, which is
the average of the local clustering coefficient values of all
nodes:

Cp =
1
N
〠
i∈N

Ci: ð8Þ
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The characteristic path length (Lp) is the harmonic mean
of the shortest path between each pair of nodes in the net-
work, which reflects how well the entire network is connected
for information exchange. Lp equals to the inverse of Eglob:

Lp =
1

Eglob
: ð9Þ

The small-worldness (σ) is defined as the ratio between
the normalized clustering coefficient (γ) and the normalized
characteristic path length (λ):

γ =
Cp

Crand
p

,

λ =
Lp
Lrandp

,

σ =
γ

λ
,

ð10Þ

where Crand
p and Lrandp represent the average of the global clus-

tering coefficient and characteristic path length of 100
matched random networks with the same numbers of nodes,
edges, and degree distributions as the real network. A
network is considered a small-world network if σ > 1.

2.6. fMRI Analysis. We performed a verb generation task to
test the hemispheric lateralization of the frontal language
area. It has been proven that verb generation exhibits strong

reliability and robustness for measuring laterality, especially
in the frontal areas [30]. The task was block-designed
consisting of eight 21-second baseline blocks and eight 15-
second task blocks. In a task period, five common concrete
nouns were presented to the patient. The patients were
instructed to generate a verb associated with each noun
silently (e.g., bike = ride). In the rest period, the patients were
asked to fix their gaze on a pound sign.

Functional images were processed with the widely
accepted pipeline of SPM12 (https://www.fil.ion.ucl.ac.uk/
spm/software/spm12/) on MATLAB 2017b (The Math-
Works Inc., Natick, USA). We employed the enantiomorphic
filling and unified segmentation approach for normalization
in image preprocessing [25, 31]. Activation maps were gener-
ated at the threshold of p < 0:001 with cluster size ≥ 10 vox-
els. The frontal ROI was defined as the pars opercularis and
pars triangularis of the inferior frontal gyrus and the dorso-
lateral prefrontal cortex (the classical Brodmann areas 44,
45, 46, and 9). The laterality index (LI, ranging from -1 to
1) was calculated as LI = ðL − RÞ/ðL + RÞ, where L and R
represented the number of voxels activated in the ROIs of
the left and right hemisphere. A patient was classified as
typically left-lateralized if LI ≥ 0:2 and atypically lateralized
if LI < 0:2.

2.7. Statistical Analysis. Statistical analysis was performed
with the brainGraph toolbox in R (R Core Team, 2019).
BrainNet Viewer (http://www.nitrc.org/projects/bnv/) was
used to visualize the results. The difference in global topolog-
ical properties (Eglob, Eloc, Cp, Lp, and σ) between patients and

Table 1: Cortical and subcortical regions of interest defined in this study.

