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Abstract

Diffusion tensor imaging (DTI) is a useful tool for studying anatomy and pathology in the rodent
central nervous system (CNS).The unique tissue contrasts provided by DTI are well suited for
monitoring disease progression, studying brain development, and characterizing anatomical
phenotypes. Recent technical developments have vastly improved the speed and resolution of
rodent DTI. Ongoing research efforts exploring the microstructural basis of DTI signals have
provided useful insights into its capabilities to delineate brain structures and detect
neuropathology. Significant progress has also been made in combining DTI results with data
acquired using other imaging modalities to enhance our understanding of the rodent CNS.
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Introduction

The laboratory mouse and rat are widely used in neuroscience research to investigate the
mechanisms that control neuronal structures, functions, and disease processes. The ever-
increasing sophistication in research that involves mutant mouse strains or rodent models of
neurological disease demands an array of techniques to capture various aspects of the rodent
central nervous system (CNS). Histology has been the standard method by which to examine
the cellular and molecular aspects of the rodent CNS and its disease processes, but has
several limitations. Histology is highly invasive and often focuses on predefined anatomical
regions of interest at a single time point, which is limiting if the phenotype or pathology of
interest evolves over time or extends beyond the pre-defined regions. Thus, imaging
techniques capable of /n vivo monitoring, with whole-brain or spinal cord coverage, could
bring new perspectives and extend our knowledge of the rodent CNS.

Among the imaging modalities available, diffusion tensor magnetic resonance imaging (DT-
MRI), or simply diffusion tensor imaging (DTI) [1], is a unique technique for visualizing
structural organization and pathology in the rodent CNS (Figure 1). By measuring 3D
diffusion of water molecules in tissues and fitting the results into a tensor model, DTI
provides several image contrasts that carry a wealth of neuroanatomical information (Box
1). Details about the concept, implementation, and biomedical applications of DTI can be
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found in several excellent reviews and books [2—7]. With its unique tissue contrasts and its
non-invasive nature for examinations with whole-brain or spinal cord coverage, DTI is well
suited for imaging the rodent CNS, especially white-matter structures, in a macroscopic
fashion that is complementary to histology.

Early applications of DTI in the rodent CNS date back more than a decade ago [8,9] and its
development since then has been driven primarily by needs arising from neuroscience
research (e.g. the need to examine anatomical phenotypes in mutant mouse brains or
neuropathology in various rodent models of disease). With an increasing number of small-
animal magnetic resonance (MR) scanners installed in research centers and the continuing
advances in MR instruments and techniques, rodent DTI has become a practical and useful
tool for the neuroscience community, as evidenced by the large number of related studies in
the last few years. Here, we review these recent findings and discuss the current technical
capabilities of rodent DTI, as well as the potential pitfalls and limitations of DTI in detecting
rodent neuropathology. We also discuss studies that have used DTI to study brain
development and phenotypes.

Recent technical developments in rodent DTI

For DTI, speed and spatial resolution have been the two main limiting factors that prevented
its widespread application to rodent models. Rodent DTI requires much higher spatial
resolution (0.1-0.2 mm per pixel) compared to clinical DTI (1-2 mm per pixel) for reliable
delineation of miniature structures in the rodent CNS. This requirement puts rodent DTI at a
significant signal-to-noise ratio disadvantage, which, together with prolonged acquisition
and sensitivity to subject motion, makes /n vivo DTI of the rodent CNS quite challenging.
Recent advances in small-animal MRI systems (e.g. high-sensitivity imaging coils, high-
performance gradient systems, and implementation of fast echo planar imaging sequences
for small-animal imaging on high-field systems [10,11]) have greatly improved the speed
and spatial resolution of /n vivorodent DTI. Using current state-of-the-art small-animal
instruments, /n vivo DTI of the mouse brain can be acquired at a resolution of 0.156 mm x
0.156 mm for a 0.5-mm slice thickness within 90 min [12]. At this resolution, several small
white-matter tracts in the mouse brain (e.g. the stria terminalis, which were previously
elusive in /n vivo DTI) can be reliably delineated, along with large white-matter structures
such as the corpus callosum (Figure 2a). The 3D trajectories of these structures can also be
reconstructed [12]. Compared to the rodent brain, DTI of the rodent spinal cord is more
challenging because of its proximity to the sources of cardiac and respiratory motion. Using
a surface radiofrequency coil and a custom-made animal holder, a recent study demonstrated
in vivo DTI of the mouse cervical spinal cord at a resolution of 0.117 mm x 0.059 mm with
a slice thickness of 0.5 mm within 1 h [13]. These technical developments have enhanced
our ability to non-invasively examine white-matter structures and injuries in the rodent CNS.

