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Abstract Modern brain imaging technologies play essen-
tial roles in our understanding of brain information
processing and the mechanisms of brain disorders. Mag-
netic Resonance Imaging (MRI) and Diffusion Tensor
Imaging (DTI) can image the anatomy and structure of
the brain. In addition, functional MRI (fMRI) can identify
active regions, patterns of functional connectivities and
functional networks during either tasks that are specifically
related to various aspects of brain function or during the
resting state. The merging of such structural and functional
information obtained from brain imaging may be able to
enhance our understanding of how the brain works and how
its diseases can occur. In this paper, we will review
advances in both methodologies and clinical applications
of multimodal MRI technologies, including MRI, DTI, and
fMRI. We will also give our perspectives for the future in
these fields. The ultimate goal of our study is to find early
biomarkers based on multimodal neuroimages and genome
datasets for brain disorders. More importantly, future
studies should focus on detecting exactly where and how
these brain disorders affect the human brain. It would also
be also very interesting to identify the genetic basis of the
anatomical and functional abnormalities in the brains of
people who have neurological and psychiatric disorders.
We believe that we can use brain images to obtain effective
biomarkers for various brain disorders with the aid of
developing computational methods and models.
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Introduction

The study of brain disorders based on multimodal magnetic
resonance imaging technologies has been one of the hottest
topics in 21st century science. Traditionally, neuroimaging
techniques have been categorized as either structural or
functional, depending on the information they provide. In
the past two decades, human brain disorders have been
studied with various structural and functional neuroimaging
techniques. Evidences from a number of studies have
demonstrated that multimodal neuroimaging measures have
the potential to offer convenient biomarker windows into
brain disorders (Chong et al. 2006; Dickerson and Sperling
2005; Fan et al. 2008; Mueller et al. 2005; Shaw et al.
2007a; Supekar et al. 2008). As a result of advances in
imaging technologies, noninvasive imaging biomarkers for
early prediction and diagnosis of brain disorders have been
attracting increasing attention.

In this paper, we will review advances in both
methodologies and clinical applications of multimodal
magnetic resonance imaging technologies, including struc-
tural magnetic resonance imaging (MRI), diffusion tensor
imaging (DTI) and functional MRI (fMRI). In “Structural
MRI”, we review recent advances in studies of brain
disorders using MRI. In “Diffusion tensor imaging”, we
review some advances in DTI and its applications to brain
disorders. In “Functional MRI”, we provide a brief review
of MRI use in the understanding of functional abnormalities
in brain disorders. In “Multimodal imaging studies”, we
review advances in multimodal imaging studies and their
applications to brain disorders. In “Imaging genetics”, we
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touch on advances that combine imaging findings with
genetics, a new field called imaging genetics. Finally, future
directions are discussed in “Future directions”.

Structural MRI

Structural MRI, also simply called MRI, scans are typically
stored in the form of 3D voxels, analogous to 2D pixels in a
digital photo. MRI post-processing contains a number of
steps, of which two important ones, which have been used
in almost all MRI studies, are registration and segmenta-
tion. These are also of considerable current interest in
medical image analysis. The registration process maps an
MRI scan to a pre-defined template. It then matches
anatomical landmarks from different MR images and thus
makes it possible to explore group differences. The
segmentation process classifies the voxels of an MRI scan
as gray matter, white matter, cerebrospinal fluid, back-
ground, or region of interest (ROI). Thus segmentation
serves as the foundation for many analytical tools, such as
voxel-based morphology (VBM), cortical surface extrac-
tion, and cortical thickness measuring and so on. Automatic
processing software, such as SPM (http://www.fil.ion.ucl.
ac.uk/spm/) and FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/), have been made available and are widely used.