Regions Abbreviation Regions Abbreviation

Bank of the superior temporal sulcus BSTS Posterior cingulate gyrus PCG

Caudal anterior cingulate gyrus cACG Precentral gyrus preC

Caudal middle frontal gyrus cMFG Precuneus PCUN

Cuneus CUN Rostral anterior cingulate gyrus rACG

Entorhinal cortex ENT Rostral middle frontal gyrus rMFG

Fusiform gyrus FUS Superior frontal gyrus SFG

Inferior parietal lobule IPL Superior parietal lobule SPL

Inferior temporal gyrus ITG Superior temporal gyrus STG

Isthmus cingulate gyrus iCG Supramarginal gyrus SMAR

Lateral occipital gyrus LOG Frontal pole FP

Lateral orbitofrontal gyrus LOF Temporal pole TP

Lingual gyrus LING Transverse temporal gyrus TT

Medial orbitofrontal gyrus MOF Insula INS

Middle temporal gyrus MTG Thalamus THAL

Parahippocampal gyrus PARH Putamen PUT

Paracentral lobule paraC Pallidum PALL

Pars opercularis pOPER Caudate CAUD

Pars orbitalis pORB Hippocampus HIPP

Pars triangularis pTRI Amygdala AMYG

Pericalcarine cortex periCAL Nucleus accumbens ACCU

Postcentral gyrus postC

Cortical regions were parcellated according to the Desikan-Killiany atlas, and subcortical regions according to Fischl et al.
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normal controls was tested using permutation inference for a
general linear model (GLM), with age and sex as covariates.
The one-tailed p values were computed using 10000 permu-
tations, and the significance threshold was set at p < 0:05.
Between-group comparisons of the nodal topological proper-
ties (Si, Enod,i, Ci, Bi, and Vi) of each region were also per-
formed using permutation inference for GLM with age and
sex as covariates and were corrected for multiple compari-
sons with the family-wise error (FWE). The one-tailed p
values were computed using 10000 permutations, and a
corrected p value less than 0.05 was considered significant.

The network-based statistic (NBS) was used to identify
the altered structural connectivity between the patients and
normal controls [32]. Briefly, the NBS method is to identify
significantly altered connected components, which can pro-
vide greater statistical power, compared to individually test-
ing each independent connection. An initial threshold is
needed for determining the clusters of connections. Since
the choice of the initial threshold is arbitrary, a strict initial
p < 0:005 and a less strict initial p < 0:05 were used in this
study. Permutation analysis is then used to evaluate the null
hypothesis on the level of connected clusters. We performed
10000 permutations, and a threshold of p < 0:05 was used to
identify the final components. Age and sex were included as
covariates.

3. Results

The demographics and the number of whole-brain stream-
lines of normal controls and AVM patients are presented in
Table 2. No significant difference was found in age, sex, and
the number of streamlines between the two groups. The
average diameter of the AVMs was 3:6 ± 1:3 cm. Figure 1
shows the lesion overlay of all the patients.

3.1. Global Topological Properties of Brain Structural
Networks. The global topological properties of brain struc-
tural networks of the normal controls and patients are
presented in Figure 2. Both normal controls and patients
exhibited small-world organization (σ > 1) in brain struc-
tural networks. No significant between-group difference
was found in the small-worldness (p = 0:744) or in the local
efficiency (p = 0:731). However, AVM patients showed
significantly greater characteristic path length (p = 0:007)
and lower clustering coefficient (p = 0:014). In addition, the
global efficiency was significantly decreased in the patients
(p = 0:004).

3.2. Nodal Topological Properties of Brain Structural
Networks. Brain regions with significant between-group dif-
ference (corrected p < 0:05) in nodal properties were identi-
fied. A number of regions were found with significantly
lower nodal strength, nodal efficiency, and local clustering
coefficient in AVM patients relative to normal controls
(Figure 3). Decreased nodal strength was observed in the lin-
gual gyrus (LING), pericalcarine cortex (periCAL), and pos-
terior cingulate gyrus (PCG) in the left hemisphere and the
precentral gyrus (preC), postcentral gyrus (postC), inferior
parietal lobule, bank of the superior temporal sulcus (BSTS),

and superior temporal gyrus (STG) in the right hemisphere
(Figure 3(a)). Decreased nodal efficiency was found in the lat-
eral occipital gyrus (LOG), periCAL, and PCG in the left
hemisphere and the caudal middle frontal gyrus, preC,
postC, BSTS, STG, and LOG in the right hemisphere
(Figure 3(b)). Decreased local clustering coefficient was
found in the right BSTS, right superior parietal lobule, right
supramarginal gyrus (SMAR), and left caudal anterior cingu-
late gyrus (Figure 3(c)). Furthermore, a significant increase in
vulnerability was found exclusively in the left SMAR in the
patients (p = 0:039, corrected). No significant difference was
found in the nodal betweenness centrality.

3.3. Hub Region Distribution. In normal controls, we identi-
fied 11 hub regions, of which nine were cortical and two were
subcortical (Figure 4). In AVM patients, we identified 12 hub
regions, of which eight were cortical and four were subcorti-
cal. The mean betweenness centrality and mean strength of
the hub regions are shown in Table 3. Ten regions were
shared by the two groups. However, the left STG was identi-
fied as a hub for normal controls but not for the patients,
while the bilateral putamina were identified as hubs for the
patients but not for the controls.

