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Woo-Suk Tae", Shin-Hyuk Kang"?, Byung-Joo Ham"®, Byung-Jo Kim“*, Sung-Bom Pyun*®*

Brain Convergence Research Center, Korea University, Seoul 02841, Korea
“Department of Neurosurgery, Korea University College of Medicine, Seoul 02841, Korea
3Department of Psychiatry, Korea University College of Medicine, Seoul 02841, Korea
*Department of Neurology, Korea University College of Medicine, Seoul 02841, Korea

°Department of Physical Medicine and Rehabilitation, Korea University College of Medicine, Seoul 02841, Korea

*Correspondence to:
Pyun SB,

Tel: +82-2-920-6480
Fax: +82-2-929-9951

Mapping brain structural and functional connections through the whole brain is essential
for understanding brain mechanisms and the physiological bases of brain diseases.
Although region specific structural or functional deficits cause brain diseases, the changes
of interregional connections could also be important factors of brain diseases. This review
will introduce common neuroimaging modalities, including structural magnetic resonance
imaging (MRI), functional MRI (fMRI), diffusion tensor imaging, and other recent
neuroimaging analyses methods, such as voxel-based morphometry, cortical thickness
analysis, local gyrification index, and shape analysis for structural imaging. Tract-Based
Spatial Statistics, TRActs Constrained by UnderLying Anatomy for diffusion MRI, and
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INTRODUCTION

MRI has been widely used in hospitals for disease diagnosis,
staging and follow-up, which has the advantage of avoiding
needlessly the body to ionizing radiation. Magnetic resonance
imaging (MRI) is playing a crucial role in the study of
neuropsychiatric diseases, and the usefulness of MRI has been
rapidly increased. MRI delineates the structural and functional
alterations determined by disease conditions. Modern MRI
technologies are of great interest due to MRI’s potential to
characterize the signature of each neurodegenerative process
and help both the diagnostic aspect and the monitoring of
disease development (Agosta et al., 2016).

Structural MRI has become the standard for routine clinical
procedure; it shows anatomical detail with high sensitivity
to pathology (Mak et al., 2016). Relatively new quantitative
measures of diffusion tensor imaging (DTI) and fMRI are
commonly used for research and clinical purposes and will
soon become standard clinical tools (Christidi et al., 2016;

independent component analysis for fMRI also will also be introduced.
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Hu et al., 2016). Recently, DTT technique has advanced to the
point that it has very high resolution with pathology specific
details. It has revealed microstructural changes in the axon
and myelin of brain white matter. Functional MRI (fMRI),
on the other hand, measures brain activity indirectly; Task
specific or disease related intrinsic network of brain area
could be identifiable.

In this review paper, we will introduce common MRI
based neuroimaging modalities and analysis techniques. To
understand the strengths and limitations of each neuroimaging
analysis, the details of the imaging characteristics for each
technique will be explained.

NEUROIMAGING MODALITIES

Structural T1-weighted MRI provides a variety of informa-
tion, including the integrity of gray and white matter, and
both quantitative and qualitative shapes and size of sub-
structures. Using the recent clinical submillimeter high resolu-
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tion clinical MRIs (Fig. 1), structural MRI has been used not
only for visual diagnosis purposes, but also for the production
of raw data in the neuroimaging of brain volumetry, voxel-

Fig. 1. Three dimensional T1-weighted 3 Tesla magnetic resonance
imaging with 0.5 mm isotropic resolution shows very detailed brain
anatomy, and it clearly shows habenula nuclei in the bilateral medial
thalamic areas with high signal intensity.
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based morphometry (VBM), cortical thickness analysis, shape
analysis, and the local gyrification index (LGI) (Fig. 2). These
image processing techniques provide unique quantitative
indices and clinical information, and these advanced methods
have been adopted for clinical and neuroscience research
(Thompson et al., 2014).

