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Summary

At the Biophysics Laboratory of the department of Ophthalmology of the Nijmegen University Hospital
"St.Radboud" is, among other things, research being performed to model the entire echographic image
formation process. Echography makes use of (ultrasonic) sound waves to image the internal structure
of body. The parts of such a model are: the transducer model, the model of the electronics in the
echographic scanner, and the patient model. The patient model contains among other things beam
direction through layered rough surfaces which represent the skin of human body. An important
distortion of the sound field is caused by so-called phase aberrations. These are amplitude and phase
errors, which are the result of local differences of the sound velocity in biological tissues and/or rough
interfaces. With an indication of the phase-aberrations it is possible to characterize these tissues.
The tissues, pig-skins and goat-liver are coming from the veterinary laboratory at the university
hospital "St.Radboud" and used for in vitro experiments. First, some measurements were performed
with a single element transducer for determining the local thickness and velocity and an impression
of the local aberration time variations. After that, measurements are executed with a linear array
transducer. These measurements yield the RFsignals belonging to every element contributing to one
scanline. Time-shift distortions and amplitude distortions are treated. The amplitude distortions can
cause an extra uncertainty component to the estimation of the delay times. Time-shift distortions
can be simply quantified. The size of the elements influences the experimental results too much. For
reliable measurements of local differences of the sound velocity in skin, the element height should be
almost as big as the element width (i.e. one tenth of the present height). The final conclusion of this
thesis is that, modelling the skin as layers of rough structures is possible but the uncertainty should
be smaller.
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Chapter 1

Introduction

At the Biophysics Laboratory of the department of Ophthalmology of the Nijmegen university
hospital "St.Radboud" is, among other things, research being performed to model the entire
echographic image formation process. Echography makes use of (ultrasonic) sound waves to
image the internal structure of body. The parts of such a model are: the transducer model, the
model of the electronics in the echographic scanner, and the patient model.
An important distortion of the sound field is caused by so-called phase aberrations. These are
amplitude and phase errors, which are the result of local differences of the sound velocity in
tissue. Also the attenuation of sound waves in tissue can have an important impact.
The present study is aiming at experimental verification of the numerical model of the propaga
tion of acoustical waves passing through layered structures with rough interfaces. The experi
mental set-up consists of an acoustical microscope table, which enables automated measurements
and of a transmitter-receiver system, which could be adjusted by software. The acoustical mod
els must be verified for periodical signals and for pulsed signals. The program-development was
performed by using Matlab-scripts and G-Ianguage programs and a simulation package developed
at the laboratory, and G-Ianguage programs developed at LEP, Paris. All these programs run
on SUN-Spare workstations.
This thesis gives an overview and the results of the consecutive steps that were followed during
the experimental verification of the numerical model of acoustical waves passing through layered
human structures with rough interfaces.
In chapter 2, the basic principles of the transducer and ultrasonic imaging are explained. In
chapter 3 the wave fundamentals of ultrasonic waves are described. The structure of the human
skin, which can be considered as one of the most important sources of phase aberrations, is
discussed in chapter 4. Also, the anatomy of the liver is described. Chapter 5 gives the first
measurement set-up. This chapter also gives an introduction to characterize the skin and liver.
The causes and effects of the phase aberrations are described in chapter 6. In this chapter
the first measurement-results are also described. The measurement set-up, more specific for
measuring phase aberrations, is described with its results in chapter 7. The following chapter
(chapter 8) describes the reliability of these experiments and the deviation of its results. Finally,
conclusions and recommendations for further research are presented in chapter 9.
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Chapter 2

Ultrasonic echography

2.1 Transducers

In the applications of ultrasound in biology and medicine, the generation and detection of ultra
sound depends on the piezoelectric effect, in which mechanical energy is converted to electrical
energy and vice versa. The device which perfonns this conversion is called the transducer. So,
a transducer is capable of generating and receiving ultrasonic vibrations.

The electric field is usually applied to the piezoelectric material, the active element, by means
of two electrodes, one on each surface normal to the axis of polarisation, see figure 2.1. The
main components of a transducer are: the active element, the backing and the matching layer(s).
Detailed information about transducers can be found in [Wells77] and [Kin087].

active element

backing

electrodes

matching layer

Figure 2.1: Schematic structure of a transducer.

A linear array consists of a number of small individual transducers arranged side by side in a
single assembly. Two-dimensional images are produced in a linear array scanner by transmitting
on each of the array elements (or small group of elements, i.e. the aperture) in succession and
receiving the echo information with the same elements for each B-mode line in the final display.
This sequence of image formation results in a rectangular image format. In these systems, the
field of view is identical to the total length of the linear array. The experiments in this report
are executed with a single element transducer or a linear array transducer.

4
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2.2 Ultrasonic imaging

5

The most frequently used technique for ultrasonic imaging is the pulse-echo method. A trans
ducer transmits a sound pulse into a medium and then receives the echoes originating at acoustic
inhomogeneities in the medium. The A-scan is historically the earliest mode of use of pulse-echo
methods. It derives its name from amplitude. The A-scan is one-dimensional and it indicates
the location of a reflecting interface. To measure this distance dz between the transducer and
the reflecting interface the system makes use of the following equation:

dz = edt
2

(2.1)

where c is the sound speed in human tissue, which is about 1500 ms- I , and dt is the time
between the transmitting pulse and receiving echo.

video A-mode

4

A B

Figure 2.2: Scheme of an A-mode scanner.

A conventional setup for A-mode equipment is schematically shown in figure 2.2. An electronic
transmitter (1) generates periodically a short impulse (pulse-echo method) with high amplitude
(200V). This electrical pulse is transmitted to the transducer (2) which then emits a short ul
trasound pulse. The signals reflected from the tissue will deform the transducer that produces
an electric signal (RF-signal) which is registered by the receiver. The electric pulse produces at
the same time a saturation of the receiver (3), causing a dead zone at the start in an A-mode
display. The receiver is protected from damaging by a diode network.

The receiver consists of an adjustable radio frequency amplifier, an AM-demodulator and a
filter. The demodulator rectifies the RF-oscillations and represents each echo signal as a sep
arate spike. Additional filtering smoothes the ripples of the now rectified video signals (Le.
envelope detection). The receiver can also contain a TGC (time gain compensation) that com
pensates for the ultrasonic attenuation with range and some kind of compression to reduce the
dynamic range of the data. Finally, the video signal is displayed at an oscilloscope (or at a
monitor, after digital storage in a computer) (4).

Other commonly used imaging techniques are:
The B-scan: The brightness mode scan is the basis of virtually all contemporary commercial
medical ultrasonic imaging devices. It may be considered as an extension of the A-mode elec
tronics, in which the video echo train is used to modulate the brightness of a line in the image
plane that is made to correspond instantaneously with the ultrasonic beam axis in the object
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plane. Thus a scan of this axis across the object plane will build up a corresponding brightness
modulated image. This B-scan allows good evaluation of anatomical relationships.
The C-scan: In the constant depth scan a fixed point in the beam axis is scanned in a raster
located in a plane normal to the beam direction, and a scan plane, parallel to the raster plane,
is selected by time-gating procedures. The modulus of the signal passed by the tixne gate is
then used to brightness modulate the corresponding image plane. This method is presently in
corporated in newly developed ultrasound 3-D scanners, where a 3-D matrix of data is digitally
stored, and the depth selection is made afterwards by software selection.



