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Purpose of review

Graph theoretical analysis of neuroimaging data has emerged in the last few years as a

powerful yet accessible tool to examine brain connectivity in a quantitative framework. In

this review, we summarize recent advances in structural brain network research

pertaining to neuropsychiatric disorders.

Recent findings

Although many neuropsychiatric disorder studies have used brain network approaches,

the majority are of functional brain networks. However, seven recent studies,

three on Alzheimer’s disease, three on schizophrenia, and one on epilepsy, have used a

structural brain network approach using either inter-regional cortical thickness, gray

matter volume correlations, or diffusion tensor imaging tractography. The findings of

these studies demonstrate that the structural brain network approach can be effectively

used in the neuropsychiatric disorder studies to capture the abnormalities of regional

and whole-brain network organizations.

Summary

By modeling the brain as a complex network, we can use graph theoretical analysis to

study neuropsychiatric disorders by exploring its topological attributes. The interesting

findings of the limited number of previous studies from the perspective of brain

connectivity should attract more researchers to apply this method. This emerging

quantitative framework may lead us to better understanding of neuropsychiatric

disorders.
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Introduction

Traditionally, the relationships between brain structure

and neuropsychiatric disorders have been studied by

examining circumscribed atrophy or other abnormalities

of various gray or white matter regions of interest using

three-dimensional T1-weighted structural MRI scans.

However, there are limitations of this approach. Firstly,

in disorders such as schizophrenia and Alzheimer’s dis-

ease, a large number of structures show abnormality and

the significance of any one structural change is difficult to

establish. Secondly, this approach disregards the fact that

the brain functions as a network of interconnected

regions, and it is the abnormality in the network that is

more proximate to the functional impairment. The emer-

ging and rapidly moving network approach based on

graph theory has the important advantage of a rich

structural description, which allows efficient computation

and comparison of different connection topologies within

a common theoretical framework [1��].
opyright © Lippincott Williams & Wilkins. Unauth

0951-7367 � 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins
In this review, we summarize recent advances in

structural brain network research pertaining to neuro-

psychiatric disorders. Brain networks can be described at

different organizational levels such as single neurons

(microscale), a group of neurons (mesoscale), or anato-

mically distinct brain regions (macroscale or large-scale)

[2]. We will focus on the alterations of topological organ-

ization in structural brain networks based on graph theory

at the macroscale.
Method
We carried out a literature search in Medline using the

following keywords: structural brain network and neuro-

psychiatric disorders, dementia, Alzheimer’s disease,

schizophrenia, depression, attention deficit hyperactivity

disorder, obsessive compulsive disorder, and epilepsy.

This search was limited to the last 3 years. The majority

of the studies were of functional brain networks that were

not within our scope of review. We selected papers that
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conducted some form of analysis on the structural brain

data using the graph theory approach.
Basic concepts of structural brain network
In graph theory, a network is defined as a set of nodes and

the edges between them [3]. In order to explore the

associations between different brain regions in macro-

scale, one can represent the human brain as a graph with

brain regions, arguably, a cortical parcellation, a group of

spatially connected voxels or a single voxel as its nodes,

and structural connectivity between each pair of nodes as

its edges [1��]. A graph can be undirected or directed and

unweighted or weighted. So far, only the undirected

graph has been implemented in the brain network

research, whereas both unweighted and weighted graphs

have been used in the recent structural brain network

studies. One can use a connectivity matrix to summarize

an undirected graph, and graph or network metrics can

then be calculated. The clustering coefficient and charac-

teristic path length are two basic measurements of a

network [4]. The former is the average of the clustering

coefficients over all nodes in the network, which is a

measure of local cliquishness or local efficiency of infor-

mation flow of the networks. The latter is the average

minimum number of connections that link any two nodes

of the network, which serves as a measure of global

efficiency or the capacity for parallel information propa-

gation of the network. These two metrics can be used to

distinguish different classes of network such as regular,

small-world, or random networks. A small-world network

has a shorter characteristic path length than a regular

network but a greater local interconnectivity than a

random network [4]. Other important metrics include

modularity and nodal properties such as the degree,

efficiency and betweenness centrality. See the study

by Boccaletti et al. [3] for a comprehensive description

of these network metrics and [1��] for how they are used

in the context of brain networks.