3.4. Network-Based Statistic Results. Using an initial signifi-
cance threshold of p < 0:005, we found three small connected
components with decreased connectivity strength in the
patients compared to normal controls (Figure 5(a)). Two
were located in the right hemisphere, mainly consisting of
several frontal regions and the thalamus. The remaining
one involved three cingulate regions, connecting the bilateral
cingulate gyri. However, the patients had two connected sub-
networks with enhanced connectivity strength in the left
hemisphere. The larger subnetwork with eight edges was
located near the lesions, connecting six perisylvian regions
and three subcortical regions. The smaller one with four
edges mainly connected several limbic/paralimbic regions.

By contrast, the less strict initial p < 0:05 resulted in an
extensive connected component with decreased connectivity
strength in the patients relative to normal controls
(Figure 5(b)). This altered subnetwork consisted of 22 edges
and 22 nodes. The nodes involved mainly included a number
of right perisylvian regions, two left frontal regions, and two
subcortical regions.

Table 2: Basic characteristics of normal controls and patients.

Characteristics
Normal controls

(n = 27)
Patients (n = 14

)
p

Age (years) 25:0 ± 4:0 27:4 ± 7:0 0.087

Sex, female 15 (55.6%) 8 (57.1%) 0.923

Lesion diameter
(cm)

— 3:6 ± 1:3

Number of
streamlines

7431:8 ± 1170:7 7241:1 ± 1067:9 0.527

Data are presented as mean ± standard deviation or number (%). p values
refer to the Wilcoxon rank-sum test for age and number of streamlines
and the chi-square test for sex.
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3.5. Language Reorganization in the Patients. Functional lat-
eralization of the frontal language area was evaluated for each
patient. We found contralateral language reorganization in
five (35.7%) patients with a mean LI of −0:50 ± 0:50, who
were classified as atypically lateralized. The remaining nine
(64.3%) patients had a mean LI of 0:87 ± 0:16 and were clas-
sified as typically lateralized. The global and nodal topologi-
cal properties were compared between the two groups. We
found that the clustering coefficient was significantly lower
(p = 0:031) in atypically lateralized patients than in typically
lateralized patients. However, no significant difference was
found in other topological properties or in structural
connectivity.

4. Discussion

The lacking capillary bed of an AVM causes a low-resistance
condition and results in arteriovenous shunting of blood. The

high-flow shunting diverts blood away from the surrounding
brain tissue, leading to “arterial steal,” as well as raising the
venous pressures, causing venous congestion [1, 4]. It has
been revealed that such perfusion abnormalities may lead
to chronic ischemic changes of the perifocal parenchyma,
including neuron degeneration and gliosis [3, 33]. However,
little is known about the long-range effects of AVMs on the
white matter organization of the whole brain. Using DTI
and graph theory methods, we investigated the whole-brain
structural networks in a homogeneous series of patients with
AVMs located in the presumed Broca’s area. By comparing
with normal controls, we identified the alterations in topo-
logical properties and network connectivity in the AVM
patients.

4.1. Small-World Organization and Altered Global Properties.
The small-world network organization of the human brain
has been revealed in previous studies [34–36]. A small-
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Figure 1: Lesion overlay of the 14 patients. Colors represent the number of patients with a lesion in the area. Warmer colors indicate a greater
overlap.
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Figure 2: Comparison of the global topological properties of brain structural networks between patients and normal controls.
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Altered nodal strength

(a)

Altered nodal efficiency

(b)

Figure 3: Continued.
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world network can promote both segregated and integrated
information processing, which is considered optimal com-
promise between regular and random networks [37]. In con-
sistent with the past studies of stroke and tumors [20, 22], the
current patient series exhibited small-world organization of
brain structural networks, suggesting that the brain harbor-
ing AVMs supports efficient parallel information processing
at a minimal cost. Although the small-worldness of the two
groups was comparable, the patients exhibited significantly
decreased clustering coefficient and increased characteristic
path length. In graph theory, the clustering coefficient is a
parameter reflecting the degree of concentration of connec-
tions and the capacity for segregated information processing,
and a shorter characteristic path length ensures the rapid
information integration between distant brain regions. We
therefore suggest that the capacity for both segregated and
integrated information processing is impaired in AVM
patients. Additionally, we found a significant decrease in
global efficiency in AVM patients, indicating a general
decline of information transfer efficiency across the whole
brain, which coincides with several previous studies of stroke
patients [12, 19]. Nevertheless, the preserved small-
worldness reflects the correction and resilience of the
structural networks against pathological damages.

