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-ABSTRACT-

The pulse echo systems are still limited to a qualitative diagnosis, a quantitative analysis
based on tissue characterization using A-mode ultrasounds technique is added to improve this
diagnosis for early cancer detection.

In this work, B-scan echographic images, obtained from the video output of an echograph
using an ultrasonic linear probe, are recorded on a VCR. The recorded still images are
introduced into a PC via a video acquisition card to be captured and optimally processed in
order to outline the area of interest (AOI). The selected AQI, that includes normal and
abnormal region, is converted to gray level matrix and individual column vectors,
representing the one-dimensional ultrasonic A-mode signal, are extracted and then analyzed
on the base of their amplitude weights to estimate the reflection amplitude and the
attenuation coefficient for tissue classification .

The A-mode signal pattern recognition skills play an important role in arriving at reliable
diagnosis of inclusions. The obtained A-mode trace is gated into portions couresponding to
both consistency and the boundary which are the most used visual clinical features indicative
of the pathology. These are expressed in terms of signal diagnostic parameters whose
combination is used for further classification of liquid-solid-mixed mass and might be
characteristic of the pathology .

However, aspects as acoustic physics, instrumentation and medical interpretation have been
covered not only to estimate the acoustic parameters but also to observe the main
transformations on the excitation-detected ultrasonic signal for further software correction .
Also, acoustic image processing has been applied, in association with signal processing, to
end up with the AOI's and also to determine, preluninary, some textural features which are

best analyzed in two-dimensional mode and this will contribute in medical decision making
and synthesis.



CHAPTER 1

INTRODUCTION

The pulse-echo system provides a fast, economic, safe and noninvasive examination
for anatomic and pathological study of abdominal organs in radiology.

Simultaneously to the development of the other relatively costly imaging techniques CT
Scanner, NMR or Aperture radar, spectacular progress in ultrasound ima_ing has been made
in the recent years. The commercial instruments have reached higher performances such as
spatial and gray scale resolutions and contrast . Refer to Appendix D .

Since ultrasound diagnosis is currently qualitative, a quantitative approach based on A-mode
analysis is added to characterize biological tissue and then improving the accuracy in
diagnosis for early cancer detection.

The A-scan technique was developed by Fire stone (1945) to uetect the echo producisiyg
flaws in the metal. Soon thereafter, French and Al (1950-51) developed 15 MHz pulse-echo
system to examine the tumor containing humau brains removed post mortem. They noted that
the echoes returned by the tumors (confirmed histollogicaly) were larger than those returucd
by normal tissue. Reid and Wild (1952) used 15 MHz pulse-echo system to exauuiic the
human breast tumors, they found that echo amplitudes from cancer were larger than those
from the normal tissue {4 ]. They soon arose a growing desire to obtain cross sectional
(tomograms) and to characterize tissues in organs as heart, liver, kidney etc...

The idea of incorporating the capacity for 'tissue characterization' into pulse ecl., systems
came from M. Linzer in 1975 who found that there is wealth of information that could be
exploited to diagnose the tissue states [2].

The subject of tissue characterization using ultrasounds has received much more attention
nowadays by biomedical engineers conununity. Most of the investigations published in the
literature within the last two decades, from the quantitative approach point of view, are

oriented, in majority, to the tissue consistency determination. In connection to this approach,



the statistical and the FFT analysis of the corresponding RF A-mode signal are particularly
the mostly used tools [1].

In this work, B-scan image of good quality is obtained and processed to point out the areas of
interest from which video A-mode waveforms, contained along acoustic rays, are isolated and
studied on the base of their amplitude weights for tissue classification and pathology
recognition.

The simultaneous existence of so many diffccent and complex interactions of ultrasounds with
biological tissues and their dependence on temperature makes difficulty to isolate anyone of
them with a high degree of accuracy. Some necessary simplifying assumptions are made
regarding the other interactions that can affect the pulse-echo signal and only backscattering
behavior is observed in imaging device with taking into account the aucnuation for further
time gain compensation (TGC) correction which provides a quite good acquisition .
Therefore, in this study, the parameters estimation upproach seeks to estimate the value of «
particular acoustical property such as reflection and attenuation coefficients, while structure
characterization one is used to investigate in the change in the echostructure of the liver .

The analysis of the reflection coefficient values for selected tissues, in normal or abnormal
state, allows the prediction of various imaging results and hence providing different classes
of tissue reflectors.

Since the internal architecture of the tissue is stochastic in terms of acoustic scattering
properties then, any change in acoustic impedance is expecied to occur randomly. Hence, an
accurate statistical determination of averages of the A-trace enables a quaatitative
characterization of a particular biological tissue.

In general, the A-scan signal is considered as a result of a convolution of oue dimensional
interrogating pulse with some biological tissue. Some processing operations such as an
normalization, gating portions of interest and correlation have been done preliminary .

In this case, the A-mode trace is obtained from the envelope detected echo sigual which is
gated into several portions to end up with traces of interest corresponding not only to the
consistency, but also to the boundary feature. This last feature is also important clinically,
since it is indicative of the focal decease in the liver [1]. These two clinical features are
expressed in terms of A-mode signal parameters whose combination is used firstly, for tissue
classification (liquid-solid) and secondly, to characterize the focal pathology for early-
warning cancer detection.

This approach has been applied in this case to some liver pathologies, representing

respectively benign and malignant cancers, and goud quantitative differentiation has been
obtained.



The hierarchical main steps for tissue characterization are summarized as ,
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Fig-1.1 Hierarchical steps for tissue characterization



In the first chapter is presented an account of the propagation of acoustical waves in the low
MHz frequency range and their interaction with biological tissues. The objective of medical
ultrasound diagnosis is to use the knowledge of acoustics and the prupagation/interaction
process to produce acoustical images of tissue and to extract additional information from tie
image or interaction process that may prove to be clinically relevant . Also, In this chapter a
set of acoustical parameter values is collected from different tissucs and arranged in the form
of classes as data reference for further normalization and analysis.

Chapter two is devoted to the study of the conventional pulse-echo system as well as its
more recent version that is used as part of the data acquisition system described iu thi> work.
Also described in details , are the electronic signal processing chain and acquisition for further
PC software compensation and analysis.

B-scan echographic images, obtained from the video output of an echograph using an
ultrasonic linear probe, are recorded on a VCR. f he recorded sull images are introduced into

a PC via a video acquisition card to be captured for further processing and analysis.

Chapter three deals with image processing tasks, suited to acoustic imaging, which are
performed to highlight a particular abnormality to the diagnostician in order to point out the
suspected pathological or Area Of Interest (AOI) fron: which data, two-dimensional-samples
and column vectors, are extracted and analyzed for pathology detection. Some simple

texturale parameters, best analysed in two-dimensions, are also determined to coutribute in
medical decision making.

In chapter four, the A-mode trace (column vector), obtained from the envelope-detected
echo signal, is gated into several portions to end up with traces of interest relevant to both
the consistency and the boundary feature. This last feature is also important clinically, since
it is indicative of the focal diseases in the liver.

In the boundary analysis, parameters such as the peak value, the thickness, and the nature of
the back and front walls are used to 1dentify the type of pathology , whereas the reflection
mean amplitude , the periodicity and /or the spatial distribution and the estimated attenuation
are used to characterize the consistency of the pathology. The combination of these different
signal features is used for tissue classification (liquid-solid) and hence for characterizing the
pathology (malignant or benign). A combinational tree diagram, assembling all the previous
parameters, has been elaborated for the final diagnostic decision.



CHAPTER 2

ULTRASOUND PHYSICS
AND APPLICATION TO MiDICAL DIAGNOSIS

Today, various aspects of acoustics find application in almost every field of science
and engineering ranging from the design of concert halls to medical ultrasonics. It is this later
topic that concerns us here, the propagation of acoustical waves in the low MHz frequency
range and their interaction with tissue. The objective of medical ultrasound is to use the
knowledge of acoustics and the propagation /interaction process to produce acoustical image
of tissue and to extract additional information from the image or interaction process that may
prove to be clinically relevant. The understanding of the physics of ultrasounds allows «
development of new medical ultrasound methods and techniques.

In this chapter a set of acoustical parameters values [1,4,9] is collected from different

tissues and arranged in the form of classes as a data reference for furthe, normalization,
comparison and analysis.

1-Fundamentals of ultrasonics in biological media
1.1- Introduction to propagation of ultrasonic wave

Ultrasonic waves are longitudinal mechanical waves that can propagates in liquids,
solids and gazes.The matcrial particles transmitting such wave oscillate in the direction of the
propagation of the wave itself. These oscillations cause alternate compression and raicfaction
phenomena in the medium leading to periodic fluctuations of the pressure P around an
average value p,.

The basic linearized wave equation that describes the propagation of the plane wave in an
isotropic homogeneous nondissipative fluid [14] is given as :



12°p 2.1)
Vip=— :
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Where V?is the three-dimensional Laplacian operator, ¢ the sound velocity, p the pressure at
the spatial location (x,y,z) and ¢ the time.

If the coordinate system is chosen so that this plane propagates along the x-axis , (2.1) reduces
to,

’p_13% 2.2

&t al

The general complex form of harmonic solution of this equation for the acoustic incident
plane wave can be written,

Px,t) = py.exp(j(nt - kx)) (2.3)

where p, is a real constant representing the pressure amplicude, w the angular frequency and
=w/c the wave number.This is an expression for an incident acoustic plane wave propagating
in the x direction as a function of time ¢ .

The sourse of this pressure fluctuations is attributed mainly to variations of physical
parameters such as the density p and the elasticity « of the cunsidered medium.

1.2- Physical acoustic parameters of bivlogical incdia

1.2.1- Biological tissue medium

A biological tissue is an extremely complex viscoelastic materiel which lias many levels of
organization progressing upwards in size from DNA (10 to 104 nm) through organellcs, cells
(103 to 105 nm), group of cells in connective tissues matrix (105 to 106 nm) and finally 6. 5ans
(1to0 10 cm) [3].

The biological tissues are classified as: liquid, soft tissue, solid and gas. In the case of the

normal liver, which is the organ of interest, it is modeled as a soft tissue, humogeneous
isotropic medium.

1.2.2- Medium elasticity

A deformation produced at some point of an elastic medium is transmitted progressively to
neighbor points. This mechanism of propagation will use the property of elasticity or
compressibility of the tissue medium. This elasticity is characterized by the bulk modulus x



| which is defined as the ratio of change in pressure Ap to the resulting fractional change in the
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1.2.3-Propagation speed

This velocity depends essentially on the bulk modulus of elasticity k and the density of the
medium p in the case of gases , liquids and sout tissues :

¢ = \/% m/s 2.5)

where x is expressed in Kg/(m.s?).

In the case of some solids as bones, both longitudinal and shear waves can be propagated and
(5) becomes,

c= \ﬁ‘T * Gyp 2.6)

where o is Lame's constant and G the modulus of rigidity.

The ultrasonic velocity in soft tissues is almost equal to that in water with a small degree of
dispersion (demonstrated in aqueous solution of hemoglobin) [7].The ranges of measui. d

values of the velocity ¢ in the biological tissues and organs are illustrated in figure 2.1,

below,
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Fig- 2.1 Ultrasonic propagation velocity in biological tissues



1.2.4-The medium density

Eq. (2.5) shows that the density p of tue tissue medium is also an important parameter. The
densities of different tissues and organs are also given in the reference data table 1 in

Appendix A. Classification is also established in ascending order from liquid to solid tissue.

1.2.5 -The acoustic impedance

The specific acoustic impedance Z is defined as the ratio of the acoustic pressure p to the
particles velocity v:

7z % Kgs1 m2 @.7)

where p and v are distributed values analog to the voltage 1 and the current i in electricity.

The ratio (p/v) is constant for given tissue and provides one of its acoustic characteristics

which depend on its density and velocity ¢ as well as on some parameters iclated to its
elasticity property :

Z=%=’Dc%=pc= p.K (2.8)

This gives some indication about the tissues strength which is related to bulk modulus « ; the
stiffer the tissue, the higher the wave velocity and the higher the acoustic impedance Z.

An acoustic impedance scale for different iissues, which has been elaboiated on the basis of
data given in the table 1 of appcndix A, is illustrated below in the figure 2.2 .
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Fig-2.2 Acoustical impedance scale (I g s-1 m-2 ) for diffu.cnt tissues



1.3- Interaction of ultrasound with biological tissues

When a plane wave encounters an interface between two tissues of different densities

and elasticities three processes are fundameutally found : reflection, refiuction and
attenuation.

1.3.1-Reflection and refraction

When an ultrasonic wave meets an interface between two soft tissue media which ditfer in
characteristic impedance, a proportion of the energy is reflected while the remainder is
refracted into the medium beyond the interface as shown in Figure below.

The direction of these waves obeys the same laws of optics [21],
-reflection: 6. = 6,

. sing, '
-transmission : — =—  (Snell's law)
sinf, ¢,
Ii ! Ir
Interface

It
Fig- 2.3 Reflection and refraction at an interface between two different tissues

Where 6,6, and 6, are respectively the angles of incidence, reflection and transmission and

¢, and c; are the velocities respectively in the media 1and 2 .

For plane waves at normal incidence the reflection and the transmission coefficients r and ¢
are evaluated as a function of the characteristic acoustic impedances Z, and Z, of the two
adjacent tissues media as follows [ 21],

s [a-zﬁz
=17\ vz,
I 1, 4zz,

p=—t=——Tr2 2.9
I, (Z, +2,) (2.9)

I
1

L r+t=1
where /,, 1, and J, are respectively incident, reflected and transmitted intensities.
At an oblic incidence 8, , r is evaluated using the following expression [21],



Z,cos0, - Z, cosO, :
;= - (2.10)
Z,cos0, +Z, cosH,
This shows that the reflection intensity decreases rapidly as the beam becomes oblic.
In consequence, the echograph will visualize mostly the reflections for which the manipulator
has positioned the probe near zero incidence angle and particularly for the zone of interest and
hence improving the quality of data acquisition .

The present pulse echo system is based on the envelope deteciion method and therefure, it
is only capable of displaying echo-amplitude information .

Fields and Dunn , considered the classical formula for the amplitude coefticient of
backscatterer R [3] as,

R=22 (2.11)

A, = A,.R (2.12)
Where 4; is the incident amplitude or pressure.

