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The basic physics of ultrasound methods is reviewed and
their use in the extraction of quantitative measurements is
illustrated by particular reference to cardiological applic-
ations. Methods of evaluating scanners are reviewed and the
inadequacy of the tests in current usage is demonstrated by
results obtained with conventional B scanners and a multi-

element array system.

" General problems of ultrasonic imzge formation are dis--
cussed and the formation of both A and B scan images is
described in terms of linear filter theory. A specification
of the scanner performance is derived in terms of spatial
frequency responses, and suitable criteria for resolution and
accuracy are developed in these terms. A relationship between
the resolution achiéved under non-ideal conditions and the
intrinsic properties of the scanner is obtained, and by der-
ivation of the transfer functions of each component, +this
intrinsic ability is related to the practical design of scanners.

A discussion of the significance of echo amplitude is
illustrated with measurements made of the effect of changes
in angle, size and roughness of the reflector, and of the
behaviour of the transducer inrecepticon. The concept cf pulse
structure, derived from considering the scattering integral
for transient fields, is related to a theoretical model of
scattering based upon the formation of sequences of replica
pulses.

The statistical properties of echoes from inhomogeneous

media are discussed and illustrated with measurements, and the
results are related to the ultrasonic scanners! parameters

and to the characierisiics of the medium. A POSsi



of tissue differentiation is outlined.
Finally, the imaging process is summarised in terms of
an overall model which relates the final image to the parameters

of importance in both the object and the ultrasonic system.
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Preface

The central problem considered in this thesis is the
extraction of quantitative information from images produced
with ultrasonic pulse-echo scanners, and the thesis aims to
explore some of the limitations placed on this information
by instrumental characieristics and by the fundamental pro-
perties of ultrasound. Many phenomena are not considered
either because not enough is known about them or because they
vary widely according to the circumstances in which a scanner
is used and so they cannot be described easily in general.

The first three chapters are not essential to the later
discussion of the principal problems, and much of their con-—
tent is available elsewhere but is included to illustrate
the approach that has generally been followed by other people.
Chapters 1 and 2 set the physical and clinical backgrounds
for readers who may not be familiar with medical ultrasonic
methods, whilst the first part of Chapter 3 is included to
help formulate some of the problems considered later and to
summarise some measurements of scanner characteristics that
were performed at the outset of this study in order to obtain
an appreciation of the problems of importance. The second
half of Chapter 3 contains observations of tho behaviour of
a new fype of scammer, and highlights some of the distortions
obtainable with real {ime multielement arrays.

The crucizl pcroblem of defining and measuring scanner
resolution is discussed in Chapters 4 and 5 where some novel
concepts of resolution are introduced and basic problems of
image formation are discussed. Here the principal aim is to

describe the intrinsic characteristics of a scanner and to

discuss some of the other factors that influence the resolution
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achieved in practice. The electromechanical response of a
piezoelectric transducer, and the structure of a sound
field from a pulsed transducer, are included for complete-
ness and to emphasise the transient character of pulse-echo
phenomena, although much of the theoretical analysis is
avaiiable elsewhere. .

Chapters 6 and 7 are concerned with the extraction of
information other than interface position and the concept
of echo structure is given some quantitative basis. Chapter
6 considers the information contained in the shape and size
of single echoes from well defined interfaces, whilst Chap-
ter 7 discusses the inforﬁation contained in echo ensembles
produced by weak backscattering from inside inhomogeneous
tissues and suggests criteria for tissue characterisation.

The mathematical notation is consisteﬁt within each
chapter: symbols which are used to denote more than one
quantity in the thesis are defined for each context and no

coafusion should arise when cross referring.
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Chapter 1: Physical Principles of Ultrasonic Diagnosis

1.1 Introduction

It is not the purpose of this thesis to clarify uncer-
tainties in the history of applications of ultrasonic pulse
echo techniques in medicine, nor to identify the significant
advances made in thé diagnosis of diseases using such methods.
Several good reviews of the evolution of ultrasonic techniqueé
have been published ( for example, Holmes (1974)), but the pre;
cise dating of various advances remains a minor controversy.
It is clear, however, that since the realisation, soon after
the peace settlement of 1945, that ultrasonic depth sounding
and flaw detection could be used to identify changes in soft
tissue characteristics, that pulse echo technigues have graduzl-
ly become an accepted addition to the range of methods available
in medicine for diagnosis. Indeed, in some areas of their
application, ultrasonic methods are established as routine,
preferred procedures that provide reliable information suffic-
ient to obviate tests which were previously considered essential.
In obstetrics, for example, the monitoring of fetal development
without hazard by ultrasonic scamning is an important adjunct
to the handling of ante-natal patients, whilst the information
obtained by echocardiography may be used tc decide between al-
ternative surgical procedures and often replaces the need for
catheterisation and angiogravhv. As with all other metaods of
obtaining information, ultrasonic technigues have limited ac-
curacy and are not universally applicable. Although the pulse

echo technique oproduces images of internal structures of the

body non-invasively, the information contained in these images
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is different and sometimes less useful than that obtained by
other imaging techniques (e.g. information on physiological
function obtained by scintigraphy), whilst the image itself
may contain inaccuracies or distortions that can give rise to
sﬁurious conclusions. Any method of producing an image is
necessarily imperfect, and the information obtainable by ultra-
sonic techniques is subject to the constraints imposed by dis-—-
tortion, noise and artefacts, arising from various sources, '
that are encountered in all other forms of image. It is one
of the aims of this thesis to identify some ¢f these limit-
ations, and particularly to clarify some of the factors that

influence the quantitative accuracy of the information ob-

tainable.

