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Abstract

The value of analyzing neuroimaging data on a group level has been well established in human
studies. However, there is no standard procedure for registering and analyzing fMRI data into
common space in rodent functional magnetic resonance imaging (fMRI) studies. An approach for
performing rat imaging data analysis in the stereotaxic framework is presented. This method is rooted
in the biological observation that the skull shape and size of rat brain are essentially the same as long
as their weights are within certain range. Registration is performed using rigid-body transformations
without scaling or shearing, preserving the unique properties of the stable shape and size inherent in
rat brain structure. Also, it does not require brain tissue masking, and is not biased towards surface
coil sensitivity profile. A standard rat brain atlas is used to facilitate the identification of activated
areas in common space, allowing accurate region-of-interest (ROI) analysis. This technique is
evaluated from a group of rats (n = 11) undergoing routine MRI scans; the registration accuracy is
estimated to be within 400 pm. The analysis of fMRI data acquired with an electrical forepaw
stimulation model demonstrates the utility of this technique. The method is implemented within the
AFNI framework and can be readily extended to other studies.
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Introduction

The value of group statistical analysis of neuroimaging data has been well established. In
human functional magnetic resonance imaging (fMRI) studies, this often involves normalizing
data from individual subjects to a common three dimensional (3D) space (typically the
Talairach coordinates or the Montreal Neurological Institute (MNI) space), and conducting
statistical analysis between test and control conditions. Transforming individual datasets into
a common space offers several advantages, including accounting for inter-subject anatomical
differences and allowing sites of activation to be reported within the same atlas system. Group
comparison can also enhance statistical power to detect low amplitude responses. Nevertheless,
most animal MRI data analyses have been performed on individual subjects, and statistical
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results are derived from region-of-interest (ROI) analyses combined across subjects. The
delineation of these ROIs is often based upon known neuroanatomy, but is also somewhat
arbitrary in practice. Large errors could occur since slice selection is often difficult to control
between animals, causing a variable degree of partial volume effect across animals.
Nevertheless, such ROl analysis is best applied in studies employing animal models with well-
known neuronal projection pathways, such as rat electrical forepaw stimulation (e.g. 1,2) and
whisker stimulation (3). But for studies involving unknown neuronal substrates, such as fMRI
studies following pharmacological manipulations, where many disparate cortical and
subcortical structures are involved, both the localization and the choice of the ROIs can be
subjective since the delineation of ROIs is operator-dependent.

Rodents have been commonly used in preclinical and translational biomedical research. There
are at least two technical issues specific to MRI in rats that hamper the straightforward
application of human image registration procedures to animal studies. First, a surface coil is
often used for signal reception to enhance the sensitivity in animal MRI, rather than the more
common birdcage coil used in humans. The sensitivity profile of the surface coil produces a
signal intensity gradient on MR images. In principle, the sensitivity profile can be removed
from these images (4). But this procedure is often time-consuming and could potentially
introduce errors in echo planar imaging (EPI) time courses, and is therefore not carried out in
most fMRI studies. Image-registration based on signal intensity is biased towards the
sensitivity profile of the surface coil rather than the signal intensity of the brain tissue, making
some type of preprocessing necessary. Second, rat fMRI data are typically acquired in the
coronal plane to minimize the magnetic susceptibility effect. Compared with the human head,
the fractional volume of rat brain tissue within the field of view is relatively small (~1/3) in
this orientation. The accuracy of image registration is compromised by the high tissue volume
outside the brain. Thus brain tissue masking appears to be necessary. However, automated
accurate tissue masking of the rat brain is technically challenging at present, particularly when
a surface coil is used.

A unique anatomical feature of rodents is that their skull shape and size as well as their brain
structure are very similar as long as their weights are within a given range. Paxinos et al. (5)
have shown that for rats of different sex and strains but of similar weights, the antero-posterior
distance between the interaural line and bregma (two most prominent caudal and rostral
landmarks on the top of rat skull) is between 9.0 and 9.4 mm. Such similarity has formed the
basis for utilizing the standard rat brain atlas as anatomical reference for stereotaxic procedures
in basic neuroscience research. Furthermore, they also found a strikingly stable relationship
between bregma and the anterior commissure in all rats, independent of sex and strain. With
rat weight ranging from 180 g to 436 g, bregma was always found to be above the most forward
crossing fibers of the anterior commissure (+0.1 mm). In neurcimaging, this feature offers the
opportunity to standardize scan procedures and can provide a common framework for
anatomical localization of functional activation and morphological identification.