The larger the ditference in the characteristic impedance Z, the larger will be the reflection
coefficient R and hence the larger will be the variation of the displaycd icflected amplitude.
This amplitude is either in phase or out of phase with that of the incident wave[4]. This
depends effectively on the specific acoustic impedance value of Z, relative to Z. If an
acoustical incident wave meets an interface where the tissue-medium 2 is of higher
impedance than the tissue-medium 1 (Z,> Z.) a positive reflection change is obtained
according to equation (2.11) otherwise a negative change is obtained for the reverse cuse
where Z,< Z,.

For further convenience, the specific acoustic impedance is ncrmalized with respect to that of
water Z,, as :

z, = Zs 2.13
Z, (2.13)

Accordingly, if the first medium is water ,the reflection coefficient R becomes,
Z -1

= Znw (2.14)
Z, +1

10



The refelection amplitude coefficients R is convenicitly expressed as a half intensity in dB's,

zZ, -1

n

Z +1

nw

(2.15)

R=10Log

For computational convenience, the reflection of water is taken as the inferior reference in the

gray scale, while the superior limit is that of a perfect reflector. The relative variation of

reflected amplitude for two given tissues, in dBs, is estimated as ,
AR=A4,, -4, (2.16)

In order to get a positive displayed reflection value, the absolute value of the inferior limit,

taken as -25 dBs with respect to the perfect reflector, is added. Hence,

Apq = A, +25 (2.17)

The analysis of the reflection coefficient values for some selected tissues, in normal or
abnormal state, allows the prediction of various imaging 1esults and hence, providi.g
different classes of tissue reflectors.

The calculated values of the amplitude reflection coefficients corresponding to some
interfaces in liver organ and its surrounding tissue are illustrated in figure 2.5 . The results are
expressed in decibels over the level from waler reflector, so thit it is easy to coupare v.c
reflectivity with another. Therefore, from imaging result of B-scan we can predict wie
reflection factor values from an interface and then charactenizing the two corresponding
tissues .

The values indicated in the corresponding table 2 of appendix A apply only to normal

incidence on extensive flat boundary. The reflectivity differs for other angles and curved
surfaces.

Liquid semiliquid Soft tissue  Solid tendancy  bulid
Collag
Tumor Ml Cirrhos
ui
] v
‘ M
— Muscle Calcitic bone
Liquid : L ' ]
[ SR sk, gl u
N . . @ & » Lives « .
Water L 1 i 1 1 i i i § 1 perfect refleciu,
1 3 5 7 9 n 13 15 ﬂz (db)

Fig-2.4 Reflection amplitude tissue classes
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This graphical reflection scale, shown in figure 2.4, helps in differentiating between different
classes of tissue reflections .

Note that several types of liquid exist as hemoglobin, pus aud so on .. and that their overall
reflection amplitude will depend on the type and thie number of the contained particles. In

some cases, it could reach that of the soft tissue. However, the empty interval from 5 to 9 dB
could be attributed to semiliquid class or mixed class.

The interpretation of the obtained results depe..ds mainly on the amplitude of the reflected

components of the ultrasound beam in conjunction with a qualitative estimation of the
attenuation.

1.3.2-Attenuation

The intensity of an ultrasonic beam decreases with distance as it propagates in a
biological medium. This attenuation is attributed fundameutally to the absorption and the
scattering processes.

1.3.2.1-Absorption process

Two types of absorption are generally observed : one is due to the medium viscosity-

heat conduction and the other is due to thic relaxation process. This later causes most of the
overall attenuation

1.3.2.1.1-The classical absorption process

The mechanism of absorption results from the frictional forces associated with the viscosity
and heat conduction .

i- Heat conduction

This is a process in which acoustic energy is converted to heat at the site of the interaction.
The particles of a homogeneous biological medium can absorb a fraction of an incident energy

. . AT
and then releasing some thermal energy whose rate of increase of the temperature —— is

proportional to the ultrasonic intensity / e ,

’;=K.] (2.18)

11



ii-Absorption due to the medium viscosity:

The viscosity of the medium opposes the particle motion and so absorption of energy
occurs.For a diluted medium this absorption increases wish the square of the applied
frequency F. This increase is faster for biological tissues or a concentiuted medium. In the
case of blood, accurate results have been obtained on account of its homogeneity (Carter.

Schwann). The ratio % increases with the frequency in the range 1 to 10 MHz , and the

absorption seems to be determined largely by the total protein cuntent [7].

The classical theory of absorption [14 ] yields an absorption coefficient that is proportional to
the square of the frequency , given by :

__Gr)Ffan, (r-1)z 219)
T ope ‘.3 ¢

P

where o denotes absorption due to viscosity and heat conduction, ng 1> the coefficient of the
shear viscosity, y the ratio of the specific heats, C,, the heat capacity at constant pressure, ¥
the thermal conductivity, and p, the medium density.

1.3.2.1.2-The relaxation absorption process:

Absorption in biological tissues is meanly due to relaxation mechanism [7]. The equilibrium
which exists between the various forms of energy is disturbed by the passage of an ultrasonic
wave. Because the equilibrium times are not instantaneous, encigy phase relationships, which
result in absorption, may occur. At low frequency, the phase delay is small and the absorption
is constant. The absorption increases with increasing frequency to a limit at which the shared
energy is in out of phase. Above this frequency limit, the absorption slope changes because
there is less time for energy to flow from one form tc another. In anothe. vord , at some high
frequency, the equilibrium reaction, molecular dissociation-association, cannot be performed
in phase with this pressure perturbations and consequently heat will results.

Such processes are also described in terms of relaxation phenomena and an associated
relaxation time. For example , the translation motion of the sound wave could have an effect
on the vibrational or rotational structure of the fluid such that at a certain frequency structural

rearrangements could occur fueled by the energy of the sound wave and causing an effective
increase in absorption as shown in the Fig- 2.5.



Increased absorption
due to a simple relaxation process

Classical absorption

F Frequency
Fig-2.5 Increased absorption due to a single relaxation peak at the frequency Fr

As the structural complexity of the fluid increases, the number of relaxation processes

required to describe the absorption of sound also increases.

The absorption coefficient oy for a collection of relaxation processes is most conveniently
written as the sum [14],

, C ,
@, =F¥ ; (2.20)

where Cj is a descriptive constant or function associated with the i*# process.

In general, relaxation processes not only raise the magnitude of the absorption over its
classical value but also change the frequency dependence as shown in the figure2.3. As the
number of relaxation processes increases, the absorption coefficient goes from a,~F2 to a,~
F. In fact, it can be shown that as the number of the processes becomes infinite (n—c0) in eq.
(220 ) the frequency dependence of « goes to unity. This aualysis is still under
experimentation : complex solution of macromolecuics as well as tissues have ausorption
coefficients that have near-unity dependence on frequency[14].

Therefore, the total absorption coefficient is given by,
H=a, +a, (2.21)

The coefficient u, which depends also on the propagation medium, is convcaiently expressed
as function frequency F,ie, [6]

p= p F? (2.22)

with 1< <2 for soft tissues.

14



In the low frequency range 1 to 3.5 Mhz, the attenuation coetticient in the soft tissuc is
slightly proportional to frequency (8~ 1.1) and then could be approximated as,

u=puF (2.23)
1.3.2.1.3-The absorption law

In homogeneous media, the amplitude a of an acoustic wave decreases expoucutially with
distance x from the source as,

p=pe” (2.24)
where P, is the vibration pressure amplitude at the souce.
The transmitted ultrasonic intensity is given by,
I, =1e?*" (2.25)

The attenuation A, of an ultrasonic wave is determined using decimal logarithm of the
intensities ratio , hence

I 2
A = 2.310g(~11)”2 = x> A, = (2—3 1)x (2.26)

Making use of equ. (2.26 ) A, becomes,
- 2 -
4, 2(23;!0F)x:a.x.F (2.27)

a is conveniently expressed in term of coefficient per unit length and frequency as,

A/ 2
&= JemMhz (2.28)

However, blood attenuates the ultrasound the lcast, followed by the fat, brain, kidney, liver,
muscle, bone and lung as shown in figure 2.6. The attenuations in both bone wud lung are

much greater and hence ultrasounds are largely confined to the soft tissues which are not
obscured by bone or gas.

14



Liquid Semiliquid Soft Tissue " Solid tendancy Solid
DN Jum.
. . Bone
. BI Musc- Fibrous
iR o Livyy -
L1 ] I L ! | l ! [ l i [ 1
.001 .01 .02 05 1 2 5 1 2 5 10 20
a (db/cm/Mhz)

Fig-2.6 Amplitude Attenuation coefficients

In the case of several successive tissue media 1,2,3.n with respective aticnuations
A4, 4,;... 4, the total attenuation can be cxpressed by the following ex . cssion,

Au = iA,, = ia,x,F (229)
1 1

1.3.2.2-Scattering processes

This is due to the direction change from the mean path of the radiated energy of the beam.
A particle, that is considered as an elastic sphere, interacts with an acoustic beam in different
ways depending on the relative value of its radius 14 to the wavelength A of the Lecam [ 12] .

1.3.2.2.1- Reflection and refraction : case where A << ry

If the wavelength of the incident radiation is much less than the dimension of the scaticring
particle or interface, specular reflections occur aud the amount of the reduced intensity is
given as [12]:

Al =3 R, (2.30)

But this reflectivity depends also on the form and the nature of the wall at the interface. If the
interface is smooth and plane a simple reflection takes place with higher intensity at specular
condition. At the other extreme, if tke interface is rough and curved, a part of the Leam
reaching the curved zone may be reflected with weak intensity and out of the direction of the
detecting field of the probe as shown in F ig 2.7a ; while the part reaching the rou_h region,
that is composed of asperities, behaves as a diffusin g region in arbitrary direction and towards
the probe. Then the resulting detected wave will be a mixture of reflected and diffused waves
from the obstacle as illustrated below, in the figure 2.7-c.
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Fig-2.7 Reflection in the curved and rough regions

Note that in case of interaction of ultrasounds with solid as bone, ene: gy mode con:.rsion

takes place and hence the incident lougitudinal wave produces also shear waves causiug
energy reduction.

1.3.2.2.2-Diffusion : case where A >>r,

If the particle, exhibiting the variation, is small comparcd to wavelength of the incident beam,
scattering is of Rayleigh type and then tends to be isotropic. The particle contracts and dilates
at a constant speed following the pressure variation and it behaves as a secondary source that
reradiates a small fraction of the acoustic energy in all directions in space with the same
frequency as the incident wave as shown in figure 2.7-c.

The intensity of the diffused wave, following one direction 8 with respect to that of the

beam, is inversely proportional to the fourth power of the wavclength and it is given by the

Rayleigh law [ ],

This expression indicates that at the given direction B the diftusion intensity decreases fasicr
when the wavelength increases with respect to the size of particle. For some directious, in
which the diffused rays are out of the prol. detecting field, the intensity reduction is then,

Al, =21, (2.32)
1.3.2.2.3-Complex scattering : case A=r,

For an incident wave with a wavelength of the same magnitude as the dimension of the

scatterer, the scattered waves form a very complex patterns composed of reflection, refraction
and diffusion waves [ 12].
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1.3.2.2.3-The beam divergence
For an ultrasonic transducer of 2a diameter and wavelengih A, the width of an ultrasouic

beam remains constant for a distance p = a% and start diverging by an angle given as

follows [21],

T p =sin™ (00147 (2.33)

Ad
Fig 2.8 Beam divergence

At distance d far from the limit of the Franhofer distance D, the intensity becoies,

I A, ; ma’ /
= = 5 <
74, Crma+dtang)

(2.34)

where A, and Ag are the radiated areas respectively at D and D+d : [; and [ ; denote
intensities respectively at source and at the distance d from the Franhofer liniit.

In this case the energy becomes spread out over larger areas and then the energy per unit area
or the intensity Ixs decreases. The intensity reduction is then:

A[div =1s—1xd (235)
1.3.2.3-The total attenuation

The overall attenuation may be presented by the following attenuation tice in figure bei -w,

Amplitude reduction

]

LMedium attenuatioq rScanermg processes ] Elccuronic processin;;

Absorption
Reflection Pefraction  Diffusion Divergence

Viscosity Relaxation l
Heat conduction

Fig-2.9 Attenuation causes Tree
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The overall amplitude reduction is written as,

Ar =AML, +(Al, + A, + AL, )+ Al (2.36)

Since most of the attenuation occurs in absoiption and reflection, the previous equation
simplifies to,

Ay =Al, +Al =2 ax F+ ORI (2.37)
1

Note that the amplitude attenuation, that may be caused by the electronic processing circuit as
well as the transducer, is not considered in this case.

The estimation of the attenuation parameter helps in getting the tinic ga.n compcnsation
(TGC) setting as correct as possible for a specified organ or portion of it allowing better
quality of acquisition for further reflection amplitude analysis.

2- Reflection amplitude and attenuation coefticient esiimation

The simultancous existence of so many different and complea intcractions of
ultrasounds with biological tissues and their dependence on temperature makes difficult to
isolate anyone of them with a high degree of accuracy. Some ucccssary siniplifying
assumptions are made regarding the other interactions that can affect the pulse-echo signal and
only backscattering behavior is observed in imaging devices when taking into account the
attenuation estimation for tissue characterization [2].

2.1-Estimation of the reflection amplitude

Note that, the small difference in acoustic impedance between biological tissues is
such that the echo sent back by their interfaces is easily detected by the pulse echo system,
while the major part of the incident ultrasound wave is transmitted and used for further
exploration of the examined organ with fairly large depth ranges.

In this study, we have considered only the first order retlections with planar interfaces, in
which the ultrasound beam can either be specularly reflected or backscattered with taking iuto
account its progressive attenuation with distance in accordance with the proposed model for
the amplitude reduction.