The extent of the use of ultrasonic pulse echo techniques
is determined partly by the nature of the information obtained
and its relevance to genuine problems, partly by the ease with
which such information is obtained, and partly by the reliabil-
ity that such information is not spurious. The nature of the
information and its reliability are dependent on many factors
some of which are inherent in the physics of ultrasound and
some of which are determined by the choice of operating charac-

teristics of the equipment used.

The nature of the information cbtainable has seldom been
the subject of any detailed discussion in the literature, and
few definitive stalements have been made that describe the types
of information that can be derived by different technigues.
Little discussion has appeared which relates the information

obtainable to basic physical parameters of tissues or of
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ultrasound, or to the equipment used for scanning. Such con-
siderations are referred to later in this chapter and they

recur throughout this thesis.

The ease of obtaining information depends on the tissues
investigated and the equipment used, and with the present
generation of scanners, it is strongly dependent on the equip-
ment operator, although there is some basis for believing that
the technical expertise of the operator will be less important
with future developments. An overall limitation is that many
regions of the body cannot be examined with wltrascund because
of the nature of the overlying tissues, especially when a
region of interest is in the acoustic shadow ¢f a region of
bone or air filled cavity. An important consideration that
underlies some of the analysis produced in this thesis is the
extent to which quantitative information is sacrificed by the
introduction of design features which allow images to be pro-

duced more easily.

The reliability of the information produced by ulitrasonic
methods -depends on the nature of the information itself, since
this determines the type of artefact or noise that can produce
spurious results. It also depends on the equipment used in any
measurement. This thesis attcmpts to clarify seme of the prob—
lems associated with measuring the usefulness of different
techniques and different types of information. By describing
the information obtainable in terms of measuraole pnysical
parameters of the tissue and the eguipment used, realistic
limits can be set on the reliability of results, and suitable
design criteria can then be established. However, before

defining more exactly the problems that require attention, a
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brief review is given of the methods which this thesis ana-
lyses. 1In discussing some of the techniques used, the

nomenclature usedthroughout this thesis is introduced.
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1.2 Physical Principles of Ultrasound

Ultrasonic pulse echo techniques utilise the phenomenon
that longitudinal waves with frequencies of a few MegaHertz
propagate in soft tissues with velocities of the order of
1t mm/psec. The precise behaviour of compressional waves in
tissues is not well documented but for many purposes an ade-

quate description is afforded by the homogeneous wave equation

2
vzﬁ_%zg_%%_=o

where @

*

the velocity potential

c

the sound velocity.

This equation is derived from linearised equations of motion
by assuming that the medium is continuous, homogenous, non-
atteruating and perfeqtly elastic and that it undergoes small
amplitude oscillations. As a result of such oscillations, the
mecdium's density and pressure change adiabatically, and the
condition that these changes are small is satisfied if the

.velocity of the elements of the medium, v, satisfies

v <3:c
The homogeneous equation may be replaced by a more suitable
equation when required vo allow for changes in the medium's
properties. For example, when the thermal conductivity is no+
zero then some of the energy in the wave is absorbed by the
mediun, and the wavelength is a complex function of the fre-
quency. For simple (so called classical) absorption the wave
equation reduces to the equation of diffusion (Landau and

Lifshitz, 1970). Similarly, when the medium in which the
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sound propagates is non-uniform, the acoustic properties vary
with position and the effects of inhomogeneities must be con-
sidered., An inhomogeneous wave equation is considered in
Chapter 7.

There have been few attempts at measuring the basic
physical parameters of tissues systematically so that an exact
description of sound in tissues cannot be given, It is not
apparent, for example, whether it is necessary to use a general
stress tensor to describe the elastic properties of tissues or
whether they can be adequately described as extended fluids
that are unable to support shear stresses. Such considerations
are important when considering the precise behaviour of a wave
at a reflecting boundary, but the only relevant theoretical
work has been dirccted to analysing mode conversions at solid
intrusions in liquids, In this thesis, no attempt is made to
determine the importance of such conversions, since it may be
generally assumed that energy removed by transverse waves does
not contribute significantly to the echo signal. The validity
of this does not-ﬁrejudice the applicability of any of the
results of this thesis, and leads to a simplification of the
equations of motion. The relevant solid description assumes
that the wave induces only pure longitudinal strain in the
medium. The second Lame constant (the shear modulus), defined
as the ratio of shear stress to shear strain, is then effect-
ively zero, whilsi{ the first Lame constant is numerically egusal
to the Bulk Modulus, XK. This description is then ideniically
equal to the description of an isotropic extended fluid. The

relevant physical parameters which describe the motion are the
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particle displacement, u, from which we obtain the particle

velocity, V.

_ du
I=gt

The fractional change in the volume of any element is the

condensation, s

s = - div u

which is everywhere small. The locally varying excess pres—
sure is the acoustic pressure, p, and it is proportional to
the condensation

p:KS

K = the adiabatic Bulk Modulus or Volume Stiffness, whose

reciprocal is the Compressibility. The wave velocity c¢ is

given by
(','2=--IS
P
where p = the ambient density.

It is often convenient to use the velocity potential @, such

that
z=-Q¢

The pressure p is then

_ 98
37

whilst the condensation s

b

AS=1Q.EQ_
a—tE'?tz

The Specific Impedance 2 is the ratio of p to v

P
g - . P38

V8
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Various types of wave may be propagated. A particularly use-

ful approximation to some real waves is a plane wave of the

ferm
g = A cos(wt - kx)
in which case 2 = pc.

