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Abstract—The tractographic reconstruction of anatomical
and microstructural features provided by Magnetic Resonance
(MR) Diffusion Tensor Imaging (DTI) gives essential
information of brain damage in several pathological animal
models. The optimization of a tractographic protocol is
undertaken in normal rats for the future construction of a
reference atlas, as prerequisite for preclinical pathological in-
vivo studies. High field, preclinical in-vivo DTI faces important
difficulties relevant to Signal-to-Noise Ratio (SNR), distortion,
high required resolution, movement sensitivity. Given a pixel-
size of 0.17 mm and TE/TR = 29/6500 ms, b value and slice
thickness were fixed at 700 s/mm’ and 0.58 mm, respectively, on
preventive ex-vivo studies. In-vivo studies led to the choice of 30
diffusion directions, averaged on 16 runs. The final protocol
required 51 min scanning and permitted a reliable
reconstruction of main rat brain bundles. Tract reconstruction
stopping rules required proper setting. In conclusion, the
viability of DTI tractography on in-vivo rat studies was shown,
towards the construction of a normal reference atlas.

[. INTRODUCTION

MALL animal neuroimaging is gaining great attention in

preclinical studies of neurological diseases. In the
framework of Magnetic Resonance Imaging (MRI)
techniques, Diffusion Tensor Imaging (DTI) permits the
exploration of microstructural tissue features through the
observation of water molecular diffusion, thus furnishing
information about the anatomy, microstructural features, and
damage of the main brain bundles, useful in several
pathological animal models. Previous works of this group
[1]-[4] faced the problems of diffusion sequence
optimization and tractographic atlas construction in clinical
DTI studies at 1.5 Tesla. However, though well established
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in clinical trials, this technique still requires the definition of
proper protocols and normality references in preclinical
small animal studies performed on high field scanners. This
research line at a preclinical stage appears of importance, in
order to help in defining the mechanisms involved in the
initiation and development of the investigated disease. DTI
is based on the estimate of the Diffusion Tensor (DT) in each
voxel [5]-[7], which allows to determine the principal
diffusion direction and the indices of Mean Diffusivity (MD)
and Fractional Anisotropy (FA) [8]. DTI-based tractography
permits the virtual reconstruction of the white matter (WM)
fiber bundles in-vivo, following the principal diffusion
direction; subsequent segmentation permits the extraction of
diffusion parameters specific to any addressed bundle. Small
animal studies require specific skills due to: small size and
high required resolution, motion artifacts, Signal-to-Noise
Ratio (SNR), and specific animal anatomy. Sensible
improvements are offered by the use of high magnetic field,
yet an accurate choice of the acquisition and processing
parameters is needed, namely for in-vivo studies. Few studies
reported DTI analysis in rodent brain in presence of stroke
[9] and in developing stages [10]; tractography has been
performed in mouse [11], [12] and in rat [13], [14]. To our
knowledge, a single reference atlas reconstruction has been
carried out, so far [15]; however, in mouse and by means of
ex-vivo scans. The availability of reliable reference atlases
for a given species is an important prerequisite for further
pathological studies providing both bundle specific
normality ranges of DTI parameters and bundle
localization/segmentation through co-registration of the
pathological brain on atlas.

The present work is preliminary to the production of a
tractographic atlas of normal Sprague Dawley rats in-vivo
and aims at the optimization of the scanning sequence
parameters and at the definition of a suitable standard for the
selection of the main rat bundles. Namely, sequence
parameters such as the gradient direction number, repetition
number, b-value, and voxel size are considered to optimize
SNR and tractographic reconstruction. As to the latter,
specific tuning of stopping rules is performed.

II. METHODS

A. MRI acquisition

Diffusion Weighted Images (DWI) were aquired using a 7
T MRI scanner (Bruker Biospec 70/30 USR, Bruker, Ger).
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Surface RF coil was used for reception and volume RF coil
was used for transmission. A BGA12-S gradient coil with
diameter of 12 cm was used. The maximum gradient strength
was 400 mT/m. DTI EPI spin echo sequences were acquired
with the following parameter: TE/TR of 29/6500 ms, &/A of
3/10 ms, pixel size of 0.176mm x 0.176mm, FOV= 3cm x
3cm, matrix= 170 x 170 and axial orientation.

The b-value and the slice thickness were first explored on
an ex-vivo preparation (Sprague Dawley rat brain fixed in
agar and 4% PFA) using the following values:

e b-value (600/900/1200 s/mm?);
o Slice thickness (0.17/0.35/0.58 mm).

As a consequence (see results), b=700 and slice thickness
of 0.58 mm were maintained for the subsequent in-vivo
studies on a Sprague Dawley rat, 2 months, male. The rat
was anesthetized with 2% isofluorane in O,.

The following further parameters were varied and assessed
for in-vivo optimization:

o Number of gradient directions (30, 126);

o Number of runs for each acquisition (4, 8, 16).
All experiments and procedure were approved by Ethic
Committee (Fondazione IRCCS Istituto Neurologico “C.
Besta”, Milan, Italy) following the Ethical Use of Animals
international guidelines.

B. SNR analysis
The well known relationship (1)

voxelvolume
SNRocB, —M8M8M [T 1
* noisevolume ¥ " M

(T,, is the total read out time over the runs number
performed) establishes the tradeoff between SNR and other
features such as small voxel size (important for tractographic
reconstruction) and limited acquisition time compatible with
in-vivo studies. Conversely, a good SNR is necessary both
for DTI computations and the subsequent tractographic
reconstruction, and is contrasted by the very nature of
diffusion weighing based on signal attenuation.
SNR was estimated on the acquired images by using (2):

SNR =0.7 Ioi. )

O kG

where Ipp; is the mean intensity on a moving Region of
Interest (ROI) of 10x10 pixels; the maximum value
max(lpp,) on the entire object is taken for each image; opxs
is the standard deviation in 4 background ROIs, 10x10 each,
fixed close to the image corners. The 0.7 coefficient is
related to Rayleigh distribution [16]. The grand average
through all slices and diffusion directions was used as SNR
index of a specific acquisition.