If the tissue is modeled as an n-layers medium to be traversed by an ultrasound beam, the
detected reflected amplitude at the K interface can be expressed as follows ,
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=k m=k~1
B A,[ (1- Rf,_,_p))eXp(—z 2 a,%,).expa,. X).R, .,
k k+1

m=|

ARIZ B ) Ai RIZ
=k m=k-1
= (ﬁ(l - Ri_l’p))exp(—Z Ya,x, +2a,X) 2.41)
m=1}

P=2

Taking the logarithm of both sides of equation (2.41) and expressing the new quantiti=s in
dBs, the previous equation becomes ,

m=k+1

ok

. ) 2 N 4

Ar[‘k,k+l — ALy, = ELOg(l— R-p—l.p)‘*‘;g(acx" Za,,,.x,n (2:42)
p=2 .

m=1

If each layer of the considered medium presents the same attenuation coefficient a,, »then the
overall attenuation o becomes,

m=K+1

243

o, = a,x,=a,.X (2.43)
m=t

Therefore, the attenuation coefficient at the working frequency of 3.5 Muriz per cm is
evaluated as ,

=K .
(ArLk,k+l - ALR|2 ) - t LOg(l - R2 ) («-44)
p=2

pLp
a,=a, -

X

Finally the attenuation at 1 MHz per cm is then estimated to be ,

%r

(2.45)
35
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@, ==

Note that in the case of tissue with solid tendency consistency inside the liver, the amplitude
reduction due to shear waves is relatively small and then can be neglected.
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Fig-2.10 Reflections at different interfaces of an n-layer tissue

Where 7 is the number of interfaces and Z;, «; and x, are respectively, the specific acoustic
impedance, the attenuation coefficient and the thickness of the K layer.

The overall detected A-trace for the n-layer tissue is evaluated as ,

k=n{ p=k m=k~1
A =AR,+ A ZU—I(I - R;_l,p)Jexp(—2 2o2x) Ry (2.39)
m=1

k=2\ p=2

This signal should be applied to a time guin compensation circuit (TGC) in the pulse-echo
systeni to compensate for the attenuation. Since, the TGC function is generally taken as an
increasing exponential time function [1] the previous equation becomes,

k=n( =k m=k~1
A(n)= AR, + 4 Zkﬁ(l— Rf,_,';)Jexp(-Q 2, x,)-expa,. X).R, .,  (2.40)
k=2 m=1

p=2
2.2-Estimation of the attenuation in reflection mode

The reflection amplitude reduction at the kth interface is evaluated as the diifercuoc Letween
the reflection amplitudes of the front wall Ay, and the back wall Ary .y of the inclusion of
study. Assuming that both walls are of the same nature and therefore Luve the same
backscattering coefficient Ry i, , the ratio of these amplitudes is expressed as ,
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3-The liver echostructure

The liver organ and other constituents of the body are made of tissues that vary widcly in
structure. The ultrasound beam interacts in different ways at all levels of org.nization
depending upon acoustic properties of the examined tissue. The most important factors
involved are the internal anatomy of the vrgan as shown in figure 2.9, its overall geometry wid

the intrinsic property of the tissue itself . Refer to Appendix A for acoustic parameters values.
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FIG.2.11 Anatomic cross-section of the liver

3.1- Liver normal state

The liver has a filled homogeneous echostructure with regular edges and some hetciogeneities
which are due to vascular sections[18]. The acoustic beam must cross the skin laycr and the
diaphragm interface in order to reach the liver organ as shown in Fig-2.11 .

The echoes arising from and within the liver organ are the result of a convolution of the
interference pattern due to the array of point scatterers constituting the parenchyma of the
organ with the shape of the interrogating beam.

However, the liver tissue has a well developed collagen framework which yiclds a medium
echoes intensity . Collagen is extremely well distributed in liver tissues, and is responsible for
maintaining both the external and the inicmal structure of the organ and thus, it is expected to
be an important site of echo formation in normal liver tissues [8]. Note that a small
proportion of the fat tissue is also contained in the liver.

In some anatomical sections, the surrounding organs such as the kidney and the spleen may

be considered for an anatomical mapping and overview for further clinical pattern recognition.



3.2-Liver pathological state

Since this abnormal state, in a limited or a ditiused region as shown in figure 2.11-b, may
come from a rearrangement in the structure and a change in acoustic properties , the
pathological mass causes effectively an ultrasonic interaction different from that of the
normal region of the liver. For instance, the liver focal decease's appear as local disruption of
parenchymal architecture while the diffuse ones are marked by a general alieration of the
parenchymal pattern.

Note that Collagen has also a particular significance in pathiological conditions since many
inflammatory processes are accompanied by an increase in collagen content of an organ
,whereas tumors may either replace the collagen in the normal tissue or an adjacent fibrous
reaction[3].

Some pathological masseclinically termed as solid, have just tendency to be solid since their

acoustic parameters are much less than that of a real solid such as bone or stones etc.

o
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CHAPYTER3

INSTRUMENTATION

1-Pulse-echo system

Any improvement in the pulse ¢cho system requires a good study and a knowledge of

the conventional system and its electronics signal processing chain for further PC software
correction or compensation and analysis.

Pulse-echo system for ultrasound diagnosis is based on measuring techniques similar to those

used in radar. Three modes (or scans) are generally used in medicine: A-scan, B-scan and M-
mode. The main interest has been done on the two first modes .

1.1-Principle of A and B modes

1.1.1-A-scan system

When a signal is emitted from an ultrasonic transducer, it is reflected at various
discontinuities back to it. The detected echo information is used to diive the vertical
deflection plates of the CRT and provides us with the reflected acoustic encrgy .id the depth

d of any reflecting interface in tissue where the range of the time of flight ¢ is calculated as ,

L 3.1)

It is one dimensional amplitude versus depth display system that provides oue line of
exploration. For more details refer to figure 1 of Appendix B.



1.1.2-B-Scan system

This is a two-dimensional system in which a cioss sectional image of the scanned region, that
is in plane parallel to the direction of the beam, is built up gradually and mapped on the CRT
storage system as the probe is moving laterally wier specular condition of reiiection.

It is fundamentally based on the information provided by a set of echoes in A-scan that are
used to modulate the intensity of the CRT electron beam instead of deflcting it vertically.
For a given position of the transducer, the exploration line is 1cpresented on the scicen by
series of dots whose brightness depends on the echo amplitude and whose position in the

vertical axis is corresponding to that of a reflecting element in the explored plane.
1.2-The recent pulse-echo system

The pulse-echo system, we have used, consists essentially of an ultrasonic linear airay probe,

a receiver and a scan-converter with a microcontroller as shown in the Fig-3. 1.

Pulser
S Probe * P

U 0 H B-scun

| Display

) |
RE Scai
» Amplifier }—— Log | » >

H [:;LI')I'I(;Er . compression Detection Converter

p »  Receiver PB%: fPComr
TGC jL_

Fig-3.1 The recent pulse echo system

The pulser excites an ultrasonic probe with a high voltage pulse that produces an acoustic
wavelet that will be transmitted into a human tissue acting as reflector. The reflected acoustic
wave is detected by the same probe, amplificd by un RF amplifier to which is associated a
TGC circuit, compressed and then demodulated. The obtained envelope detected signal is then
displayed on the screen as echo-amplitude information [3] through a digital scan converter as
shown in figure 3.1.

For detailed bloc diagram and technical cha.ucteristics of the used echograph, refer to figure 4
of Appendix B.



1.2.1-The ultrasou:c pulser probe

1.2.1.1-The pulse generator

The excitation is obtained by either short pulse duration of high amplitude (50 to 200 V) or by
short train of pulses of frequency F and sepaated in time causing forcing oscillations.

The choice of the resonant frequencies such as 3.5 MHz or SMHz results from a compromise
between the resolution and the attenuation. High frequencies (>5 MHz) improve the resolution
but don't allow a deeper exploration.

In examining the abdomen, the maximum penetration depth is around 20 cm and this
corresponds to the pulse-echo acquisition time of 256 ps. Accordingly, this time interval is
required to avoid the interference of the returning echo with the transmitted pulse. Therefore
the pulse repetition frequency (PRF) must be sufficiently low (< 4000/s) to avoid tue pulse-
to-pulse ambiguities.

1.2.1.2-The ultrasonic transducer:
When a piezoelectric transducer is pulsed with a voltage pulse profile, an acoustic wavelct

starts traveling from each of its faces. In this case, a longitudinal acoustic wave is produced
perpendicular to the electrode plates as shown in Fig -3.2.a .

_A Us ,\/\/\ B Tissue
Transducer
a- Excitation- response b-Transducer conversion

Fig-3.2 Ultrasouic transducer excitation-respounse

The crystal thickness is equal to half wavelength or odd multiples such that at resonauce its
mechanical energy is maximum at the emission and the reception modes.

But instead of using a sharply tuned transducer that will respond only near the resonant
frequency, it is better to use a broad band, obtained by using short pulses eruission, to get
more detailed information on tissue material in the form of power spectrum. For abdominal
application, transducers with center frequencies of 3.5 and 5 MiHz are generally uscd and a
bandwidth of 60% to 100% are typical [14].

However the actual scattering at particular point within the tissue gives rise to a meusured
electrical signal E that is proportional to the detected pressure Pr. This signal is then
processed and applied to the CRT display.



Assuming that the transducer response is linear, the obtained electrical signal is given by:

E=K._.P (3.2)
where P, is the reflected pressure and K, is the transducer coefficient.

1.2.1.3-The linear array probe

An array of fixed transducers, placed in a linear config. .ation, are switched sequentially to
scan a rectangular cross sectional plane to form a two dimensional image in short time. Such
system, based on the A-scans has been developed by Bar and AL in 1971 [].
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Fig-3.3 Linear ultrasonic probe

Note that the used probe is made of an array of 64 fixed transducers, as shown in Fig-3.3a,
providing /20 A-scan lines which built up, in real time, a quite good quality B-scan image.

In this case, each line is produced by an array of § elements which are stepped along one
element at a time leading to a higher directivity as shown in F1G 3.3 c.

The focusing control is provided to allow the examination of any specific small region by
using suitable delay lines.

1.2.1.4- Spatial Resolution

The fundamental limitation to the axial resolution of the acoustic imaging system is sct by the
wavelength A of the radiation used to examine the tissue. Ultrasound pulse of frequency 2 to 5
MHz traveling at a velocity of 1540m/s has wavelength in the range 1 to 0.3 mm. This is very
desirable for visualizing the biological structure of small size in an organ, since this can

produce a Rayleigh reflection when it is greater than 1mm and then enough number of data
points can be collected for further analysis.



column-pixel number | Bandwidth(inux) | pixels/cm | Time of
MHz flight (us)
256 1 12.5 13
512 2 25 13

Table 3.1 Axial resolution valucs

The transmit-receive cycle is incremented by one transducer after each pulse-echo sequence w
generate 120 independent scan lines. Each litie is shifted half element to enhance lateral
resolution. The multiplexers, inserted in the probe, switch the elements to produce 50 or 60
images per second.

1.2.2-The ultrasonic receiver:

The amplitude of the smallest signal of interest received from within the patient is around 10
uv, and the dynamic range of echoes, equals to that of a tissue impedance variatiun, extends to
about 100 db's.

The reflected acoustic wave is detected by the same p.obe, ampliiicd by an RF amplifier
associated to a TGC circuit which compensates for the attenuation. This RF amplifier is
broadly tuned by an LCR network such that its bandwidth covers the center frequency of tl..
ultrasonic emission.

A logarithinic compression is applied to RF output signal whose dynamic range is in the order
of 100 db's, because only 50 to 60 db range is required for further screen display. The echo
amplitude range is selected following the impoitauce and the density of the clinical
information [7].

In practice a full wave demodulation is used when operating in short pulses. This is followed
by a low pass filter ,with a cut off freauency lcss than 3 MHz, which filters out the non-
desirable carrier frequency and detects the envelope of the «cho signal. A variable control is

associated to this detector to provide a suppression of echoes smaller than any chosen level
refered generally to noise.

The pulse echo system can be described as an operator within a transfer function H,

S()=H [A(1)] (>.3)

A(t) . s

Fig-3. 4 Pulse echo system transfer functican



Since this system is not always linear, the knowledge of the electronic processing of the
signal with the associated user controls at different stages should allow further sonware
correction and compensation to cnd up with a displayed signal that reflects the original
detected signal .

The various electronic processings are summarized in the following table:

Signal waveform Processing Response of processing Output U.G.
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Table 3.2 Mean electronic processing options of the pulse echo receiver
UGC stands for user gain control




1.2.3-Digital scan converter

The demodulated echo signal is then converted by an analog to digital converter (ADC) within
minimum word rate of 6 MHz according to Shannon Theorem, stored in the memory to be
processed , and then displayed on a TV display using high speed wide dynaic digital to
analogue converter (DAC).

The resolution of both ADC and DAC lies in the range of 6 to 8 bits which allows 64 to 256
gray levels which corresponds to dynamic range of 36 to 48 db. This improved dynainic range
produces a better B-scan image quality and data acquisition so that subtl. gradation in tissues
acoustic impedance can be observed and that the small portion of A-mode line could present a
higher number of data points for better analysis.

During scan conversion, electrouic or software interpolation of the 120 duta lines provides
additional data points to produce a smooth 256 line B-mode display without scan line
striations and matching the given display format. Two to four data lines (256 pixels/line) are
stored at one time, and the information is collected and proc2ssed to be generated in the
standard raster-scan format.

Note that the user controls, as the bri jhitness and the contrast are associated to this converter
circuit as shown in figure 3.1.

The multiple independent variables involving transducer selection, instrument adjustment and
scanning technique must be appropriately integrated for the creation of a technically and
anatomically satisfactory scan.

The used display systems are still limitcd in grayscale (dynamic range) and geometrical
resolutions and evolutive processing capability. This limited factors have been overcome by
using a PC  whose graphical display technology has been developed to a high degree to
present higher quality of the image from which A-mode lines are extracted, with higher

resolution and dynamic range, and then analyzed.
2-PC-based ultrasonic image processing:

Nowadays, PC-based image processing systems cover a broad range of hardware icatures.
Basically one card is plugged into a PC which is dedicated to capture, display and processes
images.

The BNC video output plug of the echograph is connected directly, or indurectly via VCR, to
the input of the acquisition video card (Pixel view) incorporated in an IBM PC AT equipped .
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with SVGA card and a high resolution screen providing a processing and analysis station

shown in the figure 3.5. The recorded B-scun still images are captured and

processed in order to outline the areas of intercst (AOI's).
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CHAPTER 4

ACOUSTIC IMAGE PROCESSING

Image processing tasks, suited to acoustic imaging are performed to highlight .. particular
abnormality to diagnostician to point out the suspeoicd pathological region AOI from which data,
two-dimensional-samples and a column vectors, are extracted and analyzed for pathology
detection. Also, this processing may be used preliminary to identify gross diseases in the liver
when visual inspection fails .

