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Abstract
High-resolution diffusion MRI (dMRI) is useful for resolving complex microstructures in the
mouse brain, but technically challenging for in vivo studies due to the long scan time. In this
study, selective excitation and a three-dimensional fast imaging sequence were used to achieve in
vivo high-resolution dMRI of the mouse brain at 11.7 Tesla. By reducing the field of view using
spatially selective radio frequency pulses, we were able to focus on targeted brain structures and
acquire high angular resolution diffusion imaging (HARDI) data at an isotropic resolution of 0.1
mm and 30 diffusion encoding directions in approximately one hour. We investigated the complex
tissue microstructures of the mouse hippocampus, cerebellum, and several cortical areas using this
localized dMRI approach, and compared the results with histological sections stained with several
axonal and dendritic markers. In the mouse visual cortex, the results showed predominately
radially arranged structures in an outer layer and tangentially arranged structures in an inner layer,
similar to observations from postmortem human brain specimens.

1. Introduction
Diffusion magnetic resonance imaging (dMRI) is a useful tool in the ongoing investigation
of the organization, functions, and diseases of the brain. By measuring the properties of
water diffusion, which are affected by local tissue barriers inside the brain, e.g., the cell
membrane and myelin sheath (Beaulieu, 2002), dMRI provides image contrasts that contain
rich microstructural information and allow noninvasive reconstruction of major white matter
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pathways (Le Bihan, 2003; Mori and Zhang, 2006). For example, diffusion tensor imaging
(DTI) has been widely used to examine white matter morphology and structural integrity
(Basser et al., 1994; Mori and Zhang, 2006). More advanced dMRI techniques, such as high
angular resolution diffusion imaging (HARDI) (Frank, 2001; Tuch et al., 2003) and
diffusion spectrum imaging (DSI) (Wedeen et al., 2005), have been designed to investigate
the complex structural organization of the brain. The capability of these dMRI techniques in
visualizing complex brain structures and connectivity has been demonstrated by several
studies of post-mortem brain specimens (Aggarwal et al., 2013; Calamante et al., 2012;
Leuze et al., 2012; Takahashi et al., 2013; Wedeen et al., 2012), as well as studies of the live
human brain (Granziera et al., 2009; McNab et al., 2013; Setsompop et al., 2013; Verstynen
et al., 2011). Recently, multi-parameter models based on customized dMRI acquisition
schemes have been reported to extract specific microstructural information from neuronal
tissues (Assaf and Basser, 2005; Wang et al., 2011; Zhang et al., 2012a).

Further developments of dMRI hinge on our understanding of the relationships between
dMRI signals and the underlying brain microstructure (Barazany et al., 2009; Budde et al.,
2009; Hansen et al., 2011; Leergaard et al., 2010; Wang et al., 2011; Zhang et al., 2012a).
Such knowledge can be obtained through studying the relationships between dMRI signals
and histopathological findings in experimental animal models. The laboratory mouse brain
is an ideal subject for examining the microstructural basis of dMRI signals, because there is
a wealth of histology-based information on its microstructure. In addition, there are many
well-established mouse models that mimic various pathological conditions in patients with
neurological diseases. Knowledge gained through studying the mouse brain using dMRI
may be readily translated to study the microstructural organization and pathology of the
human brain.