Many measures have been developed to capture the
structural features of the brain in MR images, and then to
explore structural abnormalities of patients with brain
disorders, in comparison with normal controls. Some of
the measurements that have often been used include ROI
volume, gray/white matter density, cortical surface area,
curvature, gyrification index, fractal dimension and so on.
Here we will discuss in greater detail the two most
commonly used measures, cortical thickness (Fischl and
Dale 2000) and VBM (Ashburner and Friston 2000).
Cortical thickness reflects the columnar architecture of the
cortex and is sensitive to cortical changes caused by
development, aging, and diseases. An interesting applica-
tion of cortical thickness is an investigation into the
neurodevelopment trajectory of children with attention-
deficit/hyperactivity disorder (Shaw et al. 2007b). In this
study, the authors found ADHD patients have later-
maturing cognitive controlling regions and earlier-maturing
motor areas. Another study investigated cortical thinning in
schizophrenia (Kuperberg et al. 2003) and discovered a
wide-spread cortical abnormality in schizophrenia patients.
VBM measures the concentration and volume of gray
matter and white matter at every voxel and is thus able to
indicate localized tissue atrophy or expansion. The inven-
tors of VBM applied it to find developmental abnormalities
in early blind people (Noppeney et al. 2005). Their results
showed a decreased volume in Brodmann area 17/18, the

optic radiation and optic chiasm, as well as increased white
matter tracts linking the primary sensory cortex with the
motor cortex. These findings provide insight into the way
that sensory deprivation affects neurodevelopment. Cortical
thickness and VBM reflect different morphological profiles
of the brain, and they each have their own merits: Cortical
thickness is useful in that it is employed in neuroanatomy
as well as in neuroimaging, so this measure can easily relate
neuroimaging findings with neuroanatomical ones. VBM
has the advantage that it can be applied to all kinds of brain
tissues, including grey matter, white matter and cerebrospi-
nal fluid, and can thus provide a complete view for
detecting potential abnormalities in brain disorders. Fur-
thermore, the morphological correlation of cortical thick-
ness or VBM measurements between different ROIs has
received much recent attention (Chen et al. 2008; He et al.
2007a, 2008; Mechelli et al. 2005). This research paradigm
may lead to additional interesting findings in neuroscience
and psychiatry in the near future.

From the above studies, we can see that MR imaging has
provided much important information about the brain. Yet,
three fundamental problems remain unsolved. The first
relates to understanding and interpreting the biological
meanings of the existing measurements, for example,
cortical thickness, cortical complexity, and gray/white
mater density, which are based on structural MRI. Since
we can not see individual neurons with current MRI scans,
it is difficult to explain what is occurring at the cellular
mechanism level when we find changes in these measure-
ments. The second fundamental problem concerns under-
standing the relationships among these measurements,
especially among cerebral cortical thickness, cortical
complexity, and gray/white matter density. The third issue
is our ability to detect subtle structural variances from the
normal, highly convoluted cerebral cortex. Variability in
MRI data, the limitations of our a priori knowledge, noise
and intensity heterogeneity continue to be major obstacles
to accurate MRI findings. To tackle these problems,
advanced hardware, such as the 7 T and 9.4 T scanners,
has been developed to achieve greater spatial resolution.
Further improvements in software, such as adapting up-
to-date mathematical tools to achieve better registration and
segmentation and inventing new measurements to capture
cytoarchitecture, will also be helpful. Future research will
be based on the incorporation of both improved hardware
and software and will thus be able to reveal more about the
nature of the structure of the brain.

Diffusion tensor imaging

DTI, introduced by Basser and colleagues in 1994 (Basser
et al. 1994), is a recently developed MRI technique that can
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non-invasively measure macroscopic axonal organization in
nervous system tissues. With this technique, white matter
integrity and fiber connectivity can be evaluated in vivo.

