A New Segmentation Algorithm for Knowledge Acquisition in
Tissue-Characterizing Magnetic Resonance Imaging
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Tissue-characterizing magnetic resonance imaging
{MRI) is a new imaging method for differentiation and
biochemical characterization of tissue based on mul-
tidimensional MR-parameter information. To sup-
port knowledge acquisition in tissue-characterizing
MRI, a new segmentation algorithm has been devel-
oped by using clustering techniques. The visualiza-
tion of the complex biochemical MR-parameter infor-
mation is performed by extraction of regions with
similar biochemical properties. The clustering algo-
rithm leads to an easy and comfortable handling of
the complex tissue-characteristic MR information
and supports knowledge acquisition for knowledge-
based tissue characterization.
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AGNETIC RESONANCE imaging
(MRYI) is a medical imaging method that
has opened new possibilities to improve medical
in vivo diagnoses. Usually MRI visualizes ana-
tomical structures using only one parameter, the
magnetization. By using special multiecho mea-
surement sequences it is possible to analyze
tissue-specific relaxation processes in each vol-
ume element of a body slice. The relaxation
processes, which reflect biochemical tissue prop-
erties, are characterized by relaxation parame-
ters. In order to segment tissue types success-
fully, experience with MRI analysis has shown
that it is necessary to analyze combinations of
multiple MR parameters, rather than just a
single relaxation parameter.

In MRI the usually generated images that are
used in the clinical routine are a visualization of
the magnetization values M measured in each
volume element of a particular slice in the human
body (Fig 1). The measured signals M are
influenced by several superimposing relaxation
processes, which can be characterized by the
relaxation times T, and T, as well as the spin
density p. Whereas the relaxation times T, and
T, describe the relaxation behavior of the longitu-
dinal and transversal relaxation processes, respec-
tively, the spin density p gives information on the
density of the spinning protons within one volume
element.
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The values of the measured signals M depend
on the tissue-specific MR parameters T,, T,, and
p. Furthermore, the measured signals are also
influenced by the experimental parameters TR
(repetition time) and TE (echo time), which can
be adjusted by the physician.

To describe the relaxation behavior of dif-
ferent superimposing transversal relaxation pro-
cesses, we use a multiexponential model for the
transversal relaxation

M = M(0) Y_ a; x exp (-TE/T5)
[L.2]

where TR is constant and n is less than or equal
to 3. The T, values correspond to several proton
classes in one volume element and M(0);, =
M(0) * o represents the intrinsic magnetization
of the i-th proton class at the time zero. The q;
value defined by

a = M(0); / 2 M(0);

describes the partial volume, which is assigned to
the i-th proton class in one volume element.

Regarding the additionally occuring T, relax-
ation process, the measured magnetization is
described by

M=cXpXx [1 — €Xp (—TR/T])]

X Z a; X €Xp (—TE/Tzl)

i=1

whereby M(0) = ¢ xp x[1 —exp(-TR/T,)] and
¢ represents an experimental constant factor.
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Fig 1. Echo images of one slice at four different echo
times TE, (TR = 2 seconds).

EXPERIMENTAL CONDITIONS

The MR parameters T,, T,, and p, which
influence the signal and the contrast between
different tissue in MR images, can only be
determined, if the magnetization is measured at
different times TE and TR. Multiexponential
T,-analysis is only possible if there is a high
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number of measurement points at different TEs
and constant recovery time TR. Based on a
multiecho sequence with up to 32 different TEs
(ATE = 16 milliseconds) the transverse magne-
tization decay in each volume element can be
recorded (Fig 2). Using nonlinear optimization
algorithms! the transverse magnetization decay
can be decomposed in up to three exponential
functions (Fig 3). For simultaneous recording of
the longitudinal T, and transversal T, relaxation
processes, we have developed a special multiecho
pulse sequence” in cooperation with the Klinik
fiir Radiologische Diagnostik. This pulse se-
quence uses two excitation pulses o; (TR1 = 2.1
seconds, TR2 = 0.5 seconds) and 32 read-out
pulses 8; (ATE = 16 milliseconds) in one mea-
surement cycle for the T,-determination and
multiexponential T,-analysis on the base of 28
signals (Fig 4).

SEGMENTATION

The relaxation times T, and T, and the spin
density p characterize the tissue-specific relax-
ation processes that reflect biochemical tissue
properties. Therefore, analysis and visualization
of the distribution of these tissue-specific param-
eters of an investigated slice allow the display of
anatomical structures as well as the making of
qualitative statements on biochemical states of
tissue.> In this situation the physician has to
respect the multidimensional information in each
pixel corresponding to a volume element.
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The segmentation is performed by using clus-
tering techniques. First, the physician defines a
special region of interest (RO1) within the inter-
ested tissue. The ROI, which is described by a
n x n matrix (default: n = §), can be created
easily by positioning a cross-hair in the center of
the ROIL. This is shown in Fig 5 in the upper left
position.