Thus, we suggest that the integrity and efficiency of the
whole-brain structural networks are compromised in AVM
patients, though there may be a degree of compensatory
reorganization. In the current patient series, no one had

presented with language dysfunction, and strict linguistic
testing was not performed, so we failed to determine whether
the disrupted topological organization is associated with
declined language ability or occasional speech difficulties.
Researches have proposed the disruption of structural net-
work topology as a potential biomarker for a cognitive
decline in several diseases [38–41]. Previous studies revealed
high-incidence impaired cognitive performance in patients
with AVMs, even the patients did not exhibit clinical symp-
toms [9, 42]. Future studies with thorough neuropsychologi-
cal tests are needed to verify whether the impaired brain
structural networks underlie the cognitive decline exhibited
by AVM patients.

4.2. Altered Nodal Properties. In comparison with normal
controls, AVM patients exhibited significantly reduced nodal
connections in several regions. Most of the regions exhibiting
decreased nodal strength coincided with those exhibiting
decreased nodal efficiency, mainly located in the right peri-
sylvian regions and the left occipital lobe. Furthermore, the
local clustering coefficient was reduced in several right tem-
poroparietal regions close to those regions with decreased
nodal strength, suggesting weakened structural segregation
of information processing within these neighboring regions.
Interestingly, the brain regions with altered nodal properties
were remote from the lesion sites, indicating the remote
effects produced by AVMs. In a network analysis of stroke
patients, the authors demonstrated reduced communicability

Altered local clustering coefficient
Corrected p value

0.00

0.05

(c)

Figure 3: Differences in nodal topological properties of brain structural networks between normal controls and patients. (a) Regions with
decreased nodal strength in patients. (b) Regions with decreased nodal efficiency in patients. (c) Regions with decreased local clustering
coefficient in patients. The differences survived critical FWE correction.
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not only in the lesioned hemisphere but also in the contrale-
sional hemisphere, and they interpreted this remote alter-
ation as the result of secondary white matter tract
degeneration from the lesioned hemisphere [43]. We sup-
pose that the reduced nodal connections of the left occipital
lobe in the current series might be mainly attributed to the
affected occipitofrontal fasciculus. De Baene et al. examined
the functional network topology in patients with low-grade
gliomas and found that the decrease in intramodular connec-
tivity was coupled to the enhancement of distributed infor-
mation integration in the contralesional hemisphere [13].
We infer that the reduced structural segregation in the right
temporoparietal regions might reflect compensatory remod-
eling of the structural networks in the current patient series.

4.3. Altered Vulnerability and Hub Distribution. The vulner-
ability and betweenness centrality characterize the critical
role of nodes from different aspects [44]. A higher vulnerabil-
ity indicates that hypothetical removal of this node and its
connections will result in a greater decline of the global effi-
ciency. In this study, significantly increased vulnerability
was found in the left supramarginal gyrus, suggesting that
the role of this region was upregulated in these patients.
The supramarginal gyrus of the dominant hemisphere is part
of the perisylvian language network, playing an important
role in various aspects of language processing such as syntac-
tic and phonological processing [45]. This alteration might
indicate a reorganization of brain structural networks for
maintaining proper functioning of language in patients with
Broca’s area involved.