In the last decade, dMRI has emerged as a useful tool to examine anatomy and pathology of
the mouse brain (Mori and Zhang, 2006; Zhang et al., 2012c). Ex vivo high-resolution dMRI
provides superior image quality at high spatial resolution and is well-suited for visualizing
complex microstructures in the mouse brain (Aggarwal et al., 2010; Calamante et al., 2012;
Flint et al., 2010; Jiang and Johnson, 2010; Moldrich et al., 2010). At spatial resolutions of
100 μm or higher, ex vivo dMRI can reveal exquisite anatomical details in the mouse brain,
and with high angular resolution, reconstruct complex tract trajectories, such as crossing or
branching fiber tracts (Kurniawan et al., 2013; Moldrich et al., 2010). In vivo dMRI, while
cannot match ex vivo dMRI in terms of image quality and spatial resolution, is key to
investigate the relationships between dMRI signals and microstructures in live tissues,
especially under various pathological conditions presented in mouse models of diseases.
This is because death and chemical fixation can alter the microstructural properties of brain
tissues, resulting in significant changes in apparent diffusion coefficient measurements
(Shepherd et al., 2009; Sun et al., 2005; Wu et al., 2013) and changes in the sensitivity of
related dMRI-based markers to detect certain tissue pathology (Sun et al., 2006a; Zhang et
al., 2012b). The main technical challenges of in vivo high-resolution mouse brain dMRI are
limited imaging resolution and lengthy acquisition time, which limits our ability to examine
small structures or perform longitudinal studies. With recent advances in MR instruments
(e.g., high field magnet, high performance gradient and coils, and fast imaging sequences),
several groups have reported in vivo dMRI studies with increasing spatial and angular
resolutions. For example, Harsan et al. reported in vivo mouse brain HARDI with 30
diffusion encoding directions (b = 1000 s/mm2) and a resolution of 0.156 mm x 0.156 mm x
0.5 mm in 99 minutes at 9.4 Tesla (Harsan et al., 2013), and we demonstrated in vivo DTI of
the mouse brain with 12 diffusion encoding directions (b = 1000 s/mm2)and an isotropic
resolution of 0.125 μm in about 2.5 hours at 11.7 Tesla (Wu et al., 2013). In vivo dMRI with
both high spatial and angular resolutions will be ideal if the total imaging time falls within
one or two hours.
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In this work, we demonstrate that in vivo HARDI of the mouse brain can be performed at
approximately 0.1 mm isotropic resolution and 30 diffusion directions in one hour using
spatially selective RF pulses and a three-dimensional (3D) gradient and spin echo (GRASE)
(Oshio and Feinberg, 1991) imaging sequence, modified from (Aggarwal et al., 2010). By
selectively exciting a portion of the brain that contains the structures of interest, a dramatic
reduction in imaging volume, and therefore, imaging time, was possible. Further
acceleration was achieved using the 3D GRASE sequence, which obtained images twenty
times faster than conventional spin echo sequences in this study. High-resolution dMRI data
of the cerebellum, hippocampus, and several cortical regions of the mouse brain were
compared to histology, focusing on the capability of dMRI to resolve microstructures and
connectivity in these regions.

2. Material and methods
2.1 Experimental animals

All experimental procedures were approved by the Animal Use and Care Committee at the
Johns Hopkins University School of Medicine. Seven adult mice (C57BL/6, three-month
old, female, Jackson Laboratory, Bar Harbor, ME, USA) were used in this study.

2.2 RF pulse design
The 90° localized excitation RF pulses used in this study were designed based on a linear
class of large tip-angle (LCLTA) pulses (Pauly et al., 1989), with spiral k-space trajectories
that start and end at the origin. Under the “incoherently refocused” condition (Pauly et al.,
1989), a two-dimensional spatially selective 90° RF pulse can be derived by inverse Fourier
transform of the desired excitation profile. Although B1 field weighting can be incorporated
in the Fourier kernel, we assumed a homogeneous B1 field across the mouse brain because
the mouse brains were always positioned near the center of a large volume coil, and the
inner diameter (72 mm) of the volume coil was far larger than the size of the mouse brain
(10–12 mm in diameter). The pulse length was set at 2.5 ms, and the pulse amplitudes
ranged from 15 to 20 μT, depending on the size, position, and shape of the desired field of
excitation (FOE) (Pauly et al., 1989). The typical waveform of an RF pulse to excite a
square region in the mouse brain is shown in Fig. 1A–B. We chose an eight-turn spiral-in
excitation k-space trajectory (Fig. 1C–D), which resulted in an excitation resolution of 1 x 1
mm in the x-y plane, with a maximum gradient strength of about 210 mT/m.

Typical FOEs used in this study included the anterior, middle, and posterior brain FOEs
(Table 1). The anterior and middle FOEs were designed to cover only half the brain,
assuming relative symmetry in normal brains. The imaging field of view (FOV) was chosen
to be slightly larger than the field of excitation (FOE) to accommodate the transition area
between the excited region and the suppressed region (approximately 1/10 of the FOE). The
performance of the spatially selective RF pulses was tested using the standard, double flip-
angle B1 mapping (Cunningham et al., 2006). While the FOE in the x-y plane was
controlled by the selective excitation pulses, a slab-selective refocusing pulse (Mao pulse
(Mao et al., 1988)) was applied to restrict the imaging slab in the z direction.