Chapter 3

Wave fundamentals

3.1 General formulation

The speed of sound c [ms- 1] depends on the physical properties P (density) and K (compress
ibility) or K (bulkmodulus) of that medium

(3.1)

The wavelength A is defined as
c

A = - (3.2)
f

where f is the frequency of the wave (see [Wells77]). The general, linearized acoustic relations
in the frequency domain are ([Fokkema93]):

\/. V - iWKP
\/P - iwpV

= Q
= F

(3.3)

where Q represents the local strength of a volume injection source, whereas F is the source term
representing the local volume forces. When a wave travelling through one material impinges on
a boundary between it and a second medium, part of the energy travels forward as one wave
through the second medium while a part is reflected back into the first medium. It is assumed
that the roughness of the interface is a local deformation of an otherwise plane boundary at
z = o. The analysis is carried out in the temporal frequency domain with angular frequency W

where the complex time factor e-iwt is suppressed. The two fluid-like media occupy the domains
Dl and D2, respectively, and are assumed to be linear, homogeneous and isotropic with respec
tive mass densities PI and P2 and compressibilities 11:1 and K2. Furthermore both media exhibit
some losses and the real and imaginary parts of P and K satisfy the Kramers-Kronig causality
relations. The interface is denoted by S and the pressure and the particle velocity vector by P
and V, respectively.

In Db a source of finite extent generates a wave incident upon S. The incident wave is de
noted by {l'i, Vi}. The total field in Dl is written as the superposition of the incident field
and the reflected field {P,., V,.}. The reflected field satisfies the source-free (Q = 0 and F = 0)
acoustic equations

\/. V,. - iWKIP,. = 0
\/P,. - iwPIV,. - 0

7

(3.4)
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(3.5)

In these equations r = (x,y,z) denotes the position vector. The field in D2 is denoted as the
transmitted field {Pt, Vt}. It satisfies the source-free acoustic equations

V . V t - iWK2Pt = 0
VPt - iWP2Vt = 0

When a wave meets the boundary at the front or rear face, the normal component of the particle
velocity and the particle pressure are continuous across the boundary. IT this were not so, the
two media forming the boundary would move apart. The fields satisfy the boundary conditions
on S. At infinity, {Pr , V r } and {Pt, Vt} should consist of waves travelling away from S. The
boundary conditions are satisfied when ([Berkhout87])

Pi+Pr = Pt

v,Vi+v,Vr = v·V, rE S (3.6)

in which v is the unit vector in the direction of the normal to 5, pointing into Dl.

3.2 Plane wave formulation

Let us consider the one-dimensional version of the homogeneous wave equation in a lossless
medium, corresponding to equation (3.3):

(3.7)

(3.9)

&v 1 &v
8x2 = c2 ()t2 (3.8)

with p = p(x, t) and v = v(x, t), and v being the scalar velocity in the +x direction. After
Fourier transformation of equation (3.7), the one-dimensional Helmholtz equation is obtained
for pressure

and

where k = wJc.
Equation 3.9 represents a normal, homogeneous, linear, differential equation. Its solution is
well-known

P(x, j) = P+(J)e+ik
1: + P-(J)e-ikz

= P+(J)e+iw(x!c) + P-U)e-iw(z!c)

or, using the inverse Fourier transform,

(3.10)

(3.11)

A wave front is defined by to - ~ = constant for p+ and to + ~ = constant for p-. Solutions of
the one-dimensional wave equation are called plane waves. IT to is increased by ~t then x has to
be increased by ~x = c~t to maintain the same phase. Therefore, the time function p+(t - ~)

represents a plane wave in the +x direction with propagation velocity c. IT we assume that the
plane wave travels in the positive x-direction then it can be shown with equation (3.3) that the
pressure p and particle velocity v are related by the equation

p=pcv (3.12)

where p is the density of the medium and c the velocity of sound in the medium. The term pJv
is called the characteristic impedance Z, i.e. Z = pJv = pc [Nsm-3] or [Rayl].



CHAPTER 3. WAVE FUNDAMENTALS

3.3 Refraction

9

If the acoustic properties P and '" differ in two adjacent materials then the wave will be modified
after passing through the interface. Or in other words, if the characteristic impedance values
are equal in two adjacent materials, then an acoustic wave will travel across the boundary unaf
fected by the change in supporting medium (assuming no refraction due to a change in acoustic
velocity and non-normal incidence). If the characteristic impedances are unequal, the incident

bouodary

Figure 3.1: The behaviour of a wave incident on the boundary between two media.

energy is shared between waves reflected and transmitted at the boundary (see figure 3.1).

For a plane interface, the particle velocity in equation (3.6) becomes

Vj cos OJ - Vr cos Or = Vt cos Ot (3.13)

As in optics, Snell's law can be formulated (i.e., OJ = Or), while taking Vj = Vr = CI and Vt = C2

(3.14)

which means that

cosOt = VI -sin2 Ot = 1 - j sin2 OJ (3.15)
I

The angle dependent reflection coefficient R and the angle dependent transmission coefficient T
are ([Berkhout87]):

fJ2C2 cos OJ - PIJq - qsin2 0j
R(Oi) = (3.16)

fJ2C2cos Oi + PI Jq - q sin2 Oi

T(Oj) = 2fJ2C2cos OJ (3.17)
fJ2C2cos OJ + PIJq - q sin2 OJ

Note that, for plane medium interfaces relation, the pressure in equation (3.6) can also be written
as

(3.18)
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A result of reflections can be so-called reverberations. This effect can be explained as follows.
Consider ultrasonic waves passing through a medium. When these waves reach to front side of
the medium, part of the transmitted ultrasound will pass through the surface of the medium, but
the other part will be reflected. This reflected part will reach the back side of the medium and
again some part of it will be transmitted, while the other part will be reflected. This process is
repeated infinitely and causes transmission of ultrasound some time after the main part already
passed through the front surface. The pulses, which seem to be transmitted some time later
and which contain always less energy than the main pulse, are called reverberations. Losses of
acoustic energy can be expressed as attenuation a [Neper/m]. Attenuation of sound is a result
whenever ultrasonic waves pass through a material and is based on two effects: absorption and
scattering.

Absorption of ultrasound is the transformation of mechanical energy into heat. This process
occurs at the molecular level and consists of relaxation oscillations of organic macromolecules.
There will be no absorption of the energy of the ultrasonic waves if the pressure and volume
changes are in phase with each other. In general there will be a difference in the phase caused by
the before mentioned relaxation processes and so there will be absorption of energy. In biological
tissue, the absorption coefficient is approximately proportional to the frequency.

Scattering is a reflection in all directions, which is caused by small inhomogeneities in the
compressibility and/or the density within the tissue. These inhomogeneities are considered to
be smaller than the wavelength. We can distinguish diffuse scattering (due to randomly dis
tributed inhomogeneities) and structural scattering (due to more or less regular matrices of
inhomogeneities). The scattered sound energy is eliminated from the sound field and only a
small fraction will be received as a tissue echo (backscattered). When the dimension of the
scattering sites is much smaller than the wavelength, so-called Rayleigh scattering occurs. The
scattering intensity is then proportional to the fourth power of the frequency

(3.19)

where JJ. is the scattering coefficient and a is a constant, depending among others on the size
of the scatterers. Scattering is an important topic in the characterization of tissue, because
of the fact that biological tissue is often represented as a homogeneous medium containing a
great number of small inhomogeneities, which cause the density and compressibility to vary as
function of the position.

Both, absorption and scattering, attenuate the ultrasound pulse as well as the reflected ul
trasound echo. The overall attenuation is the resultant of absorption and scattering. The
scattering forms only a small part of the overall attenuation in the low Mega-Hertz range of the
transducer. This attenuation increases exponentially with tissue depth and with the frequency.
The intensity as function of the distance to the transducer z can now be given by:

I(z) = Ioe-2a(f)z (3.20)

For this reason, high frequency transducers can not be used when a large penetration depth is
needed. The attenuation, 20 log(I(z)/Io), is denoted in decibels (dB) and the absorption, aU),
in dB/em.



Chapter 4

Human anatomy

4.1 Human skin

The human skin can be considered as an important source of wave distortions, mainly phase
aberrations. The skin consists of three distinct layers from the surface downward: the epider
mis, dermis, and subcutaneous fat (see figure 4.1). The epidermis consists of several sublayers.
The epidermis is thickest on the palms and soles but is typically less than 0.1 mm thick. The
dermis is composed of papillary and reticular (resembling a network) layers. The overall dermal
thickness varies from 0.5 to 3.0 rom. Below the subcutaneous fat layer a muscle layer is situated.