Two of the major uses of DTI in the central nervous
system are in fiber tracing and quantitative white matter
analysis. By measuring the direction of the diffusion
anisotropy within each voxel, DTI provides an estimate of
the neural fiber direction within each voxel. The resulting
image represents a three-dimensional vector field image of
the neural fiber orientation. The so-called tractography
problem entails computationally reconstructing neural path-
ways from the diffusion tensor vector field. Based on the
assumption that the orientation of the largest component of
the diagonalized diffusion tensor represents the orientation
of the dominant axonal tracts, streamline fiber tracking
approaches are widely used to reconstruct white matter
connectivity (for a review, see Mori and van Zijl 2002).
However, this assumption of only one orientation per voxel
in the diffusion tensor model is invalid for the vast majority
of the brain at presently achievable voxel resolutions (Tuch
et al. 2003). Currently, there is an inevitable mixture of
more than one fiber orientation within each voxel, which
induces partial volume effects (i.e., crossing, merging and
splitting fiber tracts). Also considering the effects of noise,
motion and imaging artifacts on the quality of diffusion
images, it is important to investigate the uncertainty
associated with the estimated fiber bundles. Since 2002,
several statistical fiber tracking approaches have been
developed to address this problem (Behrens et al. 2003;
Friman et al. 2006; Hagmann et al. 2003; Lazar and
Alexander 2005). In addition to these statistical fiber
tracking methods, advanced imaging and analysis methods
have been proposed for solving the “fiber crossing”
problem (Tuch et al. 2002, 2003; Wedeen et al. 2005). To
improve the imaging, higher b-values (i.e. the strength of
the diffusion encoding) could be useful for fiber crossing
detection. This method will lead to high angular resolution
diffusion imaging. The use of diffusion spectrum imaging
(DSI) in Q-space could obtain spin propagator and fiber
orientation distribution functions by using the Fourier
transform (Wedeen et al. 2005). Q-ball imaging has
provided an improved version of DSI, as a result of radial
projection (Tuch 2004). However, these techniques require
large amounts of data and long scanning times, which are
not suitable for clinical use. As far as analytical methods
are concerned, model-based methods, such as high order
tensor (Ozarslan and Mareci 2003), discrete or continuous
mixture tensor model (Jian et al. 2007; Tuch et al. 2002),
and spherical deconvolution method (Tournier et al. 2004),
etc., have been proposed for modeling the diffusion
process. However, no perfect method yet exists for solving
the fiber crossing problem. In other words, it remains a
challenging topic in diffusion MRI studies.

Quantitative white matter analysis is also a major use for
DTI. Several diffusion measures, such as mean diffusivity,
fractional anisotropy, primary ( λ1) and transverse diffusiv-
ities (λ23), are commonly analyzed in clinical studies.
Pathologic or plastic changes in these measures may reflect
cerebral changes in axonal density, fiber coherence,
myelination, extracellular space and so on. Voxel-based
analysis (VBA) and ROI based quantitative analysis of
diffusion measures are frequently utilized in DTI studies
(Foong et al. 2002; Kanaan et al. 2005; Ma et al. 2007;
Mori and Zhang 2006; Wang et al. 2003).

Because of the potential of DTI and tractography for
investigating white matter integrity and fiber connectivity
in vivo, DTI has been widely applied to investigate
neurodevelopment and neurodegeneration in recent years
(Kubicki et al. 2002; Mori and Zhang 2006). Both normal
and pathologic changes in white matter and brain connec-
tivity can be evaluated over the life span through DTI
studies of brain development. The white matter abnormal-
ities specific to different brain disorders have been studied
for our better understanding of these diseases (Kubicki et
al. 2007; Lin et al. 2007; Ma et al. 2007; Medina et al.
2006). It may prove useful to evaluate the correlation
between psychiatric symptoms and white matter lesions to
determine which specific fiber tracts are affected, as well as
the extent of their involvement. In addition, DTI can be
used to follow up on the effects of surgical, psychiatric or
neurological treatments as well as to monitor the effects of
medication.

In summary, DTI has opened up new research possibil-
ities in areas that previously relied largely upon postmortem
studies. Future advancements in this technique will, no
doubt, provide even more applications in this research field.

Functional MRI

BOLD fMRI is an important functional brain imaging
technique which can be used to measure brain activities that
are associated with relative cerebral blood flow rates during
tasks (Friston 2005) or in a resting state (for a review, see
Fox and Raichle 2007). Since its advent in the early 1990’s,
the majority of functional neuroscience studies have
focused on the brain’s response to a task or stimulus.