2.3 Image acquisition
In vivo imaging was performed on a horizontal 11.7 Tesla MR scanner (Bruker Biospin,
Billerica, MA, USA) with an integrated shim and active shielded triple-axis gradient (B-GA
9S, Burker Biospin, Billerica, MA, USA, inner diameter = 90 mm, maximum gradient
strength = 740 mT/m). During imaging, mice were anesthetized with isoflurane (1%),
together with air and oxygen mixed at a 3:1 ratio, via a vaporizer, and were positioned in an
animal holder (Bruker Biospin, Billerica, MA, USA). Respiration was monitored via a
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pressure sensor (SAII, Stony Brook, NY, USA) and maintained at 40–60 breaths per minute.
After imaging, animals recovered within five minutes.

The selective excitation pluses were transmitted through a quadrature volume excitation coil
(72 mm diameter, Bruker Biospin, Billerica, MA, USA), and signal was acquired using a 10
mm diameter, planar surface receive-only coil (with active decoupling). The planar receive
surface coil was placed immediately above the specific FOE to ensure optimal sensitivity.
Using the Fieldmap method (Schneider and Glover, 1991; van Zijl et al., 1994; Wen and
Jaffer, 1995), B0 homogeneity in a region containing the FOE was optimized using the first
and second order shim to reduce image distortion and a T2* signal decay. A water line width
of less than 30 Hz could be routinely achieved within the FOE. Before each dMRI
experiment, a multi-slice, T2-weighted image (echo time (TE) = 50 ms, repetition time (TR)
of 2000 ms) was first acquired as an anatomical reference to define the position of the FOE.
The selective excitation RF pulse was then calculated based on the reference image and
desired FOE in Matlab (Mathworks, Natick, MA, USA).

HARDI data were acquired with a modified 3D diffusion-weighted GRASE sequence
(Aggarwal et al., 2010), which acquired 40 echoes in each repetition. A double-sampled EPI
readout (Yang et al., 1996), which samples the same k-space line twice, with both positive
and negative gradients, was incorporated into the GRASE sequence to enhance SNR, as well
as to reduce artifacts from imperfect read-out gradients. A twin-navigator (Mori and van
Zijl, 1998) was implemented to correct motion-induced phase errors, and no respiration
trigger was used. The imaging parameters of the HARDI protocol were: TE/TR = 23/500ms;
two signal averages; spectral width = 150 kHz; 30 diffusion directions (Jones et al., 1999); b
= 2335 s/mm2. The anterior and posterior brain FOEs were imaged at 0.1 x 0.1 x 0.1 mm
resolution, while the middle brain FOE was imaged at 0.125 x 0.125 x 0.125 mm, 0.1 x 0.1 x
0.1 mm, and 0.08 x 0.08 x 0.08 mm resolution. The imaging parameters used to acquire data
at these resolutions are summarized in Table 2. We measured the point-spread function
(PSF) of the imaging sequence to evaluate the effects of the T2 and T2* decays on image
resolutions as described in (Wu et al., 2013). The full-width-half-maximum (FWHM) of the
PSF is 0.119 ± 0.003 mm along the phase encoding direction (due to T2 decay) and 0.073 ±
0.004 mm (n=5) along the slice selection (due to T2* decay) direction. The signal-to-noise
ratio (SNR) was evaluated as the ratio of the mean signal intensity in the brain cortex against
the standard deviation of the background noise.

Ex vivo whole brain HARDI data were acquired from a postmortem C57BL/6 mouse brain
specimen, which was perfusion fixed with 4% paraformaldehyde (PFA), and later
transferred to phosphate buffered saline with 2 mM gadopentetate dimeglumine (Magnevist,
Berlex Imaging, Wayne, NJ) (Chuang et al., 2011) to enhance MR signals. Specimens were
scanned using a vertical 11.7 Tesla NMR spectrometer (Bruker Biospin, Billerica, MA,
USA) and a birdcage volume coil (15 mm inner diameter). The same imaging sequence as
that used in vivo MRI with whole-brain coverage was used, but with slightly different
parameters: TE/TR = 27/1000ms; two signal averages; spectral width = 125 kHz; 30
diffusion directions; b = 4000 s/mm2; 0.1 x 0.1 x 0.1 mm resolution. The total scan time was
about 20 hours.