When evaluating a high frequency (fc > 15MHz) ultrasound scan of the skin a strong band-like
(hyperechoic) echo is seen at the boundary between the water path and the skin, the so-called
entry echo (see [Altmeyer92] and [Gropper93]). This echo is not corresponding with the epider
mis. The highly reflective entry echo originates from the uppermost portions of the epidermis,
probably as a result of the change in impedance from the coupling medium to the stratum
corneum, Le. the top layer of the epidermis. The width of the entry echo is not identical with
that of the epidermis. In general the border with the highly reflective entry echo is well defined
and smooth.

epidermis
~]'Pi"all.7 O. 1 ...

dermis
0.5 - J.O_

lIIubcutaneous ..
1ayer

Figure 4.1: Basic anatomy of human skin.
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The epidermis and the dermis reflect ultrasound variably, but with well-defined interface echoes
from the transition of the coupling medium to the skin surface, and of the dermis to the under
lying subcutaneous fat, which is low-reflective (hypoechoic). The epidermis itself is reflective.
Epidermal echoes may be disturbed by air contained within scales. Tbe dermis can have a very
irregularly wavY border to the subcutaneous fat. Dennal echoes are, in most body regions, many
and variable. They originate from the well-organized fiber network of the dermis, which is also
responsible for the tensile properties of skin. Hair follicles and glands are sometimes seen, de
pending on the body region (and the employed frequency). The subcutaneous space is normally
low-reflective and varies significantly with location and among individuals. The muscles, which
are situated below the subcutaneous fat, are easy to define by a smooth surface. Muscles have
few internal echoes.

Ultrasonic imaging systems assume a constant acoustic velocity in tissue of 1540 mls while
steering and focusing the acoustic beam. However, soft tissues have a range of acoustic veloci
ties that vary from 1440 mls for fat to 1710 mls for dermis [Edwards84], [Dines84]. An acoustic
wavefront propagating through a region with locally different acoustic velocity will be phase
shifted relative to the rest of the wavefront.

4.2 Human liver

The liver (or hepar) is the largest gland in the body, accounting for about 2% ofthe body weight
in adults and 5% in infants. It is also the largest abdominal organ. Its smooth surfaces are in
contact with the diaphragm and the anterior abdominal wall. In most living persons the liver
is a soft reddish-brown organ. Functionally the liver is divided into two lobes, right and left, by
a plane that passes through the gallbladder fossa and the fossa for the inferior vena cava.

Figure 4.2: Visceral surface of the liver, with its four lobes. Observe the branches of the portal
vein entering the liver and the three large and several small hepatic veins leaving the liver to
join the inferior vena cava. C. indicates caudate lobe; C.P. caudate process; Qu. quadratic lobe.



Chapter 5

Skin and liver characterization

5.1 Measurement set up

For skin experiments pig surface is used since this matches the gross anatomy and sonographic
appearance of humans quite well. The subject was shaved and within a day after sacrificing
fixed in 4% buffered formol solution. In total four slices were cut from two different pig surfaces;
from now on indicated as skin1, skin2 (without subcutaneous fat) respectively skin5, skin6 (with
subcutaneous fat).

In addition, liver samples of a goat were used. The liver was excised within 10 minutes af
ter sacrifice of the goat. By the clamping of the large vessels before excision, care was taken
that air could not enter the liver. For fixation a degassed and deionized physiological saline
solution was used with 37% buffered formalin, together a 4% formol solution. It is not possi
ble to degass the formalin, therefore it cannot be garantueed that there was no contact with
air between the excision of the liver and the measurements. The liver was transported to the
laboratory in the same solution. There it was manually cut into two slices of approximately
40 rom thickness using a chopper. These two slices will be indicated as liver2 and liver3. The
acoustical influence of formalin fixation is investigated ([vdSteen9l]) and it turned out to be
close to nothing.

To avoid interference due to echoes reflected from the walls of the water tank, the dimensions
of the tank should be larger than the dimension of the acoustic field which had been measured.
These measurements were performed in a perspex watertank (1 xwxh = 120mm x400mm x 250mm)
filled with tap water, which was tapped at least one hour before the start of the measurement.
This water could be a source of amplitude distortion, but comparison of measurements performed
in degassed water and measurements performed in tap water did not lead to significantly dif
ferent results. A Panametrics V308 transducer (see table 5.1) is mounted to an XY translation
sytem which was set to acquire at 10xlO positions (skin1, skin2), respectively 10x25 positions
(skin5, skin6, liver2 and liver3) (Ax = 2mm, Ay = 2mm). The transducer is connected to a
Panametrics 5052PR pulser/receiver. The received echo signal is attenuated, limited and am
plified with the same pulser/receiver. The resulting output signal is fed to a Tektronix DSA 601
digital oscilloscope, which is connected to a PC. Acquisitions are transferred to and saved on
the PC (see figure 5.1).

The bottom of the water tank is used as a flat plate reflector. Both the flat plate was posi
tioned in the focus (a distance of 6.3cm corresponds to a propagation time of 85.5 J.Ls) and the
transducer was aligned perpendicular to the plate, by maximizing the output rms voltage of the
gated pulse signal on the DSA.

13
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~
~--,=:a:=-_~

Figure 5.1: Acquisition measurement set up
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I central frequency [Hz] I diameter [m]
I 5 . 10° I 1.9 . 10 ·2

focus position [m] I
6 . 10-2 I

Table 5.1: Properties of the Panametrics V308 transducer.

Figure 5.2: Schematic overview of the skin holder. 'A' shows a perspective view. 'B' shows a
side view with the skin inserted. 'B' also shows how the holder is positioned on the flat plate.

During measurements skin was fixed in position and held a little distance above the fiat plate
using a skin holder as indicated in figure 5.2.

5.2 Characterization measurement procedure

Characterization-related measurements comprised:

1. Flat plate reflection

2. Flat plate reflection with interposed skin or liver

3. Skin or liver thickness measurement

5.2.1 Skinl and skin2

Table 5.2 gives the pulser/receiver settings.
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~ flat plate (1,2) I thickness

Attenuation 20dB 20dB
Energy 2 2
Repetition rate minimal (100 pulses/second [Panametrics])
High pass filter cut-off 300 kHz (highest setting without effect on pulse spectrum)
Damping 6 (symmetrical pulse shape)
Gain 20dB (lowest setting gave enough signal)

Table 5.2: Pulser / receiver settings (skin1 and skin2).

~ flat plate (1,2) I thickness (3) I
window length 256 samples 256 samples
sample frequency 25MHz 25MHz
delay 84.5 J.LS 63.0 J.LS
number of averages 16 16

Table 5.3: DSA settings (skinl and skin2).

15

Energy setting '2' has same shape (but more power) as in '1'. Settings '3' and '4' showed pulse
deformation.

The DSA settings are given in table 5.3.
The dejitter function is not used. Time jitter occurs when the trigger source can not keep the
displayed signal stable. This could lead to heavy distortions, because the measured signals are
averaged. The averaging function depends on a stable trigger source for averaging out noise.
It has been examined if the measured signals were disturbed by time jitter, and it pointed out
that there was no disturbance.

Three types of measurements were done. The homogeneous flat plate type is called "refer
enc", the interposed flat plate type is called "skin"(skinnumber 1 or 2), and the thickness file
has the extension "thi". During the experiment the reference measurement was repeated 2
times, with extension 1 and 2, and the skin experiments were repeated 1 time, with filename
skin(number)b.