Several groups have reported the creation of rat brain templates and methods to localize
activation sites to a standard rat brain atlas (6,7,8,9,10). In the present study, an alternative
approach is presented. We standardized slice localization to the anterior commissure, a
prominent intrinsic anatomical landmark in the rat, and registered data from individual animals
to a common space using Analysis of Functional Neurolmages (AFNI) software (11). This
method exploits the unique properties of the stable shape and size inherent in rat brain structures
and does not rely on scaling or shearing. As such, the aligned rat brain volumes are devoid of
potential errors resulting from complicated spatial transformations. Further, the present
approach is not biased by the sensitivity profile of surface coils and does not require brain
tissue masking. With images registered to a common 3D space, we were then able to analyze
rat fMRI data on a group level. In addition, we also registered Paxinos rat brain atlas to the
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same common space. Activated brain areas could then be accurately identified from the atlas.
This method is a further refinement of that presented in our previous report (12). Given the
fact that AFNI has been widely used in the fMRI field, the method presented in this paper can
be readily extended to other types of studies.

Animal Preparation

Animal preparation procedures were similar to those previously reported (3). Briefly, rats
(weight: 310 + 24 g) were anesthetized with 2% isoflurane in 1:1 mixture of oxygen and air.
A femoral artery was catheterized for blood sampling and blood pressure monitoring; a femoral
vein was catheterized for drug administration. Rats were intubated for artificial ventilation. A
customized T-shaped trachea tube was used to bypass the exhaled air to a gas analyzer for
continuous monitoring of end-tidal CO, and O,. Core body temperature was maintained at
37.5 £ 0.5° C with a temperature-controlled water-circulating pad. After surgery, anesthetics
was switched to a-chloralose for fMRI experiments with a loading dose of 50 mg/kg (1.V.)
followed by continuous 1.V. infusion at 30 mg/kg/hr. A neuromuscular blocking agent
(pancuronium, 1.5 g/kg/hr) was used to further minimize motion artifacts. The contrast agent
ferumoxtran-10 (Advanced Magnetics, Cambridge, MA) was administered (1.\.) at an iron
dose of 20 mg/kg to enhance the sensitivity and to offset the positive BOLD effect in CBV-
weighted fMRI signal (13). Two needles were inserted into the right forepaw between digits
2 and 3 and digits 4 and 5. The needles were connected to a constant-current stimulator (Model
S88, Grass Instruments, MA). Stimulating parameters were: monopolar anodal pulse with a
duration of 3 ms, frequency 3 Hz and current intensity of 3 mA. The stimulus paradigm was a
block design consisting of three cycles of 40 sec off and 20 sec on, starting with 20 sec of
baseline. We conducted high-resolution anatomical scans on eleven rats, six of whom received
fMRI scans. The animal protocol was approved by the Animal Care and Use Committee of the
National Institute on Drug Abuse, Intramural Research Program, National Institutes of Health.

MRI Scan and Image Registration

MRI experiments were carried out on a Bruker Biospin 9.4T scanner (Bruker Medizintechnik,
Karlsruhe, Germany) equipped with an actively shielded gradient coil. The inner diameter of
the gradient coil was 0.12 m, and the maximum gradient strength was 40 mT/m. A birdcage
coil driven in linear mode was used for RF excitation, and a single-turn circular surface coil
(3 cm in diameter) was used for signal reception. An animal holder with customized ear bars
and bite bar was used to secure rats inside the magnet. Following initial localization scans, a
Rapid Acquisition with Relaxation Enhancement (RARE) sequence was used to acquire 11
slices in the sagittal plane and 23 slices in the coronal plane. Scan parameters were: TR = 2650
ms, effective TE = 60 ms, FOV = 35 mm, matrix size = 256 x 256, slice thickness = 1.0 mm.
As shown in Fig. 1, the anterior commissure appears dark in T2-weighted images and can be
readily identified, which corresponds to Bregma -0.36 mm (14). Subsequently, the same RARE
sequence was used to acquire images in the coronal plane with the central slice carefully
centered on the anterior commissure. These coronal images provide full brain coverage where
the most rostral slice corresponds to Bregma 10.64 mm and the most caudal slice corresponds
to Bregma -11.36 mm. Arrows in figure 1 indicates anterior commissure in three imaging
planes, which is used as the anatomical landmark to standardize scan localizations.