2.4 Data processing
Images were reconstructed from k-space data using Matlab (Mathworks) and processed
using MRtrix (Tournier et al., 2012), which used the constrained spherical deconvolution
(CSD) method to reconstruct fiber orientation distribution (FOD). FOD-based probabilistic
streamline tracking was performed to generate super-high-resolution track density images
(TDI) (Calamante et al., 2011; Calamante et al., 2010). Fiber-tracking was performed using
a step size of 0.01 mm and a maximum angle of 45° between steps, according to (Calamante
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et al., 2012). Tracking terminated when the FOD amplitude became less than 0.01, or when
fibers exited the specific brain regions. Probabilistic streamlines with a length between 0.4 –
1 mm were selected (Calamante et al., 2012), and about one million such streamlines were
tracked to generate TDI at a grip size of 10 μm isotropic resolution.

2.5 Immunohistochemistry
Mice were anesthetized and perfused with 0.1M phosphate-buffered saline (PBS), followed
by 4% paraformaldehyde in 0.1M PBS, and then were post-fixed with 4% paraformaldehyde
for 12–18 hours. Brains were cryo-protected in a 30% sucrose solution in 0.1M PBS. The
forebrain was cryostat-sectioned at 40 μm coronally and the cerebellum was sectioned at 20
μm parasagitally. Representative sections were mounted and adjacent slides were used for
immunohistochemical stainings with different antibodies. Endogenous peroxidase was
quenched using 3% hydrogen peroxide in 0.1M PBS. Antigen-retrieval was performed with
0.01 M citrate buffer containing 0.05% Tween-20 (pH 6). Slides were then incubated in
blocking solution, followed by primary antibody incubation at 4°C overnight: Anti-Pan-
Axonal Neurofilament Marker (SMI312R, Covance, Princeton, NJ, USA, 1:2000) and Anti-
Parvalbumin antibody (ab11427, Abcam, MA, USA, 1:4000) for the detection of large
GABAergic neurons and their processes (e.g., Purkinje-Neurons of the cerebellum); Anti-
Glial Fibrillary Acidic Protein antibody (Anti-GFAP Z0334, Dako, Richmond, VA, USA,
1:2500) for the detection of astrocytes; and Anti-Microtubule-associated Protein 2 (Anti-
MAP2, M1406, Sigma-Aldrich, St.Louis, MO, USA, 1:1000) for the detection of neuronal
dendrites. Negative control slides were put in blocking solution. Slides were rinsed and
visualized using the ABC ELITE kit (Vector Labs, Burlingame, CA, USA) and 3,3′-
Diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO, USA). Images were acquired
using a Zeiss Observer.Z1 microscope equipped with an AxioCam MRc camera at 20X.

3. Results
The 90° spatial excitation RF pulse designed in this study produced satisfactory 2D
excitation profiles using a conventional quadrature volume coil at 11.7 Tesla. Images
acquired with an 8 mm x 8 mm FOE and a 6 mm x 6 mm FOE in the center of the brain
(Fig. 1E) are shown in Fig. 1F–G. The residual outer-volume signal intensity was less than
6% of the average inner-volume signal intensity (Fig. 1I). For large FOEs that include air-
tissue interfaces, e.g., the area close to the ear canal, which have severe B0 inhomogeneity
and thereby distort the excitation k-space trajectory, residual signals outside the FOE could
be observed near the air-tissue interfaces (indicated by the white arrows in Fig. 1F). The
artifact disappeared when the FOE fell completely within the brain (Fig. 1G). Within the
selected region, the measured flip angles were relatively uniform (90°±2.2°, Fig. 1H).

Using selective excitation, high-resolution dMR images of local brain regions could be
acquired within a relatively short time period. Figure 2A shows three sagittal direction-
encoded colormap (DEC) images acquired separately with the anterior, middle, and
posterior FOEs at 100 μm isotropic resolution. Figures 2B–D compare DEC images
acquired at 80 μm isotropic resolution with images acquired at 100 μm and 125 μm isotropic
resolution. With the standard 30-direction diffusion-encoding scheme (Jones and Leemans,
2011), the imaging time ranged from 40 minutes for the 125 μm resolution data to two hours
for the 80 μm resolution data in a local FOE (Table 2). Major white matter tracts, e.g., the
corpus callosum, and several small white matter structures could be resolved in the high-
resolution data (Fig. 2A–B). For example, the alveus of the hippocampus, a thin sheet of
axonal fibers (indicated by the blue arrows in Fig. 2B–E), could be distinguished from the
neighboring corpus callosum/external capsule and hippocampus in the DEC image at 80 μm
resolution (Fig. 2B). Tensor-based fiber-tracking results based on the 80 μm data could
separate the alveus from the corpus callosum (Fig. 2F–G). In comparison, images acquired
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at 100 and 125 μm resolutions (Fig. 2C–D) showed the alveus with reduced FA and a loss of
clearly defined diffusion orientation, due to partial volume effects. In order to reliably
resolve small white matter tracts and crossing fibers, it is necessary to use more
sophisticated approaches than the conventional diffusion tensor model. Figure 2H
demonstrates that fiber orientation distribution (FOD) estimated from the dMRI data, using
spherical deconvolution, could resolve the fibers in the alveus (blue FOD surface) and
corpus callosum/external capsule (red FOD surface) at 100 resolution.