C. DTI Analysis

FSL free package (http://www.fmrib.ox.ac.uk/fsl/) was
used for eddy current correction. Affine registration using
the FMRIB's Linear Image Registration Tool (FLIRT) was
performed to register all by images to that of the first run; the
same registration parameters were applied to the relevant
DWI of the same run. All the registered runs were than
averaged using FSL and from the obtained set of DWI, the
DT was estimated with Diffusion Toolkit software
(http://www.trackvis.org) v0.6. Eigenvalues and eigenvectors
were obtained for every voxel from the diagonalization of
the DT and from them, the tensor scalar invariants FA and
MD were computed. Deterministic tractography was
performed with Diffusion Toolkit software using the
Interpolated Streamline algorithm. Different angle and FA
thresholds were used as stopping rules for the reconstruction
of the different tracts. These thresholds were: FA=0.1/0.3/0.5
and Angle=10°/20°/30°/40°/50° for corpus callosum,
cingulum, external capsule, caudate putamen, fimbria and
optical nerve. The ROIs for tract segmentation were

positioned on FA maps wusing Trackvis software
(http://www.trackvis.org).
III. RESULTS

As shown in Fig. 1, the higher is the adopted b-value, the
better is the diffusion weighing. However, the SNR decrease
prevented b-values largely higher than the lowest value
experimented ex-vivo. For this reason, the b-value was fixed
at 700 s/mm’ in subsequent in-vivo studies.

Fig. 1. Axial slices of rat brain DWI. A) b = 600 s/mm?* SNR=45; B) b =
1200 s/mm?, SNR= 29.

As shown in Fig. 2, the minimum slice thickness of 0.17
mm with isotropic voxels, though optimal for DTI and fiber
tracking [17], displayed a poor SNR, which is known to bias
the DT estimate [18]. An increase of the slice thickness up to
0.58 mm was necessary; nonetheless, a successful DTI and
tractography was verified, despite the uneven voxel aspect
ratio.
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Fig. 2. Axial slices of rat brain DWI. A) Slice thickness=0.58 mm,
SNR=42.77; C) Slice thickness=0.17 mm, SNR=12.40.

Passing to in-vivo studies, Fig. 3 compares the SNR with
30 directions/12 averaged runs to that with 126 direction/4
averaged runs scheme of acquisition given a similar total
time of acquisition (T, =28 minutes for 30 directions and
32 minutes for 126 directions). The improved raw data and
previous results indicating that tensor DT reconstruction is
not significantly improved beyond 30 directions [19] led us
to choose 30 directions for further studies.

Fig. 3. Axial slices of rat brain b=0 images. A) DW acquisition scheme
with 126 directions and 4 runs (Tiw=32 minutes). B) DW acquisition
scheme with 30 directions and 12 runs (Tiw@=28 minutes). It can be
inferred from the two images that the 30 directions scheme has a better
SNR than the 126 scheme, preserving a similar Tioal.

SNR calculation on the image obtained by averaging
different numbers of runs has been performed: as expected
from (1), the higher is the number of runs (V,), the higher
SNR results (Fig. 4). N, = 16 was chosen, since it provided
a satisfactory SNR=43.61, preserving a still acceptable total
scan time T, =51 min, within the obvious constrains of in-
vivo studies.

Fig. 4. DWI of rat brain in axial sections. A) Na,=4, SNR=19,78. B)
Navg=16, SNR=43.61.

Fig. 5 shows the presence of false tracts and biological
aberration decreasing FA threshold (less than 0.5) and
increasing angular threshold (more than 10°) for the corpus
callosum. Same results have been obtained for all the other
tracts but the optic nerve (optimal angle threshold = 40°).

Finally, 6 of the main rat brain tracts were reconstructed
(corpus callosum, fimbria, external capsule, caudate
putamen, optic nerve and cingulum), some of those are
shown in Fig. 6.

IV. CONCLUSION

An acquisition sequence has been proposed with a total
acquisition time (51 minutes) suitable for in-vivo
acquisitions. The study has shown that a suitable parameter
setting of a standard DTI sequence permits valuable
tractographic reconstructions in control rat in-vivo studies
aiming at a reference atlas for subsequent pathological
studies. The scheme was verified to be reproducible and
effective for the reconstruction of the main rat brain bundles
in-vivo. Work is in progress as to inter-subject
reproducibility, histological validation of tract selection,
inter-subject normalization over a normal rat population for
the construction of a tractographic atlas which is considered
an essential prerequisite for studies on pathologic models.

Fig. 5. Corpus Callosum reconstructions varying FA and Angle thresholds:
A) FA=0.5, Angle=10°; B) FA=0.5, Angle=30°; C) FA=0.5, Angle=50°; D)
FA=0.2, Angle=10°; E) FA=0.2, Angle=30° ; F) FA=0.2, Angle=50°. The
figure shows the presence of false tracts increasing angle threshold and
decreasing FA threshold.
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Fig.
images: A) Corpus Callosum, Axial view; B) Fimbria, Axial view; C) Right
Caudato Putamen, Sagittal view; D) Left External Capsule, Axial view; E)
Optic nerve, Horizontal view; F) Left Cingulum, Sagittal view. Fibers
colors follow the sequent reference: red, left-right direction; blu, posterior-
anterior direction; green, inferior-superior direction.
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6. Examples of some reconstructed tracts superimposed to b=0
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