Although /n vivo DTI allows monitoring of white-matter structures in live animals, most
studies that demand spatial resolution higher than 0.1 mm must still resort to ex vivo DTI of
post mortem specimens. For ex vivo DTI, the available resolution is primarily dictated by
the sensitivity and stability of imaging instruments. The theoretical resolution limit of ex
vivo DTI is believed to be approximately 0.005-0.01 mm, depending on the apparent
diffusion coefficient (ADC) (see Glossary) of water molecules in tissue specimens and
imaging parameters [14]. A specially designed high-sensitivity coil was recently used to
acquire ultra-high-resolution DTI data from a section of rat spinal cord at an in-plane
resolution of 0.016 mm x 0.016 mm (Figure 2b) [15]. At this resolution, the diffusion MRI
data could be readily co-registered and compared side by side with histological images, and
small white-matter tracts in the ventral horn of the rat spinal cord could be reconstructed
from the DTI data in exquisite detail. Although these images were acquired from a thin
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tissue section rather than from the entire brain or spinal cord, they nonetheless demonstrated
that such resolution is within the reach of DTI and the level of detail that high-resolution
DTI can reveal. Two recent studies reported ex vivo DTI of the adult and embryonic mouse
brain at isotropic resolution of 0.04-0.05 mm (Figure 2c) [16,17]. The rich anatomical
details revealed in these high-resolution images allow delineation of white-matter tracts
previously only visible on histological images. For example, small axonal bundles in the
adult striatum and thalamus and early axonal tracts in the embryonic mouse brains were
visualized.

DTI of rodent neuropathology

Using DTI to study white matter injury

DTl is increasingly used to examine neuropathology in rodent models of disease such as
multiple sclerosis [18], stroke [19-22], amyotrophic lateral sclerosis [23,24], traumatic brain
injury (TBI), and spinal cord injury [25,26], so an understanding of the relationships
between DTI-based imaging markers and specific pathology is imperative. Extensive
research in the last few years has greatly advanced our knowledge in this area. It was
previously shown that the two most frequently used DTI-derived markers, mean diffusivity
(MD) and fractional anisotropy (FA) (Box 1), have limited sensitivity and specificity. For
example, either axonal injury or myelin injury may alter FA values in white-matter
structures. On the basis of experiments in rodent models, several reports demonstrated that
axial and radial diffusivities were able to separate axonal and myelin injuries, with a
decrease in axial diffusivity indicating potential axonal injury and an increase in radial
diffusivity indicating potential demyelination or dysmyelination [27-29]. In subsequent
years, the relationships between axial and radial diffusivities and axon and myelin injuries
have been scrutinized in additional rodent models with unique pathological features. In a
study of Wallerian degeneration in the mouse optic nerve and optic tract after retinal
ischemia, /n vivo DTI revealed an early decrease in axial diffusivity at 3 days after ischemia,
followed by an increase in radial diffusivity 6 days later [30]. DTI of the same injury model
in slow Wallerian degeneration (WId®S) mutant mice showed similar but delayed changes in
axial and radial diffusivities in the optic nerve of mutant compared to wild-type mice [31].
These observations correlated well with histological findings and other results regarding the
timing of Wallerian degeneration in wild-type and WIdS mice.