We used the level of betweenness centrality to identify the
hubs of the structural networks. The betweenness centrality
quantifies the role of nodes that act as bridges between the
other nodes. Although there were no regions showing
remarkable between-group difference in betweenness cen-
trality, we found that the patients exhibited altered hub dis-
tribution compared to normal controls. Coinciding with the
results of previous studies [34, 35], the precentral gyrus, thal-
amus, and several association areas were identified as hub
regions in the current normal controls. Notably, the left supe-
rior temporal gyrus was identified as a hub in the normal
controls but not in the patients. The posterior portion of
the left superior temporal gyrus known as Wernicke’s area
is involved in language comprehension, connected directly
with Broca’s area through the arcuate fasciculus. The absence
of this hub might be mainly attributed to the involvement of
Broca’s area and the arcuate fasciculus, reflecting a less left-
lateralized language network in these patients. It is notable
that the bilateral putamina appeared as hubs in the patients
but not in normal controls, suggesting that the role of the
putamen was enhanced in relaying information. The puta-
men has traditionally been associated with functions includ-
ing motor control and reinforcement learning, but recent
studies have demonstrated the participation of both the left
and right putamen in language networks and various lan-
guage functions, such as semantic, orthographic, and bilin-
gual processing [46–48]. Thus, the increased importance of
the putamen might be the evidence of structural network
remodeling in demand for language functioning.

Normal controls

Patients

Figure 4: Hub region distribution in patients and normal controls.
The nodes color-coded in blue were shared by the two groups, while
the nodes color-coded in red were not.

Table 3: Hub regions of normal controls and patients.

Normal controls Patients
Regions Mean Bi Mean Si Regions Mean Bi Mean Si
SPL R 0.1237 3.0204 SPL R 0.1424 2.1948

SPL L 0.1051 3.6080 SPL L 0.1193 2.5785

SFG L 0.0799 6.0365 SFG R 0.1006 4.6238

SFG R 0.0793 5.6838 THAL R 0.0924 5.2411

THAL R 0.0762 5.9460 preC L 0.0833 7.2224

THAL L 0.0700 6.1659 SFG L 0.0796 4.5024

PCUN L 0.0691 4.2896 THAL L 0.0646 6.4692

preC L 0.0675 6.9977 preC R 0.0582 4.8060

preC R 0.0604 7.1835 PUT R 0.0553 13.1882

PCUN R 0.0531 3.6712 PCUN R 0.0543 2.5686

STG L 0.0493 5.7540 PUT L 0.0539 16.4608

PCUN L 0.0518 3.0028

Bi is the between centrality, and Si is the nodal strength.
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4.4. Altered Structural Connectivity. Although no significant
difference of nodal properties was found in the brain regions
near AVMs, we identified a subnetwork with enhanced struc-
tural connectivity involving the perifocal regions, which
might reflect compensatory reorganization of the structural
networks for maintaining language function in these
patients. Additionally, we found another subnetwork with
enhanced connectivity, mainly composed of the left amyg-
dala and insulo-orbito-temporopolar component [49],
suggesting the potential effects of AVMs on the limbic/para-
limbic system.

Furthermore, we identified an extensive subnetwork with
decreased structural connectivity in AVM patients compared
with normal controls, which demonstrated weakened intrar-
egional connectivity in the right perisylvian regions and
weakened interhemispheric connectivity between Broca’s
area and the homologous regions of the right hemisphere.
It is currently thought that the structural networks can pre-
dict and constrain the functional activity across the brain,
and conversely, the functional activity can produce an effect
on the structural networks [24, 50]. In this study, about
one-third of patients exhibited varying degrees of contralat-
eral language reorganization. We suppose that the reduced
structural segregation of the right perisylvian regions might
indicate the inhibition of the intrinsic functions of this area
(e.g., spatial orienting), because of greater demand for infor-
mation integration to compensate for the language function.
Previously, researchers discussed the relationship between
callosal connectivity and language lateralization and pro-
posed the “inhibitory model” of the corpus callosum, where
the interhemispheric connectivity hinders the functional
interhemispheric integration and is negatively correlated
with the functional activation of the right hemisphere [51,
52]. This theory could properly interpret the decreased struc-
tural connectivity between Broca’s area and the right homol-
ogous regions in the current patient series. Controversially,

since the conflicting “excitatory model” of the corpus callo-
sum has been supported by other researchers [53, 54], the
relationship between structural connectivity and language
lateralization remains ambiguous. We suppose that under
pathological conditions, the structural-functional coupling
might be configured through a complicated way that involves
a dynamic balance between inhibitory and excitatory effects,
along with the interaction of segregated and integrated infor-
mation processing. Future follow-up fMRI and DTI investi-
gations are needed to examine the longitudinal changes of
brain connectivity resulting from the long-range effects of
AVMs.