1- Introduction to clinical pattern recognition of the B-scan images
1.1- Introduction to clinical interpretation

In the interpretation of the pattern produced in the ochograph scicen, a detailed understanding of
gross anatomy and pathology is a prerequisite. Mental extrapolation and deductive reasoning are
always used and necessary. However, the most used clinical features are, consistency aspect, wall
texture, back to front wall ratio , shape factor and so on...
The clinical interpretation are currently based on the visual observation of the reflection amplitude
level in which doctors use the following terms for :

-The consistency analysis such as Hyper-echogene, echogenic, echodense, echomedium
hypoechogene, isoechogene, Anechoic (liquidian) transonic and sonolucent;

-The wall analysis such as smooth, rough, not well defined M gin .
However, close examination of clinical US scan shows it to be composed of a set of pixels. Thosc
pixels of high amplitude often arise from organ boundaries, bones surfaces etc... The cchocs arising
from within the organ are relatively of lower intensity. For instance, the liver parenchyme appears

as uniform medium level gray pattern, typically about 6 spots per squamc centimeter, with well
defined edges [8].



2- Mode reflection display

The image, obtained on the screen, refers to two-dimensional reflcction intcnsity function,
denoted by f(x,y) where the amplitude at a spatial coordinate (x,y) gives the intensity (brigntness)
of the NxN image matrix at that point [13].

0.0 £ .. fON-I)
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Since the image, visualized in echography, is obtained fro:n ultrasound reflections at tissue
interfaces ; the basic nature of f(x,y) may be considered as being characterized by the following two
components:
-Illumination i(x,y) which is the amount of ultrascund incident on the region to be viewed.
-Reflectance coefficient r(x,y) defined as the ratio of the reflected intensity to the incident one.
The functions of i(x,y) and r(x,y) combine as product to foim:

fx.p)=i(x,p).r(x,y) (4.2)
where 0<i(x,y) <i,, and 0<r(xy) <I
In the case of monochrome acoustic image, the intensity corresponds to the gray level which varies

continuously from black to white. Now, the useful range of this gray scale lies from 64 to 256
levels.
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Fig-4.2 Image illumination-reflectance Fig-4.3 One-dimensionnal . mode line signal

With the original source of intensity supposed constant, the limit L nax 18 obtained by maxinizing
the reflection factor r using a perfect reflector (a mirror or a well polished metallic plate) at
specular position. This could be taken be as an above reference for further determination of relative
reflection. For better accuracy, each time this reference must be weasuredand calibrated since B-
mode examination is not repeatable.



1.2- Different clinical Aspect of masses

In fact, three fundamental clinical aspects are observed in ultrasonic cross-section ot liver organ

[6]: echo-free area, homogeneous echo-filled region, complex or inhomogeneous region.

1.2.1- Echo-free area

This figure can have a regular or a non-regular form with slightly parallel borders. No echo appears
despite an increase in gain setting of the apparatus. This corresponds to structures such as liquid
cavity, vessels and organs rich in blood which allow the beam to pass freely. Also, it should be
noted that the presence of structural protein in the walls of arterial blood vessels makes them strong
reflectors and that not all the fluids have a low attenuation because this depends on tuc
concentration of the large molecules likc protein of DNA.

The contours are clearly shown in some pathology cases such as hematoma, organ capsule,
abscesses or Cyst. This later, that is very current, can be locatcd because of the fluid pocket and/or
homogeneous material contained within the cyst and its smooth wall texturc.This produces a
rounded echo-free area displayed as constant bluck color over its cross sectionnal area on B-scan
image. In addition, bright band appears beyond it and this is due to low attenuation as shown in
figure 4.1-a.

1.2.2- Homogeneous or filled area

This is displayed, using either a small or a relatively high gain, witii various regular echoes showing
tissular or solid structure in the liver. A cross section image may be obtained and differcutiated
from the rest of the organ presenting several <t.uctures by setting the TGC gain and contrast at an
appropriate level as in the case of a filled neoformation , benign or walignait, which is developed
in the liver. For instance, solid mass can be often located because of the potentiel homogencous
nature of the material within the tumor where an echo-filled region is produced. However, blood
vessels, cancerous tissue or other inhomogeneous entities could produce many echoes from the
area. Quite often an acoustic shadow is produced on B-scan behind the solid material because of

the small amounts of the sonic energy that propagates beyond the solid material as shown in figure
4.1-c.

1.2.3- Inhomogeneous or mixed region

This region associates echo-free zones containing bunch of echoes, more or less limitcd, with a
relatively echogenic and dense arcas. All these zones, including sane purt of liver and region
showing the pathology like tumor and necrosis or abscess, are in relatively homogeneous area .
Since the differential diagnostic is done with some wicertainty, then the use of gray scale
techinology has lead to an improved dynamic range and a numerical evaluation of the differeut
features providing much better accuracy of discrimination. Refer to fig 4.1-d



Fig-4.1-a Liquid masses or Cysts: Anechoic masses which through-transmits
ultrasound freely with indication of a distal bright up.

Solid tissue mass gallstones

Fig-4.1-b Solid masses characterizcd by strong reflection with acoustical shadowing.

o

d : . ; 5“:., S - —— ’ 'v 3

-Right lobe of cirhotic liver showing Cirrhosis: the anterior portion returns high Extensive region of irregularly increased

marqued attenuation of echo amplitude level of echoes with an altered textare. in the dic 1ght lobe of the liver. It li.s

posteriorly, The post. rior portion is poorly imaged poorly defined margins. Metastasis from
owing to increased attenuation. carcinoma of colon

Fig-4.1-c Malignant cancers

D Bl

Multiple masses (M) which highly echogenic mass (M) Mixed mass A typical poorly reflecting deposit with
represent metastases representing metastases

rather ill defined margins in the righ lobe of
the liver. Three innocent cysts with
smooth wall and increased througis
transmission

Fig-4.1-d Various pathologies

Fig-4.1 Acoustic images showing different pathologies, Liquid, Solid and complex masses [3,1,8].



The selection of the image matrix dimension as weli as thie nwuber of the discrete gray levels are
important in determining the image resolution and capacity storage. A typical size comparabie iu
quality to monoch.ome pulse echo image is 512x512 array with great than or equal to 64 gray
levels.

However, the use of the bitmap format is justified by the fact that windows have structures ready for
use which are used directly by the bit map functions. In the file, the information about the image,
color and pixels are stored in the form of data that can be read Liock after block to meniory directly
in the corresponding structures.

Each bitmap file contains a bitmap-file-header, a bitmap-information header, a color table 1 and an
array of bytes that defines the bitmap pixels. The knowledge of this format will allow the

conversion of the image into a gray level value matrix for further processin; and A-mode column
vector extraction .

3-Acoustical image processing

Some optimal image processing steps, as shown in figure 4.4, are performed for gross diseases
diagnosis and meanly to outline the area of interest from which data are extractcd and then analyzed
for pathology identification in the examined liver organ.

The microcomputer is equipped with software program that can handle image processing tasks
adapted to acoustic imaging such as edge detection, contrast cuhancement, TGC , inversion,

T ) -Edge detection (Contour,location,area)
Optimal Acoustical -Contrast enhancement
Image Enhancement -TGC

-Background Inversion

-Acoustical shadow

Gross disease - —
Identification Pwdiology suspiscion r_twau texture

IArea of interest

Extraction
-Consistensy Amode sigual extractiou
2d-Analysis & Analysis

issue classification

Fig-4.4 Image processing steps tor pathology detection



2- Mode reflection display

The image, obtained on the screen, refers to two-dimensional reflection intensity ftunction,
denoted by f(x,y) where the amplitude at a spaiial coordinate (x,y) gives the intu.sity (brightness)
of the NxN image matrix at that point [13].

£(0,0) JOLH . fON-D

1,0 Ly .. LN-1 4.1
Fegy=| TEO QD SLN-D) (4.1)

FIN-1L,0) f(N-1Y) .. f(N-L,N-1)

Since the image, visualized in echography, is obtained from ultrasound reflections at tissue
interfaces ; the basic nature of f(x,y) may be considered as being chauacterized by the following
two components:
-Illumination i(x,y) which is the amount of ultrasound incident on thi region to be viewed.
-Reflectance coefficient r(x,y) defined as the ratio of the reflected intensity to the incident one.
The functions of i(x,y) and r(x,)) combine as product to form:

Sxp) =i(x,).r(x,») (4.2)
where 0<i(x,y) <i,,. and 0 <r(xy) <L
In the case of monochrome acoustic image, the intensity coiresponds to itie gray level which varies

continuously from black to white. Now, the useful range of this gray scale lies from 64 to 256
levels.

us
Pulser

Amplifier %
Detection

Transducer AD .
Linax white
Ilumination o /4\/\/\/\/\’\/\) /|‘
0 |7 [ ) Jfr
t black
Fig-4.2 Image illumination-reflectance Fig-4.3 One-dimensionnal A-mode linc signal

With the original source of intensity supposed constant, the limit L, .ax is obtained by muaximizing
the reflection factor » using a perfect reflector (a mirror or a well polished metallic plate) at
specular position. This could be taken be as an above reference for further determination of relative
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The selection of the image matrix dimension as well as the number of the discrete gray levels are
important in determining the image resolution and capacity storage. A typical size comparable in
quality to monochrome pulse echo image is 512x512 array with great than or equal to 64 gray
levels.

However, the use of the bitmap format is justified by the fact that windows have structures ready for
use which are used directly by the bit map functions. In the file, the information about the image,
color and pixels are stored in the form of data that can be read block after block to memory directly
in the corresponding structures.

Each bitmap file contains a bitmap-file-header, a bitmap-information licader, a color table 1 and an
array of bytes that defines the bitmap pixels. The knowledge of this format will allow the
conversion of the image into a gray level value matrix for further processing and A-mode column
vector extraction .

3-Acoustical image processing

Some optimal image processing steps, as shown in figuie 4.4, are performed for gross deceases
diagnosis and meanly to outline the area of interest from which data are extiucted and then analyzed
for pathology identification in the examined liver organ.

The microcomputer is equipped with software program that can handle image processing tasks
adapted to acoustic imaging such as edge detection, contrast enhancement, TGC , inversion,

-Edge detection (Contour,location,area)
-Contrast enhancement

-TGC

-Background Inversion

Optimal Acoustical

Image Enhancement

-Acoustical shadow

Gross disease — ,
Identification Pathology suspiscion I ~Wall texture

IArea ol interest

Extraction
-Consistensy Amode signal extraction
2d-Analysis & Analysis

Tissue classification

Fig-4.3 Image processing steps fur pathology detection
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smoothing and other image processing techniques to highlight a particular abnormality to
diagnostician and then to outline the suspected pathological region when visual inspection fails or
is in doubt. |

This processing is based in the convolution operation which enhance a particular feature of an
image at the expense of others less important in acoustical image.

In the time domain this is expressed in the form :

g(x’y) = f(x’y)* h(xay) (4.3)

where f(x,y), g(x,y) are respectively the original and the processed image and h(x,y) the processiug
operation or transfer function.

For all image processing tasks that will come refei to figure 4.6 at the cad of this section.

3.1- Contour detection:

Contour information is important in pattern recognition of organs such as shape, dimension and
so on.., and their interrelationship as means of establishing orientation in anatomical cross section
providing specular condition for the probe.

This processing aims to highlighting edges by emphasizing the changes in gray values and
suppressing areas of constant gray values. This filter operation is obtained by a differentiation
operation or gradient method which assumes relatively large values for prominent edges in an
image, and small values in regions that are fairly smooth, being zero in the regions that have a

constant gray level. The filtered image is expressed as follows,

af
G/ (x.y)]=| 5 (4.3)
ay

Once the edges are picked out, the computer can more easily determine the location and the shape
of the pathological mass. This information is also useful when abnormal masses and deformations
are visualized by ultrasound.

3.2- Contrast enhancement

The maximum visual contrast, which results in an enhancement of dynamic range, is technically
adequate for further test of A-mode amsplitude which would make a possible automatic pathology
detection. This is a point operation based on histogram transformation. A contrasted image C is
obtained from the acquired image /, by a linear or logarithmic transiormation function T such that
each image pixel is transformed independently of all the others as,



Ceey)=T(1,(x.y) (4.4)

If Tis alinear function:
De=T(D,)=a*D +b (4.5)

where D, is the gray level of any pixel in J, image and D, is the gray level of the corresponding
pixel in C image [17] .
The effect of different values of a and b can be described as follows:
-The coefficient a will control the contrast or the gain of the acoustic video signal .
If a > 1 then the contrast of the transformed image is increased (and is reduced if a</).
-The parameter b will shift the image up or down in the brightness .

This later case is corresponding to the reflection mean value and needs to be normalized .

3.3-TGC effect on the image

This user gain control setting allows one to select an appropriate correction for the average
attenuation rate offered by the tissue. Where the region traversed departs from this average, an
error will arise in the correction, proportional to tl.. degree of departure and the pathlength . Where
the tissue attenuation is higher, than the corrected for, a band of apparently lower echoes appears
on the final image beyond the concerned arca. While shadowing occurs when sufficient ultrasonic
energy cannot propagate beyond the tissue-reflector being in study because of its high acoustic

impedance and attenuation. The column vectors of the image are compeusated as follows:
F, = TGC(f (x,)) (4.7)

This control is generally set in the echograph itself but it can be added in compuier as an image
processing task to enhance the already set compensation.

3.4- Background inversion

Some subtle structures are better visualized with either a black or white background. For
example, lesions and textured organs (as liver, spleen, kidney..) in which there was a background of
low level echoginity appeared better visualized using a black background. While in structures with
well defined borders, such as the liver surrounding pancreas and biliary tree, the use of white
background is desirable.

Also a sufficient natural positive background enables a morphological visualization of a malignant

lesion as area of augmented signal strength standing out from a normal background. While in the



benign lesions a reverse negative would possibly reveal benign lesions as deficiencics in the
normal background [15 ].
This operation consists of replacing each gray level g by its complemcnt k in the gray scale range.

For a 6-bits-coded image the inverse of initial gray level g will result in a value of k given by:
K=(2°~1)-g=63-g¢ (4.8)

The image inversion is obtained when this operation is applied for all pixels of the matrix.