The relationships, however, became less straightforward in complex models. In the mouse
cuprizone model of demyelination, /77 vivo DTI showed increased radial diffusivity in the
corpus callosum of treated mice during chronic demyelination (after 6 weeks of cuprizone
treatment), which returned to baseline levels after re-myelination, as expected [32]. What is
interesting is that at 4 weeks after the start of cuprizone treatment, histology showed severe
demyelination and inflammation, whereas radial diffusivity measured /n vivo showed no
significant difference from the control mice [33,34]. It is now assumed that the presence of
inflammation, with microglia and macro-phage activation, cell infiltration, and vasogenic
edema, could be one of the confounding factors that reduce the sensitivity of radial
diffusivity to demyelination in this model [35].

To understand such findings, it is important to realize that DTI signals reflect the average
diffusion properties of tissues within a voxel that encompasses thousands of cell bodies,
axons, and myelin sheaths. Inflammation and subsequent microstructural changes will
inevitably affect the microstructural composition of a voxel, and subsequently its diffusion
signals. Several simplified scenarios, in which cell infiltration in white-matter regions might
influence the diffusion anisotropy and diffusivity measurements, have been suggested
(Figure 3) [35]. In the case of classic Wallerian degeneration, axon and myelin injury during
the early stages (Figure 3b) will lead to decreases in axial diffusivity and increases in radial
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diffusivity, as described in an optic nerve model [30] and a rat spinal-cord axotomy model
[36]. As the axon and myelin debris are gradually removed in the later stages (Figure 3d),
both axial and radial diffusivities will increase, which may be the mechanism behind the so-
called pseudo-normalization of axial diffusivity in the sub-acute stages reported in TBI
models [37]. When inflammation is an additional factor (Figure 3c,e), the presence of
infiltrating cells could suppress signal increases in axial and radial diffusivities, and, as a
result, decrease the sensitivity of these DTI measurements to actual axon and myelin injuries
[35]. These reports demonstrate that DT1 measurements alone are not sufficient to tackle
complex pathology. To resolve this issue, diffusion MRI models more sophisticated than the
diffusion tensor model [35] need to be developed. Alternatively, additional MRI contrasts,
such as T, Ty, and magnetization transfer MRI [38], should be included in the study design.

Using DTI to study gray-matter alterations

Although white-matter injury has been the focus of the majority of studies that employed
DTI, a few studies that used DTI to examine gray-matter injury have been reported. Several
rodent gray-matter structures (e.g. the hippocampus, cerebellum, and embryonic or neonatal
cortex) contain highly organized axons or cell bodies. These unique structural organizations
can be recognized on DTI by their distinct patterns of diffusion anisotropy [39,40], and,
when disrupted by injury, may be detected by DTI. In rats treated with kainic acid and
pilocarpine to induce status epilepticus, FA values measured in the dentate gyrus correlated
with the density of mossy fibers and myelinated axons [41]. In neonatal rat brains with
hypoxic ischemic injury, disrupted radial organization in the affected cortical area could be
visualized by DTI [42]. For other gray-matter regions that lack highly organized cellular
structures, it is often a challenge to pin down the exact histological substrate of DTI
readouts. For example, increases in FA in rat cortex observed after TBI have been linked to
white-matter reorganization [43], gliosis, and other factors [44] whose contributions are
difficult to evaluate.