Structural brain network studies have generally been

constructed using two types of neuroimaging data

approaches. The first type uses brain regions as a set

of nodes and the inter-regional correlations of regional

cortical thickness or cortical and subcortical gray matter

volumes across individual brains as edges between the

nodes. This type of structural brain network is con-

structed using three-dimensional T1-weighted structural

MRI (sMRI) scans, and, because it uses inter-regional

correlations of gray matter thickness or volume of brain

regions, only one graph can be constructed for a group of

patients. The notion of morphological correlations has

been widely used to study correlated evolution in mam-

malian brain structure [5] or to infer structural connec-

tivity between human brain regions [6]. The work by He

et al. [7��] that formulated the method and constructed
opyright © Lippincott Williams & Wilkins. Unautho
the first such structural brain networks was published in

2007. The modular architecture of such structural brain

network revealed the correspondence to six known brain

functional neuroanatomy modules [8�].

The second type of structural brain network is based on

the diffusion tensor imaging (DTI) fiber tract-derived

connectivity between gray matter regions, presenting

anatomical connections between brain regions. Recent

advances in DTI and tractography have facilitated the

noninvasive mapping of structural networks in the human

brain at an individual level, that is, a graph can be

constructed for each brain. In DTI-based tractography,

what is reconstructed does not represent actual axonal

fibers, which have diameters of a few microns, whereas

the voxel size of DTI scans is usually more than 2 mm3.

Nevertheless, the DTI scan does reflect the macroscopic

configuration of ‘axonal bundles’, which are large enough

to be visually appreciated. Using DTI data of two healthy

human brains, Hagmann et al. [9] demonstrated small-

world topology in the structural brain networks of fiber

tractography type. In a subsequent study, the modular

and core structure of the cortical networks of five healthy

volunteers were investigated [10�] using diffusion spec-

trum imaging (DSI).

The two main organizing principles found in the brain,

that is, segregation and integration of information process

[2,11], suggest that, although particular brain regions are

important for specific functions, the capacity of infor-

mation flow within and among specialized regions and the

information about the tightly correlated vulnerability of

certain gray matter regions and white matter tracts are

also crucial. The importance of structural brain network

based on the DTI (and/or DSI) tractography is easy to see

and understand, as these axonal bundles provide physical

connections between brain regions. On the contrary, the

idea of establishing a network based on the inter-regional

correlations can be difficult to appreciate. If cortical

thickness is used as the measure, then two cortical regions

are considered anatomically connected if their thickness

is significantly correlated. The meaning of such coupling

between cortical regions is not well understood [12], but

this coupling can be explored at two levels. At the first

level, one can directly use such concurrent brain region

volume changes to examine atrophy rates and patterns or

distributions of different populations. For example, if a

region has shown neurodegenerative-related atrophy and

this particular region is positively correlated to another

region, then this coupling demonstrates that the two

regions (for instance, the posterior cingulate/precuneus

and medial temporal atrophy as found in Alzheimer’s

disease) are undergoing similar atrophy. Correlation slope

can be used to investigate the rate of atrophy between

different brain regions among different population groups.

At the second level, one could use the quantitative
rized reproduction of this article is prohibited.
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analyses of structural brain networks to make sense of

these concurrent brain region volume changes and relate

these to functional changes. However, true structural

connectivity should be supported by white matter fiber-

tracking, for example using DTI, to demonstrate a physical

connection between two brain regions that are correlated

with each other. However, one should be careful in inter-

preting such findings. It is possible that correlations

between brain regions may emerge even if they are not

directly connected, either by their connectivity to a third

region, or because of shared mechanisms in development

or degeneration.
Neuropsychiatric disorders and structural
brain networks
Although there are many neuropsychiatric disorder stu-

dies using brain network approaches, they are nearly all

functional brain networks. Examples of functional brain

network studies include functional magnetic resonance

imaging studies of Alzheimer’s disease [13�], schizo-

phrenia [14�], and attention deficit hyperactivity disorder

(ADHD) [15�], electroencephalography (EEG) study of

schizophrenia [16�], epilepsy [17,18], Alzheimer’s disease

[19�] and depression [20], and magnetoencephalography

study of Alzheimer’s disease [21]. Our literature search

has resulted in seven structural brain network publi-

cations, three on Alzheimer’s disease, three on schizo-

phrenia, and one on epilepsy.

Alzheimer’s disease and mild cognitive impairment

Structural imaging reveals that atrophy of medial

temporal structures is now considered to be a valid and

effective diagnostic marker of Alzheimer’s disease [22].

Alzheimer dementia is associated with prominent medial

temporal, posterior cingulate/precuneus and lateral tem-

poro-parietal atrophy. Because specific neurodegenera-

tive diseases target differently patterned brain systems,

the network topological attributes of Alzheimer’s disease

patients are likely to be different from other neurode-

generative diseases as well as cognitively normal controls.