3.5- Ultrasonic noise and artifacts and filtering

3.5.1 -Ultrasonic noise and artifacts and their recognition

The spurious noise may be caused either by the diffuse-appearing artifactual echoes or
electronic noise. In the first case, the echoes are otten noted within fluid-filled structures because of
their intrinsically hypoechoic nature ; while in the latter one, it may occur because of the faulty
equipment or transducers or because the overall system output gain is set too high. The B-scun
appears to contain echoes everywhere even in known sonolucent structures. The ability to adjust
finely the various controls will reduce noise artifacts and particularly by using echo level
Suppressor.

Regardless of the cause, any unrecognized artifact may result in scan misinterpretation and
diagnostic error. Artifacts occur in many forms, including spurious echoes or shadows and
pseudomasses. Pseudomass formation frequently relates to reverberative phenomena , such as
multipath reflections and mirror images. Combined absorption and reflection of sound from
fibrofatty tissue can also create pseudomasses, particularly in liver and spleen.

The reverberation, that is produced by multipath reflections, occurs when sound, reflected from
highly curved surface, does not return directly to the transducer but undergoes addition..! reflections

from nearby curved specular surfaces.

S-tissue Gas

B-scan l |

Fig-4.5 Reverberation artifacts
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Contrast Enhanc. Inversion

Smoothing AOI delimitation  extraction
a-Case of study 1

Contour detection Contrast Enhanc.

. PN

Inversion

Smoothing AOI limitation extraction AOI samples selection

b-Case of study 2
Fig-4.6 Acoustical image processing steps for 2 cases of study
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3.5.2-Smoothing operation

This is additionally used to diminish this spurious effects thal wnay be present in a di gital image and
to filter structures with high wave numbers.

This processing is obtained by an integration or averaging operation. Every point (x,y) of the
generated smoothed image is obtained by averaging the gray level values of the pixels of f(x,y)

contained in a predefined neighborhood of a point (x,y). The smoothed image is obtained using the

following relation,
1

g =7 2 f () (4.9)

For xy =0,12...N-1, Sis the set of coordinates of points in neighborhood of point (x,y), M is
the total number of points in the neighborhood.

Other processings like zooming and color processing could be considered . 1he magnification of
portion of the image, that is obtained by pixels duplication, permits to recognize visually the
internal consistency texture of the organ and differentiate tissues from pattern recognition of their
spatial distribution of the echoes in organs; while the color processing offers some significant
benefits to medical vision system by coloring gray scale image to enhance a particular details using
gray to color map operation or some look up table,

4-AREA OF INTEREST (AOI)

The several previous image processing can probably lead to the localization and delimitation of
area(s) of interest such as the suspected rectangular one for processing .
This cropped AOI should include three subregions which are:

- A normal region of the liver that will be the local reference for comparison.
- A region of the lesion .

-A region beyond the lesion for further attenuation estimation.

4.1-One-dimensional column vector extraction

Once the AOI is converted to a gray level matrix, individual column Vectors, repic.. g the A-

mode lines, are selected , extracted to be further analyzed on the base of their amplitude weights for
pathology recognition .
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fOs) ] (4.10)
S(Ls)

_f(N—l,S)_
where A is the selected A-mode line at st column vector.

4.2-Two-dimensional sample extraction and analysis

Alternatively, sample areas are extracted , as a biopsy, from normal and pathological 1egions and
analyzed using textural techniques based on statistical ( avcrages) and spectral (homogeneity)
approaches. The consistency is best analyzed in two dimension-mode because the number of data
points of the considered area is higher and this leads to the diagnostic result of high probability.

4.2.1- Histogram

This is a statistical operation that produces a count of the number of pixcls of each intensity in
image enabling further averages calculation and providing an echo amplitude distribution.

The histogram H(D;) is a graph of number of pixels with gray level D;, where 0 <D;<€4;

By summing over a number of pixels ,the histogram becomes integral:

63

S = ZH(D:‘) 4.11)

i=0

4.2.2- Reflection mean

Shawker and Al were able to diagnose focal or diffuse liver diseases when visual inspection failed

[2] sing a simple histogram algorithm of calculation of the echo amplitude average in a specified
region,

1 M N "
M =— X,V (41~)
p MNégﬂ,)

4.2.3- Spatial distribution density

This is an evaluation of the number of reflections of given peak value per unit surface. In another
word, this is a number of pixels with gray level value greater or equal than a given level D, over the
total number of pixels of the rectangular sample area expressed as ,
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MZNH(D,) (4.13)

D‘.’DL

S = MIN (i)

Note that a surface of 1cm? corresponds to 20x20 pixels

4.2.4- Variance

The variance of the trace is of particular importance in texture description[13]. It is a measure of

gray level contrast that can be used to establish descriptors of relative smoothness given by the
following coefficient,

R =1-—1t (4.14)
¢ 1+o?

For example , the measure of R, tends to 0 for an image of constant intensity or smooth texture and
approaches 1 in the case high coarseness.

4.2.5- Results and comments

4.2.5.1- Results

Tissue sample Mean Spatial distr. | Smoothness Histogram
M (gray level) Sd Re
Normal liver 24 14 .90 e S
50
ol l || .
15 20 25 30 5
Pathological 27 91 .95 wl l
40
2 !
: .llim“ il
18 2 2 40

Table 4.1 Results of 2D-sample analysis of one pathological case.

4.2.5.2-Comments

Relative to a normal liver sample, this pathological mass sample indicates in Table 4.1 a higher
reflection mean with an histogram weighted to the right. Also, it has much greater spatial
distribution density and it is of less smoothness. Therefore, this sample could be considered as
being of solid tendency.



CHAPTER >

A-MODE SIGNAL PROCESSING ANALYSIS

1-The model of A-mode signal

When excited by a high voltage pulse, the ultrasonic transducer produces a wavelet that
will be transmitted into the human tissue that is composed of a series of n interfaces acting as

reflectors [3] as shown in Fig-5.1.

Tissue interfaces

Transducer

Fig-5.1 System modeling for A-node signal tissue reflection

The transducer will receive, from these reflectors, a series of impulse rcsponses  at times f
having the form,

Rw(t—1),Ryw(t—t,)...Rw(t-1,)

where R; and w(t-t; ) are respectively, thz reflection coefficient and the weight of the wavelet
at the 7 reflector.

The overall response produces a trace S(t) that is expressed as ,

S(t)= D Ri.w(t—1) (5.1)
i=1



S(?) is considered as the output of an n-order linear system excited by wavelet w(i), whose
impulse response is the series of reflection coefticient R,

The present pulse-echo systems are based on the envelope detection method and therefore a
low pass filter is used to suppress the carrier and the RF noise to end up with the envelope that
is a monodimensional A-mode trace given as,

Aty =S(t).H,, 5:2)

.

The reflected ultrasound beam is detected in the form of energy and since it is gated, the
obtained A-mode signal is considered as a finite energy signal

2- Preliminary A-mode signal processing

The consideration of different regions of the same liver organ, with the normal one taken
as the local reference, as well as the use of the same ultrasonic beain path should allow au
efficient tissue differentiation.

The processing operations such as normalization, gating the trace of interest (1TOl) and u.e
correlation are performed preliminary.

2.1- Normalization and TGC compensation :

The user controls such as the brightness and the contrast affect widely the signal parameters
such that the obtained signal will not reflect the original one (refer to Chapt.3).

This normalization operation will bring mainly the values of the reflection mean of the
displayed trace portion A,.corresponding to that extracted from the normal region in liver to
the calculated liver reference value 12.5 dB obtained from the graphical distribution in Fig?. ¢

The the overall trace As is shift up or down depending on their difference. The normalized
trace 4,, is then evaluated as ,

A= Ay (V- (mean(d,)-12.5) (5.3)

On the other hand, for the attenuation compensation, the choice of a non linear function ,

exp(x) or log(x), or a linear one with variable slope depends on the case of study. The
compensated trace is expressed as,

A =A,1).TGC (5.4)

This will just complement the user compensation set up at the pulse echo system.
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2.2-Time gating

Time gating is used to take portions of interest (TOI1) out of the selected trace A, in the AOI
for a both consistency and boundary analysis. The gated signal is expresscd as follows,

Ag (t10)=Ay1) .1,,, (t-10) (5.5)

where 1, is the time window.

The trace Ay (1) is time gated into normal, abnormal and beyond abnormal icgions for
consistency analysis and correlation. For the consistency fine selection, the time gate within
the range of 13 to 26 ps, corresponding to a time of flight of distance 1 to 2 c¢m, is suitable for
echo video signal analysis for early detection of cancer [7].

On the other hand, walls traces of interest (TOI), that constitute interfaces between these
consistencies, are also gated for further boundary and aitenuation analysis.

2.3-Correlation

A frequently used method of comparing two finite energy signals is by computing their
correlation function which is defined as [11),

N

—m=-1 ’
R, (m)= D A ()4, (n+m (5.6)

n=0

where 4,(n) is a signal at time n and Ap(ntm) is another (or pathological) signal at time
(n+m).

The correlation function is performed to measure the degree of similarity between the
measured trace in the suspected area and the trace in the sane liver region considered as local

reference.t is common to express correlation in terms of the following ratio given as,

(e}
I 5.7
Py = G ©D

xy

-1<p < . . .
where ~15 £y <1 and p,, is called the correlation coefficient and x=An and y=Ap.

Sample estimates of Pxy close to unity in magnitude imply good correlation ,while values near
zero indicate a little or no correlation.



3-A-extraction and analysis of A-mode signal Features

The A-mode signal pattern recognition skills play an important role in arriving at reliable
diagnosis of inclusions or focal diseases using most of the time both the boundary aud the
consistency features.These two last parameters, which are indicative of the pathology, are
expressed in terms of the signal parameters [5] such as amplitude averages, peak values

bl

frequency content and so on, as summarized in the Fig-5.2 ,below,

A-mode signal

BoundaryAnalysis Consistency
Averages Analysis
-Location | 1
-Peak value ]
. Acoustic parameters Structure
-Thickness . Lo
Estimation characterization
Reflection Amplitude
X Frequency
Analysis .
| Analysis
|
Statistical ) ]
. Energy Attenuation
Analysis -Center Frequency Fc Pspectrum.
[ -Bandwidth Bw correlation
| | -Periodicity Pn
Mean,Variance,rms Probability density, Hist.

Fig-5.2 A-mode signal features analysis tree

These features are first used for tissue classification, liquid-solid-mixed, and then for
characterizing the pathology, malignant or benign .

3.1- Boundary Analysis

The peak value, the thickness and the nature of the back and front walls may identify the type
of pathology. This applies most of the time to foca! diseases such as cyst which has a smooth
wall or a solid disease as hematoma which has a rough one[6].

The boundary peaks value are best analyzed in the case of one dimensional A-mode signal.
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3.1.1-Wall location

The wall of the pathology may be located as a positive or negative retlected level

transition(s) which depends on its acoustic impedance relative to the normal liv¢; medium.

Fig-5.3 Walls detection

This detection is obtained by a differentiation operation or gradient method which assumes
relatively large values for rapid transition in the A-mode signal.
Besides, once the walls are detected the pathology size could be derived. It is known, from
physics, that each of a liquid , a mixed or a solid mass has a marked variation in size which
depends on its evolution with time [1]. This variation is evaluated as the disiance scparating
the back to front walls, in our case Xp. Also, it may be used for the evaluation of the overall
attenuation for the lesion as well as its spatial distribution.

3.1.2- Peak value analysis

An A-mode signal, that is taken off from a region with numerous changes in brightness or in
gray-level, would appear as a series of active peaks of different values. The evaluation ot the
relative higher peak values reflected at a particular point or laps of time [t, t,], is efficiently
used for an initial profile comparison and further tissue classification. Hence the peak values

of the gated signal portion, corresponding to the front or back wall , is evaluaicd as follows :
A,p,=max A@®) 1 <t<t, (5.8)
The echo strength of a distal wall may be used to characterize the wall nature on the basc of

the acoustic impedance relative to that of the normal liver. While the strength ratio of the back

to front walls peak values, Ap and Ag, can identify the type of the pathology by an estimation
of the attenuation relative to the normal liver data, that is given as,

Ry=Ay/ Af (5.9)
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If R,> 1, it corresponds to a higher reflection amplitude in the trace beyond the
lesion, and therefore, the lesion presents a lower attenuation than the sane liver.
If Ry<<1, this corresponds to a lower reflection amplitude producing an acoustic

shadow, and hence ,the lesion presents a higher attenuation than the normal liver.
If Ry =.5<l,this corresponds to a quite low reflection amplitude producing an

middle acoustic shadow, and hence ,the lesion presents medium attenuation with respoect to
the normal liver.

3.1.3-Wall nature analysis

3.1.3.1-The wall thickness:

This parameter is important in differentiaiing between pathologies and is expressed as the
product of time duration and the ultrasonic speed ¢ as:

Tw= (Tp-Tp ). (5.10)

where T) and Ty, are respectively 6db lower and higher time wall limits found by solving ,

Ai)=1/2 max(A.,) (5.11)
Aw —
(dB) o
! ‘[‘
.5 |
Tw |
T T hime

Fig-5.4 - Wall thickness

If Ty, is found to less than 3mm , this case corresponds to a cystic wall.

If Ty is found to be greater than 3mm , it corresponds to a solid mass wall.

3.1.3.2-Wall nature

The rough wall is a one which contains asperities and behaves as a diffusing interface in all
directions included that towards the probe. For this reason, the wall thickness is expected to
be larger, with a relatively lower reflection amplitude and a higher periodicity  due to
diffusing in the echo beam according to eq. (2.31 ). On the other hand, a larger wall nuay be

seen as wall consisting of line segments called edgels, having magnitude and direction.
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These edgels correspond to discontinuities in the displayed intensity and the corresponding
function, that is of nth order discontinuity, has a delta function at its nth derivative that is
expressed as,

d"4, (5.12)
dat”

As an example, a step, a linear and roof edyes have respectively zero, first and second order
discontinuities.

3.2-Consistency Analysis

Among the signal features of high confidence that are used to characterize the consistency,
we may quote :

-The mean of the reflection amplitude obtained from the probability density {uuction and
the reflection energy .