Figure 3 compares localized in vivo dMRI data with ex vivo whole-brain dMRI data, both
acquired at 100 μm resolution. For white matter structures, the in vivo and ex vivo DEC
images (Fig. 3A and B) showed similar tissue contrasts, and several small white matter
tracts, e.g., the dorsal hippocampal commissure and optic tracts, could be delineated in both
datasets. In the hippocampus, the in vivo and ex vivo data both showed the radiating pattern
(indicated by the orange arrows) reported previously (Calamante et al., 2012; Zhang et al.,
2002). This is further illustrated using the track-density imaging (TDI) technique (Fig. 3B
and E), which renders fiber tracking results at a resolution higher than the native imaging
resolution, and provides an intuitive way to visualize tissue microstructures. This pattern
was in good agreement with the spatial arrangement of small axons and dendrites in the
hippocampus, as shown by the Parvalbumin-stained histological sections (Fig. 3C and F).
Small differences in gray matter tissue contrasts, however, could be observed in several
regions. For example, the in vivo data showed more prominent radially organized structures
near the surface of the visual cortex (Fig. 3D, indicated by the yellow arrows) and higher
diffusion anisotropy in a region immediately above the dentate gyrus (Fig. 3D, indicated by
the blue arrows) than the ex vivo data.

The in vivo high resolution HARDI data could provide detailed tissue microstructural
information in the mouse brain. As shown in Figure 4A, individual cerebellar folium and
white matter tracts in the mouse cerebellum could be delineated in the DEC image based on
the in vivo HARDI data. While the DEC image shows only the dominant structural
components in each pixel, e.g., parallel fibers in the cerebellar cortex (indicated by the white
arrow in Fig. 4A), spherical deconvolution of the HARDI data revealed additional structural
components (represented by the blue FOD surfaces in Fig. 4D) that were arranged
perpendicular to the parallel fibers (represented by the red FOD surfaces in Fig. 4D).
Neurofilament (NF)-, Glial Fibrillary Acidic Protein (GFAP)-, and Parvalbumin-stained
sections (Fig. 4C, E–G) showed that the secondary structural components might include
small axons, dendrites, and processes of glial cells in the cerebellar cortex, as they all run
orthogonal to the parallel fibers (perpendicular to these sections). The high-resolution TDI
of the cerebellum (Fig. 4B) demonstrated the spatial arrangement of axonal fibers as they
fanned out near the end of the cerebellar folia, as shown by the neurofilament staining (Fig.
4E). Figure 5 compares MRI and histological images of the mouse motor, sensory, and
visual cortices. In all three cortical regions, MAP2-stained sections showed radially oriented
long-running apical dendrites in the cortex. In comparison, NF-stained sections showed
radially oriented axons in the outer layer of the cortex and densely populated axons with no
clear dominant orientation in the inner layer. FOD maps derived from the in vivo HARDI
data showed predominantly radially oriented FODs in the outer layer of the three cortices
and both radially and tangentially oriented FODs in the inner layer of the cortices.
Compared to the motor cortex, TDI-generated images showed that the inner layer of the
visual cortices have a large amount of axons running tangentially to the cortical surface, and
the estimated FOD maps showed these tangential fibers, especially in the visual cortex. In
all three cortices, the outer layers had higher FA values than the inner layers, with most
significant difference in the visual cortex (Table 3).
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4. Discussion
Spatially localized imaging is a tried-and-true approach to obtain high-resolution images
from a target region within a reasonable time. Even though imaging with whole-brain
coverage is important for examining the overall anatomy or neuropathology, many studies
that focus on a particular brain region, e.g., the mouse cortex and hippocampus, may benefit
from the increased imaging resolution or speed provided by localized imaging techniques.
Studies that use mouse models of diseases, such as stroke (Wang et al., 2008), traumatic
brain injury (Mac Donald et al., 2007), and demyelination (Sun et al., 2006b), often have
localized pathology, and may benefit from the techniques as well. Several techniques have
been utilized to achieve spatial localization. For example, 2D localized imaging can be
achieved by using a slice-selective 90° RF pulse and a 180° RF pulse in an orthogonal
fashion (Hiepe et al., 2009; Jeong et al., 2005), or by using direct 2D RF pulses as
demonstrated by Finsterbusch et al. (Finsterbusch, 2010, 2013). While the former requires
no specially designed RF pulses, the latter offers more flexibility in terms of pulse sequence
design and shape of the region to be excited. The LCLTA pulses used in this study achieved
satisfactory in-volume homogeneity (90° ± 2.2°) and outer-volume suppression within a
relatively short duration (2.5 ms), which was ideal for our experiments, as tissue T2s shorten
at a high magnetic field. Moreover, the LCLTA method provides an analytical approach to
pulse design and is compatible with parallel transmission. For example, Xu, et al. (Xu et al.,
2007) extended the LCLTA framework to an eight-channel parallel transmitter and achieved
about a four-fold acceleration for 2D selective excitation profiles in a phantom experiment.
Ullman et al. (Schneider et al., 2012) demonstrated 3D localized imaging of the live rat
brain based on a numerical optimization of small tip-angle pulses (Grissom et al., 2006; Yip
et al., 2005). In this study, the single-channel LCLTA pulse was integrated with our DW-
GRASE sequence to improve the spatial and angular resolutions of in vivo dMRI
experiments. Simple rectangular FOEs were sufficient here, given that the imaging volume
is rectangular with conventional Cartesian k-space acquisition. Using the FOEs in our
experiments, the imaging volumes were reduced to approximately one-sixth of the whole-
brain volume, and the scan time was reduced proportionally. To mitigate the SNR loss
associated with high spatial resolution, heavy diffusion attenuation, and short scan time, we
placed a sensitivity surface receive coil as close to the FOE as possible. This, however, is
only effective when the target regions are close to the head surface, such as the cortex,
whereas the deep brain structures, e.g., the thalamus and the hypothalamus, still suffer from
low SNR.