For a plane wave in a lossless medium, Z is real and depends
only on the medium, so that it is called the Characteristic
Impedance. Another type of wave often encountered 1is a v

spherical wave of the form

gl:

cos{wt - kr)

=

For such a wave,
7 = pc(1 + @) (1 + =gms )7
{r kr;—

For a spherical wave, there is a phase shift between the
velocity potential and particle displacement. This phase

angle is ? where

1
tan %)_ E;

When a sound wave is incident on a boundary between two
different media it undergoes reflection and refraction. This
means that in addition to the incident wave thze appears a
reflected wave propagating back into the first medium from the
surface of separation, and a refracted wave in the second
medium. The relation between these waves is determined by
tne boundary conditions at the surface of separation which
require the pressures and ncrmal velocity components to be

equal. For a plane wave incident on a plane boundary, separating
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media 1 and 2, if © the angle of incidence

1
8, = the angle of reflection

2
63 = the angle of the refracted wave
then '
in 6, = =t sin 6
S1 1 7 ¢2 2’

where Cy» Cp are the velocities in the two media.

The Reflection Coefficient, the ratio of the time averaged
energy flux densities in the reflected and the incident waves,
is R

z 2

2 2 .2
pocpcos 81 = py(cy” - cp” sin” @) )

R =(

I

P, CopCOS B, + p1(c12 - c22 s:i.n2 81) ¢

1

At normal incidence, 91 = 0, and

R=(-—'..Z‘2‘*‘Z1)_

However, many boundaries are not plane, so that the effective
impedance change depends on factors other than the Character-
istic Impedance difference, and such factors are considered

in Chapter 6.

It is usual to describe the waves deflected by objects
in terms that depend arbitrarily on the object size, The
difference between the actual wave produced with the object
present and the undisturbed wave is the scatiered wave, and
for & plane wave incident on an object there is produceld a
scattered wave that spreads in all directions from the ob-
stacle, distorting and interfering with the incident plane

wave. The distinctions between obstacles that are large



2D

compared to the wavelength, which create sharp edged shadows
and are describable using the approximations of geometrical
optics, and those that are very small compared with the wave-
length, from which the scattered'wave propagates in all
directions can often be usefully drawn, but many of the objects
of interest in medical ultrasonics belong to an intermediate
class where the object has dimensions of 6nly a few wavelengths,
giving rise to a variety of interference phenomena. Where such
objects are considered, the ray approximations that are valid.
elsewhere cannot be used. However, calculations of the dis-
tributions of pressure caused by surface scurces of sound can
be performed using suitable expressions of Huyghens principle.
An important result of Kirchoff's Diffraction Theory (Born and
Wolf, 1975) expresses the velocity potential at a point in

terms of a surface integral of point and dipole sources. If

B#(x,7,2,%) is a solution of the equation
2
19
WERIFL’
Vﬁ‘c'?at

whose partial derivatives of the first and second orders are
continuous within and on a closed surface S, and if (x',y',z')

1s a point within S

1 (f 1 197 £
Bx',y,2', %) =;\JJ (@C%;(;) —C—I:—-II; CS,\/%) --11:(3:%)) as
S

where r is the distance from the point (x',y',z') to a point

on S

d

é— denotes differentiation along the inward normal to S
C

n
) indicate retarded values,
~J
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If (x',y',z') lies outside S, g = O.

This ﬁar%icﬁlar formulation of Huyghens Principle reduces to
the formulae of Poisson, Rayleigh and Helmholtz if further
assumptions are made (Baker and Copson, 1950). The formula
derived by Rayleigh (1896) is useful when considering the
radiation from a bounded plane surface. This gives, for

monochromatic excitations of the surface,
. jwt -jkr
p(x',y',2',t) = P2 jf < Vn(S) ds
2% r
S .

where Vn = the maximum nermal velocity of the surface.
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1.3 7Principles of Pulse Echo Technigues

Ultrasonic scanners use piezoelectric transducers to
generate pulses which are short in duration (typically a few
cycles of their fundamental frequency) and which have diameters
of several millimetres. Such pulses are produced by the heavily
damped mechanical ringing of a ceramic element which is typic-
ally 20 to 30 wavelengths in diameter and which is excited by
a transient voltage. A description of the design and operation
of transducers is given in Appendix B whilst the characteristics
of the sound field produced by a wide bandwidth large aperture

radiator are considered in\Appendix C.

Scund pulses propagating in tissués are partially reflected
at changes in the acoustic properties of the medium, and echoes
are received at the transducer where they produce electrical
signals whose precise characteristics depend on the transfer
properties of the transducer. The voltage at the receiver is
an amplitude modulated Radio Frequency signal which can be pro-
cessed in various ways. The receiver contains an amplifier,
usually tuned to give low noise levels with restricted frequency
response, and a detection stage, from where the envelope of the
signals (video signal) may be reshaped ( for example by differ-
entiation) amplified and displayed on a cathode ray oscilloscope.
This elementary display is the A scan and it records the vari-
ation of received signal amplitude with time. The receiver acts
as a clock which compares the times taken Tor echoes to return
from reflecting interfaces with the time base velocity of the
CRO. By assuming a suitable average velocity for sound in tis-
sues, the A scan display can be calibrated in terms of distance

in tissues.
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Other modes of display can be derived from the A scan.
The intensity of a CRO may be modulated by the video waveform
or by signals derived from it to give a B-mode display. The
nature of the signal processing fundamentally affects the
information content of the display. Intensity modulated dis-
plays can be usefully employed to investigate the character-
istic motions of structures. By displacing a single B-mode
line of echoes uniformly with time, an image is produced on
which stationary structures trace out straight lines but moving
structures give displacement - time curves (Figure 1.1). Such
Time Position (TP) scans are particularly useful in investig-
ating the heart. Two dimensional images of cross sections
through the body can be obtained by moving the transducer over
the body surface, changing its direction and position, whilst
simultaneously deflecting the B-mode line of echoes in exactly
the same geometry. This produces a B scan which can be recorded
either on tc a film or on a storage tube. The pattern of trans-
ducer movement distinguishes the type of B scan produced -
usually it is either a Linear scan, a Sector scan or a hybrid
Compound scan - whilst a variety of techniques are used for
moving the transducer and monitoring its position. These in-
clude mechanical couplings which require the operator o move
the transducer over the surface of interest, automated scanners
which scan in a fixed geometry (e.g. Brown, 1973, Hill, 1976),
and real time mechanical scanners which produce cross sections
in fractions of a second (e.g. the Siemens Vidoson), Increasing
interest is being shown in technigues which deflect the sound
beam but which do not move the transducer physically. The