-The estimated attenuation

-The frequency contents

-The periodicity and /or the spatial distribution .

3.2.1- Characterization using acoustic parameters estimation

3.2.1.1- Reflection amplitude analysis
3.2.1.1.1- Statistical reflection amplitude analysis

Since the internal architecture of the tissue is stochastic in terms of acoustic scatluiing
properties then, any change in acoustic impedance is expected to occur randomly. But, in the
case of the liver tissue which may be considered as homogenous medium, the obtained traces
could be deterministic with some degree of ramdoness due to some abnormal phenomenon in
pathological tissue.

However, an accurate statistical determination of the averages for the A-trace, enables a
quantitative characterization of a particular biological tissue. This is best characterized by its
probability density function and its averaging measurements.

The histogram H(g;) of a displayed column vector A is a graph which gives the number of
pixels of the same value in each gray class g; , where 0 <g;<64.

It is obtained by summing over a number of pixels as,
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=63

N = ZH(gi) (5.13)

i=0

To obtain a graph of the probability density function P(A), the histogram is first converted to
a bar chart and then, a curve fitting process is carried out. The various statistical descriptive
measures of the A-trace are given by the nth moments that are defined as,

po = E[4"(0)] =2 4P (5.14)

However , the considered process is limited to the second order, that is, the reflection mean
and variance .

The first moment, which is the reflection amplitude mean, describes how the reflection

process behaves on the average, and it is given by the following integral ,

i = E[A()] =D 4.P (5.15)

The mean ; ,that is also the measure of the central tendency, is defined by statistics as,
= ; S.1o
H 1 n“ i ( )

The variance, that is the second moment, is the measure of the variability or the deviation
from the mean and it is given by,

/12=02=E[(A—/1)2]=Z(A—;11)2P (5.17)
The sampled variance is ,
1 & 2
o =;Z(Ai—p) (5.18)
1

This measurement is related to the contrast property in the signal and tends to 0 if the points
have the same value and to large values in the case of high variablity in the signal.

Other statistical values as the Rms, the skewness the reflection range can be taken into
account in some cases. For instance, the RMS value , that is the square root of the variance
provides a useful information about the received ultrasonic average power.

Refer to appendix C for the obtained results.



3.2.1.1.2- Reflection Energy ratio index

The reflection amplitude varies considerably with time and a convenient representation tiiat
reflects these amplitude variations is th2 short time energy. The measured total amount of the
received sonic energy , that is the area sustended by the tiace, is evaluated as the sum of the
squares of its amplitudes A; [15]that is,

L

The comparison index I, is evaluated as to be ratio of the detected abnormal eneryy E,, to

the normal or reference one E,,,

that is given by:

I E, (5.20)
en E

nr

3.2.1.2 -Estimation of the attenuation in reflection mode

For the given values of frequency F=3. 5 MHz and the attenuation coefficient of the liver
a=.5db/cm.Mhz; from the use of equation (2.44), the attenuation «,, , in the case of a
consistency without internal interfaces, is estimated as ,

A - A,
e = 05— (5.21)

P FX 35X

In the case of a consistency with some interfaces of the same type, and whose number may

be approximately equal the periodicity value P,,, the attenuation @, is evaluated as follows:

(4, - 4,) . Pn-Log(1- R?)
35.X 35.X

a,=05- (5.22)

3.2.2-Structure characterization using reflection frequcncy anuiysis

3.2.2.1- Power spectrum analysis

The frequency profile is often used as a frequency signature for characterizing various
materials and structures. The observed spectrum is a consequence of interference between
Huygen's secondary wavelets originating from the interfaces or edges. It appears of significant

values for tissue classification because it has the ability to make distinction between biological
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structures, phenomena and sources whose frequencics are very close to each other and also it
is closely related to the measurable quantities.

In pathological cases, ultrasonic video signal reflected respectively from benign or malignant
may not be differentiated in the time domain while transformation in the frequency domain
could provide us with possible visual discrimination . For instance, the FFT characteristic of

the signal from malignant tissue could contain discontinuities .

The N points discrete Fourrier transform is given by,

N-]
X(i+1)= D A, exp(27(ik / N)) (5.23)
k=0

Fori=20,..,N-1

The power spectral density P(f) of a signal is a measure of the signal energy at different
frequencies, and it is given by,

P(f)y=|xI"=xx" (5.24)

where |X(f )|2 could be considered as an energy per unit bandwidth. By integrating over the
useful frequency interval from 0 to 3 MHz, we can calcuiate the portion of energy lying
within this interval. A gating technique is often used to select a portion of the sigual
frequency spectrum that contains the most valid data.

Also, in the textural analysis, the fine texture will have P(f) characterized by high amplitudes
in the low frequency signal, while coarse texture in which gray level variations are fast and
close the P(f) will present high intensities in the high frequency range.

In consequence, the center frequency F could be evaluated as the average of the squaic of the
FFT[9] given by,

(N/2)-1 (N2)-1
v ()

, = . N
F, = Mean((FFT)") = (k/v?z = : O(N/2 1 (5.25)

P, P,

k=0 k=0

where Py is the power spectrum and f; is the sampling frequency.



Similarly , The RMS bandwidth B,, is evaluated as the variance of the squae of FFT[9],

(N/2)-1 (N2)-1 fs
R -EY Y Pk(k(ﬁ)—ﬂ)z

B =gt =k k=0

w (N/2)-1 = (N/2)-1 (5.26)
b P,

k=0 k=0

Also from the spectra it is possible to extract the information on the attenuation as .. function
of frequency. It was shown that the evolution of the instantaneous frequency along w.: A-line
is directly related to the attenuation of the tissue. This attenuation is increasing with frequency
and the spectral content is modified with the depth. It was observed that there is a local
decrease of this frequency mean with the attenuation. For example, an important drop of the
center frequency, in the order of 500 KHz, for a sane liver could be observed using standard
transducer of 3 MHz fundamental frequency [16].

Also, the power spectrum is used to detect globai periodicity in the trace by identifying high
energy, narrow picks in the spectrum. Prominent peaks in the spectrum give the principal
direction of the texture pattern while the location of the peaks in the frequency axis gives the
fundamental spatial period of the pattern [13 ].

3.2.3.3-Autocorrelation and periodicity evaluation

3.2.3.3.1-Autocorrelation

This is a measure of variability in the A-trace and it is expressed as following [11],

N-m-1

R,(m)= D A(n)A(n+m) (5.27)

The more fluctuations exist in the signal, the less correlation between the neighbor points ;and
hence, the more impulsive looking the autocorrelation appears. The autocorrelation function
will exhibit the basic trend at the expense of the detailed information. It is capable of
depicting periodicity buried up to 40 db in random signals.

On the other hand the computed normalized autocorrelation may be used to determine the

degree of the regularity in the signal and then expressing that of the homogencity in the
tissue.

Note that the autocorrelation functior. can be obtained by the inverse transform of the puwer
spectrum density.
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3.2.3.3.2-Reflection periodicity evaluation

This simple method is achieved by preselecting an echo amplitude level and determining the
number of times the trace crosses such level. This is defined as the number of cycles present
in the trace for a given time window T; .

A zero or a level crossing takes place if the measured samples have different algebraic signs.

Thus, the rate at which this level crossing occurs, is the periodicity of the A-trace that can be
evaluated as follows ,

P = —;—imign[ A(m)| — sign[ A(m - 1))| (5.28)

where sign[A(m)]=1 for A(m)=0
and sign[A(m)]=-1 for A(m)<0

Consequently, the spatial distribution could be evaluated as the ratio of the number of
periods to the pathology size X, and is given by,

S, = (5.29)

X

P

This can give information on the arrangement of the peaks in the trace for further description
of the structure based on regularly spaced reflection interfaces.

4-Combination classification

A basic form of classification process consists of a data acquisition system a feature extractor
and a classifier as illustrated in figure 5.5, below ,

ompulpr |

connol }
?\Tr'nofd_e?l_ata onsistency & Boundury [élassﬂ;cauon ”
Acqulsmon Features extraction A‘f)_f_rzlass;s s

Fig-5.5 Basic form of a classification process



Let us consider the problem of determining whether a mass observed on a B-scan is either
fluid- filled (cystic), solid (tumor) or mixed .

The consistency and boundary nature of medical masses are expressed in terms of the signal
features whose combination is used for tissue classification (liquid-solid) and pathology
characterization (malignant or benign). A logical combination tree diagram has been
elaborated as shown in the figure 5.6 for a final diagnostic decision .

Let the function Fg represents a sct of parameters (R, o, Sd) which are used for the
consistency differentiation.

Let the reflection parameter value be presented fundamentally by thre: interval classes of

liquid-soft tissue and solid according to the distribution given in the Figure 2.4 ,

Reflection amplitude (dB)

R, = {/11 / py <5 } liquid class
=Y Ry = {,u] /5< p, <13} Softissue class (5.30)
Ry ={u ! p>13} Solid class

Again the class Ruand Rs could be represented respectively by the following subclasses , soft
tissue , semi-liquid and solid - solid tendency ,

o - Ropi={/5< 11, <8 } Semi-liquid class (5.31)
. Ry, ={,uI /8< u <13 } Soft tissue class

R - R, = {,ul /13< pu, <16 } Solid tendency (5.32)
s Ry, ={p / p > 16} Solid

where the inferior and the superior limits are obtained from the same figure.

Similarly, the attenuation parameter is also represented by three classes accordiug to figure 2.6
,as follows,

a, for a, <2 liquid (5.33)
a=1a, for02<a,<2 Soft tissue or Mixed
a; fora,>2 Solid



The other way of presenting approximately these attenuation classes is to use the reflection
walls ratio:

J r, forr 21 liquid (5.34)
R, =7r,, for.1<r, <1 soft tissue or mixed
t r,, forr, <<1 solid

The Spatial distribution Sd or the Periodicity P have the following possibilities, which are

3

de,, forS, =S, o jP, for P, = P, (5.35)
S;=98,forS,>S, P =yPtorP >P
S, forS, <S8, P, forP, <P

Where S, or P, is the liver local reference spatial distribution or periodicity.

The sample set corresponding to the consistency function F, is given by the following
product,

F.=RxaxS§, (5.36)
and then the number of possible consistency outcomes is,

Nc=3.3.2=18 (5.37)

The function Fc with set of conditions:
- (Re,au,S41) corresponds to liquid class consistency function FL

- (Rs,as, Sa2) corresponds to solid class consistency function Fs

On the other hand, let F,, be a function of a set of boundary parameters (T,,P,,..) where
the Wall thickness is represented by,

{Tl for T, > 3mm (5.38)
¥ T, for T, <3mm
and the relative peak value, by,
B { P, forP, > P, (5.39)
£, forp < b,
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Fig-5.6 Decision tree for pathology classification

For example, the function F w With walls states (T,,P,,) corresponds to a calcified smooth wall
while Fy, with (T, P,,) corresponds to a rough wall .

The diagnosis function F, for the focal decease's could be expressed as a combined sample of
the consistency and the boundary functions denoted by:

Fg=F.xF, (5.40)

Hence, the number of possible diagnosis outcomes is evaluated as,

N=184=72 (5.41)
Some examples of pathologies obtained by the combination of the previous parameters are
given in table 2 of Appendix C.



S-Interpretation and discussion of results

Since our first objective is to differentiate between liquid and solid masses representing
respectively 60% and 30% of liver decease's [1], two corresponding AOIs , which are shown
in table 5.2, have been considered. Data within tables 5.3 and 5.4 have been obtained from
mathematical analysis that has been presented in previous sections. Using these data in
conjunction with the curves in table 5.2, the following discussion may be presented for both
case studies 1 and 2.

-Pathology Case 1
The correlation coefficient and the corresponding graphical representation in table 5.1 shows
that there is no correlation between studied traces.
The small value of the reflection mean (1,=2.59 dB) ranges within the values which
correspond to a liquid class according to figures in table 5.2. However, the small variations in
the curve of the trace, due to some spurious echoes, will give a meaningless periodicity.
Furthermore, the value of A4 R , which is positive in this case, estimates the value for the
attenuation @) to be lower than that of the liver and it tends to be in the range of that of a
liquid. The estimated values for the parameters g, and ay , which are of high confidence ,
will classify this consistency as a liguid. On the other hand, the value of the wall thickness
Ty , which is less than 3mm, indicates the presence of a smooth bounda: y, whereas, the
higher value for the reflected peak of the front wall shows a calcified wall [7]. therefore , it
is deduced that this pathology is a cyst.
For pathological case 1, The power spectrum shows more high frequencies while the
autocorrelation grahics in table 5.5 indicates faster and small fluctuation in the trace than that
of the normal liver. This may be refered to remaining noisy echoes in the considered mass.

Their combination leads to the following diagnosis function written as,
Fy=FxF,, (5.42)
which leads to a cystic mass diagnosis.
-Pathology case 2

The near zero value of Pxy in table 5.1 shows that the studied traces are very different; while
the autocorrelation, in table 5.5, is characterized by more fluctuations, due to more interfaces,
in the trace of case 2 than that of the normal liver .
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The regularity of the trace in case 2 shown in table 5.2 indicates that this pathology is
homogeneous. The average value of the reflected amplitude, that is, about two dB’s greater
than that of a normal tissue, indicates a relatively higher acoustic impedance. Also, the higher
value of the periodicity in table 2, shows the presence of multiple echoes or interfaces. Tiie
amplitude of the back wall echo is much smaller than that of front wall indicating a higher
attenuation. In addition to this, we can notice from the previous tables that the walls'
thickness ranges critically at 3mm indicating that their nature is more or less a rough. From
all these indications, the pathology case 2 should be classified as a solid tendency mass.

The former may be seen as fibrous as well as calcified tissue with relatively high echo
content indicated by the energy index le. This may indicate a reactive or inflammatory
process by the liver. On the other hand, the higher trequency occurrences shown in the puswer
spectrtum and the center frequency value in the table 5.5 indicates coarse texture. The
prominent peak, shown in the power spectrum as well as the autocorelation graph indicate
some periodicity and therefore describing certain regularity and homogeneity in this tissue
structure that is most of the time an indicator of solid pattern

The combination function leads to solid mass diagnosis expressed as follows,

F,=F,xF,, (5.43)

Note that some of results obtained here are in accordance with those obtained in 2-D sample
analysis in sect. 4.2 of chapt. 4 .