The examination of Alzheimer’s disease using structural

brain networks has shown some interesting and promis-

ing results. The first such study, by He et al. [23��], which

used sMRI-based inter-regional correlations network,

compared the patterns of structural connectivity between

Alzheimer’s disease patients and healthy controls. This

study [23��] constructed regional cortical thickness cor-

relation matrices for both the Alzheimer’s disease group

(92 early-stage Alzheimer’s disease patients) and the

cognitively normal group (97 normal controls) and found

some significant alterations in the connection strength

between brain regions in the Alzheimer’s disease group.

One of the observations they made was the disruption of

the structural correlations between the bilateral parietal

regions in Alzheimer’s disease patients, which is in
opyright © Lippincott Williams & Wilkins. Unauth
accordance with many electrophysiological and neuro-

imaging studies in Alzheimer’s disease. The study also

reported that Alzheimer’s disease patients showed

regional cortical thinning and increased inter-regional

thickness correlations in the ‘default mode’ network

(including the lateral temporal and parietal cortex, as well

as the cingulate and medial frontal cortex regions), which

has been known to exhibit Alzheimer’s disease-related

breakdown of brain activities, such as amyloid deposition

and metabolic and spontaneous activity disruption [24–

28]. Also using inter-regional gray matter volume corre-

lations, a recent study [29��] of 98 normal controls, 113 mild

cognitive impairment (MCI) patients and 91 Alzheimer’s

disease patients found that the Alzheimer’s disease net-

work had the longest path length, followed by MCI. The

abnormality of structural correlations may be attributed to

the Alzheimer’s disease-related ultrastructural changes

such as the local cell death/shrinkage, reduced dendritic

extent, and synaptic loss.

Many Alzheimer’s disease-related diffusion MRI studies

have shown compromised white matter integrity, such as

reduced fractional anisotropy or increased mean diffusivity

of some major white matter tracts. Large-scale functional

network studies also indicated that Alzheimer’s disease

patients had aberrant connectivity patterns [13�,19�,21].

Lo et al. [30��] in their recent work found that Alzheimer’s

disease patients had reduced nodal efficiency predomi-

nantly in the frontal regions. Our literature search, how-

ever, failed to find any studies on MCI by the whole-brain

structural network approach using DTI tractography. DTI

studies which used conventional regions of interest and

voxel-based morphometry analyses have reported white

matter alterations in MCI individuals in the frontal, par-

ietal and temporal lobes [31,32], posterior cingulum [33–

36], splenium of corpus callosum [34,37,38], long associ-

ation fascicles [39], and internal capsule [32,34]. A recent

study found that amnestic MCI (aMCI) could be best

identified from cognitively normal by combining fractional

anisotropy measures of the splenium of corpus callosum

and crus of fornix [40]. In comparison with aMCI, the white

matter abnormality of nonamnestic MCI (naMCI) patients

was more anatomically widespread, but the temporal lobe

white matter was relatively spared [40]. These findings

provide direct evidence for structural abnormalities in the

neuronal networks of MCI and suggest that the charac-

teristics of DTI tractography-based brain networks of

aMCI and naMCI are likely to vary because aMCI is

characterized by early Alzheimer’s disease pathology,

whereas underlying pathology in naMCI is more hetero-

geneous.

Schizophrenia

Schizophrenia is a heterogeneous disorder with variations

in expression and pathophysiology [41]. A review of

longitudinal MRI studies [42] of first-episode patients,
orized reproduction of this article is prohibited.
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prodromal patients, and high-risk individuals suggests an

acceleration of gray matter reduction early in the course

of illness. Specifically, there is gray matter reduction in

prefrontal regions, which these investigators believe

leads to further progressive changes in medial temporal

and orbitofrontal brain regions.

Using anatomical networks derived from analysis of inter-

regional covariation of gray matter volume in MRI data on

a sample of 203 people with schizophrenia and 259 healthy

volunteers, Bassett et al. [43��] found that the multimodal

network organization of the people with schizophrenia was

abnormal, as indicated by reduced hierarchy and the loss of

frontal and the emergence of nonfrontal hubs. Further-

more, the mean connection distance was significantly

greater for the multimodal network in people with schizo-

phrenia than in healthy volunteers.

