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b Department of Neuroscience, Retzius väg 8, Karolinska Institutet, S-171 77 Stockholm, Sweden

Received 18 March 2003; received in revised form 9 May 2003; accepted 9 June 2003

Journal of Neuroscience Methods 129 (2003) 105�/113

www.elsevier.com/locate/jneumeth
Abstract

In this paper, we describe the preparation of a rat template intended for use together with SPM to enable spatial normalisation of

individual rat brains. The template was created from T2-weighted images of the brains of five adult female Sprague�/Dawley rats. A

large number of anatomical landmarks were manually identified in each of these image volumes and recorded in the appurtenant

image space. The same landmarks were defined in the space of the commonly used atlas by Paxinos and Watson. For each individual

volume the affine transformation that best (in a least square sense) matched the two sets of points was estimated. These transforms

were used to resample the individual volumes into the ‘‘Paxinos space’’, and a template was created from the average of these.

Hence, a rat brain spatially normalised to this template will facilitate reporting results in co-ordinates directly corresponding to the

Paxinos co-ordinate system. The usage of the template is exemplified with a functional magnetic resonance imaging (fMRI) study of

the somatosensory cortex of the rat. The template image volumes together with the necessary modifications to the SPM software code

can be downloaded from http://mr.imaging-ks.nu/expmr.htm.

# 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Oxygenation-sensitive, T2*-weighted MR imaging

(BOLD imaging, Ogawa et al., 1990, 1992) has since

its inception proven to be a powerful technique for

detecting hemodynamic correlates of cerebral neuronal

activity. Presently, functional magnetic resonance ima-

ging (fMRI) based on the BOLD response has evolved

into a ubiquitous technique in neuroscience for studying

different aspects of human cognition. In parallel, fMRI

techniques have been adopted to study neurophysiology

in animals where a substantial part of this work has been

aimed at investigating the characteristics and neurophy-

siological basis of the BOLD response [e.g. Logothetis et

al., 2001 (monkey), Smith et al., 2002 (rat)]. Whereas

human fMRI studies often involve spatial normalisation

to a common stereotaxic space, typically the Talairach

atlas (Talairach and Tournoux, 1988), animal fMRI

studies commonly report results on an individual basis

in a priori-defined regions of interest. Spatial normal-

isation of functional neuroimaging data to a standard

atlas space offers several advantages. Results can be

reported in an already established stereotaxic space.

Furthermore, it allows for inter-individual differences in

neuroanatomy and assists inter-subject averaging,

thereby increasing sensitivity to low-magnitude re-

sponses and facilitating group comparisons. Thus,

spatial normalisation provides a common framework

to report changes in functional activation and morphol-

ogy and the means to extrapolate the results to a

population level. To the authors knowledge, approaches

to spatially normalise animal MRI images to a corre-

sponding histological atlas has so far only been applied

for baboon and macaque brain (Black et al., 2001a,b).

We believe that the benefits and possibilities provided

by spatial normalisation*/that for human fMRI inves-

tigations today is an integrated and routine preproces-

sing step*/would be useful also in a rat fMRI setting.

Studies focused on the rat brain using fMRI techniques

have recently grown in popularity due to the rat’s
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applicability as animal model for a variety of human

diseases and genetic traits. Pertinent examples are rat

fMRI studies of stroke (Sauter et al., 2002), Parkinson’s

disease (Pelled et al., 2002), pain (Malisa and Docherty,
2001), anxiety (Kalisch et al., 2002), the action of

neuropharmacological drugs (Marota et al., 2000;

Houston et al., 2001; Xu et al., 2000) and hypothalamic

function (Mahankali et al., 2000).

In this communication we present a template of the

rat brain that is aligned in space to the atlas of Paxinos

(Paxinos and Watson, 1982). The Paxinos atlas was

chosen since it offers detailed anatomical information
and is the histological rat brain atlas most widely used in

neuroscience. The template is based on MR images of

five adult female Sprague�/Dawley rats. As severe

susceptibility artefacts render the preparation of a

template of the whole rat brain based on T2*-weighted

images less reliable we based our MRI template on T2-

weighted images. It is implemented within the SPM99

software package (Wellcome Department of Cognitive
Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/

spm). The functionality of the rat image template is

exemplified in fMRI experiments where the left or right

forepaw was electrically stimulated in a blocked para-

digm. The maximum of activation in the rat somato-

sensory cortex is given in space co-ordinates relating to

the Paxinos atlas.

