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　　Abstract　　The development of functional magnetic resonance imaging (fM RI)technology has made i t possible to carry out func-

t ional b rain imaging experiments in small animals.Usually , g roup data is required to form the assessment of population , w hich can not on-
ly increase the sensitivity of the overall experiment , but also allow the generalization of the conclusion to the whole population.In order to

average the signals of functional b rain images f rom dif ferent subject s , it is necessary to put all the mapping images into the same standard

space(tem plate image).How ever , up to now , most animal brain templates remain unavailable and it must be done by ourselves.In this
study , a template image based on the brains of eight male Wistar rats is ob tained, and it is successfully used in our present Alzheimer dis-

ease(AD)-like rat model studies as template for spatially normalizing images to the same stereotaxical space.The fMRI results processed
w ith stat istical paramet ric mapping (SPM 99)software are in agreement w ith the results f rom imm unohistochemical experim ent , w hich

p roves that this method is universally applicable to the pathologic models of other small animals and to human brain lesion studies.

　　Keywords:　fMRI , animal model , atlas , template , normalization , T＊
2
.

　　The development of noninvasive functional neu-
roimaging methods has made it possible to investigate

large-scale activat ion patterns of brain.FMRI , a rep-
resentative in hemodynamic techniques , has been

used ex tensively in the studies of the phy siology ,
pathology and psychology of brains[ 1—3] , fo r i ts less
invasive property , superior resolution , and low er cost
compared to PET techniques.

It is important to point out that common image

analy sis sof tw ares such as statist ical parametric map-
ping (SPM), analyses of functional neuroimages
(AFN I), create data by doing a separately stat istical
analy sis voxel by voxel.Obviously , in order to imple-
ment voxel-based analysis of imaging data , the data
from dif ferent subjects must be derived from homolo-
gous parts of the brain.In imaging neuroscience , it
has been named the operation of spatial normaliza-
tion , which facilitates inter-subject averaging of data
as w ell , and allow s the generalization of any conclu-
sion to the w hole population.This means that it is
necessary to average signals over a number of subjects

in order to obtain a meaningful result in most cases.
In addition , ano ther advantage of spatially normalized
images is that activat ions can be readily incorporated

into ongoing brain atlas and database projects , such as
one developed by the International Conso rt ium for

Human Brain Mapping (ICBM), thus meaning ful co-
ordinates can be given for the centers of act ivation.
Usually , the atlas of Talairach and Tournoux is used
fo r human studies[ 4] .However , the analogous com-
mon space is unavailable for animal studies.

Brain at lases are g raphical representations of

neuroanatomy , which are of fundamental importance
to the w hole of neuroscience.They provide a means
of navigating through neural tissue for experiments

and a standardized coordinate sy stem for reporting

spatially distributed neuronal properties.However ,
when only a standard coordinate system is required to

specify the location , a template is suf ficient.The
simplest w ay to solve this problem is to get the mean

image of a single subject f rom the group being stud-
ied.Then , it can be used as the template for no rmal-
ization of all subjects.

The purpose of this study is to create a represen-
tative template of rat brain based on SPM from a co-
registered g roup of subjects positioned stereotaxically

and to produce bet ter normalizations for our study of



pathological model of rats[ 5] .

1　Materials and methods

Eight male Wistar rats (2 months old , body
w eight 250 ± 25 g , Grade II Certif icate

No.TJLA2000-3)were from Faculty of Labo ratory

Animal(Tongji M edical College of HUST , China),
and maintained acco rding to the Chinese Regulations

for Experimental Animals for 9 days.The rats were
anesthetized with intraperitoneal injections of 60 g/L
chloral hydrate.The AD-like rat model w as devel-
oped by injection of 2μL of 10mmol/ L isoproterenol
(IP)into ventral dura (DV)3 mm in depth as de-
scribed previously[ 5] .The same volume of normal
saline(NS)was injected as vehicle control.Every rat
w as placed prone in a cradle in turn and its head w as

secured wi th a bite-bar and tightly fixed by foam

cushions on both sides of the head to minimize head

movement.

