W16%E Al CTHE IR 5 N 5T Vol. 15 No. 4
2006410 (73-78) CT Theory and Applications Oct., 2006

Article: 1004-4140 (2006) 04-0073-06
Decomposition of Magnetic Resonance Images

by Estimating MR Physical Parameters
WANG Wei-dong 12 BaO Shanglian 2
(1.The Center of Biomedical Engineering, Chinese PLA General Hospital, Beijing 100853 ;
2.The Beijing Key Lab of Medical Physics and Engineering, Peking University, Beijing
100871, China)

Abstract - Tissue segmentation of single and multi-spectral magnetic resonance (MR) images
has been widely studied for the applications on normal aging brain, as well as on the diagnosis
studies of Alzheimer's disease (AD), brain trauma and tumor in the recent years. But, the most of
proposed methods in the published papers, the tissue segmentation was considered as problems
of statistical decision™, pattern classification, cluttering!?, image processing and analysis®!. The
parameters used for tissue segmentation in those methods were the gray scalar/vector in
single/multi-spectral images, which indirectly reflected the physical characteristics of the tissue.
And those methods addressed the problems of tissue segmentation as the partitioning concourse
of the components in a pixel in finite sets. So the results of the tissue segmentation obtained by
conventional methods were unreasonable in some sense. This paper presents a new method of
tissue segmentation based on the principle of spectroscopic decomposition of MR images, which
consider the tissue segmentation as the problem of the estimation of MR physical parameters of
the issues. This method can be used for suppressing not only fat MR signal in magnetic
resonance imaging (MRI) but also water signal in magnetic resonance spectroscopy (MRS).
Thus, this method is called the spatial and spectral MR imaging.
Key wors: magnetic resonance imaging (MR); tissue segmentation; parameter estimation;
multi-spectral images
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1 Introduction

Magnetic resonance imaging (MRI) offers an excellent differentiation among tissues such as
the cerebral white and gray matters, as well as the cerebrospinal fluid (CSF) regions in human
brain, and the water and fat molecules within other organs. So that it is possible efficiently to
segment the tissue into different partials by computers. MR image segmentation methods have
been proposed for quantitatively assessing subtle changes in tissue volume or tissue parameter
distribution characteristics for the applications, such as normal aging brain, and the diagnosis
studies of Alzheimer's disease (AD), brain trauma and tumor et al. The desired attributes of those
segmentation methods should produce reliable and reproducible measurement values, which
should be stable over time for longitudinal measurements, and be less depend on the observer
input.

The MRI segmentation methods published in the literatures were mostly belonged to single
and multi-spectral MR image segmentation methods. The quantitative evaluations of the
performs for the methods are the measurement accuracy, of the regional areas or volumetric of
brain, as well as for the results stability and reproducibility. For the most cases, the segmented
results were fluctuated very much. A summary of the performance for these methods was
published elsewhere. People think that the multi-spectral segmentation shows that the one of
the great advantages of MRI over other radiological imaging modalities is the potential to
provide specific chemical information in vivo. However, the conventional segmentation methods
for proton MR images integrate, rather than separate the signal from chemical distinct protons
within the pixels. As a result, in the segmentation of multi-spectral MR images, the signal intensity
recorded for a given image pixel is a weighted average of the bulk relaxation time T1 and T2 and the
proton density contribution from several distinct proton species.

Our purpose in writing this paper is to develop the technique for tissue segmentation via the
estimation of MR physical and chemical parameters in tissue. This paper presented a new method for
automatic tissue segmentation by estimating tissue parameters, which well overcame the
shortcomings of the conventional segmentation methods and gave an effective suppression of
overlapped tissue signals.