2. Materials and methods

2.1. Subjects

The rat brain template was constructed from high-

resolution T2-weighted images acquired in five female

Sprague�/Dawley rats (B&K Universal, Sollentuna,

Sweden). Functional MRI was performed in two of
these rats. One additional rat underwent anatomical and

functional MR imaging for an assessment of the

reliability and validity of the template. The weight of

the animals ranged from 200 to 250 g. All experiments

were approved by the Stockholm animal ethics commit-

tee.

2.2. Animal preparation and electrical stimulation

Anesthesia was induced with 1�/1.5% isoflurane/

halothane. One (template experiments) or two (fMRI

experiments) catheters were inserted in the tail vein(s).

Animals were orally intubated and artificially ventilated

(f�/75 per min, N2:O2�/2:1). Complete muscle relaxa-

tion was achieved by administration of pancuroni�/

umbromide (0.5 mg/kg body weight per h i.v., Organon,
Oss, Netherlands). The rats were placed in the scanner

using a MR compatible fixation device securing the

animals head with a tooth bar. Body temperature was

maintained at 36�/37 8C using warm air. For fMRI

experiments, anaesthesia was switched to a-chloralose.

After administration of a bolus (60 mg a-chloralose/kg

body weight i.v., Sigma, Stockholm, Sweden), halothane
was discontinued. Throughout the experiment, a-chlor-

alose was continuously infused at a rate of 20 mg/kg

body weight per h. For electrical stimulation, bipolar

electrodes were implanted subcutanously in the right

and left forepaw, respectively. Stimulation was per-

formed using a 1 mA current pulse (500 ms pulse length,

frequency 3 Hz). The activation protocol consisted of

eight or ten repetitive cycles with 10 s of stimulation and
40 s of rest.

2.3. MR image acquisition

Magnetic resonance imaging was performed on a 4.7

T spectrometer with a 40 cm horizontal bore (Bruker

Biospec Avance 47/40, Bruker, Karlsruhe, Germany). A

volume coil (Bruker) with an inner diameter of 35 mm

was used for MR signal transmission and detection.
Initially, both T1- and T2-weighted high resolution

images were acquired to determine the MR image tissue

contrast that was best suited to delineate neuroanato-

mical landmarks in the rat brain. T1-weightening was

achieved by using an Inversion Recovery sequence (TR/

TI/TE�/3000/400/19 ms) whereas T2-weightening was

accomplished using a RARE (Hennig et al., 1986)

imaging sequence using a repetition time (TR) of 5800
ms and an effective echo time (TE) of 52.5 ms. Direct

comparisons revealed that anatomical landmarks were

to an equal degree visible in the T1-weighted images and

T2-weighted images, respectively. Due to the substantial

reduction in scanning time compared with T1-weighted

image acquisition, we chose to base the rat brain

template on T2-weighted image volumes. Whole brain

coverage was accomplished in five rats by coronal
(following histological convention) T2-weighted images

with a spatial resolution of 0.117�/0.117�/0.5 mm3

(FOV�/30�/30 mm2, 256�/256 matrix size, 0.5 mm

slice thickness). In one rat, a smaller FOV of 25�/25

mm2 was used yielding a voxel size of 0.098�/0.098�/

0.5 mm3. Except for one rat, a RARE-factor of 8 was

used and 16 image acquisitions were averaged together

(acquisition time�/54 min) to increase the signal-to-
noise ratio. In the remaining rat, a RARE-factor of 32

was used and 32 image acquisitions averaged (acquisi-

tion time�/27 min). Detection of BOLD responses in

the rat brain with focus on somatosensory cortex was

accomplished by acquiring either five or ten coronal

images centred 5 mm posterior to the rhinal fissure using

a spiral trajectory gradient echo sequence. T2*-sensitiv-

ity was achieved by using a flip angle of a�/22.58 and an
echo time of 40 ms (TR�/325 ms). Other MR image

acquisition parameters were an interrepetition delay of

35 ms, a matrix size equal to 64�/64, FOV�/40�/40
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mm2, slice thickness�/1 mm, no slice gap, interleaved
acquisition (three interleaves) and an acquisition time of

1010 ms per repetition. In total, 540 (five slices) or 440

(ten slices) repetitions were performed resulting in an

experimental time between 7 and 9 min.