5.2.2 SkinS and skin6

Table 5.2 gives the pulserjreceiver settings for skin5 and skin6.
The DSA settings are given in table 5.4.
The dejitter function is not used (section 5.2.1).
Three types of measurements were done. The homogeneous flat plate type is called "plate269",
the interposed flat plate type is called "skin" (skinnumber 5 or 6), and the thickness file has the
extension "thi". All experiments are repeated 1 time, with filename skin(number)b.

5.2.3 Liver

Table 5.5 gives the pulserjreceiver settings for the liver.
The DSA settings are given in table 5.6. The dejitter function was not used (section 5.2.1).
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~ flat plate (1,2) I thickness (3) I
window length 256 samples 1024 samples
sample frequency 250MHz 20MHz

.delay 84.0JLs 28.0 p.s
number of averages 16 16

,
Table 5.4: DSA settings (skin5 and skin6).

Three types of measurements were done. The homogeneous flat plate type is called "plateliv",
the interposed fiat plate type is called "liver2", and the thickness file has the extension "thi".
All experiments are repeated 1 time.

~ flat plate (1,2) I thickness

Attenuation 20dB 20dB
Energy 2 2
Repetition rate minimal (100 pulses/second [Panametrics])
High pass filter cut-off 300 kHz (highest setting without effect on pulse spectrum)
Damping 6 (symmetrical pulse shape)
Gain 40dB (lowest setting did not give enough signal)

Table 5.5: Pulser / receiver settings (liver).

~ flat plate (1,2) I thickness (3) I
window length 256 samples 2048 samples
sample frequency 250MHz 20MHz
delay 85.0 p.S 20.0JLS
number of averages 16 16

Table 5.6: DSA settings (liver).

5.3 Results

The speed of sound in the skin is:

eskin,i = ew(T)(l + thorn,i - ts#cin,i)
tthi,i

(5.1)

where T is the temperature, and <:weT) is the speed of sound in water as derived in [Hill86].
The arrivaltime difference thorn,i - tshn,i is estimated from the time difference of the reference
pulse and the attenuated, skin interposed pulse. Pulse position is estimated by calculating the
center of gravity of the envelope of the pulse. The time difference between start and end of the
thickness signal, in measurement i, is denoted as tthi,i' It is measured as the -6dB width of the
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envelope of the thickness signal (using the .thi file) minus the -6dB pulse width. In figure 5.4a
the (average) thickness signal is shown in the middle left graph. Skin thickness di is:

(5.2)

Denote the reference flat plate signal: Jref,i(t), and the attenuated flat plate signal: Jatt,i(t),

where i is the i-th measurement. In figure 5.4a both time signals are shown at the top.

The estimated attenuation 0: is:

A () (20 I I:F(fatt ,i(tn I )
a W = ogio 2di IF(fref,i(t)) I (5.3)

where :F denotes the Fourier transform, and 0 denotes averaging over i. These equations are
also valid for the liver by taking CLiver, d' iver and tliver, instead of C8kin, dakin and t 8kin respec
tively. It should be noted that, although the attenuation is calculated, it is not used in further
measurements and calculations.

The figures 5.4 - 5.10 show the great range of thickness and velocity, and this is summarized in
table 5.7.

[i!<§!] skin2 I skinS I skin6 [ liver:£] liver2 (no airbubble) I
minimum d [em] 0.33 0.36 1.69 2.73 4.30 4.30
maximum d [em] 1.13 1.00 2.18 3.09 7.72 4.87
minimum v [m/s] 1542 1529 1535 1514 1509 1528
maximum v [m/s] 1709 1626 1555 1531 1545 1545

Table 5.7: Overview of the thickness and velocity.

The changes in the arrival time due to a different speed in different media will cause a tdiffen

(5.4)

with

(T) d8kin ( )
twater = ew(T) 5.5

i.e. the time for moving through water over distance dakin. Since the acoustic velocity differs
between fat and dermis, variations in skin thickness will also produce variations in skin sound
speed (table 5.8). The sound velocity in dermis, Cdermia, and in subcutaneous fat, Cfat are 1710
mls and 1470 mis, respectively (according to [Dines84] and [Goss78]). The next equation shows
the theoretical C8kinl depending on the specific thickness, with ddermis = 3 mm (section 4.1).

dskin ddermi8 dfat d 8kin - dfat dJat d 8kin d (1 1) ( )
tskin = -- = +-- = + - = + fat - - 5.6

Cskin Cdermis Cfat Cdermi8 Cfat Cdermis Cfat Cdermis

So the arrival time difference will not change linearly due to variations in skin thickness and
velocity; the maximum range in tdijjer, caused by difference in dskin will be 46ns starting from
dskin variations between 3mm and 10mm for skin1 and skin2, and 49ns starting from dskin

variations between 20mm and 25mm for skin5 and skin6.
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Figure 5.3: Definition of skin distances
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dskin [mm] Cskin [m/s] tskin [/Ls] twater(19) [/Ls] tdi er(19) [/Ls] twater(23) [/Ls] tdi er(23)
3 1714 1.750 2.027 0.277 2.013 0.263
10 1540 6.494 6.757 0.263 6.711 0.217
20 1502 13.32 13.51 0.210 13.42 0.100
25 1495 16.72 16.89 0.164 16.77 0.051

Table 5.8: Results of the calculated range in tdif fer'
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Figure 5.4: Characterization of skin1 and skin2
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Figure 5.5: Characterization of skin5 and liver2
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Chapter 6

Phase aberrations

6.1 Introduction

A linear array consists of a number of small individual transducers arranged side by side in a
single assembly and a phased array utilizes a small array transducer. In a phased array system,
the assumed acoustic velocity is used to calculate the focal and steering delays, which ensure
that the signals on all channels are in phase at the focal point. The expected arrival times of
ultrasound waves are calculated based on the geometric path lengths between each element and
the focal point, and on the expected acoustic velocity of the tissue. Deviations from the layers
of tissue distort the echo signal arrival time profile. These layers of tissue have a nonuniform
thickness, and that's where the problem is introduced. The arrival time differences, or phase
deviations, result in interference of signals and the losses in image quality (constructive and
destructive interference can occur depending on travel time differences). A subcutaneous (i.e
under the skin) rippled layer of fat, and a muscle of nonuniform thickness are two examples of
aberrating layers that may degrade the quality of an ultrasonic image.

The literature suggests that phase aberration causes significant image degradation in some pa
tients, in some parts of the body. As transducers are designed for higher frequencies, phase
aberration becomes a more serious problem. For example, a phase aberrator producing a dif
ference in arrival time from one element to the next of 40ns represents a phase shift of O.L\
at 2.5MHz, which is relatively inconsequential. But the same aberrator causes a phase shift of
0.2), at 5MHz, or 0.4), at 10MHz, enough to cause significant destructive interference ([Nock89]).

An example of phase aberration is shown in figure 6.1. This figure shows an ultrasound beam
being focused through tissue layers in the abdomen (i.e the belly). The tissues contributing to
the phase aberrations for this scan are mainly the fat and muscle layers, due to their variable
thickness and dissimilar speed of sound. The magnitude of the delay and its effect on the re
sultant signal are represented graphically in the lower section of figure 6.i. The existence of
for example a fat layer interposed between the transducer and the target results in an apparent
range shift of the target and in refraction of the paths of the acoustic pulses. Refraction alters
the path lengths and times of flight of the pulses to individual array elements compared to the
assumed case of homogeneous tissue. These path length differences cause phase errors across
the transducer aperture which become more severe at larger steering angles and smaller ranges.

22
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Figure 6.1: A pulse aberrated due to inhomogeneities and rough surface.

