Estimation of Tissue Permeability in MRI
Images by Empirical Mode Decomposition
Method

Effat Yahaghi (PhD)™

ABSTRACT

Background: The precise evaluation of tissue permeability using the Magnetic
Resonance Imaging (MRI) method requires high-quality images. Due to noisy ac-
quired dynamic MRI images, some methods of processing are required to obtain the
imaging detail of interest.

Objective: This study aimed to implement Empirical Mode Decomposition
(EMD) to the Lock-Locker (LL) images to improve the permeability of the normal tis-
sue and tumor region, evaluated by the Quantitative Autoradiography (QAR) method.
Material and Methods: In this experimental and analytical study, the EMD
method was used to improve the tissue permeability from the LL- MRI images of the
rat brain. The EMD components were extracted from LL images, and the resulting
components were combined using different weighting factors. The tissue permeability
was derived by extracting the information of each pixel from the LL image series and
fitting curves to the data.

Results: The optimum weighted combination factors images were 0.7 for the
middle and low-frequency components and 1 for the high-frequency component. The
calculated tissue permeability was between 0.0023-0.0043 (ml.min".g™") for abnormal
tissue.

Conclusion: The estimation of the permeability of tumors in the rat brain with the
LL images and the processed LL images by the EMD method shows that the EMD
method and the weighted combination of frequency components can improve the per-
meability calculation in the LL images for the rat brain. The results of permeability
estimation by EMD due to noise reduction of LL images are closer to the values
obtained from the Quantitative Autoradiography (QAR).
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Introduction
rain tissue permeability was considered since 60 years ago to
estimate tissue damage [1]. The contrast media is injected into
the vein to estimate the permeability of the tissue, and its con-
centration in the tissue is measured at different times of distribution. The
concentration of a contrast media is measured for permeability estima-
tion [1-2].
Magnetic Resonance Imaging (MRI) is used to evaluate tis-
sue permeability and abnormalities due to its non-invasiveness and
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repeatability [3-5]. Different models and vari-
ous MRI methods are used to compute brain
tissue permeability, such as the compartmen-
tal, the Tissue Homogeneity (TH) models [6],
and the Lock and Locker (LL) method [7-8].
The calculated permeability is affected by the
image qualities of LL images. Therefore, the
image processing technique is useful for per-
meability evaluation.

In this research, the Empirical Mode De-
composition (EMD) is utilized to increase the
quality of the images and find the components
of the signal based on real-time frequency
analysis of non-stationary signals. Also, the
EMD method can be used in image process-
ing applications. A combination of frequency
components with different weights and the
percentage of noisy signals in images can
decrease and generate more suitable signals
for calculating the tissue permeability.

The EMD method can be used to focus on
the imaging detail of interest latent in the MRI
data and is also a nonlinear technique based
on non-stationary signals, dividing a signal
as sums of zero-mean amplitude, frequency-
modulation, and Amplitude Modulation and
Frequency Modulation (AM-FM) compo-
nents [9-12]. In this method, a complicated
signal is decomposed into several sub-signals,
which are called the Intrinsic Mode Function
(IMF), and a residue. From the combination
of these sub-signals, a signal is considered

tracer injection
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with less noise for the tissue permeability
calculations. In this research, different weight-
ed IMFs were combined for the analysis of
tissue permeability. In the EMD method, the
mean of the envelope is calculated from the
average of the upper and lower envelopes
extracted from the main signal from the im-
age. The residue signal and IMFs are then
obtained using a repetitive algorithm. In the
EMD method like the wavelet method, the
most information is in the first IMF (finest
modes), and the amount of information in the
sub-IMFs (course modes) decreases accord-
ingly. Thus, the noise can be minimized by
using a filter or a special threshold in each step.

This study used the EMD method and the
weighted combination of frequency compo-
nents to improve the permeability calculation
in the LL images for the rat brain.

Material and Methods

This experimental and analytical study
calculated the permeability of the rat brain
according to the Tofts model by the LL im-
ages. The EMD method is applied to the LL
images to reduce the noise.

Tofts and Kermode model

Tofts and Kermode introduced a model to
measure the damage and changed tissue per-
meability (Figure 1) [3], based on a multi-
compartmental model to include different

___ The compartments included:

plasma, whole body extracellular space,
and kidneys are represented within solid

1
| presmac,o I:l EVS C.(0
lines.