2.4. Alignment of the MR images to the Paxinos atlas

We based the alignment of the T2-weighted image

space and the Paxinos atlas space upon a label-based

affine spatial transformation. Homologous anatomical
features in the two image spaces were identified and

used to find the affine transformation that best super-

imposed the labelled points. To obtain accurate esti-

mates of the transformation parameters, we aimed at

identifying as many reliable anatomical structures as

possible (Evans et al., 1989). In addition, we sought for

an even spatial spread of the selected points across the

rat brain volume. Forty-nine anatomical landmarks
were identified on the high-resolution T2-weighted

images in one arbitrarily chosen rat and determined in

the remaining four rats. This is exemplified in Fig. 1 that

shows the anatomical location for three of the deter-

mined landmarks in two different rats. However, the set

of anatomical landmarks are not all to an equal degree

visible and reliably identified in the T2-weighted images.

We, therefore, subjectively rated each labelled point.
The rating of a landmark was based on its visibility and

clearness across all animals. Four of the landmarks were

rated as extremely well defined (rating: �/�/�/�/), 15 as

very well defined (�/�/�/), 24 as well defined (�/�/), and

six as satisfactory (�/) defined. A full account of all

anatomical landmarks and their individual ratings are

given in Table 1.

The affine transform that minimised the weighted
least square distance between the Paxinos co-ordinates

and the spatial co-ordinates obtained from each indivi-

dual T2-weighted image volume was calculated. This

was done for all five T2-weighted image volumes. A
diagonal covariance matrix with the elements consisting

of the reciprocal of the ratings was used. The resulting

degree of correspondence between the two point sets is

demonstrated in Fig. 2 for one rat in a sagittal, coronal

and horizontal view. A comparison of the spatial

distributions of the transformed point lists revealed

only very small differences in the brains of five different

rats. In four rats, no outliers were detected at all,
whereas in one rat, the landmark ‘‘caudate putamen’’

(CPu) was bilaterally an outlier and, therefore, not

included in the further analysis. In the same rat, the

landmark ‘‘anterior commisure, intrabulbar part’’ (aci,

bilaterally) showed as well a slight mismatch with the

corresponding Paxinos co-ordinates. However, we

decided to retain these points in the list since they

were the only ones that resided in the frontal part of the
rat brain. The finding of a very small inter-individual

variance for the point lists was the basis of our decision

not to include more than five individuals in the

construction of the template.

2.5. Design of the MR image template

After realignment, each individual T2-weighted image

volume was resampled into a volume that encompassed

the spatial extent of the Paxinos atlas. To this end, we
used a bounding box of �/8 to �/8 mm in the x-direction

(left�/right), �/12 to �/1 mm in the y-direction (ventral�/

dorsal) and �/15.6 to �/6 mm in the z-direction (poster-

ior�/anterior). The voxel size was set to 0.2�/0.2�/0.2

mm, resulting in a volume of 80�/63�/108 voxels. The

individual, resampled, images were histogram-equalised

and averaged to create a ‘‘mean’’ rat brain in the

Paxinos space (in the following referred to as canonical
image volume).

The Paxinos atlas provides two separate zero-refer-

ence planes, where one is related to the interaureal line

Fig. 1. Three coronal sections from two different rat brains (upper and lower row) demonstrating three selected anatomical landmarks used in the

construction of the MRI template. White arrows point in (A) at the center of the anterior part of the anterior commisure, in (B) at the lateral

boundary of the posterior part of the anterior commisure, and in (C) at the lateral-most point of the paraflocculus. d, dorsal; v, ventral.
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and the other to bregma. For the MRI adaptation of

Paxinos space, we selected the bregma reference plane.

The spatial co-ordinate system given in the Paxinos atlas

does not differentiate between left and right hemisphere

(Lat-direction). To avoid any ambiguities, we arbitrarily

defined the x-axis in the MR template to be negative to

the left of the mid-line and to be positive to the right.