Localized high-resolution dMRI, using selective excitation and fast imaging sequences,
allowed us to examine the live mouse brain in greater detail than ever before. While ultra-
high resolution (<50 μm) ex vivo dMRI of the mouse brain has been reported (Aggarwal et
al., 2010; Flint et al., 2010; Jiang and Johnson, 2010), spatial and diffusion angular
resolutions of the live mouse brain dMRI have been hindered by SNR and imaging time. For
example, given a typical FOV of 16 mm x 16 mm x 18 mm for the adult mouse brain (Wu et
al., 2013), whole brain dMRI performed using comparable settings as described here (100
μm isotropic resolution, 30 diffusion directions, b = 2335 s/mm2) would take about 10
hours. In this study, we were able to acquire in vivo HARDI of the mouse hippocampus at
125 μm, 100 μm, and 80 μm isotropic resolution within one to two hours, and the level of
microstructural details available in the in vivo 100 μm resolution data were comparable to ex
vivo whole brain data acquired at the same resolution (Fig. 3). One limitation of the GRASE
sequence used here was image blurring as measured by the FWHMs of the point-spread
function of the in vivo dMRI experiments. The broadening of the point-spread function was
caused by T2 an d T2* decays experienced by the spin and gradient echoes, imperfect
refocusing pulses, and subject motions, and can be reduced by using higher spectral width,
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which requires strong gradient systems, improved refocusing pulses, and more sophisticated
shimming and motion suppression techniques.