Another major area of interest in current neuroimaging
research is the tracking of functional networks and pathways
in the brains. Whereas functional localization and the
connectivity in gray matter have been extensively investigated
using fMRI, structural pathways within white matter have
been studied primarily with DTT and fiber tractography.
DTI is a relatively recent MRI technique that measures the
direction and magnitude of the motility of water molecules
in tissue. It has made it possible to determine the orientation
and diffusion characteristics of white matter and has revealed
microstructural changes in the brain. Fractional anisotropy
(FA) is the most commonly used DTI scalars, but axial
diffusivity (AD), radial diffusivity (RD), mean diffusivity
(MD) also have important clinical usefulness. FA is related to
and highly sensitive to microstructural fiber integrity, whereas
AD is related to axonal injury. When axons are damaged
FA decreased, whereas AD increases with brain maturation.
RD increases in myelin-damaged white matter tissue; RD
values are also influenced by axonal diameters and densities.

Habenula WM pathway
Prob. path

tracking

Fig. 2. This figure illustrates various
brain mapping methods for structural
and functional mapping. The center
image is a connectogram describing co-
nnectional strength among brain sub-
regions. TRACULA, TRActs Constrained
by UnderLying Anatomy; DTI, diffusion
tensor imaging; ROI, region of interest;
Prob., probtrack; WM, white matter;
TBSS, Tract-Based Spatial Statistics; {MRI,
functional magnetic resonance imaging.
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Although FA is highly sensitive to microstructural changes,
it is not very specific to the type of changes. Therefore,
to maximize the utility of DTI, the use of multiple DTI
scalars (AD, RD, and MD) is highly recommended to better
characterize the tissue microstructure (Alexander et al., 2007).
fMRI measures brain activity indirectly by detecting blood
flow associated blood-oxygen-level dependent (BOLD)
contrast changes (Ogawa, 2012). If a task specific brain area
is active, the areas related to the task consume more oxygen
and to compensate this increased oxygen demand blood flow
increases to the active brain regions. By statistical modeling,
fMRI is used to generate BOLD activation maps showing the
brain regions involved in particular tasks processes. Whereas
functional localization and the connectivity in gray matter
have been investigated using fMRI structural pathways
within white matter have been studied primarily with DTI
and fiber tractography. However, DTI tractography is limited
to the structural pathway only, and does not provide any
information regarding the functional dynamics in the white
matter. A recent study demonstrated the auditory functional
pathways in white and gray matter using fMRI. This study
suggested that direct evaluation of central auditory functional
networks and pathways in the human brain is possible using
BOLD fMRI (Tae et al., 2014).

NEUROIMAGE ANALYSIS TECHNIQUES

MRI could provide information about structural charac-
teristics such as the sub-regional volume, shape, sulcal
depth, and tissue concentrations of human brains. VBM is
an unbiased whole brain approach for detecting structural
differences in gray or white matter between different popula-
tions (Good et al., 2001). VBM also provides a systematic
estimate of regional gray matter based on voxel-by-voxel
comparison through the whole brain and has been used
to measure the regional tissue concentration and volume
changes in MRI. The high-dimensional warping algorithm
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called “Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra” provides high spatial registration
accuracy, the most important factor for obtaining optimal
voxel-wise structural analyses (Ashburner, 2007).

Cortical thickness analysis processed at the nodes of a three
dimensional polygonal mesh has been found to offer the
advantage of providing a direct quantitative index of cortical
morphology. It has the benefit of providing a quantitative
morphological index of brain cortices. Cortical thickness
measured from cortical surfaces differentiates cortices of
opposing sulcal walls within the same sulcal bed, enabling
more precise measurement in deep sulci and the analysis of
morphology as a cortical sheet. This method measures cortical
gray matter thickness, whereas VBM measures regional tissue
concentrations or volume changes of gray or white matter.
The LGI reflects the pattern and degree of cortical folding,
some studies have reported that abnormal gyrification could
be a more stable biomarker of brain disease than other
neuroanatomical indices due to its putative state independence.
The LGI can be measured with an automatically reconstructed
cortical surface model (Nenadic et al., 2015). The LGI can
quantify the early neural development of cortical connectivity
in which the fiber tension of densely connected cortical
regions forms gyri and sparsely connected regions move apart
to become separated by sulci during the second trimester
of pregnancy (Nanda et al., 2014). Abnormal gyrification
is thought to reflect damaged structural or functional
connectivity of the brain cortex (Nixon et al., 2014). Recent
research has suggested that the LGI could describe a useful
endophenotype of several neuropsychiatric disorders
including schizophrenia, bipolar disorder, and schizoaffective
disorder (Janssen et al., 2014).