Using task-based fMRI, we can detect the activity
pattern or signal intensity of the brain under various
specific tasks. In the past decades, a number of analytic
methods have been developed for detecting brain activity
patterns and how these patterns change in patients with
cognitive disorders. The existing methods can be catego-
rized into two families, the hypothesis-based methods (such
as GLM, cross correlation, de-convolution model etc.) and
the data-driven methods (such as ICA, PCA, ReHo etc.).
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Many excellent toolkits, such as SPM, AFNI, FSL etc.,
have been released to process this type of data. In addition to
its activity during tasks, the brain is very active even in the
absence of explicit input. The study of brain spontaneous
activity based on resting fMRI has been popular since the
first work by Biswal and colleagues (Biswal et al. 1995) and
has been well studied, both in animals (Vincent et al. 2007)
and humans (Achard et al. 2006; for a review, see Fox and
Raichle 2007; K. Wang et al. 2008; L. Wang et al. 2008).

Functional segregation and integration are two major
organizational principles of the human brain (Sporns and
Zwi 2004). Recently, increasing attention has been focused
on a relatively new application of fMRI which involves the
measurement of the extent to which different areas of the
brain are functionally connected. Functional connectivity
has been introduced to measure the coherence between
fMRI signals in different brain functional regions. ROI
based connectivity analysis and whole brain connectivity
are the two most common methods. Using these two
methods, researchers can investigate alterations in patients
with a brain disorder (He et al. 2007b; Johnston et al. 2008;
Liu et al. 2007, 2008b; Supekar et al. 2008; Tian et al.
2008; Wang et al. 2006a, b, 2007; Yu et al. 2008; Zang et
al. 2007; Zhou et al. 2008). In recent years, a functional
network, the so-called “default mode network (DMN)” of
the brain, a set of regions characterized by decreased neural
activity during goal-oriented tasks (Raichle et al. 2001), has
attracted significant interest as well as controversy (Buckner
and Vincent 2007; Morcom and Fletcher 2007a, b; Raichle
and Snyder 2007). The functional connectivity pattern in
the DMN has been found to be altered in Alzheimer’s
disease (AD) (Greicius et al. 2004; Supekar et al. 2008),
major depression (Greicius et al. 2007), schizophrenia
(Garrity et al. 2007; Zhou et al. 2007) and other cognitive
disorders (for a review, see Buckner et al. 2008). So some
researchers have suggested that the pattern of activity in the
DMN maybe an effective biomarker for various brain
disorders (for a review see Buckner et al. 2008; Greicius et
al. 2004; Wang et al. 2006a).

More interestingly, several groups have also used graph
theory to investigate the topological properties of the brain
network and have demonstrated that this large, sparse,
complex network is characterized by efficient small-world
properties (Achard and Bullmore, 2007) as well as that
these properties were altered in some cognitive disorders,
such as schizophrenia (Liu et al. 2008a), ADHD (K. Wang
et al. 2008; L. Wang et al. 2008) and AD (He et al. 2008;
Supekar et al. 2008).

In brief, fMRI has provided us with ways to define brain
activity under specific tasks state and the resting state.
Using task fMRI and resting state fMRI, we can identify
some special functional networks, such as an attention
network, the DMN, a memory network, and so on (for a

review, see Fox and Raichle 2007). In addition, we can
investigate alterations in brain activity and functional
connectivity patterns in patients with brain disorders. FMRI
may eventually be used to assist in the diagnosis and
assessment of the impact of treatment of cognitive
disorders. Much is known; yet there is more to be
discovered. One thing that awaits further investigation is
relating disturbances in brain activity (task state or resting
state) to underlying differences in anatomy and physiology,
determining the sensitivity and specificity of the observed
alterations, and treatment monitoring. These areas are likely
to become major foci for future research. A second area is
whether altered functional connectivity has a foundation in
anatomical connectivity. New DTI tractography methods and
more advanced hardware need to be developed to investigate
this. Finally, the neurophysiological basis for these functional
network properties needs further investigation. Meanwhile,
the identification of cognitive paradigms appropriate for
varying levels of cognitive impairment also poses a practical
challenge for future research.

Multimodal imaging studies

In recent years, increasing numbers of studies have focused
on exploring the relationship between resting-state func-
tional MRI and structural connectivity. The goal is to find
the anatomical substrates of functional organization in the
brain. Diffusion tensor tractography (DTT) can be used to
investigate the anatomical connections between different
brain regions. From a different perspective, functional
connectivity can be reflected by temporal correlations in the
BOLD signal of widely separated brain regions. Although
these two modalities separately provide both anatomical and
functional information about the brain, the relationship
between them has attracted increasing attention in recent
years (for a review, see Buckner et al. 2008; Greicius et al.
2008; Hagmann et al. 2008; Koch et al. 2002).