A high-resolution coronal digital rat brain atlas (14) was processed in MATLAB (The
MathWorks, Inc., Natick, MA). Specifically, MRI slice location relative to bregma coordinates
along the rostral-caudal direction was first identified. The digital atlases whose bregma
coordinates match MRI slice locations were processed such that the matrix size and the format
of those digital images were consistent with the MRI images. In addition, the dimensions of
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the digital atlas were also linearly scaled in the X and Y directions so that the outer contour of
individual digital images matched that of the MRI images acquired using the RARE sequence.
The processed digital atlas was saved in AFNI format, which consists of a “.BRIK” file holding
voxel signal intensity and a “.HEAD” file holding header information, such as image
orientation, slice thickness, matrix size etc.

Ten prominent anatomical landmarks were identified from high-resolution T2-weighted
anatomical images and were “tagged” using AFNI software. Those landmarks include rostral
rhinal incisure, superior brain boundary on midline, anterior commissure, bilateral anterior
horn of the anterior commissure, bilateral rhinal fissure, inferior boundary of fourth ventricle
on the midline. Figure 2 depicts the locations of landmarks with corresponding digital atlas
overlaid on the right. We chose those anatomical landmarks for several reasons: they are
reliably identifiable in T2-weighted RARE images to permit repeatability; the most rostral
(Bregma +8.64 mm) and the most caudal (Bregma -11.36 mm) tags are essential for identifying
the angle of rotation along the rostral-caudal axis between each subject and the master
anatomical space; the rest of the tags ensure the proper in-plane rotation, as well as through-
and in-plane translations. A computer program was written to automatically transfer image
data from the MR scanner to AFNI. The anatomical landmarks were then manually identified
in AFNI, which takes less than 3 min.

Although care has been taken to appropriately load each rat to the animal holder, however,
given the fact that rats were manually anchored to a custom-made animal holder with two ear
bars and one bite bar, the positioning of the ear bars inside the ear canals could vary from
experiment to experiment, as does the positioning of the bite bar. In addition, there are two
gradient coils in our imaging system, with one of large diameter for imaging primates and a
small one for imaging rodents. The small gradient coil is manually mounted inside the large
gradient coil. Small misalignment could occur each time we switch those coils for different
imaging purposes. Thus, each rat could have different physical locations inside the magnet. A
dataset from an animal with the “best positioning” inside the magnet was identified as the
master dataset. Images in this dataset are symmetric with minimum rotations or translations
along any direction as identified by two experienced experimenters. Datasets from other
animals were registered to the master dataset using the AFNI built-in function “3dTagalign”.
This method employs a least-squares algorithm to find the rotational and translational matrices
(15). Briefly, for two sets of points {P;} and {Q;} which are related by:

Q=R * Pi+T+N;j, [1]

Here Pj, Qj and N;j are 3 x 1 matrices with N; represents noise (i = 1,2,...,N). Optimal rotation
N

: : : Qi = R * Pi+T)I
matrix R (3 x 3) and translational matrix T (3 x 1) are found such that ; ' '

is minimized. We constrained the transformation to be translational and rotational without
shearing or scaling. The transformation matrix was subsequently applied to fMRI scans
generated in the same scanning session.