We tested the capability of the technique to resolve microstructures in the mouse
cerebellum, which has been well documented. In the mouse cerebellar cortex, the in vivo
data showed two orthogonally arranged groups of fibers: one parallel to the surface of the
cerebellar cortex (represented by the red FOD surfaces in Fig. 4D), and the other
perpendicular to the cerebellar cortex (represented by the blue FOD surfaces in Fig. 4D),
similar to previous reports based on post-mortem mouse brain specimens (Zhang et al.,
2006). The first group may reflect the densely packed parallel fibers in the cerebellar cortex,
and the second group may reflect axons/dendrites of the cerebellar Purkinje cells (Fig. 4G)
and processes of glia cells (Fig. 4F). We then examined the microstructural organization of
the mouse neo-cortex. There have been several reports on imaging cortical microstructures
in the human brain. Diffusion anisotropy in the cortex was revealed in in vivo DTI studies of
both developing (McKinstry et al., 2002) and mature (Heidemann et al., 2010) human
brains. Several recent studies showed that different cortical regions have unique
microstructural signatures. For example, McNab et al. showed that the human motor cortex
contained mostly radially organized structures, whereas part of the sensory cortex showed
tangentially organized structures (McNab et al., 2013). High-resolution HARDI of
postmortem brain samples further delineated the layered patterns in the human cortex, e.g.,
Dyrby et al. separated the cortex into two depth layers based on the different fiber
orientations in the inner and outer rims of the cortex (Dyrby et al., 2011); Leuze et al.
divided the visual cortex into four layers using the FOD patterns and tractography feature
(Leuze et al., 2012). Other studies have attempted to parcellate cortical regions using raw
diffusion signals (Deoni and Jones, 2006) or FOD-derived contrasts (Haroon et al., 2010;
Nagy et al., 2013). These post-mortem studies demonstrated that high-resolution HARDI
signals could be used to characterize the neo-cortical microstructure, especially the layered
organization with radial or tangential patterns. It is not clear whether in vivo high-resolution
data will show consistent cortical tissue contrasts and how the contrasts correlate with
microstructures. As the human and mouse neocortex, despite their differences, share a
similar columnar organization (DeFelipe et al., 2002), high-resolution studies on the mouse
cortex could bring insight into these questions. In this study, high-resolution dMRI of the
mouse cortex showed contrast patterns similar to those seen in postmortem human brain
specimens. For example, the observation that radially arranged structures dominate the outer
layer of the visual cortex, while tangentially arranged structures dominate in the inner layer
(Fig. 5), is similar to the observations reported by previous post-mortem human brain studies
(Dyrby et al., 2011; Leuze et al., 2012). A comparison between HARDI results and
histological data suggested that multiple structural components could contribute to these
unique patterns. MAP2-stained histological sections displayed relatively uniform radiating
dendritic fibers in all three cortices, whereas neurofilament-stained sections showed a
layered axonal organization, with the inner layer of the cortex more densely stained than the
outer layer. While it is still difficult to quantitatively measure the contribution of each
structure’s components, the results demonstrate the potential of our technique in assisting
future detailed analysis.