4.5. Relevance of Language Reorganization. Functional reor-
ganization has been frequently reported in AVM patients
with eloquent areas involved [5, 7, 8], and therefore patients
with unruptured lesions usually do not present with focal
neurological dysfunction. In this study, none of the 14
patients with Broca’s area directly involved had exhibited
language deficits before participation. By using fMRI, we
found that the incidence of atypical language lateralization
was 35.7% in the patients, which was substantially higher
than the reported incidence of 4% to 9% in healthy right-
handed individuals [54–56]. Compared to the typically later-
alized patients, the atypical lateralized patients exhibited sig-
nificantly reduced global clustering coefficient, suggesting a
reduced capacity for segregated information processing. Oth-
erwise, we failed to identify significant difference in other
topological properties or in structural connectivity. The lack
of difference might reflect the indeterminate relationship
between the structural networks and functional activities,
although the results might be limited by the low number of
patients.

4.6. Limitations. This is an exploratory study focusing on the
whole-brain structural networks in patients with AVMs.

(a) (b)

Figure 5: Altered structural connectivity derived from the network-based statistic. (a) An initial p < 0:005 resulted in three subnetworks
color-coded in blue exhibiting decreased structural connectivity and two subnetworks color-coded in red/orange exhibiting enhanced
structural connectivity in patients relative to normal controls. (b) An initial p < 0:05 resulted in a subnetwork color-coded in blue
exhibiting decreased structural connectivity in patients relative to normal controls.

10 Neural Plasticity



Some issues should be addressed when interpreting the
results: firstly, methodological issues. In this study, we used
deterministic tractography to construct the structural net-
work, but this algorithm failed to resolve the crossing fibers,
which may result in a loss of existing fibers. The probabilistic
tractography algorithm has been proposed to improve the
network sensitivity, but it often has low specificity due to false
positives [57]. In this study, we used the FreeSurfer auto-
mated method to define ROIs for its proven robustness in
brain segmentation [28]. However, since there is no standard
atlas for regional parcellation of the brain yet, the definition
of network nodes was somewhat arbitrary, given that differ-
ent nodes would produce different network properties. Sec-
ondly, although we tried to understand the changes of
structural networks from the perspective of language func-
tion, we could not exactly determine which changes were det-
rimental, compensatory, or a combination of both. Thirdly,
we lacked the data about subclinical cognitive states of the
patients in this study. Nevertheless, our findings might pro-
vide a possible approach for evaluating the risk of cognitive
decline taken by patients with AVMs. Fourthly, although
we included a fairly homogeneous series of patients, the sam-
ple size was relatively small, which might limit the statistical
power of the conclusions.

5. Conclusions

In conclusion, patients with AVMs had preserved small-
worldness in brain structural networks, indicating brain resil-
ience against pathologies. However, compared with the nor-
mal controls, AVM patients exhibited significantly decreased
global efficiency and clustering coefficient, along with
decreased corresponding nodal properties in some remote
brain regions, such as the left occipital lobe and the right
perisylvian regions. Furthermore, structural connectivity
was reduced in the right perisylvian regions but was
enhanced in the perifocal areas. The vulnerability of the left
supramarginal gyrus was significantly increased, and the
bilateral putamina were added as hubs in the AVM patients.
The current study is the first to demonstrate the altered orga-
nization of brain structural networks in AVM patients, and
the results provide evidence for the long-range effects of
AVMs upon the whole-brain white matter networks. Our
preliminary findings may contribute extra insights into the
understanding of brain plasticity and pathological state in
patients with AVMs.
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