So it can be summarized that phase aberrations can lead to the following aspects:

• Time-shift differences

• Magnitude-level differences

• Wavefront shape distortions

It has been shown in literature that the greater part of the phase aberrating experiments has been
done measuring arrival time differences, which is summarized in table 6.1, with a survey of recent
literature. Depending on reflection or transmission, one or two transducers were employed at a
center frequency Ie. In order to increase signal-to-noise ratio, pulsing was sometimes repeated a
number of times, # times. The rms and maximum time delay differences, normal-max Tdelay, or
the phase aberration, rPab, have been measured of human tissues or substitutes (see also figure
6.1). In further chapters the local measured and calculated aberration time will be stated as taber.
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[O'Donne1l88] ISumino91] [Ng94] [Robinson94] [Hinkelman94]
experiment phantoms abdominal fine-grained skin surface / abdominal
with specimen sponge skin surface / specimen

wall (room liver surface wall (body
temperature) pig temperature)

reflection or reflection transmission reflection transmission/ transmission
transmission reflection/

reflection
Ie (MHz) 3.3 3.75 5 2.5 3.75
d(cm) 5 18 8 15 18
# times 1 21 12 1 21
normal-max ..-200 30-120 ..-220 78-267 / 62-.. 37-116
Tdela" (ns) /25-..

Table 6.1: Phase aberrating experiments in the past

Notes:

24

• Almost no in vivo experiments of wave front distortion caused by human abdominal wall
available

• Most aberration measurements are arrival time delay measurements

• The arrival time delay measurements are difficult to compare, not only because of the
changing center frequency, but also because the transducers have different elevation sizes

• Comparision of measurements at room and body temperature indicates that apprecia
bly higher time delay differences occur at body temperature while time delay difference
patterns are less affected [Hinkelman94]

• Repeated measurements using the same specimens show that individual tissue path mea
surements are reproducible [Hinkelman94]

• Time delay and amplitude aberrations were not the only form of waveform aberrations
detected. Secondary wavefronts were observed to arrive at angles that differed from the
main pulse. This is attributed to multi-path propagation. Interference of multi-path
arrivals with shorter time delays could explain the wave shape distortions observed in the
main pulse segments [Robinson94]

6.2 First approximation of phase aberration

Phase aberrations exist because of local differences in skin sound speed:

with

(6.1)

(6.2)

(6.3)A ( ) dakin(Xi,Yi)
takin Xi, Yi = ( )

C.kin

These differences (figure 6.2 and 6.3) are expressed in equation (6.4) by comparing the local and
the mean sound speed ({Cakin}) in a small area, and are summarized in table 6.2; the local sound
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(6.4)

speed is already showed in section 5.3. In case the number of points in x- and y-direction both
are 10 (skinl,skin2), N will be 100, for skin5, skin6 and the liver N will be 250.

t ( . .)_dskin(Xi,Yi) dskin(Xi,Yi)
aber x" Y, - ( ) - ( )Cskin Xi, Yi Cskin

1 N
(Cskin) = N LCskin(Xi,Yi)

i=l

where N denotes the total number of points and () denotes averaging over i.

(6.5)

Ekinl [ skin2 I skin5 I skin6 Iliver2 Iliver2 (no airbubble) I
~.

minimum taber [J.Ls] II -0.104 I -0.092 I -0.075 -0.087 -0.116 -0.116
maximum taber [J.Ls] II 0.274 I 0.127 I 0.082 0.121 0.999 0.238

Table 6.2: Overview of the aberration time by first approximation.
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Figure 6.2: The aberration time for the scanned positions of the skin.

6.3 Introduction phase aberration correction

If arrival time errors can be measured, as mentioned before, then we could compensate for these
errors by subtracting them from the transducer element time delays. Various methods have been
described to correct for phase aberration. The simplest method is to focus the imaging array
on a known reflection target. The deviations from a spherical shape in the reflected wave front
of such a point source equal the phase aberration at each element. If the total image is formed
over a narrow angle, such as the image of a radar antenna, then a single point target may be
sufficient. However, if the image subtends a wider angle, such as an ultrasonic sector scan, then
different correction profiles will be needed at different angles.

Techniques for phase correction in medical ultrasonic images of diffuse targets include cross
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correlation ([Flax88], [Walker94]), speckle brightness ([Nock89]) and use of averaged phase in
formation, which can be explained as follows:
Acoustic speckle arises from the interference between reflections from many randomly positioned
subresolution scatterers. The brightness at a given point of an ultrasonic image is determind
by the coherent sum of reflections from many reflectors within the resolution cell of the target
corresponding to that image point. In most regions of a medical ultrasonic image, there are
many discrete targets within each resolution cell. Most of these targets are randomly posi
tioned, although some may be part of regular tissue structures. Because of the interference of
the reflections from subresolution sized targets, ultrasonic images often have a random grainy
appearance, which is called speckle.
If the signal at each element is very similar, as it is for reflections from a point target, then
the time offsets can be readily detected and quantified using a cross-correlation measurement
between any two elements, where the cross-correlation function between two sampled RF
waveforms xl(nT) and x2(nT) is

If-l
A(k) = L xl(nT)x2((n+ k)T)

n=-lf

(6.6)

k is the delaytime-correction in samples (for now A(k) = AZ1 ,Z2(0)) and N is the total number
of samples contributing to the correlation sum. These estimates are subject to errors known as
false peaks and smaller errors known as jitter. Jitter causes a slight displacement of the true
peak of the cross correlation function, due to signal decorrelation, noise, and sampling effects.
From cross-correlation measure, arrival time error can be estimated by using the position of the
peak value in the cross-correlation function for each element as a measure of the arrival time
difference (maximum 220ns). The time offset of the peak in the cross-correlation function is a
direct measure of the arrival time difference between neighboring channels, by which is assumed
that the first, reference channel has no delay. The total arrival time error can be calculated by
accumulating the neighboring arrival time differences. Next chapter therefore describes mea
surements with element data.
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Phase aberrations in biological
tissues

7.1 Measurement set up

In order to get element data, measurements were performed at the Laboratoires d 'Electronique
Philips (LEP) in Paris, France. The perspex watertank and the tissues are the same as used
in section 5.1. The Philips linear array transducer PMI LA3510 (table 7.1) is connected to
a transmitting / receiving system (table 7.2) which could be adjusted by software. The data
acquisition is fixed, the maximum number of elements is 64. Data is saved on a SUN work
station and sent to Nijmegen with ftp. A vertical fixed basting (VICRYL, V316) was used as a
line reflector.

SUN WORK-STATION

.....-._..._-•.......
..-" .._ .

 1
WAlElTANK

Figure 7.1: Reflection measurement set up (Top view)

central frequency [Hz] # elements pitch [m] blade [m] I
3.5 . 10° 128 0.760 . 10 ·3 0.035 . 10 -3 I

Table 7.1: Properties transducer PMI LA3510

The scan distance z could not be measured exactly, because there was a matching layer and a
lens in front of the active element, so z is estimated from the measured RF-signals. This is al
lowed, because the main goal of the experiment is to compare homogeneous and skin-interposed
signals. An accuracy equation for this transducer in [Ledoux95] shows that the inaccuracy of
the transducer will not reach O.lmm, even in worst-case. The main inaccuracy is caused by

27
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temperature fluctuations during one experiment.

7.2 Element measurement procedure

28

Element-related measurements comprised 2D point reflection for homogeneous and skin inter
posed media.
A comparative experiment for the aperture has been done (wire05 to wirelO correspond with an
aperture of 1, 4, 8, 16, 24, 32 elements). An aperture of 32 elements gives the best results.
Tissues which are close to the transducer have a much larger impact than tissues which are
near the region of interest at the reflection line [Berkhoff95III). Therefore all experiments are
executed with the tissue close to the transducer.
Four files were created for every measurement: "name" .dat, "name" .hea, "name"RF.dat, "name"RF.h
The "name" .hea files contain adjustment information, the "name" .dat contains the RF scanlines
and the "name"RF.dat contains the element RFHnes. The .dat files are converted to Matlab
TM, formatted with the compiled version of the c source ReadImage.c.
The transmit/receive settings were:

transmit/receive mode c= acquisition

voltage transducer [V] 50 # channels parallel 8
# elements 64 # bits ADC 8
aperture 32 sampling frequency [Hz] 5010°

Table 7.2: Properties acquisition and transmit/receive adjustment.