Furthermore, we decided to swap the y- and z-axes in

Table 1

List of anatomical landmarks defined on the MR images

Structure Abbreviation Localisation of measurement Side Lat D�/V A�/P Rating

Anterior commisure, posterior part acp Lateral-most point r 1.26 7.03 �/0.3 �/�/�/�/

l �/1.26 7.03 �/0.3 �/�/�/�/

Fornix f Midline 0 5.95 �/0.3 �/�/�/�/

Posterior commisure pc Midline 0 5.15 �/4.8 �/�/�/�/

Anterior commisure, intrabulbar part aci Dorsal-most point r 1.9 5.29 5.2 �/�/�/

l �/1.79 5.34 5.2 �/�/�/

Anterior commisure, anterior part aca Center r 1.87 6.71 3.2 �/�/�/

l �/1.87 6.71 3.2 �/�/�/

Mamillothalamic tract mt Center r 0.95 7.67 �/2.8 �/�/�/

l �/0.95 7.67 �/2.8 �/�/�/

Lateral habenular nucleus LHb Lateral-most point r 1.03 4.81 �/3.3 �/�/�/

l �/1.03 4.81 �/3.3 �/�/�/

Aqueduct (Sylvius) Aq Center 0 5.44 �/6.3 �/�/�/

Pyramidal tract py Dorsal-most point r 0.58 10.5 �/10.3 �/�/�/

l �/0.58 10.5 �/10.3 �/�/�/

Paraflocculus one PF1 Lateral-most point r 7.27 7.6 �/11.3 �/�/�/

l �/7.27 7.6 �/11.3 �/�/�/

Paraflocculus two PF1 Lateral-most point r 6.77 7.87 �/11.8 �/�/�/

l �/6.82 7.98 �/11.8 �/�/�/

Forceps minor corpus callosum fmi Dorsal-most point r 1.93 3.14 2.7 �/�/

l �/1.93 3.2 2.7 �/�/

Stria medullaris of thalamus sm Center r 0.84 6.03 �/0.8 �/�/

l �/0.84 6.03 �/0.8 �/�/

Optic tract opt Dorsal-most point r 2.11 9.04 �/1.8 �/�/

l �/2.01 9.04 �/1.8 �/�/

Caudate putamen (striatum) CPu Dorsal-most point r 5.18 4.76 �/3.8 �/�/

l �/5.23 4.76 �/3.8 �/�/

Mamillotegmental tract mtg Center r 0.66 7.93 �/4.3 �/�/

l �/0.66 7.93 �/4.3 �/�/

Superior thalamic radiation str Dorsal-most point r 3.06 4.89 �/4.3 �/�/

l �/2.96 4.97 �/4.3 �/�/

Central grey CG Lateral-most point r 0.89 5.45 �/5.8 �/�/

l �/0.89 5.55 �/5.8 �/�/

Motor root trigeminal nerve m5 Medial-most point r 2.3 9.31 �/6.8 �/�/

l �/2.11 9.04 �/6.8 �/�/

Cerebellar lobule 3 3 Dorsal-most point 0 4.57 �/9.3 �/�/

Superior cerebellar peduncle scp Dorsal medial border r 1.32 6.6 �/9.3 �/�/

l �/1.26 6.44 �/9.3 �/�/

Dorsal tegmental nucleus DTg Center r 0.31 7.24 �/9.3 �/�/

l �/0.31 7.24 �/9.3 �/�/

Nucleus solitary tract Sol Center r 1.37 8.08 �/12.3 �/�/

l �/1.37 8.08 �/12.3 �/�/

Hypoglossal nucleus 12 Middle left and right nucleus 0 8.4 �/13.3 �/�/

r 0.92 8.09 �/3.8 �/

Mamillothalamic tract mt Center l �/0.92 8.09 �/3.8 �/

Presubiculum PrS Medial extension r 4 7.3 �/6.3 �/

l n.a. n.a. n.a.

Dorsal raphe nucleus DR Midline 0 6.08 �/6.8 �/

Medial geniculate nucleus MG Center r 3.49 6.13 �/6.8 �/

l n.a. n.a. n.a.