Relationships between DTI signals and histological markers

In the last few years, several studies have used histology—MRI co-registration to
systematically examine the relationships between DTI signals and histological markers in a
pixel-by-pixel fashion. For complex disease models, comparison of MRI and DTI data from
different animals using conventional approaches based on manually defined regions of
interest is often difficult because the location and degree of axon and myelin injuries vary
from one animal to another and it is unrealistic to define lesions based solely on MRI and
DTI data. By normalizing maps of DTI parameters and histological images to a common
space, the relationships between DTI parameters and histological markers of axonal and
myelin damage can be examined throughout entire images with lesions and normal regions
easily defined in histology. Such an approach was demonstrated recently in a mouse chronic
experimental autoimmune encephalomyelitis (EAE) model (Figure 4) [18]. After histology—
MRI co-registration, pixel-by-pixel analysis between DTI parameters and histological
markers showed significant correlation between axial diffusivity and axonal injury, as
measured by neurofilament staining. Pixel-by-pixel analysis between DTI parameters and
clinical scores also showed significant correlation between axial diffusivity and behavioral
scores. By contrast, radial diffusivity showed large variations in spatial patterns and was not
significantly correlated with histological markers, probably because of inflammation in this
model. Normalized histological sections showed strong correlation between inflammation,
demyelination, and axonal damage in spinal-cord white matter, confirming the complex
pathology in this model. The potential impact of this and similar studies on our
understanding of complex disease models can hardly be overestimated, because direct,
across-the-board comparisons of co-registered histological and MRI and DTI data will
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inevitably contribute to more complete knowledge about the relationships between
histological and MRI and DTI measurements.

DTI of brain development and its use as an anatomical reference tool

Applications of DTI during brain development

Anatomical changes during brain development and their control mechanisms have been
under active investigation. The superb tissue contrasts provided by DTI in embryonic and
neonatal rodent brains allow tracking of brain structures and their growth at different
developmental stages and may also reveal microstructural changes associated with
maturation [39,45]. Several groups measured time-related changes in DTI measurements
during postnatal brain development (Figure 5a) [46—48] and showed that in major white-
matter structures, ADC values decrease with time, whereas FA values increase with time
[47]. A recent study compared histological and DTI data from the post-natal rat corpus
callosum and reported that changes in FA correlated strongly with myelination [48]. For
gray-matter structures, such as the cortex, both ADC and FA values decrease with time.
Another recent study examined the spatiotemporal patterns of FA changes in postnatal rat
cortex and showed that FA changes in the cingulate, insular, visual-auditory, and sensory—
motor cortices followed slightly different trajectories [49]. The investigators hypothesized
that the different trajectories might reflect differences in the degree of structural complexity
during development. Detailed spatiotemporal maps of changes in FA, ADC, and local tissue
volume in the developing mouse brain based on high-resolution ex vivo DTI data have also
been reported [50]. These maps were generated using advanced computational techniques to
normalize brain images to a common template, from which time-related changes in MR
parameters could be mapped throughout development and volumetric growth could be
quantified (Figure 5b) [50].

DTI allows easy reconstruction of the 3D trajectories of major white-matter tracts, as well as
visualization of the spatial relationships between white-matter tracts and neighboring
structures, so it is useful for screening abnormal white-matter tracts in mutant mouse brains
[51,52]. The 3D information provided by DTI may also be useful for guiding subsequent
histological examinations. A recent study used DTI in tandem with Dil tracing to investigate
Probst bundles in Netrin-1- and DCC-deficient mutant mouse strains, which lack a properly
formed corpus callosum [53]. Using DTI-based tractography, the extent of Probst bundles
and their spatial relationship with nearby cortical regions were visualized in 3D. The results
revealed that Probst bundles consist of axons that had originated from parts of the parietal
cortex, in addition to the frontal lobe shown by previous studies using Dil tracing. It should
be noted that DTI-based tractography cannot resolve crossing axons, for which more
sophisticated diffusion MRI techniques are required. More information on this topic can be
found in a recent article in which the authors systematically compared several tractography
approaches based on data acquired from post mortem mouse brains using DTI and other
diffusion MRI techniques [54].