----- Lesion leakage space or abnormal
region is represented by dotted lines

abnormal
region Cy(t)

Figure 1: Compartmental model of Tofts and Kermode.
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parts of plasma C (1), extravascular space
(EVS) or C (), abnormal tissues C(7), and
kidneys. K, and K, are the transfer coefficient
constants between plasma and EVS and from
plasma to kidney respectively; £ is also the tis-
sue transfer coefficient [3].

These compartments in the Tofts and Ker-
mode model are assumed homogeneously,
and substances, such as contrast media are
exchanged with different permeability coef-
ficients between these compartments. Al-
though there is leakage between plasma
and abnormal tissue, it is assumed that this
leakage does not affect the function of plas-
ma; the corresponding equation of plasma is
independent of the leakage. The plasma and
tissue concentrations are also time-dependent.
The tissue permeability and damage volume
parameters are obtained by solving for the
compartments in Equations (1). According
to the model, the flow of contrast media from
plasma into the abnormal tissue is calculated by
Equation (1) [3]:

dC
v,VtTt’:PS(Cp—C,) (1)

Where P is the permeability of the abnor-
mal tissue, and S is the surface of the leaking
membrane. The amount of contrast media in
the abnormal region is given by v,V C, that
v, is the fraction of the abnormal region that
occupies the tissue space and can be between
0 and 100%; V, is the abnormal tissue volume,
and C, is the contrast media concentration
in the abnormal region. Equation (1) can be
rewritten as Equation (2):

dc, B
—t—k(Cp C) 2)

vl

Where k=PS/V is the transfer coefficient, P
and S are introduced in equation (1); V is the
volume of the abnormal region. Also, C, is the
contrast media concentration in the abnor-
mal region. The concentration of the contrast
media can be obtained by solving equation (2)
for the plasma function Cp [3]. Therefore, C, is
calculated as [3, 6]:

C, (1) =D{b, exp(—myt)+b, exp(—myt)+b, exp(—myt)} 3)

Where D is the contrast media concentration
(mM/kg in body weight), and m , m,, b, and
b, are obtained by the fitting curve to plasma
data; b, and m, are related to abnormal tissue
[3-4].

The tissue permeability is obtained by fitting
the three exponential curves to the repeated
MRI data for each pixel of the images. The re-
quired information for each pixel is extracted
from the LL rat brain images. The derived per-
meability for each pixel is collated in a matrix
and used to obtain the permeability map [6].

The Empirical Mode Decomposition
(EMD) Method

The EMD method is adaptive for decom-
posing signals or images that can decompose
the signal or image into the IMFs components
and the residual function. The first IMF has
the high-frequency component and the most
information whilst the latter IMFs have the
lower frequency components with the least
detail. The IMF is determined by the number
of zero-crossing and extrema points, and also
the local maxima and minima. The EMD algo-
rithm is summarized for an input signal, x(?),
as follows [9-10]:

* Finding the first IMF’s local maxima and
minima of the signal x(#) (Figure 1)

*  Creating the upper (e_ ) and lower (e_. )
envelopes by spline interpolation of the
local maxima and minima, envelope,
and the input signal x(7)

» Calculating the mean of the upper and
the lower envelopes as [9,10] (Figure 2):

m,(N=(e, (DFe ()2 4

Where m () is the mean of the envelope,
which must be subtracted from the input sig-
nal. If the mean of signal m (7) is sufficiently
close to zero (m,(#)<¢), then the process is
stopped and the first IMF or ¢ (7) is obtained,
and the residue of signal r (¢) is calculated as
[9,10]:

r(=x(0) ¢ (1 5)
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Figure 2: The summarized Empirical Mode Decomposition (EMD) algorithm

Otherwise, the process is repeated until the
mean signal is close enough to zero. The first
and second indexes denote the IMF and the
number of iterations. For the first iteration,
there is [9,10]:

h lo(t)zx(t)_m 10(t) (6)
The iteration on £ (¢) is shown as follows
[9,10]:
hll(t):hl()(t)imll(t) (7)
Where m (f) is the mean of the upper
envelope and the lower envelope 4, (7), and
h, (?) is also obtained. If m, (?) is bigger than ¢
(m, (£)> ¢), the process is repeated [9,10], and
finally, %, is calculated for the & iterations as;

ho(O=h, (O-m () (8)
Where m  (f) is the mean of the upper en-
velope, and the lower envelope of 7, (7).
If m,<e, then c (¢)=h,(¢) and c (?) is the first
IMF. The residue of the signal,  (7), is calcu-
lated by Equation (5). For the next IMF, the
whole process is executed for 7 () as the input

signal. Finally, the signal x(7) is calculated as
the sum of the IMF and the last residue [9,10]:

1(1)= lan“lMFi (1)+r(¢) ©)

The narrow frequency band of IMF was
used for producing a time-frequency spectrum

by the Hilbert transform, called a Hilbert-
Huang (HH) spectrum. However, all abnor-
malities in the MRI images are mostly like a
non-connected region with a high spatial fre-
quency component, they are often found in the
form of noise, spots, and small branches in the
image, in practice.