Given are the co-ordinates in the Paxinos atlas. The only exception is that for points left to the mid-line (Lat-direction) the corresponding negative

values are given. The abbreviations in the second column are adopted from the Paxinos atlas. ‘‘Localisation of measurement’’ describes in which part

of the structure the co-ordinate was determined. The landmark ‘‘Paraflocculus one’’ marks the most lateral extension of the whole paraflocculus

whereas ‘‘Paraflocculus two’’ relates to the most lateral extension of this structure on slices where it is not connected to the rest of the brain. r: right

side in atlas, 1: left side, Lat: lateral, D�/V: dorsal�/ventral, A�/P: anterior�/posterior, n.a.: not assessed because not shown in Paxinos atlas.
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SPM such that the ‘‘new’’ y-axis and z-axis are aligned to

the posterior�/anterior and the ventral�/dorsal direction,

respectively. This was done for pragmatic reasons since

the resulting layout used the space available for display

more efficiently. Also, we used units of a tenth of a

millimetre rather than millimetre since this choice

enabled a one-to-one relationship between the co-

ordinates of the Paxinos atlas and the voxels within

the maximum intensity projection (MIP) display in SPM.

For the interpretation of a given co-ordinate within SPM,

it is important to note that the axes in the Paxinos atlas

are denoted Lat/A�/P/D�/V instead of x, y and z. Taken

together, this implies that a co-ordinate reported as [8 �/

14 �/62] in SPM is to be interpreted as the position [0.8

�/1.4 �/6.2] in Paxinos space, i.e. 0.8 mm right of the

mid-line, 1.4 mm posterior to bregma and 6.2 mm

ventral to the horizontal plane that intersects bregma

(anteromedial thalamic nucleus). Finally, the mean MR

rat brain template was spatially smoothed using a filter

with a full width half maximum (FWHM) of 0.8 mm3.

This can equivalently be seen as a lowpass filtering of

the images and thereby decreasing sharp contrast

gradients in the images. A reduction of high contrast

gradients in the template facilitates the finding of a least-

square solution between the two image volumes (Friston

et al., 1995a,b). In addition, a binary version (mask

image) of the rat image template was created.

2.6. Co-registration of functional and anatomical MR

images

The presence of large susceptibility artefacts in the

T2*-weighted images, in particular in the cerebellum

and olfactory bulb, severely hampered a direct use of

automated co-registration procedures that are based on

computing similarity measures between the T2*- and

T2-weighted image volumes. In this situation an alter-

native, albeit less sophisticated approach is to use the
information of the geometrical relationship between the

two image volumes (slice orientation, FoV, offset in x-,

y- and z-direction) given by the MRI scanner. This

strategy was employed in this study where the two image

volumes had identical spatial orientation and extent in

both the x- and y-direction with the only difference

being a small offset in the z-direction. Hence, the

functional image volume was co-registered to the
anatomical volume by a translation (in the z-direction)

of the T2* image volumes using the information about

the slice offset factor given in the image file header.

2.7. Data analysis of the functional MR images

The functional data sets were all preprocessed and

statistically analysed within the SPM99 software package.

First, the T2-weighted image volumes were used to find

Fig. 2. An example of spatial correspondence achieved between the anatomical landmarks defined in a T2-weighted image and the corresponding co-

ordinates in the Paxinos atlas. Points marked with ‘*’ signify the MR space, whereas points denoted ‘2’ belong to the Paxinos atlas space. Top left*/

sagittal; Top right*/coronal and Bottom left*/coronal view.
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the transform to the MR image template. The functional

images were resampled using the same transform and

thereafter spatially filtered using an isotropic Gaussian

kernel with a FWHM of three voxels. In addition,

temporal filtering was applied using a high pass filter of

0.01 Hz and a Gaussian low pass filter with FWHM�/4

s. Proportional scaling was applied to account for global

confounds. The canonical hemodynamic response func-

tion in SPM was used to model the main effect of interest,

that is electrical stimulation versus rest. Finally, voxel-

based statistical tests for activated brain regions were

performed in individual rats at P 5/0.05, corrected for

multiple comparisons.