There have been nearly 200 DTI studies of white matter

pathology in schizophrenia [41] since the first such study

in 1998 [44]. A main focus of DTI studies in schizo-

phrenia has been fronto-temporal connections in the

brain [45]. One of the two DTI tractography-based

schizophrenia studies we located was by van den Heuvel

et al. [46��], which reported an aberrant topology of the

structural infrastructure of the schizophrenia brain net-

work. Their study included 40 schizophrenia patients and

40 healthy controls and the strength of the connections

was defined as the level of myelination of the tracts

measured by magnetization transfer ratio. Patients dis-

played a preserved overall small-world network organiz-

ation, but, when focusing on specific brain regions and

their capacity to communicate with other regions of the

brain, significantly longer node-specific path lengths of

frontal and temporal regions were revealed, especially

of bilateral inferior or superior frontal cortex and

temporal pole regions. The other study was by Zalesky

et al. [47��], which reported that impaired connectivity

in the patient group was found to involve a distributed

network medial frontal, parietal/occipital, and the left

temporal lobe. The cortex was interconnected more

sparsely and up to 20% less efficiently in patients.

Given the large number of DTI findings of reduced

fractional anisotropy in large amounts of fiber tracks,

DTI tractography-based structural brain network is

thus a promising framework to further explore how

the compromised integrity of white matter tracts nega-

tively impacts on the information flow between the

brain structures and results in aberrant topological

patterns of the networks.

Epilepsy

A recent temporal lobe epilepsy (TLE) study of 14

patients with TLE with mesial temporal lobe sclerosis

(TLE–MTS), 14 patients with TLE with normal MRI

(TLE-no), and 30 controls [48] has derived whole-brain
opyright © Lippincott Williams & Wilkins. Unautho
networks from volumetric data and obtained network

measures. The network measures captured cortical thin-

ning characteristic of TLE. The network measures were

then used to classify a given MRI scan into TLE or

normal, and obtain additional summary statistics, which

related to the extent and spread of the disease. The nodes

of the graph were still brain regions, but the edges

represented disease progression paths. Furthermore, this

study’s approach created a network for each patient

instead of one network for a group of patients. The

proposed network approach improved classification

accuracy (control and TLE) from 78% for non-network

classifiers to 93%.
Some other structural brain network studies
Several studies that are not usually categorized clinically

as neuropsychiatric disorders are also worth discussion.

Small-world efficiency of structural brain networks in

multiple sclerosis (MS) was disrupted, and the severity

of disruption was in proportion to the extent of total white

matter lesions [49�]. In a study of normal aging with two

large cross-sectional samples, it was found that the brain

structural networks of the younger cohort (N¼ 428; mean

age¼ 46.7, range 44–48) and older cohort (N¼ 374; mean

age¼ 66.6 years, range 64–68) had small-world architec-

ture, and the older cohort had lower global efficiency but

higher local clustering in the brain structural networks

compared with the younger cohort [50]. The older cohort

had reduced hemispheric asymmetry and lower centrality

of certain brain regions such as the bilateral hippocampus,

bilateral insula, left posterior cingulate and right Heschl

gyrus, but that of the prefrontal cortex was not different

[50]. Summarizing these brain network studies which

used regional gray matter correlations, we found that

the studies of Alzheimer’s disease [23��], schizophrenia

[43��], MS [49�] and normal aging [50] had one thing in

common, that is, all the populations in the studies had

considerable gray matter changes due either to disease

[23��,43��,49�] or to normal aging process [50]. The earliest

sites of MRI-based atrophic changes in Alzheimer’s

disease typically lie along the perforant (poly synaptic)

hippocampal pathway (entorhinal cortex, hippocampus

and posterior cingulate cortex), consistent with early

memory deficits. Later, atrophy in temporal, parietal

and frontal neocortices is associated with neuronal loss,

as well as language, praxic, visuospatial, and behavioral

impairments [22]. MS structural MRI studies have con-

sistently shown the loss of gray matter in thalamus, hypo-

thalamus, putamen, caudate nucleus, and cortex [51]. The

list of brain regions reported as abnormal in schizophrenia

is also extensive [41]. Age-related rates of change in

many structural measures are well documented [52]. It

is therefore not surprising that positive findings have been

reported in the gray matter correlation-related brain net-

work studies. It is yet to be seen whether this type of
rized reproduction of this article is prohibited.
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network approach will produce insightful results in the

neuropsychiatric disorders that have less consensus on the

location and extent of structural changes, such as ADHD

[53]. A major shortcoming of this type of structural brain

network is perhaps that usually only one graph (network)

can be established for a group of patients. An encouraging

and important exception is the recent epilepsy study [48],

in which each brain was modelled with its own unique

network and which thus might be more sensitive to the

subtle alterations of network organizations.