All MRI data w ere obtained on a horizontal-bore
4.7T spect rometer (Bruker Biospec 47/30) in

Wuhan Insti tute of Physics and M athematics , Chi-
nese Academy of Sciences.The center of the special
radio-f requency surface coil(10mm in diameter)was
placed above the bregma and static magnetic field ho-
mogenei ty was optimized on axial slices.A gradient

echo fast imaging sequence (GEFI , T
＊
2 -weighted)

w ith a small shot angle w as selected to maximize the

blood oxygen level-dependent contrast (echo time

25ms , repeat time 560 ms , f lip angle 40°).Inter-
leave samplings were applied to avoid interference.
Each brain image volume was acquired from 14 slices ,
each 1mm thick wi th 0.2 mm gaps between adjacent
layers and comprising 256×256 pixels fo r each slice.
Each scanning session consists of about 35 image vol-
umes.Acquisi tion time of each image volume w as

1min and 11 seconds.All data were acquired under
steady-state condi tions w ithout inflicting any stimu-
lus.

After completion of fMRI , immunohistoche-
mist ry assay was carried out for the brain tissues as

described previously[ 5] .

2　Data analysis and processing

The first four scans were removed to eliminate

saturat ion ef fects and the remainder then w as used fo r

analysis.SPM 99(Wellcome Department of Cognitive
Neurology , London , http://www .fil.ion.ucl.ac.
uk/ spm)was used for our fMRI data preprocessing
and statistical analysis.

An example of a high resolution axial image ac-
quired with the final pulse sequence is show n in Fig.
1 , where the pixel size w as magnified to fourfold of
the original ones(0.234mm×0.234mm×1.2 mm)
to make the rat brain a similar scale to human brain

fo r satisfy ing requirements of SPM.A mass of non-
brain st ructure can be observed on the left of the fig-
ure , and an image after brain ext raction is show n on
the right , where the signal out of the brain w as pre-
set to zero.Fo r most cases , we are interested in the
brain , not the surrounding tissues such as scalp , skull
or eyeballs.Since these non-brain st ructures vary sig-
nificantly betw een individuals or betw een scans of the

same individual , it is necessary to remove these struc-
tures before st ructural analysis.As shown in Fig.1 ,
the brain tissue w as distinguished using our sof tw are

f rom other tissues.It is worth no ticing that , fo r the
purpose of registrat ion , small errors at this stage have
litt le effect on regist ration result.

Fig.1.　An illust ration of manually removed non-brain st ructures

using our softw are.

During a series of scans , a subject will move in-
evitably.Since fMRI is very sensitive to the motion ,
it is necessary to have an accurate motion correct ion

before averaging.Also , it can increase the sensitivity
of the experiment.When SPM analysis by t-test is
based on the signal change relative to the residual

variance , and movement artifacts w ill enhance this
residual variance , the sensit ivity of the test to t rue ac-
tivations is reduced.The purpose of mo tion correct ion
is to determine some optimal parameters for decreas-
ing the residual variance betw een the linear model and

real observation data.
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It is a prevalent w ay that other scans of a session

are realigned to the f irst image in the selected se-
ries
[ 6]
.For realignment of an image time-series of the

same modality , i t is reasonable that movement correc-
tion is considered as rigid body t ransformations.In
three dimensions a rigid body t ransformation can be

defined by six parameters.These parameters are ,
typically , three t ranslat ions and three rotations about
o rthogonal axes , respectively.A matrix , which is
used to implement the t ranslation , can be defined as:

T =

1 0 0 x0

0 1 0 y0

0 0 1 z0

0 0 0 1

, (1)

and the matrixes , which are used to carry out rotation
(θ, φand ψ)on the x , y and z axes respectively ,
expressed as:

Rx =

1 0 0 0

0 cos(θ) sin(θ) 0

0 -sin(θ) cos(θ) 0

0 0 0 1

,

R y =

cos(φ) 0 sin(φ) 0

0 1 0 0

-sin(φ) 0 cos(φ) 0

0 0 0 1

,

Rz =

cos(ψ) sin(ψ) 0 0

-sin(ψ) cos(ψ) 0 0

0 0 1 0

0 0 0 1

.

For each point (x , y , z)in an image , an affine
mapping that transforms (x , y , z)into the coordi-
nate of another space(x′, y′, z′)can be expressed in
the form of

x′
y′
z′
1

=T ·Rx · Ry · Rz ·

x

y

z

1

. (2)

These estimates are then used to realign the images

and to perform a mathematical adjustment to remove

movement-related component that persists after sim-
ple realignment.The adjustment procedure is based
on a moving average-auto-reg ression model of spin-ex-
ci tation history effects.The lat ter components can be
prominent and are specific to the w ay the fMRI signal

is acquired.