An analysis that combines multimodal imaging
approaches may also be able to provide a unique perspec-
tive for understanding abnormalities in connectivity in brain
disorders. For example, a study of functional connectivity
MRIs of patients with agenesis of the corpus callosum
showed little to no functional connectivity between the left
and right hemispheric auditory cortices, thus suggesting
that structural neural connections are required for functional
connectivity (Quigley et al. 2003). Hyperconnectivity in
grapheme→color synesthesia was validated by finding
increased brain activation and increased anisotropy in the
inferior temporal cortex, which also indirectly demonstrated
the correlation between functional and structural connec-
tivity (Rouw and Scholte 2007). A concurrence of
functional dysconnectivity and damaged anatomical con-
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nectivity between the hippocampus and other regions in
schizophrenia suggests that the damaged anatomical con-
nectivity may be the neural basis for the altered resting-state
functional connectivity (Zhou et al. 2008). Disrupted
functional connectivities within the ventral attention net-
work and between the ventral and dorsal attention network
have been found to anatomically correspond to the
disconnection of white matter tracts connecting the atten-
tion relevant regions in patients with spatial neglect
following stroke (He et al. 2007).

Multimodal studies using both MRI and fMRI images
have recently emerged. For example, one study directly
compared an increase in anatomical regions of grey matter
with regions of activation (Ilg et al. 2008); another study
that investigated the structural–functional basis for dyslexia
(Siok et al. 2008) analyzed the correlation between contrast
estimations obtained using fMRI images and mean grey
matter volume of ROIs calculated using MRI images and
found that they were positively correlated. These results
link brain dysfunctions to structural abnormalities; yet the
underlying interactions between BOLD signals and brain
structures need further exploration.

Functional or structural MRI study alone has its own
limitations and shortcomings. However, the combined
analysis of these could provide a more nearly complete
view of the problem. In the future, combination studies of
different modalities in both control and patient groups
could greatly enhance our understanding of the complex
systems of the human brain.

Imaging genetics

Advances in neuroimaging technology have provided the
tools necessary to explore the relationships among genes,
brain, and behavior. Imaging genetics, also termed imaging
genomics (Hariri and Weinberger 2003), which combines
molecular biology and neuroimaging to study genetic
effects on brain morphology and function, has become a
very interesting and promising research field. Compared
with traditional behavioral and clinical phenotypes, imaging
endophenotypes (intermediate phenotypes) are objective,
heritable, quantitative traits and thus may not require as
large a sample size to identify significant genetic effects.

Using an imaging genetics strategy, most studies have
focused on specific neurological and psychiatric diseases
related to emotional or cognitive functions (Meyer-Lindenberg
and Weinberger 2006). Functional genetic variations in
several important genes, such as COMT Val158Met, BDNF
Val66Met, 5-HTTLPR, etc., have received the most extensive
attention. An fMRI study under working memory tasks
suggested that the COMT Val allele, by increasing prefrontal
dopamine catabolism, could impair prefrontal cognition and

physiology and increase the risk for schizophrenia (Egan et
al. 2001). Using DTI, our study reported that COMT
Val158Met can modulate the association between brain white
matter integrity and general intelligence (Li et al. 2008).
Studies using high-resolution structural MRI suggested that
the Met-BDNF allele may modulate smaller hippocampal
volumes and may render people with this allele susceptible to
schizophrenia or major depression (Frodl et al. 2007; Szeszko
et al. 2005). A recent meta-analysis suggested an association
of the 5-HTTLPR polymorphism and amygdala activation
(Munafo et al. 2008) with a potential susceptibility to mood
disorders.