Several DTI tractography-based network studies have

explored brain structural connectivity patterns from

different perspectives with different populations. Crofts

et al. [54�] found that changes in brain structure occurred

in remote regions following focal damage. Reduced com-

municability was found in patients in regions surrounding

the lesions in the affected hemisphere [54�]. In addition,

communicability was reduced in homologous locations in

the contralesional hemisphere for a subset of these

regions [54�]. Li et al. [55�] showed that higher intelli-

gence quotient scores were associated with greater brain

network global efficiency. Shu et al. [56] showed that

early-blind patients were associated with decreased con-

nectivity degree and global efficiency in the structural

brain networks, particularly in the visual cortex. How-

ever, increased connections were detected in the motor or

somatosensory areas. These results imply a topological

re-organization of structural brain connectivity. Gong

et al. [57�] demonstrated that the local efficiency of brain

networks decreased with age (from 19 to 85 years) and

that there was a shift of regional efficiency from the

parietal and occipital to the frontal and temporal neo-

cortex in older brains. Interestingly, they also showed that

female brains have greater overall connectivity and

higher efficiency than male brains. Wen et al. [58�]

reported the association of cognitive assessments and

the connectivity of the whole-brain network and indi-

vidual cortical regions (342 healthy individuals aged 72–

92 years). Correlations between connectivity of specific

regions and cognitive assessments were also observed;

for example, stronger connectivity in the regions such as

superior frontal gyrus and posterior cingulate cortex were

associated with better executive function. Similarly to

the relationship between regional connectivity effi-

ciency and age, greater processing speed was signifi-

cantly correlated with better connectivity of nearly all

the cortical regions.
Conclusion
Despite promising findings, we are far from understand-

ing how various neuropsychiatric disorders alter the

neuronal organization of the brain differently. The fol-

lowing are some of the outstanding questions that remain

to be addressed: is there a causative relationship between
opyright © Lippincott Williams & Wilkins. Unauth
gray matter abnormalities observed with the network

using inter-regional correlations of sMRI data and white

matter abnormalities observed with DTI tractography-

based network in the neuropsychiatric disorder studies?

When do structural brain network abnormalities first

occur and how they progress in these disorders, etc.?

We believe that more research is needed to explore

and establish comprehensive and specific descriptions

for patterns of structural brain connectivity. The efforts

reported in this review have shown a new and promising

research framework to address these questions.
Acknowledgements
This research was supported by Australian Research Council (ARC
DP-0774213), National Health and Medical Research Council
(NHMRC Projects 157125), and the Natural Science Foundation of
China (NSFC 30870667). We also thank Ms Angie Russell for her
assistance in the manuscript preparation.
References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:
� of special interest
�� of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 259).

1

��
Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis
of structural and functional systems. Nat Rev Neurosci 2009; 10:186–
198.

This paper was a very comprehensive review of the emerging field of complex
brain networks, including functional brain networks and structural brain
networks.

2 Sporns O, Tononi G, Kotter R. The human connectome: a structural descrip-
tion of the human brain. PLoS Comput Biol 2005; 1:e42.

3 Boccaletti S, Latora V, Moreno Y, et al. Complex networks: structure and
dynamics. Phys Rep Rev Sect Phys Lett 2006; 424:175–308.

4 Watts DJ, Strogatz SH. Collective dynamics of ‘small-world’ networks. Nature
1998; 393:440–442.

5 Barton RA, Harvey PH. Mosaic evolution of brain structure in mammals.
Nature 2000; 405:1055–1058.

6 Lerch JP, Worsley K, Shaw WP, et al. Mapping anatomical correlations across
cerebral cortex (MACACC) using cortical thickness from MRI. Neuroimage
2006; 31:993–1003.

7

��
He Y, Chen ZJ, Evans AC. Small-world anatomical networks in the human
brain revealed by cortical thickness from MRI. Cereb Cortex 2007; 17:2407–
2419.

This study was the first to derive a structural network of the human brain on
the basis of correlations in cortical grey matter thickness measured using
MRI.

8

�
Chen ZJ, He Y, Rosa-Neto P, et al. Revealing modular architecture of human
brain structural networks by using cortical thickness from MRI. Cereb Cortex
2008; 18:2374–2381.

This structural MRI study provided the first analysis of the modular architecture in
the human brain structural network.