2 Theories and Method

It is well known that the MR signal of the protons in same position of a molecular in tissue is
usually an exponentially damped complex sinusoid. No loss of generality, we assume that the
transverse relaxation time is constant in the case that main magnetic field is fixed and has very good
uniformity. Then the MR signal of multiple kinds of the protons in different positions in a molecular
structure or in different molecules (following simplified as “proton specie”) in the tissues can be
represented as the sum of multiple exponentially damped complex sinusoids in the form of

t
-L+jJ‘dtwi(x,y,t)
0

s(x, y,t) :ZA(X, y,t)e "% : (1)
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where M is the number of the proton species in the tissues, and T2,, @, and A are the

transverse relaxation time, the proton's resonance frequency in radian per second and the
magnetization of the i-th kind of proton specie respectively. And there exists
a)i(x,y,t) = ]/B(X,y,t)(1+5i), where J is the gyromagnetic ratio of proton, and O; is
the chemical shift of the i-th kind of proton specie which is determined by the chemical environment

of protons in tissues, generally, the chemical shift of water is set up as zero. Usually, A is a complex,

whose phase is the initial phase of the magnetization.

It is well known that the gray of pixels can be partitioned into the contributions of the different
kind of proton species in frequency domain by using the Fourier transform (FT) of MR data.
However, actually, a number of the samples were required for estimating different tissue gray weight
in a pixel by the FT technique, which makes FT technique flooey. Therefore, we present a new
method, which estimats the weight of each proton specie in tissue by least square Prony method. Take
an example of spin echo (SE) pulse sequence, the spectroscopic decomposition formula are derived in
the below.

Let B(X,y,t) =B, +XG,(t) + yG, (t) , where B, is the main-field, and G, and G, are

the gradients, then the MR signal in accordance in the equation (1) was rewritten as

t t
LI jy[BOHJ.thGX (t)+J.dtyGy (t)](1+5i )= Byt
T2; o o

s(t) = i j j dxdyA (x, y)e )

Let Kk, = 7_':dtGX(t) and k, = ;/I;dtGy(t), which are the data element in k-space, then the

k-space signal was represented as
M o . .
S(kx , ky 1) = Ze(-m 2+, Bo)tJ'J'dXdyA (X, y)ej(xkx+yky)(l+b,) . (3)
i=1

According to the scheme of data acquisition shown in Fig. 1, where exists

K, = (G AT )N, and Kk, = (/G;*"T,)n, with n,n, =---—10,L---, where G is the
read gradient field, AT, is the interval of MR echo signal acquisition, and G;tep is the step of
phase gradient field with the width T,. Meanwhile, there are also t=TE +AT,n,, i.e.,
t=TE +(]’GX)_lkx. Thus, the equation (3) can be represented in the form of

S(kx,ky,TE) _ ie(—llTZi+j;/(5iBO)TEe(—1/T2i+jy§iBo YOG Lk, ”dXdYA (X, y)ei(xkx+yky)(1+5i) )
where TE is the echiozltime.

Let X =(-1/T2, + jy5,B,)()GI™)™ , which is called the complex spatial shift, and
p, =—-1/T2, + jy5,B,, which is called the complex chemical shift, then we have

M _ .
sk, k, , TE) =) e (e‘xikx ”dxdyA (X, y)e‘(Xk*+yky)(l+§')). (5)
Let TE=TE,+ (W-1)AT , then a series of MR images |(X,y,n) for n=12,.., N
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(N >2M) may be acquired by shifting the radio frequency (RF) pulse and read gradient field
shown in Fig. 1, where AT is the interval of MR image acquisition. And this series of MR images,
which is obtained using the inverse Fourier transform of equation (5), can be described as

| (X Y ,n) — iepiTEoepi(n—l)AT ”dkxdky Iie*j(kaerky)(erikx ”dxdyA(x, y)ej(xkx+yky)(l+5i)):|,
i=1

(6)
Therefore, we obtained
M
(X, y,n) = Z(l+ 5) 2P A (X =%)IA+6,),yI(L+35))e "D D
i=1

Let A(X,Y)=(1+8) e A((x=%)/(1+8),y/(1+8)), usually, & <<1, then

it was approximated E(X: y) = gt A (X—X,Y). Thus, the equation (7) was rewritten

as

M
I (X! Y, n) = ZK(X’ y)e pi (n-1)AT . ©
i=1

From the above equation (8), we estimated the MR physical parameters of T2i' @; and
A for i=12,....,M in different tissue as the feature parameters for segmenting MR images. To
estimate these parameters, an intermediate variable 1 ,(N) was first calculated by