Here, the EMD method is used to extract
the abnormality in the MRI image. For this
purpose, the IMFs, their residue of the MRI
image, and the different weighted spatial em-
piquencies in the image are used to identify the
abnormality regions. The frequency compo-
nents were combined using different weights
to amplify the high-frequency components,
where the abnormal tissue information is con-
tained. The brain region was separated from
the main LL images and the IMFs are extract-
ed. The reconstructed images were obtained
by combining the different weights of IMFs.

Look and Locker (LL) Method

The LL method can be used to produce dy-
namic images and also uses the absorption and
diffusion signal to measure the longitudinal re-
laxation time of the tissue [7-8]. Longitudinal
relaxation time is the time spent until the spin
energy (which is taken from a pulse) back to
the environment and returns to equilibrium
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[7]. In the LL method, the longitudinal relax-

ation time can be achieved without the equi-
librium of the magnetization vector. There-
fore, the reconstructed image is noisy with low
contrast. The LL method relies on the acquisi-
tion of MR signals at small time intervals. The
relationship between magnetization resonance
vectors in different intervals is given by [7-8]:

M! =M; (1-X) (10)

Where M - and M " are magnetization vec-
tors before and after the passage of pulse, re-
spectively, and X is the fraction of saturation
by pulse. The X equals 2, showing a pulse of
180 degrees. If it is assumed that vector M
changes exponentially, then we have [7]:

M, =M, (1-e"")+ M e ;
:Me_q(l—e_”‘)+M;(1—X)e_”l (

Imaging specifications for a phase-encoded
line of 24 small-tip-angle gradient-echo in-
clude TE 4 ms with 50 ms intervals time, a to-
tal recovery time of 1200 ms with a 3-second
relaxation interval time; the matrix size was

128 x64 with the field of view (FOV) 32 mm,
and five 2-millimeter slices. Also, 3-minute
intervals were acquired for sets of R, (1/T))
maps [7-8].

For processing the images, the LL images
were opened and converted to a two-dimen-
sional matrix using MATLAB 2016. The
EMD algorithm was then applied to obtain the
components for each image in the three levels
(IMF, IMF,, and IMF, were extracted accord-
ing to section 2.2). The reconstructed images
were formed by combining the IMFs with the
residue images using different weights. The
changes of contrast media vs. time were at by
extracted for different brain pixels. Finally,
the permeability values for each pixel were
arrived by fitting curves to the original LL im-
ages and the reconstructed LL images from the
EMD method.

The size of IMF images does not have the
same size as the original image, and we resized
them to the dimensions of the original images.

Also, the low quality of the IMF images was
ignored because of lower the run time. Four-
teen images of the existing LL method were
read one by one and then resized. The IMFs
were extracted for each image.

Results

In this study, the EMD method was used to
extract the tissue permeability from LL MRI
images, originally produced by the imple-
mentation of a tumor in the rat brain in Henry
Ford hospital in the USA. The T, images were
obtained before and after contrast media injec-
tion 35 days after tumor implantation. The LL
dynamic images were then obtained from dif-
ferent layers of the rat brain. Figure 3 shows
a typical T, image of the rat brain that tumor
region appears brighter than the surrounding
tissue on the left and up (superior lob).

The LL images were opened and convert-
ed to an MXN matrix using Matlab, and the
three components were extracted for each LL
image.

abnormal
tissue

Figure 3: T image of the head of the rat
and its brain, abnormal tissue of the brain is
shown (Henry Ford Hospital)
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Figure 4 shows the IMFs and the residue
components corresponding to the T, image of
Figure 3 in three levels. It is apparent that in
the higher level of IMF and the residue com-
ponent, the brain abnormality information is
lower than in the less level of IMF and the res-
idue component, and their images are obscure
and unclear. In other words, the obtained im-
ages with higher degrees of IMF, and residue
component have less information content on
the brain abnormality. The residue value ¢, for
ending the iteration in the process was set to
one [13]. The location of the tumor shows in
Figure 4a by an arrow. It is seen that the edge
regions in IMF, and IMF, (Figures 4b and c)
are faded, especially in Figure 4c; the tumor
region is not clear.