Advanced imaging analysis techniques

Although gross anatomical changes in the rodent CNS can be detected in DTI data by visual
inspection or tractography, the ability to locate subtle structural changes will require
advanced image analysis techniques. One such technique is voxel-based analysis (VBA),
which involves voxel-wise cross-subject analysis in images that have been spatially
normalized to a common space [55]. The advantage of VBA is that it can examine the entire
brain in an automated fashion, without requiring a priori knowledge of the locations of
structural changes. A recent study applied VBA to examine ex vivo DTI data for a
transgenic mouse model of early-onset dystonia, and the results showed abnormal FA values
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in the cerebellothalamic and thalamocortical pathways [56]. Another study applied VBA and
in vivo DTI to examine structural remodeling of the rat hippocampus and reported
significant changes in mean diffusivity in the rat hippocampus after 2 h of repeated water
maze tasks [57]. VBA, however, demands accurate spatial normalization of subject images,
which may be difficult to achieve when severe injury or tissue deformation is present, such
as in rodent models of stroke. For such models, tract-based spatial statistics (TBSS) [58] can
assist in localizing changes in major white-matter tracts. TBSS has been applied to evaluate
potential recovery of injured rat corticospinal tracts after ischemic stroke and revealed
significant increases in FA values in the ipsilesional cerebral peduncle and internal capsule
at 70 days after stroke [59].

Digital atlases of the rodent brain

With high-resolution ex vivo DTI data, several digitized rodent brain atlases have been
established to visualize 3D brain structures, to guide stereotaxic operations, and to serve as a
common framework for data integration and analysis [60-63]. The 3D visualization of brain
anatomy by DTI also lends itself to mapping and integration of experimental data from
different modalities, such as gene and proteomic expression patterns [64,65]. Studies based
on high-throughput techniques, such as /n situ hybridization (ISH), contribute an increasing
wealth of snapshot data on the expression of individual genes at specific locations in the
developing mouse brain. However, a comprehensive understanding of the regionalized
activation patterns of multiple genes and their spatiotemporal relations with the evolving
embryonic neuroanatomy requires integration of these data to a common anatomical
framework [66—68]. High-resolution DTI in the embryonic stages offers one such
anatomical framework by which to register expression data from histological sectioning of
multiple specimens [16,69]. Figure 6 illustrates 3D registration and visualization of gene
expression patterns from serial ISH sections to pDTI images of an embryonic (E12) mouse
brain. Serial ISH sections from E12 brains examined for the expression of several homeobox
transcription factors and the sonic hedgehog homolog (S/h/) gene were mapped to MR
images using intensity- and landmark-based nonlinear image-matching techniques [16].
From the original data sets for 2D ISH sections, it was difficult to determine the spatial
relations or potential overlaps between the expression sites of different genes (Figure 6a,c,e).
Mapping of the expression profiles of multiple genes from different specimens and
sectioning orientations facilitated simultaneous visualization of the 3D expression patterns
and relative spatial distributions of these genes within the E12 mouse brain (Figure 6g—i). In
addition, the mapping of gene expression data to DTI images can provide complementary
information for a better understanding of embryonic CNS development, with delineation of
anatomical structures from DTI and developmental boundaries that are defined by spatially
restricted patterns of gene expression. DTI of the rodent brain can thus be used as an
anatomical reference for mapping and interpretation of histological data, gene expression
patterns, and proteomic profiles. Hence, it will be an important modality in ongoing efforts
to create multi-modal digital atlases of the developing mouse brain [68].