Shape analysis is a method for the statistical evaluation of
morphometric changes of brain sub-regions. Brain sub-
regional volumetry provides the measured volume information
as a mass, and though volumetry could be advantageous in
the detection of mild mass changes throughout the brain

Fig. 3. White matter fiber reconstruction
using diffusion tensor imaging. Whole
brain white matter reconstructed with 64
direction diffusion tensor imaging (A), and
brain fibers passing through cerebellar
vermis and frontal lobe showing very

dense structural connectivity (B).
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sub-regional nuclei, it might also be valuable to screen the
atrophic or hypertrophic sub-regions. Shape analysis allows
the statistical assessment of the sub-regional anatomy of
morphologically changed areas, with 3D modeling of the sub-
regions so that contracted or expanded sub-regions can be
identified. Note that, shape analysis is a more local change
specific method, rather than a whole brain technique.

Voxel-wise statistical analyses of the FA, AD, RD, and MD
data estimated from DTI could be carried out using Tract-
Based Spatial Statistics (TBSS) (Smith et al., 2006). FA images
were created by fitting a tensor model to the raw diffusion
data using FMRIB’s diffusion toolbox, and a brain image
was extracted. All FA data were aligned into a common
space using the FMRIB’s nonlinear image registration
tool. Subsequently, the mean FA image of all subjects was
generated and thinned to create a mean FA skeleton image
that describes the centers of all white matter tracts. Each
subject’s FA data were projected onto the new mean FA
skeleton image, and the voxel-wise statistical calculation
was tested and the results were displayed on the mean FA
skeleton. TBSS has the advantage of correcting white matter
tracks’ spatial alignment problem. TRActs Constrained by
UnderLying Anatomy (TRACULA) is a fiber tracking method
with automated probabilistic reconstruction of 18 major
white matter pathways from DTI (Yendiki et al., 2011). It
uses prior information of the white matter pathways from
a set of training subject which was previously built. It gives
information on the specific tract involved in a brain disease
and the various types of white matter defects (Fig. 3).

Independent component analysis (ICA) is a blind source-
separation method that is commonly used for fMRI analysis.
ICA identifies functional brain networks, and it extracts
unknown source BOLD signals from the known mix of
signals. The commonly used spatial ICA decomposes time
series imaging into a set of linearly separable, spatially
independent components and their associated time courses
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(McKeown et al., 1998; McKeown & Sejnowski, 1998). One
of the problems with hypothesis-driven statistical methods,
such as a general linear model, is the difficulty in modeling
real neural activity from various artifactual MRI signals. ICA
can, however, separate real brain networks from various noise
sources with any prior MRI signal information. The major
advantage of ICA is that it is data-driven approach that does
not require an a priori response modeling of neural activity.
This allows the avoidance of bias towards predicted brain
behavior, unlike traditional model-driven analyses.

CONCLUSIONS

Structural MRI has become the standard for routine clinical
investigations of the brain; it offers anatomical detail and is
highly sensitive to pathological abnormalities. Relatively new
quantitative measures of DTI and fMRI are being commonly
used for research and clinical purposes, and will soon become
standard clinical tools. In this short review paper, we presented
a comprehensive survey of neuroimaging modalities and
analysis techniques. These recent neuroimaging methods
have important applications in clinical and basic neuroscience
research. The understanding of the individual characteristics
of imaging modalities and analysis methods is prerequisite
condition.
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