5. Conclusions
In summary, we demonstrate that high spatial resolution and angular resolution dMRI of the
live mouse brain is now feasible with localized imaging, in combination with fast imaging
sequences. The dMRI contrast derived from the in vivo high-resolution data revealed
complex microstructures in both the gray matter and white matter. The techniques presented
in this study could be potentially used to investigate longitudinal changes in local
neuroanatomy and connectivity under normal or diseased states.
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Figure 1.
Spatially selective excitation RF pulse and its experimental validation. A–B: The pulse
amplitude and phase of a typical 90° selective excitation pulse. C–D: an eight-turn spiral-in
gradient waveform and excitation k-space trajectory in the x-y plane. The gradient
waveform was synchronized with the RF waveform to achieve selective excitation. (E) A
T2-weighted image of an adult mouse brain overlaid with a 8 mm x 8 mm field of excitation
(FOE) (orange) and a 6 mm x 6 mm FOE (blue). (F–G) The results of selective excitation
corresponding to the 8 mm x 8 mm and 6 mm x 6 mm FOEs shown in (E), respectively. H:
the measured flip angle map of the excited region (corresponding to the FOE in F). I: the
normalized (with respect to the maximal value) intensity profiles along the dashed lines in F
and G.
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Figure 2.
High spatial resolution diffusion MRI of the live mouse brain. A: Sagittal views of the DTI
colormaps taken from the anterior, middle, and posterior FOEs used in this study. B–D:
Axial direction-encoded colormaps of the hippocampus at 80 μm, 100 μm, and 125 μm
isotropic resolutions, respectively. The axial location of these images is indicated by the
dashed line in A. E: A Pan-Neurofilament-stained section that shows the alveus (alv) of the
hippocampus (indicated by the blue arrows) and the corpus callosum (indicated by the
yellow arrows). F–G: Fiber-tracking results at 80 μm isotropic resolution, where the corpus
callosum fibers (yellow) and the alv fibers (blue) can be separated. The purple shading in F
indicates the position of hippocampus. H: The fiber orientation distribution (FOD) maps of
the selected regions (orange squares in B–D) at three resolutions. Scale bars in A and B are
500 μm, and the scale bar in E is 200 μm.
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Figure 3.
Comparison of the localized in vivo dMRI of the mouse hippocampus with the ex vivo
results from a whole-brain scan. A–B: DTI colormaps (scale bar 500 μm) and TDI maps
from the anterior hippocampus from the in vivo (left) and ex vivo (right, mirrored) dMRI
experiments. C: Parvalbumin-stained section of a selected area in the anterior hippocampus.
D–F: DTI colormaps, TDI map, and Parvalbumin-stained section of the posterior
hippocampus, following the same order as in A–C. Abbreviations: dhc—dorsal hippocampal
commissure; ml—medial lemniscus; opt—optical tract. Scale bars in C and F are 200 μm.
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Figure 4.
Localized HARDI of the mouse cerebellum. A–B: DTI colormap and TDI of the mouse
cerebellum on a mid-sagittal view. C: Neurofilament-stained section corresponding to B. D:
Fiber orientation distribution (FOD) map of the selected area indicated in B. The inset plot
indicates two groups of crossing fiber coexisting in the cerebellar cortex. E: Neurofilament-
stained section corresponding to D. F–G: Glial fibrillary acidic protein (GFAP)- and
Parvalbumin-stained sections of the cerebellar cortex. Scale bars in A and C are 500 μm, and
the scale bar in E is 200 μm.
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Figure 5.
In vivo HARDI of the mouse motor (M1), sensory (S1), and visual (V1) cortices and
corresponding neurofilament (NF) and microtubule-associated protein 2 (MAP2)-stained
sections. Images in the left-most column are DTI colormaps of localized anterior / middle /
posterior mouse brain FOEs and high-resolution TDI maps of the M1 / S1 / V1 cortices in
selected areas, as indicated on the colormaps. The right-most three columns show FOD
maps estimated from the HARDI data from each cortex and matching NF- and MAP2-
stained sections. The regions shown in the FOD maps are indicated by the dashed
rectangular boxes in the NF and MAP2 sections. The dashed lines in the rightmost three
columns separate the cortex into outer and inner layers. Scale bar in A is 500 μm, and all the
other scale bars are 200 μm.
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Table 1

Definition of the anterior, middle and posterior brain fields of excitation (FOEs), and the SNR of non-
diffusion weighted images from these FOEs.

Field of Excitation (FOE) Anterior Middle Posterior

FOE width & height (mm) 8 x 5 8 x 5 8 x 5

FOV size (readout x phase x slice) (mm) 9.6 x 5.6 x 4 9.6 x 5.6 x 4 9.6 x 5.6 x 4

Readout direction Superior-inferior Superior-inferior Left-right

Slice position with respect to Bregma (mm) +2 to −2 0 to −4 −5 to −9

Structures of interest Motor/Sensory cortex Striatum (right
hemisphere)

Sensory/visual cortex Hippocampus
(right hemisphere) Cerebellum

SNR of non-diffusion image 42 ± 0.6 (n=5) 44 ± 2 (n=5) 42 ± 2.6 (n=3)
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Table 2

Imaging parameters to acquire 30-direction HARDI data at 0.125 mm, 0.1 mm and 0.08 mm isotropic
resolution from the middle brain FOE. Because of the use of blip gradients in the slice selection direction, the
maximum slice selection gradients were larger than the maximum phase encoding gradients.

Resolution (isotropic) 0.125 mm 0.1 mm 0.08 mm

Scan time (minutes) 42 63 102

SNR of non-diffusion image 57 (n=1) 44 ± 2 (n=5) 33 ± 2 (n=5)

Duty cycle (%) 13.2 18.5 24.8

Maximum readout gradient (mT/m) 286 358 429

Maximum phase encoding gradient (mT/m) 144 180 216

Maximum slice selection gradient (mT/m) 360 444 562
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Table 3

FA values measured from the outer and inner layers of the motor, sensory, and visual cortices.

Regions of interest FA p-value

Motor cortex
Outer 0.143 ± 0.016

0.07
Inner 0.136 ± 0.015

Sensory cortex
Outer 0.142 ± 0.018

0.02
Inner 0.122 ± 0.009

Visual cortex
Outer 0.159 ± 0.009

9.5 x 10−5

Inner 0.090 ± 0.005
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