We assume that the dif ference betw een the voxel

intensities of reference (the selected f irst image)and
object images can be expressed as

ug(x)= f(Mx)+ε(x), (3)
where u is a simple scaling , M is a set of parameters

that define the t ransformation and ε(x)is some error
scalar function.Then , the optimal solution of

Eq.(3)can be determined by iteratively solving (for
u and M)
(A)(u , m 11 , m 21 , m 31 , m 12 , m 22 , … , m 34)

T = f ,
(4)

where f is the object image(treated as a column vec-
to r)and matrix A consists of

g　
 f
 m 11
　
 f
 m 21
　
 f
 m 31
　
 f
 m 12
　
 f
 m 22
　…　

 f
 m 34

.

Here g is the reference image (the selected first im-
age)and  f/  m … are column vecto rs containing the
derivative of image f w ith respect to each parameter.
A full exposition of af fine t ransfo rmation algori thm

can be found in Ref.[ 7] .

In all image volumes , we discarded the images
w ith head mot ion g reater than one pixel.Each of the
rest volumes w as re-realigned to the f irst volume for
further analy sis.This is reasonable fo r that(i)these
fMRI images are based on resting instead of task-re-
lated dynamic changes in oxygen-dependent signal[ 8] ,
therefore they are no t time series;(ii) the effect
caused by earlier scans on subsequent scans (due to
differential spin-excitat ion histories mainly) can be
ignored because of a longer TR time.

The mean estimated head motion for all eight

subjects was minimal and is summarized in Tables 1

and 2.The numbers in the table represent the frac-
tion of pixel leng th translationally o r rotat ionally

moved during w hole scans.For example , μx =0.1
means that head motion w as less than 0.023 mm in

the x direction (10% of pixel size 0.234 mm).As
shown in Tables 1 and 2 , no signif icant statistical dif-
ference w as found between these scans.

Table 1.　Averaged data of head translation mot ion for all eight subject s

Subject

Translations

M ean

μx μy μz

SDa)

σx σy σz

1 -0.01 -0.03 -0.02 0.02 0.02 0.01

2 0.04 0.10 0.07 0.02 0.05 0.03

3 0.10 0.05 0.03 0.06 0.12 0.04

4 -0.08 -0.15 0.05 0.09 0.05 0.02

5 0.07 0.02 -0.07 0.06 0.06 0.02

6 0.05 -0.23 0.01 0.07 0.08 0.04

7 0.07 -0.03 -0.07 0.06 0.04 0.02

8 -0.01 0.11 -0.02 0.07 0.07 0.07

　　a)Square root of standard deviat ion for a single pixel.
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Table 2.　Averaged data of head rotation mot ion for all eight subject s

Subject

Rotat ions

Mean

μΥ μΧ μΨ

SDa)

σΥ σΧ σΨ

1 -7.01E-04 -1.91E-04 3.03E-04 0.0006 0.0004 0.0005

2 2.38E-03 -4.29E-04 1.32E-03 0.0012 0.0004 0.0007

3 9.62E-04 4.27E-04 1.18E-03 0.0022 0.0003 0.0014

4 3.48E-03 2.40E-03 1.99E-03 0.0014 0.0017 0.0014

5 4.63E-04 1.28E-03 -1.58E-04 0.0007 0.0007 0.0020

6 -3.54E-03 -4.68E-03 6.31E-03 0.0014 0.0017 0.0022

7 -8.98E-04 5.36E-04 -3.12E-03 0.0007 0.0010 0.0022

8 2.34E-03 -7.80E-07 1.60E-03 0.0020 0.0019 0.0021

　　a)Square root of standard deviation for a single pixel.

　　After the realignment process , we got the mean
image of all the functional MRI images fo r each sub-
ject.Nex t , we should coregister all subject to a target
image.However , for co-regist ration between subjects
there is an af fine transformat ion rather than a rigid

body.Therefore , we selected a subject mean image as
an initial target for inter-subject regist ration , other
images were registered to this target w ith mutual in-
formation[ 9 , 10] , which is based on measuring the joint
entropy of the intensities.For tw o images A and B ,
mutual information I can be defined as

I(A ,B)=H(A)+H(B)-H(A , B),
where H(A), H(B)are Shannon entropy of single
images A and B , respectively .H(A , B)is the joint
entropy for A and B .The marginal(individual)en-
tropies H(A)and H(B)are given by

H(A)=-∑
i

p(A i)logp(A i),

where p(A i), p(B i)are probabili ties of grey value
in co rresponding images.