sound beam can be moved over the patient by sequentially exciting
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Figure 1.1 Principle of A and TP scan techniques,
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the elements of an array of transducers (e.g. the Multiscan
of Bom, 1972), or it can be deflected inside tissues by using
several elements excited with small phase differences (e.g.

Somer, 1968).

A more comprehensive review of current techniques has
been given, for example, by McDicken (1976). A description
of a B scanner which is extensively used in hospitals is given

in Appendix A.
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1.4 Information content of ultrasonic images

One of the purposes of this thesis is to investigate the
extent to which quantitative information may be derived from
ultrasonic A, B or TP scans. Some illustrations of the uses
of this information are given in Chapter 2 where the require-
ments for quantitative measurements in echocardiography are
discussed. However, the general nature cof the information

derived for such application may first be described.

Irrespective of the mode of the final display, or the
design of the scanner, all pulse echo techniques measure times
of return of echoes, and estimates of distance are then made
by assuming an appropriate velocity and direction for the
emitted sound pulse. The precise nature of the image depends
on many other parameters, such as the signal processing of the
receiver, whilst B scéns by their very nature reguire the
monitoring of other variables, but a considerable amount of
information originates from estimates of interface distances
orly. An A scan, for example, may be used to measure distances
or sepérations along a single direction, whilst TP scans allow
the time derivagés of A scan dimensions to be estimated. A
B scan provides measurements of distances along any direction
in the plane of scan, thersby conveying two dimensional
information about the positions of reflecting interfaces.
Accurate measurements obtained with an scan can produce
inYormation about organ sizes and tissue thicknesses, and
examples of these are given in Chapter 2. The natural uses
of B scans for measuring cross sectional areas, for studying

organ shapes and sizes in three dimensions, or for determining
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the velocities and accelerations of moving organs, are exampleé
of the extraction of quantitative information from knowing

only the positions of interfaces. Such information may be
called Geometrical Information, and it requires no other
property of the echo to be depicted in the image than the
position in the object from whence the echo was derived.
Geometrical Information is lost whenever there are errors in

the positions of interfaces in the display.

Another type of information may be described as Physical
Information, which can be cbitained by comsidzaring features of
echoes other than their times of arrival at the transducer,

Such information may be related to the physical composition

of interfaces and must be derived by analysing echo amplitudes
and shapes. Such analyses may be performed in the A or B mode,
on single echoes or echo complexes, in the time domain or after
Fourier Transformaticn, but all are related in that they attempt
to portray information about ‘characteristics of interfaces other

than just their positioans.

The information obtainable by existing pulse echo techniques
may therefore be separated into at least four classes. These
are
(1) Qualitative Geometrical Information - this is derived from
our subjective perception of shapes and positions of objects
and those features of general znatomy which are not measured
precisely but which contribute to any diagnosis or classification
of the object.
(2) Quantitative Geometrical Information ~ this is obtained

from precise measurements of dimensions, rates of change, etc.,
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which describe the detailed anatomy of an object.

(3) Qualitative Physical Information - this is obtained by
using echo shape and size cosmetically to enhance images, which
may improve our perception of shapes and boundaries and our
recognition of different media.

(4) Quantitative Physical Information - this is obtainable
from quantitative analyses of echo shapes, distributions, or
other suitable features, and should provide an objective

description of the physical condition of any region.

This classification is arbitrary but conveniently matches
our intuitive appreciation of the information conveyed in
ultrasonic images. For example, Class 1 information might
provide the basis for the detection and recognition of a fetus
in utero, and a qualitative description of its general presen-
tation and condition, whereas measurements of fetal dimensions
(Class 2 information) precduce a description of the degree to
which the condition or abnormality (in this case pregnancy) has
progressed. Such quantitative information is often useful
because it enables a direct comparison of a patient's data
with tabulated normal values. Class 3 information might
correspond, in this example, to the use of grey-scale 'speckle!'
patterns to aid the identification of the placenta, whilst
Class 4 information could perhaps be used to assess any degree
of placental insufficiency. Quantitative information is often
required not to establish the gensral nature of a complaint

but to assess ihe degree or severity of abnormality or disease.

The four clesses may not always be separable or independent.

The distinction between qualitative and quantitative information



~20-

is somewhat artificial in present imaging contexts because
the eye and brain of an observer undoubtedly use semi-
quantitative analyses of an image to produce gqualitative
judgements, but such visual perception effects are not con-
sidered here. Each type of information may impose different
requirements on scanner design and use, and some conflicting
requirements are considered later. In préctige, it may not
be possible to maximise all four types of information simul-
taneously, although this should be the aim of scanner design.
However, many of the characteristics of scanners which affect
the amount of information obtainable may be identified on the

basis of the classification above.