The system computes mean and standard devi-
ation vectors of the one-, two-, and three-dimen-
sional parameter values of P & {T,,T,,a,p} in the
considered ROL. Then the following cluster defi-
nition is used for imaging. A pixel with n &
{1,2,3} relaxation components and corresponding
MR parameter values (P, . . . , P,) belongs to the
P-cluster C(Pk),if Vi=1,...,n

rlsni-‘Pi] =<k=* Ogi

P € {T,, T,, a,p}; P,; = i-th component of the
n-dimensional mean vector of the parameter P,
a,; = i-th component of the n-dimensional stan-
dard deviation-vector of the parameter P; k =
cluster factor.

The clustering algorithm is performed by se-

al

lecting all pixels, which belong to the cluster
C(P,k). The selected pixels represent all voxels
with a parameter structure similar to the param-
eter structure of the ROI. The software tool
allows us to visualize the multidimensional MR
parameter information in different ways, generat-
ing color-coded multicluster images as well as
simple or combined cluster images.

The results of the segmentation are illustrated
by two medical examples. In the first example
(Figs 5, 6, and 7) a normal human supraorbital
head slice is shown, in which the white matter is
segmented. The other segmentation example
(Figs 8 and 9) shows an axial human head slice
with an astrocytoma, a special kind of brain
tumor.

COLOR-CODED MULTICLUSTER IMAGES

All P-clusters C(P,k) (P € {T,, Ty, o, pl k =
1,2,3,4,5,6) can be visualized simultaneously in a
so-called color-coded multicluster image (Fig 5).
The selection criteria used by the clustering
algorithm can be described by the discrete func-
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Fig4. Pulse sequence scheme with two excitation pulses a,, 32 read-out pulses (. and the measured 32 signals S,
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Fig 5. Creation of a ROl in the white matter and
multicluster images.

tion Mp defined by
MP: [X X Y] i {1’ 2, 3’ 4’ 5’ 6’ 7}
withX =Y =1{0,...,255,x EX,yEY

1,if P(x,y) € C(P, 1)

2,if P(x, y) € C(P, 2\C(P, 1)
3,if P(x,y) € C(P, 3)\C(P, 2)
Mp(x, y) =1{4,if P(x, Y) e C(P, H\C(P, 3)
5,if P(x, y) € C(P, 5)\C(P, 4)
6, if P(x,y) &€ C(P, 6)\C(P, 5)
7,if P(x, y) & C(P, 6)

The clustering algorithm is performed for the
spin density p, the partial volume «, and the
relaxation times T, and T,. Corresponding to the
function M, for each MR parameter a color-
coded multicluster image can be generated (Fig
5). Six different color codes of the heat scale are
used to represent the six pixel classes 1 to 6
evaluated by the selection algorithm for each
MR parameter. The remaining pixels, which are
assigned to the seventh pixel, are visualized by
the gray values of an echo image. Color-coded
multicluster images give an overview about the
distribution of distances between the parameter
mean-vectors and the parameter values accord-
ing to each pixel. Furthermore, it is a useful tool
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to find convenient parameter cluster sizes, which
can be used for the generation of cluster images.

CLUSTER IMAGES

In a cluster image, all voxels of one T}, T,, a,
and p cluster can be displayed using an interac-
tively changeable cluster factor (k = 2, by de-
fault). The selection is described by the Boolean
function S;:

Sp: [X x Y] — {0, 1}
withP € (T}, T,, 0, plandx E X,y E Y

L, if p(x, y) & C(P, k)
Se(6.¥) = o if p(x, y) & C(P, k)

The selected voxels are shown in overlay display
mode* visualizing anatomical structures (gray
values) and biochemical cluster information (color
values) in one image (Figs 8 and 9).

To get a specific biochemical characterization
of the interested tissue, different parameter selec-
tion criteria can be combined to visualize all
voxels with a multidimensional parameter struc-
ture similar to the ROI. Therefore, the software
system allows us to calculate the intersection of
generated binary cluster images. The results of
this transformation are visualized in combined
cluster images (Figs 6 and 7). In the examples,
the performed intersections lead to the segmenta-
tion of the tissues of interest, the white matter
(Fig 6) and the brain tumor, an astrocytoma (Fig
7). The tissues are represented by the colored
pixel in overlay display technique.

Based on the voxels of the visualized tissue the
calculation of the mean- and standard deviation-
vectors of the MR parameters T|, T;, @, and p is
performed. These tissue-characteristic values are
displayed and stored in a data base to support
automatic tissue characterization.

CONCLUSION

Cluster analysis of MR parameters computed
by multiexponential evaluation is a new method
to find regions of similar biochemical properties.
With this method the spatial distribution of
tissue, for example fat, muscle, grey and white
matter of the brain, or cerebrospinal fluid, as well
as pathological tissue, for example malignant
carcinoma of the female breast or astrocytoma in
the brain, can be visualized. The software tool
described is integrated in the software system
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Fig 6. Combined cluster images showing the astrocy- Fig 8. Combined cluster images showing the white
toma. matter.

Fig 7. Creation of a ROl in an astrocytoma and cluster Fig 9. Creation of a ROl in the white matter and cluster
images. T, relaxation time has not been measured. images.



94

RAMSES (RWTH Aachen Magnetic Reso-
nance Software System)’. It enables the phys-
ician to use the complex MR parameter in-
formation in an easy and comfortable way.
Furthermore, knowledge about the coherence
between segmented tissue and the multidimen-
sional MR parameter cluster is stored in a tissue
data base.
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