The clinical significance of the solid-liquid mass differentiation is that, a lesion which is
completely cystic has higher probability of being benign than many solid or partially solid
which, in many anatomical sites,must be considered as malignant or potentially malignant [1].

To go deeply in differentiating between different pathologies of similar pattern or classes,
other feature in the frequential analysis should be taken into account. Besides the center
frequency, the bandwidth as well as prominent peaks in the power spectrum could be

evaluated and used in decision making for higher probability of success in differentiating
between cancer pathologies in the liver.



6- Results

Cross-Corrclation pxy
case of study 1 40 1 -0.0101
>0 -0101 1
° MWW“W
-20 -
0 50 10
case of study 2 20 ' " 1 -.107
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Table 5.1 The cross-Correlation

of a normal trace with the abnormal one
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Fig-5.7 Walls detection and location
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Table 5.2 AOI's, displayed trace signatures and results for cases study 1 & 2

Peak Wall
value (db) thickness(mm)
Ap Ap |AR=(AL-Ap R, Ty,
case 1 [15.5 17 1.5 1.12 1.5
case 2 |14.86 4.7 1-10.15 31 3
Table 5.3 Walls peak and thickness values
Tissues Statistical reflection |Energy |Perio dicity |Attenuat .
Values (db) Index
Mean (1) | o2 Ie Pn Sd a,
casel [Normal liver |12.71 1.95 .053 6 3.2
Pathology 2.59 2.05 7 3.75 .16
case2 |normal liver |13 1.10 1.32 4 2.5 5
pathology 14,99 1.13 8 4.24 2.31

Table 5.4 Consistency parameters values
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Fig-5.8 Consistency classification: attenuation feature versus reflection one
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Table 5.5 Power spectrum and autocorzelation,

center frequency and rms bandwidth values



Chapter 6

CONCLUSION

In this applied research, the work has been directed towards the determination and
combination of certain A-mode signal features, that are related not only to the cousistency but
also to the wall interfaces, which might be characteristic of focal decease's or inclusions.

However, tissue characterization approach, based on the reflection and attenuation
parameters estimation, has been used and completed by some evaluated features indicating
structural characterization. The obtained results have shown that the envelope detected A-
mode analysis has proved to be as efficient as that of RF signal for puthology differentiation.
This one-dimensional quantitative approach, in association with image processing, has been
applied to two different cases, solid and liquid liver pathologies. They represent respectively
benign and malignant cancers, and a good quantitative differentiation has been obtained. But,
we are convinced that for a more accurate diagnostic it is required firstly, to perform many
tests on a large number of pathological cases and secondly, to use a higher axial resolution in
the pulse-echo system to increase the number of data poiuts for the considercd smuall gated
portion of the one-dimensional A-trace.

In fact, many difficulties have been encountered, related mainly to :

-Dealing with a relatively new pluridisciplinar biomedical subject where different aspects
as acoustic physics, medicine and instrumentation must be understood and linked.

-Collecting reliable acoustic parameters values to constitute data reference and their
evolution for the pathological state (cytological data) for a comparison.

-Recording pathological cases at hospitals .

However, the suggested improvements and further work should be oriented mainly to
instrumentation and signal processing aspects as:

-The compensation for the non-linearity of the ultrasonic transducer and the elcctronic
system to provide a better acquisition quality of the echo-signal.

-To complete the previous characterization by a dynamic one using Doppler RF frequency
shift to sense the tissue motion as well as the blood flow in vascularized regions.
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-To exploit the phase change of the echo-signal, besides changes in the amplituae and
frequency.

-To use the Wavelet theory. which provides a time-frequency representation, to localize
the evolution of frequency with a tissue depth (or time ).

-To provide an Automatic A-mode pattern recognition whose classification is based on
Bayes decision making.

Finally, the combination of the two techniques image and signal processing, using PC based
system, has proved to be fruitful in advancing the state of art in many difficult problems in
tissue classification that require analysis from pattern recognition for a non-invasive
confirmation of an early stage cancer and therefore, increasing the survival probability of
patients.
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-Appendix A : Data extracted fom references [1,4,9]

APPENDICES

Parameters Velocity Density Acoustic Attenu stion | Frequency
¢ m/s P impedance Z | at IMhz/cm |dependance

Tissues

Liquid 1520 1.0 1.52 .05

water(37°) 1480 1.0 1.48 .002 I2

blood 1570 1.055 1.61 18

SoftTissue

Liver 1540-80 1.06 1.64 -1.68 .94 F

Spleen 1556-78 1.04 1.63 F1.5

Kidney 1560 1.04 1.63 1

Muscle 1538 1.08 1.65a1.74 1.5t02.5

Fat 1450 .95 1.38 .63

Collagen 1.68-- 1.685

Skin

S-T average 1540 1.06 1.35 t0 1.68 3t l.5

Solid

Bone 2700-4100 3.75-7.38 Fto F!5

mass 10.5

calcified 1.74 -1.78 >45

fibrous 1504-1537 1.55-1.70 5.6 -10.1

cirrhos 1.85--1.92

Tumor 1.657 10.5

Table A.1 Acoustic physical parameters for different tissues and organs

Air | Water |blood |Fat |liver |spleen |kidney |Muscle [Bone
Water 0.0
Blood 0.0 |28
Fat 0.0 129 22
Liver 0.0 |25 38 21 40
Spleen 0.0 [22.9 44.2 18 40
Kidney 0.0 |26 44 22 |41
Muscle 0.0 |23 31 20 37 32
collagen
Bone 0.0 ]33 3.6

Table A.2 Intensity reflection coefficient values of tissues interfaces.

The corresponding amplitude reflection coefficients are of half values of those indicated in this table.




Iow=Z/Zo Rp= Rn(db) Attenuution
Parameters (Zuwl/Znw+1) at IMhz/cm
Tissues
liquid
Liquid 1.027 013 -18.75 .025
water(37°) 1 0 -25 .001
blood 1.087 0416 -13.8 .09
Suft Tissue
Liver 1.108-1.135| .0512--.0632 -12.9---11.99 47
Spleen 1.10 0476 -13.22
Kidney 1.10 .0476 -13.22 .5
Muscle 1.11-1.17 .052--.078 -12.8---11.06 7510 1.25
Fat .93 315
Collagen 1.13--1.138 .061--.064 -12.4----11.9
S-T average 1510 .75
Solid
Bone
mass 5.25
calcified 1.175-1.2 .080-- .09 -10.94---10.41 225
fibrous 1.05-1.15 .024 -- .069 -16.19---11.61 5.6 -10.1
cirrhos 1.25-1.3 Jd1-- .13 -9.5 --- 8.84
Tumor 1.12 056 -12.48 5.25

Table A.3 Amplitude reflection and attenuation coefficients values

attenuation [-
db/cm/Mhz 50

N Lung
20 L >“/ (
10| Skull bone
St
IVOry bone
~ Muscle . __ Ivory bone
2 e
05 I Soft tissue /,//«‘/ )
o2 - - |
0.1F [ —
] : o
R Haemoglobin Water(15°)
0.02] -
bt + et :
S0k 200 500 IM S0M 500 Frequency -

Fig-A.4 Attenuation coefficients map of different tissues (From Wells)



-Appendix B-
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The dynamic range of the B-scope is quite small (around 20db) this is much less than that of the A-scope display
which may have a dynamic range of around 40 db. So a mode A presents more clinical information w.r to B-

mode.Then the A-signal can be taken off naturally, after the detection to be displayed on the scope.

-Characteristics of the used echograph:

-Linear probe composed of 64 transducers ( transmission per group of 8)
-working at frequency : 3.5Mhz  (axial resolution =.44mm)

-gray level resolution : 64 (corresponding to 36db)

-Nbre of vertical A mode lines: 128

-Screen matrice: 256x256 pixels (interlacing system)

-video output

-PRF >4000/s

-Transmited ultrasonic intensity : 10mw
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Fig-B.4 Detailed block diagram of the used echograph [21]

-Characteristics of the acquisition video card Pixel view

-Full motion video prteview in windows environmemt at 15 frames/s
-True color frame capture : Size: -640x480 for NTSC

-768x576 for PAL
-Resolution (color or grey scale): 8-16 and 24 bits per piael
-Cropping to get AOI down to 40X30 pixels
- parametrable

-Full screen video hot key

[ Log | Detector] _“ZJ}’E“_"',‘,{ Aoy A}_ Memory__{ 1 .. r | :
[anu}lriﬁ»j‘r]lzﬁ,_,__J> LI 1 ‘@_C framch _UI\C | l

: Video output
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Fig - B.5 Functional block diagram of Pixel view acquisition card
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-Appendix C-

RMS Range | Skewness
casel [Normal liver |[1.39 5 -0.60
Pathology 1.43 6 -0.85
case2 |normalliver |1.14 4.25 34
pathology 1.1.08 |{3.86 .52

Table C.1 Other statistical valuesfor pathology cases 1 and 2

Pathology | Probability
Liquid L 60%
Solid S 30%
Mixed SL | 10%

Table C.2 Probabilities existing upon examination of patients over peroiod of time[1]

Pathologies Consistency Walls Fd
R o Sd Th Pk
R |Rm [Rg |ap |om |og iSq1 [Sg2 |Thi |The Pr1 | Px2
Cyst * * * * * (Ry oy Sy3 Ty Pyy)
Hemangiom * * * * (RI c"mTh 1 Pkl )
Biliary Cyst | * * * (Ryaj Tyy)
Hematoma |* * * * (Rpog Sq1Tpo)
Ascites
Solid mass * * * * ¥ R@SHTPLY
Cirrhos * * Rt STy
Metastas * (R\‘a\‘ )
: . %k
Mixed L-S (Rmam\

Table C.3 Classification of pathologies obiained by the combination of

the consistency and walls parameters

~3
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-Appendix D-

RADIOLOGY ECHOGRAPHY | GAMMA NMR
Camera
Price 100 KF t07.8MF | 100KF to IMF | 2MF 6 to 13MF
Resolution Axial< Imm 2 ou 3mm X .lmm
Inocuity Bl il none Sl 0o Ml Oto*
Gray scale >64 >64 >64
application Anatomy Anatomy Functionnal | Anatomy

Fig-1 Comparison table
Cost-quality with respect to other imaging systems

$millions
Echography
15000+ XRays
10007
CT Scanner
500-1T
gamma camera
1 L I 1 1 ] Years

72 74 76 78 80 82 84

Fig-2 Evolution of the market in imaging systems
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Biological tissue élassification and pathology recognition using ultrasvaic
A-mode signal analysis.

M. Chafai and H. Bourdoucen
Institut National d'Electricite et Electronique
INELEC CP 35000 Boumerdes, Algerie Fax :02-821400

Abstract

In this work , B-scan echographic images, obtained from the video output of an echograph using an ultrasom 1.car
probe, are recorded on a VCR. The recorded still images are introduced into a PC via a video acquisition card to be
captured and optimally processed in order to outline the areas of interest (AOI's) . The selected AOI is converted to
gray level matrix and individual column vectors , representing the one-dimensionnal A-mode lines, are extracted and
then analysed on the base of their amplitude weights for tissue classification and pathology recognition .

Keywords: characterisation, ultrasounds, A-mode, reflection, attenuation, quantitaive, tissue, pathology

1-Introduction

The subject of tissue characterisation using ultrasounds is
receiving much more attention nowadays by biomedical
engineers community. Most of the investigations
published in the litterature within the last two decades,
from the quantitative approach point of view, are
oriented, in majority, to the tissue consistency
determination. In connection to this approach, the
statistical and the FFT analysis of the corresponding RF
A-mode signal are particularly the mostly used tools (1]
In this work , the A-mode trace is obtained from the
envelope detected echo signal which is then, gated into
several portions to end up with traces of interest
corresponding not only to the consistency, but also to
the boundary feature. This last feature is also important
clinically, since it is indicative of the focal decease in the
liver[1]. These two clinical features are expressed in
terms of A-mode signal parameters whose combination is
used firstly, for tissue classification (liquid-solid) and
secondly, to characterize the focal pathology for early-
warning cancer detection.

2- Interaction of ultrasounds with biological
tissues

The simultaneous existence of so many different and
complex interactions of ultrasounds with biological tissues
and their dependence on temperature makes difficult to
isolate anyone of them with a high degree of accuracy.
Some necessary simplifying assumptions are made
regarding the other interactions that can affect the pulse-
echo signal and only backscattering behaviour is observed
in imaging device when taking into account the
attenuation estimation for tissue characterisation [2].
Fields and Dunn (1983) [3], considered the classical
formula for the amplitude coefficient of backscatterer R
as:

2,72, (1)

where Z; and Zy are respectively, the charactetristic
acoustic impedances for two adjacent tissues .
The reflected amplitude Ar is directly proportionnal to
the reflection coefficient R as:

A4, = 4,.R (2)
Where A; is the incident amplitude or pre.sure,
For further convenience, the specific acoustic impedance
is normalised with respect to that of the water Z 0.
In this study, we have considered only the first order
reflections v..:h planar interfaces, in which the ultrasound
beam can either be specularly reflected or backscattered
with taking into count the progressive attenuation of the
beam (see Fig .1). In the case of n layers to be traversed
by an ultrasound beam, the detected reflected amplitude at
the Kt interface can be expressed as follows :

AR, fork=1

Ar = =t met-l elsewhe
i A,[H(I-R;_LF)chp(—Z Ya,x )R, e
m=<] "

pel

(3

x1 x2 xn-l

Zn-) Z

Al a a

n-1 )
As(l)
A2y -
Ar(n
Luterfaces 2 4 K 0-2 n-l i
RI12 R23 R34 Rik+] Rint}

Fig. 1- Reflections at different interfaces of an n-layer tissue

Wherc nis the number of interfaces and Zy, oy and x) are
respectively, the specific acoustic impedance, the
attenuation coefficient and the thickness of the Kt layer,
This signal should be applied to a time £ain compensation
circuit (TGC) in the pulse echo system to compensate for
the attenuation. The TGC function is gencially taken as an
increasing exponentiel time function (exp(ac.t)[1]

For the estimation of the attenuation in reflection mode
we have considered the reflection amplitude reduction at
the kN interface which is evaluated as the diffrence
between the reflection amplitudes of the front wall A RI2
and the back walls Ary k+1. Assuming that both walls
have the same backscatfering coefticient Ay k+1.the



attenuation coefficient of the considered medium at the
working frequency f per cm is estimated as follows:

=K
(A,g,ul - Arlz)"’t Log(l- R;vp'l)
p=2
X.F “)

Where o, , X, F and P are respectively the set TGC
coefficient, the tissue thickness, the working frequency
and the periodicity.

a =a,-

3-The PC based pulse-echo system

The pulse-echo system, we have used, consists essentially
of an ultrasoinc linear array probe (pulser-detector), a
receiver and a scan-converter with a microcontroller. The
probe is made of an array of 64 fixed transducers placed
in a linear configuration and providing /20 A-scan lines
which will built up, in real time, a B-scan image [4].