The derivation of quantitative geometrical information
must obviously depend on the range accuracf of a scanner, a
concept which is required to describe the capacity of any
scanner to obtain accurate estimates of distances along the
path of the sound pulse. This parameter is also a fundamental
limitation on the accuracy with which possible movements may
be monitored because it affects the errors included in measure-
ments of velocity or acceleration. Similarly, range resolution
is obviously important because it affects the ability of a
scanier to display clorely spaced interfaces, so that it is an
inherent constraint on the detail included in the image. Range
resolution and accuracy are likely to be extremely significant
when considering the positions of interfaces for deriving
quantitative Geometrical information from A and B scans. The
amount of information obtained from a B scan also depends on

the ability to place interfaces in their correct positions in a
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two dimensional display which reguires that a scanner measure
relative positions accurately. The usefulness of a B-scan
image is therefore dependent on variations of range accuracy
with transducer angle or position, which are conveniionally
described in terms of scanner registration errors and image
distortions., The quantity lateral resolution is also
necessary to describe a scammer's ability to record detail in
the B mode.‘ Furthermore, it is evident that both the qualitat-~
ive and the quantitative Geometrical information contained in.'

any scan depends on the number of interfaces detected and

displayed, and this is partly determined by scanner sensitivity.

The requirements for optimal extraction of Physical
Information are less clear because it requires a more detailed
description of the physical processes involved in pulse echo
techriques to determipe what features of echoes should be
analysed. One of the purposes of the second part of this
thesis is to0 investigate the formation of echoes to help

establish suitable methods of extracting Physical Information.

It can be recognised that many independent factors can
affect each type of information. Certainly the design of a
scanner and the method of its use are important. The calib-
ration of a scanner anc¢ the expertise of its operator must
however be considered of secondary significance here, although
both can seriously affect the usefulness of the result of a
scan. Someé attbtention is given to calibration errors in Chabier
3. In general, there can be little knowledge available about
effects such as refraction errors, which may cause range errors

and distortion, or many types of artefact which contribute to
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the noise in an image, since these depend on the precise
nature of the object investigated and are limitations only

in particular circumstances. Similarly, echo amplitude
changes caused by attenuation in tissue are limitations of
the pulse echo technique itself and we can have no previous
knowledge of their importance. In this thesis, it is those
features of scanner.design which limit the information ob-
tainable which are of interest. In the discussion later, '
factors which are inherent in the pulse echo technique itself
or which arise only with particular media, are Specifioally
excluded although the significance of some may be mentioned.
The discussion is intended to consider the features of scanner

design which are important for the potential derivation of

Geometrical or Physical information.

Although much has been written about the relaitive merits
of different forms of display, Information Theory dces not yet
provide a satisfactory description of the subjective use of
the qualitative content of images. In this thesis therefore
the primary consideration will be the evaluation of gquantitat-
ive information, and of particular interest are the conflicting

requirements of different classes of information.

A further consideration of all image science must be the
specification of suitable criteria by which to assess images,
from which follows a practical requirement for methods of
comparing different scanners. A basic description of scanner
performance should enable the degree of cuantitation obtainable

to be estimated. Some of these considerations are already

understood and some are sunmarised by the authors cited in
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Chapter 3, but in this thesis a further attempt is made to
specify the ability of scanmmers to obtain quantitative
information in the absence of extrinsic influences. In this
way some poorly understood design features can be properly
described and a more comprehensive appreciation of the uses

of quantitabive pulse echo technigques can be obtained.
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Chapter 2: Ultrasound in cardiac diagnosis

2.1 Introduction

It is illustrative to consider the zpplications of ulira-
sonic pulse echo techniques in a particular field of clinical
interest in order to demonstrate some of the problems assoc-
iated with scanning and to clarify some of the concepts intro-
duced in Chapter 1. The example discussed below is the heart
which is especially interesting not only because it is an
important organ to study but also because it poses novel
problems for scauner designers and clinicians. There have
been several comprehensive treatises published on echocardio-

and Waag, '
graphy (e.g. Gramiak, 1975, Feigenbaum, 1972) which adequately
describe details of the various clinical techniques and the
characteristic presentations of different heart conditions
which have been detected with ultrasound. Here we are not
concerned with emulating any of these summaries of the present
state of echocardiography. The plethora of publications in
this field is evidence of the snowballing of the applications
of echo techniques of recent years, but a few particular

applications can be used to illustrate general features of the
way that pulse echo techniques provide information.,

The heart is important because its pumping action is vital
to normal vody functions, and the widespread occurrence of
heart disease in Western society has made it a prime concern
of modern medicine, There are a large number of different
types of heart disease - some acquired, otherscongenital -
which may affect the anatomy, nhysiology or histology of the
heart, and which can present themselves clinically in diverse

ways. IMany heart complaints can be remedied if they are detected
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early enough, so there is a demand for a routine method of
screening the population to diagnose diseases in their early
stages. In order to be useful, such a technique must evaluate
parameters which are indicators of the state of the heart, and
at present echocardiography provides several such parameters
more conveniently than any other method. Electrical signals
from the heart are routinely monitored by electrocardiography
but ECG traces are often difficult to interpret especially
when there are conduction defects. Phonocardiography and
auscultation are useful for diagnosing haemodynamic irregular-
ities but considerablie skill is required to use a stethoscope
successfully, and the information provided is only qualitative.
Radiological (or even radioisotope) methods of producing images
of the heart are not witﬁout risk; the use of catheters is
itself traumatic, there is a relatively high X-ray dose to the
patient and despite the use of image intensification and
contrast enhancement the image quality is not good. Angio-
cérdiography cannot therefore be routinely used or repeated,
and is expensive in terms of hospital beds and personnel.
.Echocardiography provides an inexpensive, repeatable non-
invasive screening technigue which is hazard free yet which

provides information about a wide range of heart conditions.
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2.2 mMechnigues used in cardiac diagnosis

Improvements in the equipment used for cardiac ultra-
sonography are continually being described. Conventional A
scans are still used however, often because it is easier to
recognise moving echoes in the A mode. The TP scan is used
most extensively to display echoes from a single direction
through the heart which are recorded continuously either with
a storage cathode ray tube, polaroid film, video tape, or .
most commonly a strip chart recorder. Various techniques
have been described in the literature for cobtaining additiona
information by angling the transducer in a standard manner
( the 'M' scan), whilst reports have been made of attempts to
use advanced signal processing, computer analysis and pattern
recognition to enhahce the value of TP scans (e.g. McSherry,
1972, Waag and Gramiak, 1973). Gramiakwwaﬁ? (1973) describea
a method of recombinihg samples of many TP scans taken at
different phases and orientations to produce a distoried but

dynamic two dimensional image.