Concluding remarks and future perspectives

In summary, DTI is a useful tool for monitoring disease progression, studying brain
development, and characterizing anatomical phenotypes. Recent technical developments in
DTI allow the rodent CNS to be examined in greater detail. We expect that future technical
advances in imaging instruments will continue to push the resolution and speed limits of
DTI, especially /in vivorodent DTI, to extract more information from the rodent CNS. For
example, a recent report demonstrated that the newly available cryogenic probe can
significantly improve the resolution and speed of mouse brain MRI [70]. It should be noted
that DTI is based on a simplified model, and complex tissue microstructure or pathology
often diminishes the value of DTI (Box 2). Integration of DTI with other imaging modalities
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may help to resolve such complex cases and further enhance our ability to examine various
aspects of the rodent CNS.
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Glossary
Apparent water diffusion in tissue is hindered or restricted by many structural
diffusion barriers, such as cell membranes and myelin sheaths. As a result, the
coefficient mean square distance traveled by water molecules in unit time, or
(ADC) diffusivity, depends on its environment and is sensitive to changes in
tissue microstructure. ADC is equivalent to the diffusivity when the
underlying diffusion process is Gaussian. In normal tissue, the ADC
value is approximately 1 x 103 mm?/s.
Diffusion in biological tissues, diffusivity or ADC values may vary depending on
anisotr opy the direction of the diffusion-sensitizing magnetic field gradients (see
Box 1 for details). This phenomenon is called anisotropic diffusion and
is the source of the unique tissue contrasts that make DTI useful.
Diffusion the 3 x 3 matrix used to characterize the 3D properties of the diffusion
tensor of water molecules based on a Gaussian model. From each diffusion
tensor, three pairs of eigenvalues and eigenvectors can be calculated
using matrix diagonalization. The eigenvector that corresponds to the
largest eigenvalue is called the primary eigenvector, whose orientation
often coincides with that of the axon fibers in most white-matter tracts.
The model has its own limitations and cannot resolve complex tissue
microstructures such as crossing fibers.
DTI technique for reconstructing the 3D trajectories of major white-matter
tractography tracts based on diffusion tensor data. DTI tractography is useful for
visualizing 3D trajectories of white-matter tracts in normal and diseased
brains. There are several ways to perform DTI tractography, including
deterministic and probabilistic methods.
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Box 1. Measuring and visualizing diffusion tensor in the mouse brain using
MRI

DTI uses the process of water molecule diffusion as a probe to infer tissue microstructure
and organization. By applying a pair of diffusion-sensitizing magnetic field gradients (or
simply diffusion gradients) along an arbitrary orientation, the ADC along that orientation
can be determined based on the amount of MR signal attenuations due to diffusion.
Basically, we compare MR images acquired without diffusion gradients (non-diffusion-
weighted images) to images acquired with diffusion gradients applied along the selected
orientation (diffusion-weighted images, with one or more diffusion weightings or &
values). MR signals are fitted to a mono-exponential model S(8) = Spe™?APC to estimate
the ADC. S(b)and S are the amplitude of the MR signals with and without diffusion
gradients, respectively, and bis calculated based on the magnitude and timing of the
diffusion gradient [4]. For anisotropic diffusion (Figure 1a), ADC measured along one
orientation is apparently not adequate to represent the orientation-dependent property,
and a diffusion tensor based on a 3D Gaussian model for water molecule diffusion can be
used instead. In DTI, MR signals acquired with diffusion gradients applied along at least
six non-collinear, non-coplanar directions are compared to MR signals acquired without
diffusion gradients, and a diffusion tensor is calculated from these signals using
multivariate regression [71]. It is necessary to note that different experimental
parameters, such as choices of 6 and timing of the diffusion gradients, may affect the
estimated ADCs and diffusion tensors [72—74].

A diffusion tensor can be visualized using an ellipsoid (Figure 1b) for which the length of
the three axes is proportional to the three eigenvalues of the diffusion tensor (A4, A, and
A3 in descending order), and the three orthogonal axes coincide with the three
eigenvectors (14, V5, and V3). Because it is difficult to visualize and comprehend
diffusion tensors directly, several tensor-derived scalar indices are frequently used to
generate grayscale images for visualization and quantification (Figure 1c). These indices
include mean diffusivity (MD), axial diffusivity (A), radial diffusivity (A ), fractional
anisotropy (FA), and relative anisotropy (RA) [75]:

A —A3

A=Ay, A= )

MD:AI +/;2+/13

Az YO = )+ — 5+ — 13)°
2L+5+23)

Vi = )+ = 43>+ — A3)°

RA=
(A ++23)*

Mean diffusivity is useful for detecting stroke injuries in the brain [76]. The use of axial
and radial diffusivity is discussed in this article. Both FA and RA are commonly used
measures of diffusion anisotropy, with FA offering better noise characteristics compared
to RA [77]. The orientation information encoded in diffusion tensor can be visualized
using a direction-encoded color map (DEC; Figure 1c) [78]. In a DEC image, red, green,
and blue colors represent left-right, anterior—posterior, and superior—inferior orientations,
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e Although major gray- and white-matter structures in the rodent brain have been