The accuracy of the above registration procedure was evaluated by computing the “target
registration error (TRE)”, as proposed by Fitzpatrick et al (16). Specifically, seven target brain
structures were identified: bilateral anterior part of the anterior commissure, central midline of
the anterior commissure, central midline of the posterior commissure, central aqueduct and
bilateral rhinal fissures 6 mm caudal to bregma. Figure 3 illustrates the landmark locations.
The maximum distance of the target points was 10 mm apart along the rostral-caudal direction,

Magn Reson Imaging. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 5

and 14 mm apart along the medial-lateral direction. These target points cover most of the
interested brain areas in our studies. TRE was calculated as follows:

— U\ _V.)2 W2
TRE;= \/(X, U +(Y; = V) +(Z; = W) [2]

Here (X;, Yi, Z;j) and (U;, Vj, W;) are the coordinates of the ith landmark in the template and
registered dataset, respectively. For each landmark, mean and standard deviation of TRE values
from all animals were calculated.

fMRI Data Acquisition and Analysis

Results

The utility of the proposed method is demonstrated in the analysis of fMRI data acquired during
electrical forepaw stimulation. fMRI data were acquired using a single-shot echo planar
imaging (EPI) sequence with the following parameters: TR = 1000 ms, TE =15 ms, FOV=3.5
cm, spectral width = 333 KHz, matrix size = 64 x 64, slice thickness = 1.5 mm, with the central
slice localized at the anterior commissure. fMRI data from each animal were registered to a
common 3D space using the transformation matrix derived from high-resolution anatomical
images as described above. Registered fMRI data were then analyzed in the following two
steps: first, a boxcar function representing “on” and “off” periods of the stimuli was used as
the reference function and used to cross-correlate with all time courses. The CBV-weighted
fMRI signal is negatively correlated with the stimulation paradigm. VVoxels with a cross-
correlation coefficient less than -0.6 and with a p-value typically less than 108 were considered
“activated”. Time courses of those activated voxels were averaged to generate an ideal
reference function. This function was considered to have appropriate hemodynamic response
shape and delay. Second, time courses from all voxels were fitted with the ideal reference
function. Fit coefficients from all animals were subject to a one-sample two-tailed t-test.
P<0.005 was considered significant in this group analysis. Data are presented as mean + S.D.
unless otherwise specified.

Inter-subject Validation

In a realistic scanning scenario, each animal is carefully secured with the bite bar and ear bars.
Nevertheless, differences in scanning position between rats are still quite evident. In order to
evaluate the accuracy of the image registration procedure, we computed TLEs from individual
subjects after registration to the master dataset. Table 1 lists the results performed by two
experienced experimenters. The maximum distance between the tag pairs in the registered and
the master datasets was 0.379+0.216 mm, which was the sixth tag on the far caudal section.
The registration errors in the middle sections of the rat brain were between 0.16~0.238 mm
(tags 2~5). The mean TLE differences calculated based on tags placed by two experienced
experimenters were within 0.045 mm, indicating consistent performance of this method. Using
a different registration approach, Liu et al. reported a registration accuracy of ~0.5 mm (17).
Our results appear to be at least comparable to or better than that study.

Mapping fMRI Activation to Electrical Forepaw Stimulation on Common 3D Space

Consistent with previous studies, iron-oxide contrast agent significantly enhanced the contrast-
to-noise ratio of the fMRI signal (18,19). A robust fMRI response was detected from all animals
with an averaged fractional signal change of 13.5 £ 4.7 % (n = 6, mean = S.D.) within the
primary somatosensory cortex of the forelimb area (S1FL). A voxel-wise one-sample, two-
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tailed t-test was performed. Statistically significant activated areas were overlaid to the digital
rat atlas (without masking) and are shown in Fig. 4.

With the aid of the rat digital atlas, the following activated areas can be readily identified: the
center of cortical activation is clearly clustered in S1FL region (0.64 mm from bregma)
contralateral to the stimulation side. The ventrolateral thalamic nucleus (VL) and ventral
posterolateral thalamic nucleus (VPL) are also activated, consistent with known somatosensory
projection pathways in the CNS (14). There appears also to be an activated cluster in the fimbria
of the hippocampus. The implication of this finding remains to be explored, as this area is
generally not considered to be part of the somatosensory system. In addition, activated areas
in the cortex also extended to the primary somatosensory cortex in the dysgranular zone
(S1DZ), upper lip region (S1ULp) and barrel field (S1BF). Given the fact that our imaging
resolution is relatively low and the fact that SIFL and S1DZ are anatomically close, the
extension of cortical activation area to S1DZ may be explained by a partial-volume effect. But
the activation of SIULp and S1BF cannot be fully explained by partial-volume effect. In a
high-resolution study by Keilholz et al. (10), activations of these areas were also evident (e.g.
Fig. 5), suggesting that the electrical forepaw stimulation procedure we are currently using
may activate neuronal pathways beyond S1FL.