The focus is installed by software. The TGC adjustment is dependent on the tissue attenuation;
an overview of the different tissue measurements is shown in table 7.3. The thickness of the liver
is too big for reflection at z=4cm.

reflection at z=4cm, delay-window 45.0 JLS reflection at z=6cm, delay-window 75.0 p.s
tissue TGC [dB] T [0C] tissue TGC [dB] T [0C)
hom4cm 27 23.1 Hom6cm 25 23.8
skinl 27 23.1 Skin5 42 23.4
skin2 27 23.1 Skin6 55 23.5
skin5 40 23.2 Liver2 48 23.7
skin6 51 23.2 Liver3 48 23.7

Table 7.3: Results element data measurement.

An imagescan of the line reflector in an otherwise homogeneous medium is given in figure 7.2a.
The signals of the 32 channels are multiplexed in the 8 channels of the receiving part, which
means 4 groups. The delays caused by focussing are adjusted by software. The elementdata
(figure 7.2b) is taken before the receiving focuscorrection, so the receiving elementdata is focus
corrected afterwards (i.e. MUX-corrected), figure 7.2c. The summed elements of one scanline
should return this scanline.
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Figure 7.2: Image of a line scatterer in homogeneous medium.

7.3 Results

The RFsignal of one element of a scanline with and without skin interposed is plotted in figure
7.3. The signal to noise ratio (SIN) of the original RF scanline signal is low comparing to the
SIN of an element RFsignal, because of the distortion of the skin and mainly because of the
higher TGC for skin experiments (see also table 7.3).
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Figure 7.3: Comparing the RFsignals at reflection position for element 16 in different media.

After the MUX-correction, the occuring spikes are deleted by checking the peaks of the RFsignal
outside the reflection area (for example in figure 7.3 the right subfigure will be spike-checked
for sample 1-250 and 400-700). Because the transducer frequency is 3.5MHz, bandfiltering is
applied for 3-4MHz. Several arrival time algorithms have been tested in order to compare the
homogeneous and skin-interposed RF-data (see appendix A):

1. cross-correlation, method1j this algorithm uses one element-line and the neighboring element
line to calculate the arrival time difference (section 6.2).

2. cross-correlation, method2j this algorithm uses one element-line of the aberrated medium
and the same element-line of the homogeneous, reference medium to calculate the arrival
time.
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3. maximum of the envelope; this algorithm uses one element-line to calculate the arrival
time.

4. center of gravity; this algorithm uses the part of the envelope signal that is 10dB above
the noise level to calculate the arrival time.

5. first negative peak; this algorithm uses one value of the element-line to calculate the arrival
time and can be used for clipped data (ADC overflow).

For these experiments the cross-correlation algorithm is used to calculate the arrival time, be
cause it turned out to be the most robust algorithm. The RFsignal contains enough samples to
calculate a smooth cross-correlation; thus, unbiasing this signal was not necessary. For different
tissues the arrivaltime difference is calculated and detrended. The most outside elements are
not reliable, because of a longer distance through the tissue, which means that the detrending
is executed only for the reliable arrivaltime. The results of this procedure is shown in figure 7.4.

In figure 7.5 the results are plotted for the homogeneous measurement with the reflection-line at
a position of z=4cm. In the top left subfigure an RF element line is showed; in lateral direction
element !6 is right in front of the reflection-liue. The top right subfigure shows that the element
signals of one scanline have a. different amplitude. The bottom left subfigure shows the result
of MUX-correction as indicated in figure 7.2. All elements of the aperture (32) are imaged
and further calculations are executed with this, corrected, data. The arrivaltime determined
by the earlier mentioned cross-correlation (method!) algorithm is plotted in the bottom right
subfigure, it should be clear that this arrivaltime is not yet detrended. One skin-interposed
measurement at z=4cm and one skin-interposed measurement at z=6cm is shown in figure 7.7
and 7.6, respectively. In appendix B the results for the other tissue interposed measurements
can be found.
The Root Mean Square aberration time (Trms) is calculated in two wa.ys. The RFsignal of every
element will be frequency-filtered for noise after the removal of spikes. The cross correlation
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Figure 7.5: Results for homogeneous medium, z=4cm.

between element-line i and its neighbor was calculated (method 1). The cross correlation between
element-line i of the homogeneous medium and element-line i of the aberrated medium was
calculated (method 2). After detrending and removal of outliers (> 3x expected value) the
Trms was calculated as follows:

Trms=
JfJ L:~=l w2(Xi)t~ber(Xi)

J-Ii L:~=1 W2(Xi)
(7.1)

where W(Xi) is a real, non-negative, normalized weighting or window function. In these experi
ments the aperture is 32, so N = 32 if no outliers are removed. At z=6cm the window function
is installed following the max-amplitude of every RFelementsignal, because a part of the beam
is attennuated as distinct from z=4cm, where the window function is left out (Le. w(xi)=1).

It is clear that amplitude distortion can influence the arrival time through tissues. Table 7.4
and 7.5 show this influence. The Trms namely is much higher and unreliable for skin6, because
also the normalized amplitude has a complete different shape from the homogeneous normalized
amplitude (figure 7.5 and 7.7). The results of a "normal" amplitude shape (z=4cm, for example
skin5, figure 7.6) are shown in table 7.4. In Appendix B the figures belonging to the other
Trms-values can be found.
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Figure 7.6: Results for medium aberrated by skin5, z=4cm.

skin1 5 6
skin2 6 11
skinS 12 20
skin6 7 119

I tissue ~ Trms [ns] method1 ITrms [ns] method2 I

Table 7.4: rIDS delay-time for z=4cm, scanline 18.

I tissue ~ Trms [ns] method1 ITrms [ns] method2 I
skin5 74 231
skin6 627 944
liver2 5 70
liver3 40 62

Table 7.5: rms delay-time for z=6cm, scanline 18.
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Figure 7.7: Results for medium aberrated by skin6, z=6cm.



Chapter 8

Tissue characterization: reliability
and deviation

8.1 Introduction

The correlation length controls the rate of change of surface height with distance along the
surface. Measurements sometimes suggest that surface correlations are exponential close to
the origin, changing to Gaussian for points further apart [Ogilvy91]. Therefore both models
will be tested. However, an important point must be made here: the measurement of surface
correlations is sensitive to the choice of interval used to discretise a surface. Numerical studies
of computer generated rough surfaces with exponential correlations have shown that unless the
discretisation interval is at least as small as one tenth of the correlation length then the full
exponential nature of the surface will not be measured.

8.2 Method

Gaussian approximation.
The measured auto-correlation function for the profile of the differences in the arrival times
for every transducer element i is defined as p(Xi). This function is fitted by a Gaussian model
([Thorsos88]):

(8.1)

where h shows the rms height and i the correlation length. The Mean Squared Error (MSE) is:

(8.2)

In order to be able to find an analytical least squares solution for the model parameters h and
i, a modified error criterion MSE' is introduced as:

MSE' - l:~l (In(p(xi)) -In(pi))2
- l:~l (In(b) - aXi2 -In(pi))2

A minimum MSE' is obtained at:

34

(8.3)

(8.4)
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(8.6)
l:~1(f(Xi))2

N

aMSE' N
BIn(b) = 2t; (In(b) - aXi2 -In(pi)) . 1 = 0 (8.5)

Solving these equations for a and b and substituting a and b into equation (8.1) defines the
modelled Pi, h and f.
Note that hand the rms slope s are averages over each surface and over all realizations because
of the Gaussian approxima.tion:

and

s= l:~l(f(Xi+l) - f(Xi))2
N-1

(8.7)

The rms height, rms slope, and correlation length are related by

1= .j2h
s

(8.8)

so an estimate for the correlation length can be obtained from

A .j2h
1=s (8.9)

Exponential approximation.
An exponential curve can be fitted in a similar way:

(8.10)

where 1 denotes the correlation length.
The Mean Squared Error MSE' can be stated as:

MSE' = l:~l (In(p(xi)) -In(pi))2
= ~~l (In(b) - aXi -In(pi))2

(8.11)

and a and b can be solved for the minimum:

BMSE' N
aa = 2 L (In(b) - aXi -In(pi)) . -Xi = 0

i=l
(8.12)

and

(8.13)
8MSE' N
8ln(b) = 2ti (In(b) - aXj -In(pi)) ·1 = 0

Substituting a and b into equation (8.10) defines the modelled Pi; the M SE will be as denoted
in equation (8.2).