One of the major limitations of the single dimension
technique is that it requires a specialist appreciation of the
orientation of the heart which is not normally encountered in
conventional medical training. This limitation is largely
overcome by the use of two dimensional images which ars more
easily recognised. Conventional B scanning of the heart is
not very useiful because cardiac motion blurs the image during
the scan unless the transducer is moved continuously, in which
case different regions of the heart are recorded at different
phases. Such a continuous sweep technique has been used

(Gehkre, 1975) to obtain limited useful information and it has
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the advantage that true anatomic relationships may be derived
with unmodified B scanners. A method of synchronising B scanners
to display only those echoes received during one phase of the
heart's cycle, which is determined by reference to the R wave
of the ECG, has been used to provide B scans of single phases
of the cardiac motion (Gehkre, 1974, Xing, 1973) but there are
disadvantages in the use of this technique. It is tedious, it
provides little information about the dynamics of the heart,
and is unsuitable for studying arrythmic hearts because it
averages over the movements of many cycles. However, it is
. less inconvenient to use i1f many separate phases can be
recorded simultaneously, and this has been achieved using a
video tape (Unirad, 1973) and digital recording (Willson et al.
1975). A computer interface for producing images of 50
different phases of the heart's cycle, which can be displayed
sequentially after précessing, has been developed at Hammer-

smith Hospital.

More information is potentially available from real time
two dimensional scanners such as the Multiscan of Bom (1972).
Linear'arrays of this type suffer from different distortions
and artefacts than phased arrays which produce sector scans.
Several phased arrays have been described which are particularly
suited to cardiac imaging (Somer, 1973, Thurstone et al. 1973).

Mechanical scanners have been used to investigate the
moving heart. Some use water baths and image the whole heart
(e.z. éehkre, 1975) whilst others use a rocking transducer Ho
obtain echoes from a small section of the heart (e.g. McDicken

et al. 1974).
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There have also been attempts to produce three dimensional
images of the heart although it is notryet clear whether it is
more satisfactory to produce a scammer thzt can scan in any
direction (Meindl, 1976) or to reconstruct a three dimensional
image from several two dimensional sections (Dekker, 1974).

Few clinical applications have yet been reported of inira-
cardiac transducers such as those developed by Bom ( 1972) or
Eggleton et al (1970), although these have proven useful in

studies on experimental animals and could be useful if intro-

duced into the thoracic cavity without trzuma.

In trying to obtain information about the dynamic geometry
of the heart, a basic limitation of echocardiography is that
the heart is only accessible through a relatively small acoustic
window. The front of the heart is normally covered by the
lungs and pleura except for 2 small triangular area in the left
parasternal region extending dovn from the third or fourth
intercostal cartilage, and it is through this acoustic window
that sound may pass backwards through the skin, the sub-
cutaneous fatty tissue, inlercostal muscles, the two layers of
the pericardium,'the anterior heart wall, the cavity of the
Right Ventricle, the Interventricular Septum, the Left Ventricle,
the posterior heart wall, and finally the pericardium posteriorly.

OCften the bea: ters the Left Ventricle by traversing the

=
o
.

3
Interventricular Septum without first passing through the Righi
Ventricle, and it may encounter other cardizc siructures suca

as valves, papillary muscles, or other chazmbers such as the La2fs
Atrium., The exact course varies considerably beczuse of

variations in heart orientation and probe position.
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The most important echo producing interfaces are the
front of the heart, the septum and the posterior wall, as
well as the heart valves. The mitral valve, and particularly
its anterior cusp, has been studied most extensively and is
generally accepted to supply useful information even in some
conditions which show no valve disease. Similarly, the Left
Ventricle has been explored more thoroughly than any other
chamber, not only because it is more accessible but also
because left ventricular dysfunction is a significant indicator

of disease,
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é.} Geometrical Information from Echocardiography

A regularly beating normal heart contains structures
which move in well defined regular patterns with fixed phase
relationships. For example, the walls of the Left Ventricle
move towards each other in systole and away in diastole,
whereas the Mitral Valve executes a characteristic M shaped
movement with two openings and closures per cyclé, one
partial and one complete, When these characteristic movements
are not observed a qualitative assessment of the abnormality .
can be made from a TP scan, and often this is sufficient.
Abnormal motions may be more clearly seen sometimes in real
time two dimensional images which also provide an impression
of the anatomic relations between different structures. A
sweep with a single {ransducer (M scan) can also give a useful
indication of relative positions of structures. Some partic-
ular examples of abnormalities which can be diagnosed from the
qualitative appearance of scans are aneurysms, which show as
irregularities in the shape of the heart walls; pericardial
effusions produce clear spaces in the pericardial sac separating
the chest wall from the front of the heart; immobile or
regurgitant valves produce unusual movements; in many cases of
obstructive cardiomyopathy, the overgrowth of the myocardial
muscle can be delineated, obstructions to the ontflow tract can
be detected and paradoxical movements investigated. There are
a large number of such qualitative features in cardiac scans
which an exverienced clinician can use to great effect, bus
they do not generally vrovide an accurate assessment of the