In the past few years imaging genetics has developed
rapidly and great achievements have been obtained.
However, some key issues deserve a more thorough study.
One of the great challenges is the selection of candidate
genetic variations. Previous studies have chosen functional
genetic variations which have specific biological signifi-
cance (Egan et al. 2001; Frodl et al. 2007; Li et al. 2008;
Munafo et al. 2008; Szeszko et al. 2005). However, few
studies have considered the interactions of other risk alleles,
such as haplotypes consisting of multiple individual genetic
polymorphisms, which may play an important role in the
pathology of brain disorders. Another great challenge is
how to measure and understand the genetic impact on brain
morphology and function by the integration of multimodal
magnetic resonance images. As we have discussed, the
brain works as a whole. Thus, investigating the genetic
basis of brain connectivity and brain networks should be a
pivotal topic in future studies. With advances in genomic
and imaging technologies, a more systematic and perfect
bridge may be constructed between imaging and genomics
for brain disorders, and more effective biomarkers can be
obtained by future imaging genomics studies.

Future directions

Various modern neuroimaging techniques have been ap-
plied to combat neurological and psychiatric disorders,
especially AD and schizophrenia. The ultimate objectives
of our research are to improve our understandings of the
pathogenesis of diseases and to find early markers for
neurological and psychiatric diseases, based on neuro-
images and genome datasets. A long term goal of these
studies is to provide objective and quantitative indices for
early diagnosis and for evaluating the effect of therapy for
cognitive disorders (Fig. 1).

Although much is known, more waits to be discovered,
and the following research directions show promise for
interesting discoveries in the near future.

The first recommendation is to use a network model to
increase our understanding of the organizational architec-
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ture of the brain. Recent studies using EEG, MEG, fMRI,
structural MRI and DTI have demonstrated that the human
brain network has efficient small world properties and a
highly modular structure. More interestingly, these network
properties are altered in some disorders. Hence, network
measures may be useful as an imaging-based biomarker to
distinguish patients with brain disorders from normal
controls.

A further recommendation would be to combine multi-
modal imaging studies with genetic studies to predict the
progress of brain disorders. It would be very interesting to
identify the genetic basis of anatomical and functional
abnormalities of human brain and show how this is
connected with neurological and psychiatric disorders. A
remarkable trend is to use imaging findings of brain
disorders to reveal the endophenotypes for various gene
mutations. Another important trend for the future will be to
decode global gene expression programs in brain disorders
and other diseases, such as various cancers, using multi-
modal noninvasive imaging.

Another recommendation for future research would be to
carry out longitudinal studies to attempt to find effective
biomarkers for cognitive disorders.

Given the small sample size of the patients in most
studies, statistical power is of potential concern. Larger
sample sizes would reduce individual effects on the results
and allow us to develop effective and applicable biomarkers
for psychiatric diseases.

In the near future, convenient, noninvasive imaging
biomarkers for early prediction and diagnosis of brain
disorders will be available as a result of increasing

collaboration among multiple centers/institutions as well
as datasets that are shared all over the world. Such
collaborative networks will play an essential role in
combating human brain disorders. Specifically, Pacific
Rim collaboration in this field is not only possible, but
should also be particularly fruitful for the following
reasons. One major advantage is that modern imaging
scanners from 1.5 to 3.0 T are available in middle-sized and
large cities in China, which has the largest population and
thus the widest disease spectrum. Within China formal
collaborative networks have been established by various
projects, such as the collaboration of our group with many
hospitals throughout our country. These may also be
informal, regionalized or national ones that come about as
a result of the natural collaboration within a unified country.
The other major advantage to Pacific Rim collaboration is
that the governments of the USA, Australia, Japan, and
Korea have invested in this field for a number of years,
leading to important advances. It is time to establish a more
extensive Pacific Rim collaboration network to push the
development of this field by combining the expertise of
different groups. This network could easily become the hub
for a collaborative network in this field throughout the
whole world. Moreover, we envision that a new field,
named Computational Medicine, will emerge soon. Its
fundamental goal will be to couple biological models with
medical data and practices by applying modern computa-
tional techniques to medicine. In fact, a new research center
for computational medicine, which consists of five labora-
tories: computational anatomy, medical imaging, systems
biomedicine, biomarker analysis, and brain-machine inter-

Fig. 1 Sketch map for future studies
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face, has been established at our institute (www.brain spans.
org). Its goal is to provide a platform for collaboration
between our institute and hospitals throughout China.
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