8.3 Deviation of the aberration time

Arrays proposed for phase aberration correction would utilize elements with dimensions less
than or equal to a wavelength in azimuth but between 2mm and 20mm in elevation. For the
PMI LA3510 linear array transducer the wavelength ).=0.43mm, the pitch is 0.76mm and the
element size in elevation is 18mm. Since most phase aberrations measurement studies indicate



CHAPTER 8. TISSUE CHARACTERIZATION: RELIABILITY AND DEVIATION 36

that the correlation length of clinical aberrators is less than 5mm, such elements should incur
significant variations in the aberrating time delay across their face. Such variations will be
defined as aberrator integration error (AIE). Figure 8.1 depicts AIE for an example five element
array. The top curve in the figure indicates a continuously varying time delay aberration a~ross

the face of the array. The second curVe shows the compensating delay profile calculated by
taking the mean delay across each element. Finally the bottom curve in the figure shows the
AIE remaining after removal of the compensating delay profiles. In this example elements are
large relative to the correlation length and phase aberration correction does little to reduce the
effective aberration.

1dln1_

SKIN

COllllECllOIl

--

Figure 8.1: Aberration Integration Error for a five element array.

The AlE of an element is defined as the residual aberration after removal of the mean time delay
across the element. The prove that the corrected time delay contains no bias can be found in
appendix C. To maintain simple notation the AlE for a one-dimensional element will be derived,
the result will be extended to a two-dimensional element further on. The expected mean squared
(i.e. the variance) AlE, (72, on an element in elevation direction can be defined as:

(72 = (~ i:;/r(y) - fi)2dY) (8.14)

where E is the element size, r(y) is the aberrating time delay function (aberrator), () indicates
an expected value taken over an ensemble of aberrator-parts, now 32 elements, and f i is the
compensating delay for element i calculated by:

1jE/2
f= E r(x)dx

-E/2

Substituting eqation (8.15) into equation (8.14) and expanding the square yields:

(8.15)

(
1 jE/2 ( 1 jE/2 1 jE/2 1 jE/2 ))

17
2 = E r 2(y)-2r(Y)E r(X)dX+

E
r(xo)dxo

E
r(xt>dXl dy

-E/2 -Ej2 -Ej2 -E/2
(8.16)

Separating integrals, rearranging their order and bringing the expected value inside the integrals
yields:

1 l E
/
2

2 l E
/
2

jE/2
17

2
- E (r2(y) )dy - E2 (r(x)r(y»dxdy +

-E/2 -E/2 -E/2
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1 jE/2jE/2jE/2+ E3 (r(xo)r(Xl))dXodXldy
-E/2 -E/2 -E/2

37

(8.17)

Assuming that the aberrator is a stationary random process, the expected values in equation
(8.17) are equivalent to the aberrator auto-correlation function evaluated at various points.
Substituting the auto-correlation function in equation (8.17) yields:

1 jE/2 2 jE/2jE/2
u2 = - Pi (O)dy - 2 Pi(X - y)dXdy +

E -E/2 E -E/2 -E/2

1 jE/2jE/2jE/2
E

3 Pi(XO - Xl)dxodXldy
-E/2 -E/2 -E/2

(8.18)

where Pi (y) is the aberrator Gaussian or Exponential crosscorrelation function as defined in
equation (8.1) or 8.10, respectively. The pi(X) and pi(Y) are the same because of the assumed
isotropy of the biological tissues. Performing integrals where possible and performing variable
substitution to simplify the expression yields:

1 jE/2jE/2
u

2 = Pi(O) - E2 Pi(XO - Xl)dXodXl
-E/2 -E/2

This equation can be solved by reducing it to a single integral ([Papoulis91]):

(8.19)

(8.20)

This equation describes the mean squared AlE across a single one-dimensional array element.
It indicates that the magnitude of AIE is dependent upon both the size of the receiving element
and the shape and magnitude of the aberrator crosscorrelation function. It is possible to extend
this equation to two-dimensions. In current arrays the element width is small compared to the
aberrator crosscorrelation length, so equation 8.19 should be accurate if the element height is
used as the element size, and therefore equation (8.20) is solved by MAPLE:

j2 exp(-Eli) - i(-E + i)
Ue-z:p = 1 - E2 (8.21)

(E 2 exp ( f) - Ei-Ii erf(EIi) exp (f) - f2 + f2 exp (f)) exp (-f)
U gauu = E2 (8.22)

Figure 8.2 shows the Gaussian and Exponential sigma as a function of the elementsize normalized
to the correlation length i (in the figure L=i)j the elementsize in these experiments, E, is 18mm,
as mentioned before.

8.4 Results

The modelled correlation and the correlation length can be calculated in different ways. Starting
point for the correlation is the element arrivaltime as measured and described in section 7.3,
where the arrivaltime difference is calculated by the crosscorrelation between element-line i and
its neighbor of the medium in question.

The unbiased estimate scales the raw correlation ([Papoulis77]). It can be assumed that the
sample f(x) is available only in the interval (-X,X). In this case, the product f(x + X)f(x)
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Figure 8.2: Theoretical Aberrator Integration Error vs ratio element heigth over correlation
length.

can be determined only for values of x in the interval (-X, X - X) if X > 0, and in the interval
(- X + lxi, X) if X < O. To avoid separate formulas for X > °and X < 0, the symmetrical
function Rx (X) is introduced:

1 jX-(Ixl/
2
) ~ ( X) ~ ( X)

Rx (X) = 2X I I T X +-2 T x - -2 dx
- X -x+(ixl/2)

The crosscorrelation function for the skin and the liver is shown in figure 8.3, calculated according
to the crosscorrelation method 1 mentioned in section 7.3.

rhIIIttdt'lt rho tkin2

i~i0
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x(~) .(.~
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(a) at z=4cm (b) at z=6cm

Figure 8.3: Measured cross correlation p, for different media.

The correlation length is calculated for different biological tissues as described in previous sec
tion.
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Figure 8.4: An overview of p for skin1, skin2, skin5 and skin6, measured and modelled.

From equation (8.22) the deviation can be calculated; Trms is the measured aberration time
(section 7.3), although the real aberration time may be much more. Therefore Taber is defined
as the maximum possible limit-value of the aberration time:

1
Taber = Trms A

1 - O'(l)

The measured correlation length and calculated Taber are shown in table 8.1 and 8.2.

Exponential model Gaussian model
tissue Trms [ns] l[nun] MSE Taber [ns] l[mm] MSE Taber [ns]

skin1 5 0.46 0.0184 206 1.18 0.0000 90
skin2 29 1.02 0.0587 519 1.84 0.1415 319
skin5 12 2.45 0.0004 92 2.78 0.0034 86
skin6 7 1.44 0.0008 93 2.11 0.0011 70

Table 8.1: Correlation length and rms delay-time for z=4cm, scanline 18

8.5 Discussion

(8.24)

Now the results of the measured correlation length can be compared with the correlation length
derived from the simulation package SIMPLAN. A method, which was able to simulate the
effects of phase-aberrations, is the plane wave method (see [Berkhoff95I], [Berkhoff94I] and
[Berkhoff94II]). This method uses plane harmonic waves. The plane wave method as is imple
mented in the simulation package makes use of FFT methods and of averaged Green's functions
(see [Berkhoff94III]).