degree to which disease has advanced which is the purpose of

quantitative information.
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The Quantitative Geometrical Information which is derived
from heart scans includes precise measurements of single
dimensions of chambers, especially the short axis of the Left
Ventricle. Several conclusions can be drawn from accurate
measurements of the size of the pumping chambers at different
phases, and some examplés of these are given below. The thick-
ness of the heart walls and the interventricular septum are
commonly measured, and when fluid is present in the pericardium
the depth of the effusion volume is measured. VWhen echoes are
obtained from the mitral valve, measurements can be made of
the valve leaflet velocity when it opens or closes and the
amplitude of its excursion, and similar parameters can be
measured for different regions of the posterior wall of the
Left Ventricle. !Measurements of chamber dimensions obtained
either by B or TP scan can be uszd to estimate chamber volumes,
rates of change of volume, stbke volumes and ejection fractions,
whilst by measuring B scan sections with a planimeter the
internal surface area of a ventricle and its true perimeter

length in the plane of scanning can be found.

The value of many of these quantitative descriptions of
the heart has yet to be established in clinical practice but
such measurements will become increasingly significant as a
proper understanding of cardiac function is developed. A%
present, normal and abnormal hearts may often be classified
by the sizes of single chambers alone and the dezree of cardizc
dysfunction is knovn to be reflected in the ventricular wall
motion and velocity as well as in the rate of change of volume
and Ejection Fraction. The Ejection Fractiqn alone is often

used as an indicator of abnormal function. It is likely that



41—

increasing use will be made of perimeter measurements partic-
ularly as they can be used to obfain estimates of the circum-
ferential fibre shortening velocity of myocardial segments
which is a significant indicatorlof the contractile state of
the heart muscle (Greene et al. 1973). Clearly, however,
further work is required to provide a better understanding of
cardiac mechanics, but notable advances ih this field have

and Wade.
been made (e.g. Bellhouse, 1972, Taylor =~ _. 1973) and the
precise measurements of real hearts provided by echocardio-
graphy have themselves added considé}ably to our experimental
capabilities in vivo. Quantitative Geometrical Information
from pulse echo measurements may be most useful when considered
simultaneously with other information such as ECG or pressure
ireasurements. Absolute measurements of heart volume, which
coupled with wall thickness méasuremehts can be used to estimate
the mass of the cardiac muscle, are often essential normalising
constants in comparisons between different hearts. Accurate
measurements of the internal dimensi@ns of the left Ventricle
may be differentiated and the turning points accurately pin-
pointea. These mechanical points of inflexion can be compared
to known electrical events depicted by the ECG to show up.
irregular muscle contractions and measure intervals of iso-
velumic change. Pressure - Volume curves produce closed loops
which portray the work of the heart as a pump, and their shapes

are dependent on the phase relationships between events in the
heart.
“The mitral valve's motion has been exhaustively described

but it is analysed quantitatively only in relatively few

conditions. TIts motion reflects the prevailing haemodynamic
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conditions of the left side of the heart and it 1s dependent

on the size and condition of the mitral orifice. Normally

the valve opens at the onset of ventricular diastole when the
Left Ventricle relaxes and blood rushes througn the mitral
orifice, but it is then forced to close by forces created by
the blood flow and by ventricular elongation. A second opening
movement follows left atrial contraction and a second rapid
closure is produced by systolic contractions of the Left
Ventricle, The closure of the valve in diastole is caused by'
more than one mechanism. Pridie (1972) supposes that pressure
equalisation cccurs btetween the Left Atrium and Left Ventricle
when blood passes rapidly into the Ventricle, distending the
chamber and carrying the apex away irom the mitral ring. The
cusps of mitral valve are attached $o the mitral ring superiorly
whilst the free margins attach to the papillary muscles of the
apical myocardium by the chordze tendinze. Distension of the
ventricle tenses the chordae and pulls the wvalve back to +the
semi~closed position. Pridie cites two other effects that may
be important: a Venturi effect produced by blood flowing
through the mitral orifice and a vorticeal effect caused by
blood directed around the ventricular wall, which agrees with
observations on model heart valves (Bellhouse, 1972). The
relative importance of these mechanisms remain sc be established,
whilst mathematical analyses of the kinetics of valve leaflets
(e.g. Ghista and Rao, 1972) may help in extracting maximum
information from valve echograms obut it follows from the
explanation above that the diastolic closure rate is related

to the speed of left ventricular filling. Leyton et al (1872)

showed that in normal subjects the diastoli¢ closure rate (DCR)
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is a function of left atrial pressure and left ventricular
compliance, and in conditions of high ventricular filling
rates (e.g. ventricular septal defects) the DCR reflects the

degree of abnormality (Madeira et al. 1972).