I.(n)= _”dXdy| (X,y,n). Then one gets
M .
|S(n) — z Aje]pi(n’]-)AT , (9)
i1

where A = dedyﬂ1 (X,Yy) . The gradient of slice selection was omitted in the figure.
For estimating the ptissue arameters, the following equations were structured
i@ =Ty (10)
where the matrix 1o =[l,ly,---1,] is called the Toeplitz matrix with

L=[L.MI,(n+D)- 1 (n+N-M-1]", n=12,..., M. The coefficient vector & can be

obtained by solving the equation (10), which is used for computing the relaxation times and the
chemical shifts.
Constructing the polynomial equation in the following

M
M +> az"" =0, (11)
i=1
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where a :[al a, - ay ]T . Let the roots of the polynomial equation (11) be Z;,
1=1,2,..., M. Usually, the complex chemical shifts Z, i =1,2,..., M should not be dependent

with the spatial coordinates (X,Y). Hence, we obtain T2, =—{real[In(z)]/ AT}" and

o, =imag[In(z,)]/ (yB,AT) for i=12,...,M.
Constructing the matrix equation of the following for the spectroscopy decomposition in MR
image space

90 180
I TE/2 TE/2

l

G
ATX S AT
Al
V'V IV V
1(x,y,1)
N A\
V'V VV

Fig. 1 The scheme of MR image acquisition by using spin echo RF pulse sequence

2z, oy | AY) || (YD)
22 2 Zy | A0GY) | _| 1(xy.2) X,y =12,.,K (12)
2z - zu [Avy)] 1 YN)

where K is the size of MR images. Let the solution of the above equation be A(X,Y),
1=12,...,M . These images are expected to obtain the images A(X,Y), 1=12,..,M of the
different tissues by the transition and scaling the corrections of chemical shifts.

For improving the precision of the estimation of the MR parameters, the number of the acquired
images N and the dimension of equation (10) M should be enlarged. Generally, M = [N/2] is
recommended. However, the residues of complex chemical resonance frequencies must be removed.
And the singularity value decomposition may be used for reducing noise. Some other methods for the
estimation of the parametgr[sé]?g‘] exponentially damped complex sinusoids are also used for computing
MR physical parameters

The MR image has been partitioned into the MR images of water and fat, and other chemical
molecules by the method proposed in the paper. The basic principle of the solution of this problem is
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that the distinguishable chemical shifts of fat and water, and other molecules are used for computing t
he corresponding their magnetization intensities, and, similarly, the components of cerebral white and
gray matters and fluid were decomposited with the distinguishable difference in their relaxation times.
In other word, the method can also be applied to the suppress a certain MR signal of the given tissue,
such as water and fat.

After estimating the MR physical and chemical parameters in tissues, the given tissue signals from
MR image can be derived using the technique of adaptive cancellation. No loss of generality, we
assume that the complex chemical shift of the given tissue is Py, . Then a new series of MR images
is calculated by the cancellation method in the following

F(x,y,n+D) =1(x,y,n+1)—e™T1(x,y,n), n=2,3,...,N, (13)

then one gets
- - M_l_ .
L(x,y,n+1) =(1-ePT) > A(x,y)e” n=2,3..,N, (14)
i=1

So continue, we obtained the results on MR images.

3 Results and Discussion

The segmentation of the tissue with different relaxation times is excellent method of their
relaxation time measurement. These tissues possess the same chemical shifts. We simulated with the
computer simulation software. Usually, it is very difficult to identify the relaxation times of the
tissues with the same resonance frequency in the frequency domain by Fourier transform. But it is
possible to estimate them by the method proposed in the paper. The segmentation of the tissues for
different chemical shifts is identical for chemical shifts. These tissues possess the different resonance
frequencies.
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