The measured data files, edited as described in section 7.3, are used for the source file. The
data files consist of the element lines of one scanline, in this case scanline18. The outer element
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lines, 1,2, 31 and 32 are left out. A description of the aberration correction as shown in figure
8.5 can be found in [Berkhoff95IIfj.

source

Figure 8.5: Block diagram showing the process of correlation length calculation after phase
aberration correction.

The set-up for the SIMPLAN blocks are corresponding to the set-up of the measurements of
chapter 7, i.e. setting of sample frequency, focussing etc.
The distance of backpropagation is defined as the range at which the backpropagated waveforms
are most alike in the sense that the waveforms are only time shifted with a possible amplitude
factor. This motivates the definition of a waveform similarity factor that can be computed
during the backpropagation process to measure waveform similarity and to find the appropriate

.distance at which the waveforms are most alike [Liu94J:

(8.25)

where N is 28 and Ti is the measured arrival time delay of element i. The value of r is readily

Exponential model Gaussian model
tissue Trms [ns] 1[mm] MSE Taber [ns] l[mm] MSE Taber [ns]

skin5 74 1.45 1.1698 961 2.66 1.8486 576
skin6 - 0.41 0.0535 - 1.12 0.0110 -
liver2 5 3.40 0.0000 27 2.57 0.0007 29
liver3 40 0.70 0.0175 1047 1.28 1.1813 550

Table 8.2: Correlation length and rms delay-time for z=6cm, scanline 18
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z=4cm, scanline 18 skin1 skin2 skinS skin6
r 0.91 0.89 0.62 0.20

1 [mm] 3.90 3.97 3.07 1.57

z=6cm, scanline 18 skinS skin6 liver2 liver3
r 0.17 0.19 0.10 0.17

1 [mm] 2.29 1.36 2.36 1.47

Table 8.3: Correlation length in SIMPLAN for z=4cm and z=6cm.

shown to be always between 0 and 1, and derived from the SIMPLAN AberCorrT-icon (figure
8.5). For a r close to 1 the correlation length is more reliable. Table 8.3 shows the correlation
length after phase-aberration correction and waveform similarity according to eqation 8.25.
According to [Steinberg95] skin has one indicated value for the correlation length independent
of its thickness. For skin with a r close to 1, skin of approximately 8 to 10mm, the correlation
length is about 4mm (5 elements), derived from the SIMPLAN AberCorrR-icon (figure 8.5);
for these measurements the amplitude shape is closest to the homogeneous amplitude shape
(appendix B). A smaller r results in a smaller correlation length, but also in a less reliable
correlation length.
A similar problem is stated for the measurements of table 8.1 and 8.2. The M SE of the modelled
cross-correlation Pi sometimes is too big which means that then the value of i is doubtfull. From
figure 8.3 the correlation length can be estimated by taking the full-width at half-maximum
(FWHM). Except for skin5 at z=4cm, i is between 0.76 - 3.04mm (1 - 4 elements, respectively),
definitely not one indicated value.

As mentioned, the amplitude shape of the 32 element RFsignals sometimes has a big distortion
compared to the homogeneous amplitude shape. In table 8.1 the Trms-values are as expected
and at the same time the amplitude shape of these experiments show resemblance to the homo
geneous amplitude shape. It can be noted that the deviation of the Trms is much higher than
the Trms itself, as derived in section 8.4 and showed in equation (8.22).
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Conclusions and recommendations

• It is necessary to measure the elementsignals to get useful data of the echographic char
acterizatics of the biological tissues. [Chapter 6]

• The influence of amplitude distortions of echo-pulses is at least as important as time-shift
distortions for detection of phase aberrations. Correction of time-shift distorted RFsignals
is possible, correction of amplitude and time-shift disorted RFsignals is more difficult.
[Chapter 7]

• The standard deviation of the estimated root mean squared aberration time is much bigger
than the root mean squared aberration time itself. So, the element height is of more
influence than expected. Further experiments should contain two-dimensional element
arrays to decrease the deviation. [Chapter 8]

• Modelling the arrival time difference cross-correlation function results in different corre
lation lengths for the Gaussian and Exponential approximation. It is not yet possible to
define one correlation length value for skin or liver. The amplitude profile of the signals
received by the elements contributing to one scanline, and the waveform similarity factor
give good indication of the reliability of the correlation length. The correlation length
estimated with SIMPLAN is more reliable than the uncorrected signals. [Chapter 8]

• The first approximation of the aberration time is around the same value as the root mean
squared aberration time with its standard deviation. [Chapter 5 and 8]
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Appendix A

Arrival time functions

The first negative peak algorithm makes use of only one sample of the RFsignalj this algorithm
is useful for high amplified RFsignals. The first negative peak and the influence of noise can
be clearly seen in figure 7.3. The maximum envelope algorithm uses the RFsignal, but, in case
amplitude distortions of the RFsignal significantly deform the RFsignal, the maximum can be
defined at the wrong sample of the RFsignal. The center of gravity method shows better results
for amplitude distorted RFsignals, this algorithm is robuster. The most reliable algorithm
however is the cross-correlation algorithm because it uses two neighboring RFsignals for arrival
time calculation, as can be seen in figure A.I.
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Figure A.I: Arrival time function derived from the line reflection in an otherwise homogeneous
medium.

The algorithms should return a horizontal line, because the algorithms are executed with focus
corrected data (see also figure 7.2).
These algorithms have been tested for several homogeneous measurements and the deviation of
the arrival time turned out to be the smallest for cross-correlation measurements.
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Appendix B

Results element data
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Figure B.t: Results for medium aberrated by skinl, z=4cm.
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Figure B.2: Results for medium aberrated by skin2, z=4cm.
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Figure B.3: Results for medium aberrated by skin6, z=4cm.



APPENDIX B. RESULTS ELEMENT DATA 50

x 106riginal signal, scanline 1S
2~=--~----~----,

amp max-signal for windowing timedifference
1,-----~-7'r~------,

_2L--~--~-~-----I

o 200 400 600 800
depth element 16 [samples]

homogeneous reflection

4010 20 30
element line

52.05,--------.------,..-----,

10 20 30 40
element line

anivaltime cross-correlation

CDio
,
s

CD

io.6
!

'U

~
£. .::
'51.95 ~ : ~ .

'C :

3010 20
lateral distance

o"'--r'N'N',

-1

'i'200

1400
fi.
G)
'C

600

Figure B.4: Results for homogeneous medium, z=6cm.
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Figure B.5: Results for medium aberrated by skinS, z=6cm.
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Figure B.6: Results for medium aberrated by )iver2, z=6cm.
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Figure B.7: Results for medium aberrated by liver3, z=6cm.



Appendix C

The bias of the measured arrival
time

The bias in measured aberration times can be stated as follows:

tbias = (f(x) - r(x»

1 JX
/
2

lim X f(x) - r(x)dx
X-+oo -X/2

(C.1)

where f(x) and rex) are the measured and real value, respectively; f(x) is defined in section 8.3
as:

l1E
/
2

f(x) = E r(x + X)dX
-E/2

Substituting equation (C.2) into equation (C.l) yields:

tbias = lim Xl jX/2 (E1 1E
/
2

r(x)dx - r(X))dx
X-+oo -X/2 -E/2

= lim Xl jX/2 (E
1 1E

/
2

r(X)dX)dX _ lim Xl1X
/
2

r(x)dx
X-+OO -X/2 -E/2 X-+OO -X/2

1 1E
/
2

1 1X
/
2

= E dX lim X (r(x))dx - (r(x))
-E/2 X-+OO -X/2

l1E
/
2

= E (r(x))dx - (r(x))
-E/2

= ~(r(x))(E/2 + E/2) - (r(x))

- 0

52

(C.2)

(C.3)

(C.4)
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