9 Hagmann P, Kurant M, Gigandet X, et al. Mapping human whole-brain
structural networks with diffusion MRI. PLoS ONE 2007; 2:e597.

10

�
Hagmann P, Cammoun L, Gigandet X, et al. Mapping the structural core of
human cerebral cortex. PLoS Biol 2008; 6:e159.

This study used diffusion spectrum imaging tractography to show that human
brain structural networks contain a core composed of posterior medial and
parietal cortical regions. There was a substantial correspondence between
structural connectivity and resting-state functional connectivity measured in
the same brain.

11 Friston K. Beyond phrenology: what can neuroimaging tell us about dis-
tributed circuitry? Annu Rev Neurosci 2002; 25:221–250.

12 Tootell RB, Tsao D, Vanduffel W. Neuroimaging weighs in: humans meet
macaques in ‘primate’ visual cortex. J Neurosci 2003; 23:3981–3989.
orized reproduction of this article is prohibited.



C

224 Neuropsychiatry
13

�
Supekar K, Menon V, Rubin D, et al. Network analysis of intrinsic functional
brain connectivity in Alzheimer’s disease. PLoS Comput Biol 2008; 4:
e1000100.

This study provides the first demonstration of abnormal small-world organization in
brain functional networks in Alzheimer’s disease by using resting fMRI.

14

�
Liu Y, Liang M, Zhou Y, et al. Disrupted small-world networks in schizophrenia.
Brain 2008; 131:945–961.

This is the first study to show evidence for altered network topology in the resting
state connectivity of people with schizophrenia.

15

�
Wang L, Zhu C, He Y, et al. Altered small-world brain functional networks in
children with attention-deficit/hyperactivity disorder. Hum Brain Mapp 2009;
30:638–649.

This was the first study which used resting fMRI to show that attention deficit
hyperactivity disorder in boys was associated with abnormal small-world topology
in functional brain networks.

16

�
Rubinov M, Knock SA, Stam CJ, et al. Small-world properties of
nonlinear brain activity in schizophrenia. Hum Brain Mapp 2009; 30:403–
416.

This work studied EEG networks whose connections were weighted by the
strength of nonlinear association between the two regions and specifically in
relation to schizophrenia.

17 Schad A, Schindler K, Schelter B, et al. Application of a multivariate seizure
detection and prediction method to noninvasive and intracranial long-term
EEG recordings. Clin Neurophysiol 2008; 119:197–211.

18 Ponten SC, Bartolomei F, Stam CJ. Small-world networks and epilepsy: graph
theoretical analysis of intracerebrally recorded mesial temporal lobe seizures.
Clin Neurophysiol 2007; 118:918–927.

19

�
Stam CJ, Jones BF, Nolte G, et al. Small-world networks and functional
connectivity in Alzheimer’s disease. Cereb Cortex 2007; 17:92–99.

This paper was one of the first to use graph theory to demonstrate disease-related
differences in brain functional network topology.

20 Leistedt SJ, Coumans N, Dumont M, et al. Altered sleep brain functional
connectivity in acutely depressed patients. Hum Brain Mapp 2009; 30:
2207–2219.

21 Stam CJ, de Haan W, Daffertshofer A, et al. Graph theoretical analysis of
magnetoencephalographic functional connectivity in Alzheimer’s disease.
Brain 2009; 132:213–224.

22 Frisoni GB, Fox NC, Jack CR Jr, et al. The clinical use of structural MRI in
Alzheimer disease. Nat Rev Neurol 2010; 6:67–77.

23

��
He Y, Chen Z, Evans A. Structural insights into aberrant topological patterns
of large-scale cortical networks in Alzheimer’s disease. J Neurosci 2008;
28:4756–4766.

This was the first work to study the structural networks of people with Alzheimer’s
disease as derived from covariation in cortical thickness.

24 Buckner RL, Snyder AZ, Shannon BJ, et al. Molecular, structural, and func-
tional characterization of Alzheimer’s disease: evidence for a relationship
between default activity, amyloid, and memory. J Neurosci 2005; 25:7709–
7717.

25 Celone KA, Calhoun VD, Dickerson BC, et al. Alterations in memory networks
in mild cognitive impairment and Alzheimer’s disease: an independent com-
ponent analysis. J Neurosci 2006; 26:10222–10231.

26 Dosenbach NU, Fair DA, Miezin FM, et al. Distinct brain networks for adaptive
and stable task control in humans. Proc Natl Acad Sci U S A 2007;
104:11073–11078.