The reconstructed images were formed by

0.8
0.6
0.4
0.2

combining the three IMFs with the residue
images using weights 1, 0.7, and 0.7 for IMF,
IMF,, and IMF,, respectively according to
Equation (8). The weights values were found
by trial and error. For the original LL images
and reconstructed images by EMD, the con-
centration of the contrast media vs. time is
extracted and plotted for each pixel of the rat
brain, and the permeability of the pixel is cal-
culated by Equation (3) [3]. Figures 4g and h
show the permeability maps obtained for the
LL images and the processed images by the
EMD method. The permeability map for the
tumor region of Figure 4h is more clearly vis-
ible than the same region in Figure 4g.

The ranges of tissue permeability for
normal and abnormal tissue are shown in
Table 1. The MR data and quantitative

Fo1 5
|

Figure 4: The permeability maps obtained for the LL images and the processed images by the
EMD method: a, b, c) the first, second, and third Intrinsic Mode Function (IMF), and d, e, f) the
first, the second, and third residues; and tissue permeability image of rat brain without g) and

with h) Empirical Mode Decomposition (EMD)
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Table 1: The range of permeability in normal and abnormal tissue

Calculated Permeability

Without the EMD method (ml.min.g")

EMD method (ml.min'.g"")

Abnormal Tissue
Normal Tissue

EMD: Empirical Mode Decomposition

autoradiography (QAR) were compared to
evaluate the performance of the method. Also,
the MR data is acquired using Gd-labeled bo-
vine serum albumin, followed by QAR data,
which was provided by radio-iodinated serum
albumin. These showed consistency between
the results obtained using the EMD method
and data from QAR [13], in which a perme-
ability was 4.1x10° ml g"' min"'.

An advantage of the EMD method is its abil-
ity to combine the image components with dif-
ferent weights, i.e., the noise components can
assign a lower weight. It’s the disadvantage of
the EMD method is that for larger image sizes,
it suffers from higher computational time, e.g.,
for a 128%128 matrix, the run-time was about
10 minutes on a using a single Intel core Duo
2.66 MHz pc.

Discussion

This study aimed to estimate the permeabil-
ity of tumors in the rat brain with the LL imag-
es and the processed LL images by the EMD
method. In the LL method, according to equa-
tion (11), magnetization vectors are extracted
as an image after an inversion pulse segmen-
tation, and we have multiple images for each
pulse [9]. Due to the fast acquisition of data,
the LL images are noisy and blurred. The
Tofts model (Equations (1) to (3)) was used
to extract the permeability map by LL images.
Then, the EMD method was applied to the LL
images for reducing the noise in permeability
calculations.

The EMD model is based on extracted of
IMFs according to Equations (4) to (9). The
selection of the level numbers of decomposi-
tion depends on the information, affecting the

0.0025-0.0037
0.0001-0.0013

0.0023-0.0043
0.0002-0.0015

processing time. Also, high-frequency com-
ponents were obtained that are related to the
edges in the first level, and in the next levels,
information was with lower frequencies. Here,
the maximum number of IMF and residue
components in this research was set to three
since the brain abnormality information con-
tent was very low or eliminated in a higher
level of IMFs. Therefore, the first IMF with
its higher information content on brain abnor-
mality is the more important component com-
pared to the other IMFs [10].

For normal tissue and tumor region, the
Quantitative Autoradiography (QAR) result
was compared to those in Table 1 to evaluate
the permeability ranges. It is noteworthy that
the results obtained for permeability in tumor
tissue by the QAR method are closer to the
values obtained from the processed images by
the EMD method.

The long execution time is a disadvan-
tage of the EMD method, especially when a
large number of IMFs for each LL image is
required in permeability calculations. Howev-
er, these calculations are usually done offline,
for which the execution time is not critical. In
future studies, other methods, such as wave-
let and shear-let methods can be used for the
estimation of brain permeability.

Conclusion

In this study, the EMD method and the
weighted combination of its frequency com-
ponents are used to improve the permeability
calculation by the LL images and the Tofts
and Kermode model. The weighted combina-
tions of the EMD components, including dif-
ferent frequencies of information, can have

J Biomed Phys Eng 2024; 14(5)
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an impact on the removal of noise (or noise
reduction) and recovery of signals. The reduc-
tion of the noise is effective in the calculation
of permeability. The results show that decreas-
ing the weight constant for the low-frequency
components, such as the third IMF. Increasing
the weight of high-frequency components as
the first IMF, containing the tumor informa-
tion, is useful for noise reduction of LL images
and permeability calculations.
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