* A variety of microstructural changes happen during the repair and

Box 2. Outstanding questions

delineated with DTI [60,61], systematic efforts to identify and delineate small
structures in the rodent brain (e.g. subregions in the thalamus and transient
structures during embryonic and neonatal stages) are still lacking. Fully
segmented and annotated high-resolution maps or atlases of the rodent brain are
essential for DTI application in phenotyping and developmental studies, as well
as for detection of brain injuries.

reorganizational stages that follow brain injury. Can DTI, by itself or in
combination with other imaging modalities, detect and quantify such changes?
If so, what are the contrast mechanisms that allow DTI to detect such changes?
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Figurel.

From diffusion anisotropy to diffusion tensor. (a) A 2D diagram illustrating diffusion
anisotropy [39]. The phantom in the diagram consists of an upper part that contains ordered
structures (e.g. a bundle of axons or well-organized neurons) with coherent tissue
orientations (represented by the arrows) and a lower part that contains random structures
without coherent orientations. When measuring ADC along three different orientations,
ADC measurements in the upper part show orientation dependence (i.e. anisotropic
diffusion). For example, ADC values measured in the orange box change from high to low
when the measuring orientation changes from horizontal to vertical. In comparison, ADC
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measured in the lower part does not show this orientation dependence. (b) Diffusion tensors
visualized as ellipsoids and rendered as anisotropy and orientation-encoded color maps. The
size, shape, and orientation of each ellipsoid are dictated by the eigenvalues and
eigenvectors of the corresponding diffusion tensor. In the anisotropy map, the upper part of
the phantom has higher diffusion anisotropy than the lower part. When diffusion anisotropy
is high, the long axes of the diffusion tensor often coincide with the underlying structural
orientation and can be visualized using a direction-encoded color map (DEC). In this 2D
example, regions with structural orientation running horizontally are red and those running
vertically are green. Transition areas become yellow, a mixture of red and green. Note that
the technique cannot distinguish afferent and efferent axonal tracts. (c) DTI contrasts in the
mouse brain. In the mean diffusivity image, the cerebral spinal fluid in the ventricle
(indicated by the white arrow) appears bright while the mouse brain parenchyma appears
rather homogeneous. The axial diffusivity and radial diffusivity images show more contrasts
between gray- and white-matter structures than the mean diffusivity image. The CC
(indicated by yellow arrows) has higher axial diffusivity values and lower radial diffusivity
values than the neighboring cortical regions. In the FA and RA images, major white-matter
structures, such as the CC, can easily be distinguished from gray-matter structures by their
high anisotropy values. In the DEC image, major white-matter tracts are accentuated by their
high anisotropy (reflected by their intensities) and color-coded orientations. The color
scheme is: red, left-right; green, rostral-caudal; and blue, superior—inferior. The CC appears
red in the DEC image because most fibers in the CC are arranged along the left-right
orientation. The unit for mean, axial, and radial diffusivity is um2/ms. FA and RA are
unitless. DTI images adapted, with permission, from [16,34].
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Figure 2.

Recent efforts to achieve high-resolution DTI of the rodent CNS. (&) /7 vivo (i) To-
weighted, (ii) fractional anisotropy (FA), and (iii) direction-encoded color map (DEC)
images of an adult C57BL/6J mouse brain with a resolution of 156 pm x 156 um x 500 pm
[12]. The color scheme is: red, left-right; green, rostral-caudal; and blue, superior—inferior.
The scale bar corresponds to 1 mm. (b) (i) A Nissl-stained section and (ii) a diffusion-
weighted image of a section of the ventral horn of rat cervical spinal cord [15]. The MR
image was acquired at a resolution of 15.6 um x 15.6 um x 25 um. (iii) DTI-based fiber
tracking results (green fibers) overlaid on the Nissl-stained section [15]. The scale bar
corresponds to 250 um. (¢) £x vivo diffusion-weighted and DEC images of (i) an adult
C57BL/6J mouse brain [60] and (iii) an E12 CD1 mouse embryo [16], acquired at an
isotropic resolution of 55 um per voxel. Also shown are average T2* and DEC images of
adult C57BL/6J mouse brains (17 = 8) at an isotropic resolution of 43 um per voxel [60]. The
color scheme is identical to that for (a). The scale bars correspond to 1 mm. Reproduced,
with permission, from [12] (a), [15] (b), [16] (c iii), and [60] (c i, ii).
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Figure 3.