VCR video
Echograph \ -
erep facquisition PC
Probe Pulse-echo board

B-scan
W system [ideo out U)isp]ay

FIG . 2 PC-based pulse-echo system

The recorded B-scan echographic images are introduced
into a PC via a video acquisition card to be captured and
optimally processed in order to outline the area of interest
(AOI). This AOI should include the normal and the
abnormal regions of the liver and the region beyond the
lesion. Individual column vectors Of this AOI,
representing the A-mode lines, are extracted and analysed
on the base of their amplitude weights for tissue
classification and pathology recognition .

4- Pathology detection

When excited by a high voltage pulse, the ulirasonic
transducer produces a wavelet that will be transmitted into
the human tissue that is composed of a series of n
intefaces acting as reflectors [3](refer to Fig. 3).

Tissue interfaces

Us AN\~

L .
Transducer —Lll T l . | |‘ (1)
|
AM
i 2 o

FIG 3 System modeling for A-mode signal tissue reflection

The transducer will receive, from these reflectors, a series
of impulse response at times ti and the overall response
produces a trace S(t) that is expressed as :

S(t) = XRi. wit-1) (6)

1=]
where R; and, w(t-t; ) are resp.ctively the reflection
coefficient and the weight of the wavelet at the ##
reflector.

the present pulse echo systems are based on the envelope
detection method and therefor a low pass filter is used to
suppress the cairier frequency and the HF noise to end up
with an envelop that is the monodimensional A-wode
trace given as follows:

A()=S(). H o

Hpe is the pulse echo system transfer function.

The consideration of different regions of the same organ ,
with the normale one taken as the local reference, as well
as the use of the sume ultrasonic beam path should allow
an efficient tissue differentiation. The processing
operations such as normalisation, gating the normal and
abnormal traces of interest (TOI) and their correlation
are performed preliminary.

For the consistency fine selection, the time gate (t2-t1)
within the range of 13 to 26ps , corresponding to a time of
flight of 1 to 2 cm, is suitable for echo video signal
analysis for early detection of cancer[7].

On the other hand, the A-mode signal pattern recognition
skills play an important role in arriving at reliable
diagnosis of inclusions or focal deceases using most of
the time both the boundary and the consistency features.
These two last parameters, which are indicative of the
pathology, are expressed in terms of the signal parameter
[5] such as amplitude averages , peak values, frequency
content,etc.. .These two clinical recoguition features are
used first for tissue classification, liquid-solid-mixed, and
then for characterizing the pathology (malignant or
benign) .

4.1-Walls Analysis

The peak value, the thickness and the nature of the buun
and front walls may identify the type of pathology. This
applies most of the time to focal deceases such as cyst
which has a smooth wall or a solid decease as hematoma
which has a rough one[6].
The wall of the pathology may be located as a positive or
negative reflected level transition(s) which depends on
the its acoustic impcdance relative to the normal liver
medium.
This detection is obtained by a differentiation Opuiation or
gradient method which assumes relatively large values for
rapide transition in the A-mode signal.
- The evaluation of the relative higher peak values
reflected at a particular point or laps of time [t} 1], s
efficiently used for an initial profil comparison and furti.cr
tissue classification. Hence the peak values of the gated
signal portion, corresponding to the front or back wall , s
evaluated as follows :

Awp= Max (A1) for tl<t<i2 (8)
The echo strength of a distal wall may be used to
characterise the wall nature on the base of the acoustic
impedance relative to that of the normal liver.The strenght
ratio of the back to front walls peak values, Ay, and Ap,
can identify the type of the pathology by estimation of the
attenuation relative to the normal liver data. That is;



Ry=Ap/ Ag ©)

For example , in the case where Ry, <<'1 there is a
lower reflection amplitude producing an acoustic shadow,
and hence, the lesion presents a higher attenuation than
the normal liver.

The wall thickness parameter is also important in

differentiating between pathologies and is expressed as

the product of time duration and the ultrasonic speed C as:
Tw= (Ty-T; ).C (10)

where Ty and T}, are respectivly the 6db lower and
higher time wall limits found by solving :

A=12Max(A,) (11) = -\

Fig. 4 - Wall thickness
For instance :
The case Ty, <3mm corresponds to a cystic wall
The case T,y > 3mm corresponds to a solid mass wall.

In the other hand, a larger wall may be seen as a wall a
consisting of line segments called edgels, having a
magnitude and a direction. These edgels correspond to
discontinuities in the displayed intensity and the
corresponding function, that is of nt order , has a delta
function with its nth derivative expressed as:

d " 4
dt” (12)

The Pathology Size X is evaluated as the distance
separating the back to front walls. It may be also used for
evaluation of the overall attenuation for the lesion and its
spatial distibution.

4.2-Consistency Analysis

Among the signal features of high confidence that are
used to characterize the consistency, we may quote :

-The reflection amplitude mean (obtained from the
probability density function) and the reflection energy .

- The periodicity or the spatial distribution .

-The estimated attenuation

-The frequency contents

4.2.1-Reflection amplitude analysis:

The internal architecture of the tissue is stochastic in
terms of acoustic scattering properties then, any change in
acoustic impedance is expected to occur randomly. But in
the case of the liver tissue which may be considered as
homogneous medium, the obtained traces could be
deterministic with some degree of ramdomness due to
some abnormal phenomenon or pathologics.

Although this effect, an accurate statistical determination
of the averages for the A-trace, enables a quantitative

characterisation of a particular biological tissue. This is
bestly characterised by its probabilty density function and
the averaging measurements.

The histogram H(G;) of a displayed column vector A is a
graph which gives the number of pixels of ihe same value
in each gray class G; where 0 <Gj<64 . It is obtained by
summing up a number of pixels as:

V=3 i (13)

To obtain a graph of the probability u.usity function
P(A), the histogram is first converted to a bar chart and
then, a cwve fitting process is carried out. The various
statistical descriptive measures of the A-trace are given by
the n'h moments [11] that are defined as:

u, = E[4* ()] = 4*p (14)

This process is limited to the second order ; that is, the
reflection mean and the variance .

The first moment, which is the icifection amplitude mean,
describes how the reflection process behaves on the
average, and it is given by the following sum:

= E[AD] =2 AP 1s)

The mean pj ,that is also th. meusure of the central
tendancy, is evaluated ,in db, by statistics as:

1 N
Hy ':J_V"ZA:‘

(16)

The variance, that is the second moment, is the mcasure of
the vusiability or the deviation from the reflection
mean.The sampled variance is given by:

N

U=73,‘21:(A,~u)2 (7

The reflection amplitude varies considerably with time
and a convenient representation that retlects these
amplitude variations is the short timc cnergy. The
measured total amount of the sonic energy( that is the
area sustended by the trace) received by the system|[10} is
evaluated as the sum of the square of its amplitudes Al , is
given by:

N

E,=2[4]

=0

(18)

The comparison index Te is evaluated as to be ratio of the
detecicd anormal energy Ep to the normal (or reference)
energy Er that is given:

;o Ew (19)

en E

nr

The periodicity evaluation method is achieved by
preselecting an echo amplitude level and determining the
number of times the trace crosses such level. This is
defined as the number of cycles present in the trace for a
given time window Tw.

A zero or a level crossing takes place if the measured
samples have different algebraic signs. Thus, the rate at



which this level crossing occurs is the periodicity Pn of
the A-trace that can be evaluated as follows :

£= %ilsign[fi(m)] ~ sign| A(m-1)]| (20)

=0

where sign[A(m)]=1 for 4m)=0
and  sign[4(m)]=-1 for A(m)<o

Thie spatial distribution Sq is derived as the ratio the
number of periods to the pathology size X and is given by

L. @1

Since the working frequency f=3.5Mhz and the set
attenuation coefficient of the liver oc is about
.5db/cm.Mhz, the attenuation in the case of a

consistency without internal interfaces is estimated using
(1D as:

A, -4
pma - 05 = (22

In the case of consistency with some interfaces of the
same type and whose number may be approximately
equal to the periodicity value Pn, the attenuation o is
evaluated as follows:

(Ab - A/)
35. X

P, Log(1-R")
35.X

@, =05- (23)

4.2.2-Reflection spectral Analysis

The frequency profile is often used as frequency signature
for characterizing various materials and structures.. It
appears of significant values for tissue classification
because it has the ability to make distinction between
biological phenomena and sources whose frequencies are
very close to each other and it is closely related to the
measurable quantities,

The N-Discrete Fourrier Transform is given by :

X+1)= 3.4, expl-25(k / V) 24

For i=0,....,N-1

The power spectral density P(f) of a signal is measure of
the signal energy at differents frequenies and it is given:

PU)= 1T = L e (25)

The measured center frequency Fc is estimated as the
average of the square of the FFT[10] given by:

(N/2)-1 (N/2)-1 f
P,F, Zf P, —i)
k% k . i k N

- 26
F = Mean((FFT)z) = (k,v?z 3 (N72)-1 (26)
P, b,
k=0 k=0

where Pk is the power spectrum and fs is the sampling
frequency. The RMS bandwidth Bw ,that is estimated as

the variance of the FFT, could be also used for
differentiation .

4-Classification and interpretation

The combination of signal features is used for tissue
classification (liquid-solid) and then characterizing the
pathology (malignant or benign).A combinational tree
diagram has been elaborated for the finul diagnostic
decision (Fig.-4-) below.
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1

Puprox Inbosiuy cnevus
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l —I I '_‘Qr‘:‘——j xinterfaces
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‘I)Kp <Rp Kw Echo fiee aroa 0 Diled use

. /M
<Spm - >3mn rJ._l |&n Fupcsd)  Fm
L Liquid Fa Noraal

- < ohd  Lne Miredwea
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Maugnaat
CYST Beayn
Tumor Tumos

Fig .4 Combinational classification uce diagram,

Since our first objective is to differentiate betwewi liquid
and solid masses, two corresponding AOIs , have been
considered. Data have been obtained from mathematicul
analysis that has been presented in previous sections.

-Interpretation :

-Pathology Casel:

The small value of the reflection mean (1)=2.39 dB)
ranges within the values which correspond to a liquid
class according to Table I (Pd1) ,Fig.5 and Fig-2 of the
appendix . However, the small variations in the curve of
the trace, due to some spurious echoes, will give a
meaningless periodicity. Furthermore, the value of 4 R |
which is positive in this case, estimates the value for the
attenuation a,, to be lower than that of the liver and it
tends to be in the range of that of a liquid. The estimated
values for the parumeters 4 and @, , which are of
highconfidence , will classify this consistency as a liguid.
On the other hand, the value of the wal/ thickness

Tw which is less than 3mm, indicates the presence of a
smooth boundary, whereas, the higher value for the
reflected peak of the front wall shows a calcified wall
[7]. therefore , it is deduced that this pathology is a cyst.
-Patholgy case 2:

The regularity of the trace in case 2 shown in Fig.5-
indicates that this pathology is homogencous. The average
value of the reflected amplitude, that is, /o more JB's
greater than that of a normal tissue, indicates a relatively
higher acoustic impedance which corresponds to a solid
consistency according to Table I (Psd ),Fig.5 and Fig-2 of
appendix . Also, the higher value of the periodicity in
table 2, shows the presence of multiple echoes or
interfaces. The amplitude of the back wall echo is much



smaller than that of the front wall indicating a higher
attenuation. In addition to this, we can notice from the
previous tables that the walls' thickness ranges critically
at 3mm indicating that their nature is more or less rough
. From all these indications, the pathology case 2 should
be classified as a solid mass.

The former may be seen as fibrous as well as calcified

accurate diagnostic it is required firstly, to perform muuy
tests on . large nuwnber of pathological cases and
secondly, use a higher axial resolution to increase the
number of data points for the considered small gated
portion of the A-trace.

tissue with relatively high echo content indicated by the Af (db) |Ab Rw | Ab-Af | T, (mm)
energy index le. the higher frequency occurences shown i
in the power spectrum and center frequency value casel |15.5 17 L3 {15 1.5
indicates grossiary texture. case2 | 15.06 491 3 997 13
The clinical significance of the solid-liquid mass
differentiation is that,a lesion which is completeley cystic Table I Walls peak values
has higher probability of being benign than many solid or
. gh p. . Y . & £n . . Y Tissue M agn | O Ekg len [Pn ap FcKhiz
partially solid which, in many anatomical sites, must be
considered as malignant or potentially malignant [1]. casel {Normal 1271193 {5237 [.053 [6 |.5 [24508
liver
5-Conclusion Pathology 12.59 [2.04 | 279 7 1.21 {290.6
This quantitative approach presented in this paper, has case? | normal 13 129|544 13217 15 |i71351
been applied to two different cases, solid and liquid liver _
pathologies. They represent respectively benign and liver
malignant cancers, and a good quantitative differentiation pathology | 15.09 | 1.14 | 7.18 o 1231 | 31998
has been obtained on the base of the high confidence
signal indicators. But, we are convinced that for a more Table IT cousistency reflection values
Case 1
AQI images
. Reﬂecumm T A
A-trace signature amplitude;¢ AdB) i
AdB) 10 . beyond  lesion
10 0 Normal liver leston VW ]
5
0 -mn cn o 160
Xipix)
o 20
Walls reflections . ;
- L 10
: 0 A
“1 Sane liver region | ’
Probability N R v Nepix)
5 g X Lesion
density ::er
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I sy "
Pd2
.3 6 a2 - i -~ -
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§ ] g b g 1
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FIG-5 AOTI's ,displayed trace signatures and graphical results for cases study 1 & 2



Appendix

Data fom [1,4,9]
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Fig.7 Reflection amplitude classes and distribution
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