3. Results and discussion

The overall shape and quality of the MRI template is

presented in a finalised form in Fig. 3. The top panel

(Fig. 3A) shows in three orthogonal projections the

Fig. 3. MRI template of the rat brain. (A) Sagittal, coronal and horizontal views (the intersection point of the three orthogonal planes corresponds

to X�/0.0, Y�/�/5.7, Z�/�/3.6 in Paxinos space) of the spatially smoothed version of the MRI template. (B) A canonical, unfiltered version of the

MRI template to be used for overlay purposes. cc, corpus callosum; f, fornix; th, thalamus; cg, central grey; ec, external capsule; fi, fimbria

hippocampus; fmi, forceps minor; cpu, caudate putamen.
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spatially smoothed version meant to serve as a template

for spatial normalization of MR images to the space

defined by the Paxinos atlas. The bottom panel (Fig. 3B)

shows the canonical, unfiltered version to be used for

superimposition of activated brain regions onto T2-

weighted MR images. Structures that can easily be seen

include corpus callosum, fornix, thalamus, central grey,

external capsule, fimbria hippocampus, forceps minor,

and CPu.

The results from the fMRI experiments are exempli-

fied in Fig. 4 showing the activation following electrical

stimulation of the left forepaw in a single rat. In detail,

the upper panel of Fig. 4 indicates a large cluster of

activation in the region of the contralateral somatosen-

sory cortex given in the graphical context of a MIP

representation of the rat brain. Specifically, the MIP

display includes the outer contours of the rat brain (as

defined in selected planes of the Paxinos atlas) in a

Fig. 4. Activation of the right somatosensory cortex following electric stimulation of the left forepaw in an individual rat. The top panel shows in a

MIP (‘‘glass brain view’’) activation of the contralateral somatosensory cortex. The bottom panel shows activated brain regions as color-coded areas

superimposed onto the canonical template. The peak of activation was located at X�/�/3.6, Y�/�/1.8, Z�/�/0.2 in Paxinos space (T�/10.55, P 5/

0.05, corrected for multiple comparisons).
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sagittal, coronal and horizontal view, much in the same

way that activations are presented in human studies

within the SPM software package. Hence, the ‘‘glass

brain’’ display provides an intuitive and easily accessible
presentation of the overall spatial distribution in Pax-

inos space for all brain regions activated by the

paradigm. The location of the maximum of activation

in the cortex is shown in the lower panel of Fig. 4. Here,

activated brain regions have been colour-coded and

superimposed onto the canonical T2-weighted template

in three orthogonal planes. The intersection point of the

three planes has been set to the position of the maximum
of activation (i.e. X�/�/3.6, Y�/�/1.8, Z�/�/0.2) which

is attributed to the right somatosensory cortex accord-

ing to the Paxinos atlas. This finding is in good

agreement with previous fMRI investigations of the

rat somatosensory cortex (e.g. Spenger et al., 2000). The

functional data shown stem from the one rat that was

not used in the preparation of the template. Similar

patterns of activation in the right (left, respectively)
somatosensory cortex were obtained in two rats used for

the template in which additionally stimulation of the left

(right, respectively) forepaw was performed (data not

shown).

In summary, we have described the construction of an

MRI template that together with the SPM software

package allows for spatial normalisation of individual

rat brains to the Paxinos standard space. The usage and
applicability of the template was demonstrated with an

example where BOLD correlates of neuronal activity in

the rat brain could be identified and assigned to the

somatosensory cortex as defined in the Paxinos atlas. It

should be noted that the template is based on the brains

of female Sprague�/Dawley rats, which renders it most

suitable for spatial normalisation of such animals. When

there is a cause to believe that large differences in
neuroanatomy exist, such as differences in gender or

strain, the template is to be used with caution. However,

for brains which are larger as a whole the template is

suitable as such scaling difference is taken care of by the

scaling parameters in the affine model that are used in

the spatial normalization step. Therefore, the template

can be used without restrictions for female Sprague�/

Dawley rats with a higher body weight.
The rat brain MRI template together with the

necessary modifications of the SPM software package

are freely available on the internet and can be down-

loaded from http://mr.imaging-ks.nu/expmr.htm.
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