Discussion

In the present study, a method for registering rat images to a common space is presented. This
method is rooted in the biological observation that the skull shape and size as well as the brain
structure of rats are essentially the same as long as their weights are within a given range. As
such, the registration procedures employs only rigid-body transformations, scaling or shearing
were not incorporated, preserving the unique properties of the stable shape and size inherent
in the rat brain. The Paxinos rat atlas was used to facilitate the identification of activated areas
in common stereotaxic space, allowing accurate ROI analysis.

Several technical limitations in the proposed method need to be considered. Consistent tag
placement across animals is critically important to ensure successful registration. Tag
placement is a manual procedure and thus is operator-dependent, leaving this method
potentially vulnerable to operator performance. We have taken several steps to minimize
operator-dependency: we standardized slice localization to the anterior commissure; we chose
ten, a relatively large number of anatomical landmarks for tag placement. Those landmarks
were readily identifiable in T2-weighted anatomical images and covered six brain slices with
large anatomical coverage (rostral-caudal: 20 mm; dorsal-ventral: 10 mm; medial-lateral: 14.6
mm). Such a large anatomical coverage was essential for accurately computing the translational
and rotational matrix. As a result, the registration accuracy between experienced operators was
reasonably consistent as shown in table 1. In order to test whether reducing slice thickness
could improve registration accuracy, we reduced slice thickness to 0.5 mm, with the total
number of slices increased to 47, the registration outcome (data not shown), was comparable
to that in table 1, but the total scan time doubled. Thus, this method has a registration accuracy
of ~0.4 mm and is more suitable for group analysis of imaging data at relatively low resolution,
as is commonly used for functional imaging.

There have been efforts for automated registration of rodent images. Several techniques (20,
21) have been developed to register 3D MRI images of mouse brain. The registration algorithm
involves signal intensity correction, affine transformation and multiple-step deformation-based
non-linear registration. The aim of these studies was to automatically identify anatomical
phenotyping of mutant mice. In these studies, 3D anatomical images were acquired with a
resolution as high as 60 um, with the scan time ranging from 2 hours to 18.5 hours and the
registration took up to 15 hours. Although these studies laid the technical foundations for
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registering rodent brain images in an automated way, the above algorithms do not take into
account inherent distortions of EPI images and long time series (large volumes of 3D data),

and thus cannot readily be applied to fMRI studies. In the functional neuroimaging literature,
arecentstudy by Pascau etal. (22) applied a registration algorithm based on information theory,
and utilized different approaches to mask the reference image. They reported a highest accuracy
of 0.67 mm on average. Better registration accuracy with a tolerance estimated to be ~0.5 mm
was reported in Ref. 16. In that study, they applied a standard affine transformation with 12
degrees of freedom (3 translations, 3 rotations, 3 inflations, and 3 skews). However, the
registration accuracy achieved by the above automated approaches appears to be readily
achievable using the manual registration method as reported here with high efficiency.
Recently, surface-based image registration has shown promise for image-guided liver surgery
(23). Given the high degree of anatomical similarities among rats of similar weights, the
development of automated image registration based upon 3D rat brain surface profiles will
likely enhance the accuracy.
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Figure 1.

High-resolution T2-weighted anatomical images in sagittal (A), axial (B) and coronal (C)
orientations showing anterior commissure, as indicated by arrows, which was used for slice
localization.
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Figure 2.

Rat coronal slices showing tag locations with the Paxinos rat atlas superimposed on the right
half of each slice. Number below each figure indicates distance relative to bregma. The top-
left image (slice 3/23) is centered at bregma +8.64 mm, where there is no standard rat atlas at
this location, and therefore no atlas is overlaid.
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Figure 3.

Rat coronal slices showing landmarks used for calculating target registration error (TLE).
Corresponding Paxinos rat atlas is superimposed on the right. Number below each figure
indicates distance relative to bregma.
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Figure 4.

T-statistical activation maps superimposed onto a rat digital atlas (one-sample two-tailed t-test,
p<0.005, n = 6 animals). With the aid of this rat atlas, activated structures can be identified,
allowing for accurate region-of-interest analysis.
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