The Shannon entropy for a joint dist ribution is

defined similarly , only using the joint histog ram

rather than the individual image histograms ,

H(A , B)=-∑
i , j

p(A i , B j)log p(A i , B j),

where p(A i , B j)is a probability of the grey values in
feature space.The feature space is fo rmed by assign-
ing a bin number to each voxel in both images based

on the intensity at that vo xel.Then a tw o-dimension-
al array of bins is formed wi th the bin numbers fo r

the first image along the vertical axis and those fo r

the second image along the horizontal axis.This array
is the joint histogram and to f ill it requires looking at

each voxel position in turn , finding the bin numbers
from each image at this position , then adding one to
the cell corresponding to the pair of bin numbers

found.Regist ration is assumed to co rrespond to maxi-
mizing mutual information:the images have to be
aligned in such a manner that the amount of informa-

tion they contain about each other is maximal.

Finally all the coregistered images w ere subject

to average ari thmetic to create a mean template im-
age .Before using the template to do normalization ,
the image will be smooth by 2 times of the pixel

w idth (Fig.2).

Fig.2.　Th ree slices f rom final template images based on all eight

rat s.The maps from lef t to right are up to dow n of the brain , w ith

interval 4.8mm.The displayed brain images are magnified to four-
f old of the original ones.

3　Results and discussion

Using our brain template the image processing

w as performed , and the preprocessed data were ana-
ly zed by statistical parametric mapping.A student t-
test w as applied to find out the dif ference in signal in-
tensity between AD-like rats and NS-treated rats

(t>30 , uncorrected , Fig .3).However , this tem-
plate is still probably inaccurate.To address this
problem , immunohistochemical staining with phos-
pho rylation dependent tau antibodies , which includes
tau-1 (recognize unphosphory lated tau at Ser199/
Ser202), PHF-1 (recognize phosphorylated tau at

Ser396/Ser404)and 12E8(recognize phospho rylated
tau at Ser262/Ser356), was performed.These rats
were selected at random from the MRI scanned g roup

(8 IP-t reated and 8 NS-t reated rats).Much st ronger
signals of 12E8 and PHF-1 were found in CA1 , CA2 ,
CA3 , CA4 , dentate gyrus regions and the cerebral
cortex of IP-t reat rats than those in NS-t reated ones ,
which indicates that tau w as hyperphosphorylated at
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12E8 sites and PHF-1 sites(Fig.3).The staining of
tau-1 in CA1 , CA2 , CA3 , CA4 , dentate gyrus re-
gions of IP-t reated rats w as w eaker than that of con-
trol ones.However , no obvious difference was ob-
served between the two g roups in the cerebral cortex

region(Fig.3), which indicates that tau is hyper-
phospho rylated at Ser-198/Ser-199/Ser-202 sites in
hippocampus , but not in the co rtex region.Detailed
histological observation w as obtained in the earlier

study[ 5] .A negat ive correlation w as found betw een

tau hyperphosphorylation and blood oxygenation level

dependent(BOLD)signal intensity in hippocampus
and co rtex area of IP-t reats rats

[ 11]
.Namely , w ith a

w eakened BOLD signal in the CA1 , CA2 , CA3 , CA4
region and dentate gy rus , tau w as found to become
hyperphosphory lated at 12E8 epitopes in the same re-
gions.A similar negat ive correlation was also observed
in different regions of cortex using the present new

method(Fig.3), which demonstrates to a certain extent
that the template is effective.

Fig.3.　Comparison of histochemical staining for 12E8 ant ibody

with BOLD observed w ith fM RI.T he f rontal lobe cortex area II
(1), f rontal lobe cortex area I(2), cort ical hind limb area(3)and

parietal lobe cortex area I(4), are identif ied[ 5] .

Although a template is sufficient for comparing

the locations of activations or lesions betw een the two

g roups , it cannot provide enough information on tis-
sue st ructure.Further studies should focus on estab-

lishing a rat brain atlas containing any kinds of infor-
mation , such as histological or anatomical data.The
rat brain template established in this study can be ex-
panded to o ther animal brain fMRI studies , brain le-
sion studies and neurodegenerative diso rders such as

Parkinson' s disease in future.
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