Schematic diagrams illustrating how complex neuropathology can affect DTI results. (a)
Normal myelinated axons and the corresponding diffusion tensor and axial and radial
diffusivity (A and A |, respectively). The diffusion tensor is represented by the ellipsoid
here, and is shown in subsequent plots as a grey ellipsoid with dashed lines. (b,c) Axon and
myelin injury with and without cell infiltration. (d,e) Axon and myelin injury with axonal
loss, with and without cell infiltration. Adapted, with permission, from [35].
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Figure4.

Co-registration of histological and DTI images allows detailed analysis of the relationships
between histological and DTI markers. (a) Average maps of axial diffusivity, radial
diffusivity, and relative anisotropy (RA) of the lumbar spinal cord from control mice and
mice with severe EAE (clinical score of 4, CS4) [18]. The maps show reduced axial
diffusivity and RA values in spinal-cord white matter, especially in the ventrolateral part, of
mice with severe EAE compared to control mice. The maps also show increased radial
diffusivity values, but with a sporadic pattern. The unit for axial and radial diffusivity is
um2/ms. The color code in these images indicates RA and diffusivity values in the spinal
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cord, with red indicating the highest levels of RA and diffusivity. (b) Average histological
images stained for phosphorylated neurofilament (SMI31), myelin basic protein (MBP), and
4’ 6-diamidino-2-phenylindole (DAPI) from control mice and mice with severe EAE at the
same lumbar location as shown in (a) [18]. These maps reveal patterns of axonal injury,
myelin loss, and inflammatory cells in spinal-cord white matter of mice with severe EAE.
The color code in these images indicates the area fraction of positive staining, with red
indicating the highest levels of staining. (c) Pixel-by-pixel correlations between DTI
markers and clinical scores. In most white-matter regions of the mouse lumbar spinal cord,
axial diffusivity and RA were significantly correlated with clinical score, whereas radial
diffusivity was not [18]. Adapted, with permission, from [18].

Trends Neurosci. Author manuscript; available in PMC 2013 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Zhang et al. Page 20

(b) FA Volume

—-0.006 0.01 -0.9 4.0

TRENDS in Neurosciences

Figure5.

DTI of the developing mouse brain. (a) /n7 vivo diffusion tensor direction-encoded color map
images of mouse brains on postnatal days 15, 17, 38, and 45, with apparent changes visible
in the cerebral cortex. The color schemes are: red, left-right; green, rostral-caudal; and blue,
superior—inferior. (b) Time-related changes in FA and local tissue volume in the developing
mouse brain. Red indicates an increase in FA values or local tissue volume, and blue
indicates a decrease in FA values or local tissue volume over development. The results show
widespread decreases in FA in the cortex and hippocampus and increases in tissue volumes
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mostly in the lateral part of the brain during postnatal development. Adapted, with
permission, from [47] (a) and [50] (b).
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Figure®6.

Mapping of gene expression data to 3D DTI images in an E12 mouse embryo. Expression
data for (a) LIM homeobox 8 (Lhx8) and Shh from serial sagittal ISH sections and (c)
pituitary homeobox 2 (Pitx2) and (€) LIM homeobox 1 (Isl1) from serial coronal sections
were mapped to (b,d,f) MR images using intensity- and landmark-based registration [16].
(9,h,i) Mapping of the expression data allowed visualization of the 3D expression patterns of
Lhx8 (orange in g and i), Shh (green in g and i), Pitx2 (yellow in h and i), and Isl1 (pink in h
and i), and their relative spatial distributions in the embryonic brain in relation to anatomical
structures such as the ventricles (rendered in light purple). Adapted, with permission, from
[16].
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