27 Greicius MD, Srivastava G, Reiss AL, Menon V. Default-mode network activity
distinguishes Alzheimer’s disease from healthy aging: evidence from func-
tional MRI. Proc Natl Acad Sci U S A 2004; 101:4637–4642.

28 Wang L, Zang Y, He Y, et al. Changes in hippocampal connectivity in the early
stages of Alzheimer’s disease: evidence from resting state fMRI. Neuroimage
2006; 31:496–504.

29

��
Yao Z, Zhang Y, Lin L, et al., the Alzheimer’s Disease Neuroimaging Initiative.
Abnormal cortical networks in mild cognitive impairment and Alzheimer’s
disease. PLoS Comput Biol 2010; 6:e1001006.

This study included a relatively large sample, 98 normal controls, 113 MCI patients
and 91 Alzheimer’s disease patients. It found that the Alzheimer’s disease network
was the most inefficient network, followed by the MCI network.

30

��
Lo C-Y, Wang P-N, Chou K-H, et al. Diffusion tensor tractography reveals
abnormal topological organization in structural cortical networks in Alzhei-
mer’s disease. J Neurosci 2010; 30:16876–16885.

This study showed for the first time that the Alzheimer’s disease brain was
associated with disrupted topological organization in the large-scale DTI-based
structural networks.

31 Rose SE, McMahon KL, Janke AL, et al. Diffusion indices on magnetic
resonance imaging and neuropsychological performance in amnestic mild
cognitive impairment. J Neurol Neurosurgery Psychiatry 2006; 77:1122–
1128.
opyright © Lippincott Williams & Wilkins. Unautho
32 Medina D, deToledo-Morrell L, Urresta F, et al. White matter changes in mild
cognitive impairment and AD: a diffusion tensor imaging study. Neurobiol
Aging 2006; 27:663–672.

33 Zhou Y, Dougherty JH Jr, Hubner KF, et al. Abnormal connectivity in the
posterior cingulate and hippocampus in early Alzheimer’s disease and mild
cognitive impairment. Alzheimer’s Dement 2008; 4:265–270.

34 Chua TC, Wen W, Chen X, et al. Diffusion tensor imaging of the posterior
cingulate is a useful biomarker of mild cognitive impairment. Am J Geriatr
Psychiatry 2009; 17:602–613.

35 Fellgiebel A, Müller MJ, Wille P, et al. Color-coded diffusion-tensor-imaging of
posterior cingulate fiber tracts in mild cognitive impairment. Neurobiol Aging
2005; 26:1193–1198.

36 Zhang Y, Schuff N, Jahng GH, et al. Diffusion tensor imaging of cingulum
fibers in mild cognitive impairment and Alzheimer disease. Neurology 2007;
68:13–19.

37 Parente DB, Gasparetto EL, Da Cruz LCH Jr, et al. Potential role of diffusion
tensor MRI in the differential diagnosis of mild cognitive impairment and
Alzheimer’s disease. AJR Am J Roentgenol 2008; 190:1369–1374.

38 Cho H, Yang DW, Shon YM, et al. Abnormal integrity of corticocortical tracts
in mild cognitive impairment: a diffusion tensor imaging study. Korean J Lab
Med 2008; 28:477–483.

39 Bai F, Zhang Z, Watson DR, et al. Abnormal integrity of association fiber tracts
in amnestic mild cognitive impairment. J Neurol Sci 2009; 278:102–106.

40 Zhuang L, Wen W, Zhu W, et al. White matter integrity in mild cognitive
impairment: a tract-based spatial statistics study. Neuroimage 2010; 53:16–
25.

41 Shenton ME, Whitford TJ, Kubicki M. Structural neuroimaging in schizophre-
nia: from methods to insights to treatments. Dialogues Clin Neurosci 2010;
12:317–332.

42 Pantelis C, Yucel M, Wood SJ, et al. Structural brain imaging evidence for
multiple pathological processes at different stages of brain development in
schizophrenia. Schizophr Bull 2005; 31:672–696.

43

��
Bassett DS, Bullmore E, Verchinski BA, et al. Hierarchical organization of
human cortical networks in health and schizophrenia. J Neurosci 2008;
28:9239–9248.

This was the first work to study the structural networks of people with schizo-
phrenia as derived from covariation in gray matter volumes.

44 Buchsbaum MS, Tang CY, Peled S, et al. MRI white matter diffusion
anisotropy and PET metabolic rate in schizophrenia. Neuroreport 1998;
9:425–430.

45 Kubicki M, McCarley R, Westin CF, et al. A review of diffusion tensor imaging
studies in schizophrenia. J Psychiatr Res 2007; 41:15–30.

46

��
Van den Heuvel MP, Mandl RCW, Stam CJ, et al. Aberrant frontal and
temporal complex network structure in schizophrenia: a graph theoretical
analysis. J Neurosci 2010; 30:15915–15926.

This study examined DTI tractography-based structural brain networks of
40 schizophrenia patients and 40 healthy controls. Findings included that
schizophrenia impacted global network connectivity of frontal and temporal brain
regions, and frontal hubs of patients had a significant reduction of betweenness
centrality.

47

��
Zalesky A, Fornito A, Seal ML, et al. Disrupted axonal fiber connectivity in
schizophrenia. Biol Psychiatry 2011; 69:80–89.

This study examined DTI tractography-based structural brain networks of
74 schizophrenia patients and 32 age-matched and sex-matched controls.

48 Raj A, Mueller SG, Young K, et al. Network-level analysis of cortical thickness
of the epileptic brain. Neuroimage 2010; 52:1302–1313.

49

�
He Y, Dagher A, Chen Z, et al. Impaired small-world efficiency in structural
cortical networks in multiple sclerosis associated with white matter lesion
load. Brain 2009; 132:3366–3379.

This study showed that the small-world efficiency of structural brain networks in
multiple sclerosis was significantly disrupted in a manner proportional to the
extent of total white matter lesions. This study also demonstrated that the
structural MRI-based network analysis provided a new way of describing disease
progression.

50 Zhu W, Wen W, He Y, et al. Changing topological patterns in normal aging
using large-scale structural networks. Neurobiol Aging 2010. [Epub ahead of
print]

51 Filippi M, Rocca MA. Novel MRI approaches to assess patients with multiple
sclerosis. Curr Opin Neurol 2010; 23:212–217.

52 Raz N, Lindenberger U, Rodrigue KM, et al. Regional brain changes in aging
healthy adults: general trends, individual differences and modifiers. Cereb
Cortex 2005; 15:1676–1689.

53 Shaw P, Rabin C. New insights into attention-deficit/hyperactivity disorder
using structural neuroimaging. Curr Psychiatry Rep 2009; 11:393–398.
rized reproduction of this article is prohibited.



C

Structural brain network and neuropsychiatric disorders Wen et al. 225
54

�
Crofts JJ, Higham DJ, Bosnell R, et al. Network analysis detects changes in the
contralesional hemisphere following stroke. Neuroimage 2011; 54:161–169.

This paper used DTI tractography network to assess connectivity between brain
regions in nine chronic stroke patients and 18 age-matched controls. Reduced
communicability was found in patients in regions surrounding the lesions in the
affected hemisphere. Communicability was reduced in homologous locations in
the contralesional hemisphere for a subset of these regions. The network approach
proved to be a powerful framework for understanding subtle changes in interac-
tions across widely distributed brain networks following stroke.

55

�
Li Y, Liu Y, Li J, et al. Brain anatomical network and intelligence. PLoS Comput
Biol 2009; 5:e1000395.

This was the first study to use diffusion tensor imaging tractography to demon-
strate the correlation between the efficiency of structural brain networks and
intelligence quotient scores.
opyright © Lippincott Williams & Wilkins. Unauth
56 Shu N, Liu Y, Li J, et al. Altered anatomical network in early blindness revealed
by diffusion tensor tractography. PLoS ONE 2009; 4:e7228.

57

�
Gong G, Rosa-Neto P, Carbonell F, et al. Age- and gender-related differences
in the cortical anatomical network. J Neurosci 2009; 29:15684–15693.

This was the first study that used diffusion MRI tractography to construct weighted
structural human brain networks and demonstrate age-related and sex-related
changes in network efficiency.

58

�
Wen W, Zhu W, He Y, et al. Discrete neuroanatomical networks are asso-
ciated with specific cognitive abilities in old age. J Neurosci 2011; 31:1204–
1212.

This study reported the association of cognitive assessments and the connectivity
of the whole-brain network and individual cortical regions in a large sample of 342
healthy individuals aged 72–92 years using DTI-based tractography.
orized reproduction of this article is prohibited.


	Structural brain networks and neuropsychiatric™disorders
	Introduction
	Method
	Basic concepts of structural brain network
	Neuropsychiatric disorders and structural brain networks
	Alzheimer&apos;s disease and mild cognitive impairment
	Schizophrenia
	Epilepsy

	Some other structural brain network studies
	Conclusion
	Acknowledgements
	References and recommended reading