In mitral stenosis, rapid equalisation of pressure
between atrium and ventricle does nct occur when the valve
opens because the blood flow is obstructed. The valve orifice
may be narrowed and the mitral cusps thickened by fibrosis.
Rapid distension of the ventricle at the start of the diastole
dees not occur to close the valve, there is an increased atricl
pressure arising from the need to maintain cardiac output, and
the cusps may be quite rigid. Consequently, the DCR is lowered
and the valve remains open throughout diastole., Edler and
Hertz (1956) showed that the DCR was reduced in patients with
stenosis. This condition is an example in which guantitative
geometrical information obtained by echocardiography can
contribute to a diagnosis of the severity of the disease.
Joyner et al (1963) showed there was a good correlation between
the DCR and the mitral orifice area estimated at surgery, and
similar findings have been reported by others (e.g. Segal et al.
1966, Gustafson, 1967, Winters et al. 1967). Effert et al.
(1964) categorised 2156 patients with mitral stenosis as frivial
stenosis { DCR above 35 mm.sec_1), miid stenosis (DCR = 25 -
35 mm.sec-1) tight stenosis (10 - 25 mm.sec—1) and very severe

1).

stenosis (DCR less than 10 mm.sec™

The mitral valve mobility varies directly with the
amplitude of its movement. The normal systolic traverse is

between 1.7 and 2.5 cms. (Ross, 1972) but this is considerably
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" reduced in rheumatic disease when the chordae tendinae are
shortened. Quantitative analysis of echograms may also be
used to decide which of several lesions is dominant. For
example, when mitral regurgitation and stenosis are present,
the elevated left atrial pressure at the end of systole,

which is caused by the reflux of blood from the Left Ventricle,
produces an initial rapid movement of blood into the Ventricle
but the stenosis delays complete pressure equalisation, and
the valve remains open. The diastolic trace therefore has
two phases, an accelerated partial closure followed by a slow

closure until the veatricle contracts. The exact shape depends

on which of the lesions is dominant.

There are several other conditions in which the dynamniics
of the anterior leaflet of the mitral valve can provide
quantitative information about other parameters associated
with the mechanics of the left heart. 1In Hypertroohic
Obstructive Cardiomyopathy (HOCM), which is characterised by
an overgrowth of the myocardial muscie mass, there is often
mitral regurgitation, the severity of which is directly pro-
portional to the degree of Left Ventricle outflow tract
obstruction (Rachly et al. 1966, Wigle et al. 1967). The
abnormal systolic opening movements of the mitral valve, in
which the anterior cusp moves towards the hypertrophied septum
allowing regurgitation back into the Left Atrium and reducing
the Left Ventricle outflow tract, may cause the cusp to touch
the sevptum. The reduced DCR of HCCH reflects the reduced

compliance of the ventricular wall.
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Quantitative geometrical information is thus routinely
obtained from measurements of distances or areas in TP or B
scans, and with proper interpretation of this information
and correlation with other clinical signs, accurate diagnoées

can be made.
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2.4 Physical Information from Echocardiography

Physical information is relatively unimportant in echo-
cardiography especially when compared to its role in, for
example, liver investigation. However, there are several
specific echocardiographic signs derived from analysing echo
amplitudes and aistributions which constitute examples of

Physical Information.

Qualitative information is provided by the increased
amplitudes of some echoes which generally indicate strongly
reflecting interfaces whose physical compositions have been
changed by disease. For example, regions of ischaemic
myocardium produce stronger echoes than the surrounding
tissue whilst calcified mitral cusps return echoes which are
displayed as pright regions characlteristic of valve disease.
Bright echces from the sevntum have been used successfully as
a diagnostic sign of hypertrophy (Gehkre, 1975). In severe
mitral stenosis, the anterior leaflet may be thickened to
such an extent that multiple echoes from inside the leaflet
are displayed on a TP scan as parallel lines, and their

presence is a good indicator of the nature of the disease.

Decreased echo amplitudes arise when the curvature of
the heart is unfavourable for producing strong echoes, as for
example when an aneurysm is present, or when septal defects

reflect less energy back to the transducer.

The blood behind the anterior cusp of the mitrzl valve
normally produces no echoes, but when a myxoma is present in

the Left Atrium it may produce a spotty area on the echogram
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in which the distribution of echoes is determined by the
tumour structure and mobility, and several consistent recordings
of these echoes have been made (Effert et al. 1959, Pridie,
1971). A few reports of quantitétive analyses of echo sizes
or shapes have been made but little clinical significance is
at present attached to these. For example, an analysis of the
amplitude of echoes from valves could be used to describe the
degree of calcification but this is generally considered
unnecessary. Lele (1975) has shown that the attenuation of
sound in.heart muscle depends on the freguency and claims to
be able to characterise %$issues by analysing the Fourier
components of echoes scattered from the posterior wall of the
Left Ventricular myocardium. By quantitative analysis of
spectra he distinguishes between different types of normal,
ischemic, infarcted and necrotic tissues. Spectral aralysis
may therefore produce histological diagnoses rnot yet available

non-invasively.

A proposal for the analysis of the elastiec state of
cardiac muscle has been put forward by Leeman (private
communication). The pattern of echoes from within the walls
of the heart chambers, such as those from the Interventricular
Septum shown in Figure 2.1, changes at different stages of the
heart's cycle. The echo distributien reflects changes in the
shape and/or the elastic condition of the heart muscle, and a
guantitative analysis of the echo pattern, perhaps using the
mathematical techniques described in Chanter 7, may give useful
information about the compliance of the ventricular walls.

Similar "echo density" changes are apparent in the tracings of
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Figure 2.2, which show the result of injecting radio-opaque
contrast fluid into the circulation. These echoes are
produced by reflections from the many microbubbles in the
injected bolus, and the changes in their distribution |
correspond to pressure changes in the ventricle. It may be
postulated that a quantitative analysis of the density of
echoes in such traces will provide information of the pressure

in the ventricle at different heart phases. .
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Figure 2.1 Echocardiogram recorded on a strip chart recorder.
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Figure 2.2 Echocardiogram taken after the injection of

radio-opaque contrast fluid.
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2.5 Some limitations of Echocardiography.

The discussion above illustrates the clinical significance
of some of the information provided by ultrasonic scanning of
the heart. When attempting to derive quantitative information
from scans there are limitations imposed by the performance of
the scanner used and by the technique itself. A basic error
is introduced into measurements of distances along the sound
beam by uncertainties in the velocity of sound in the medium;:
for example, there is an appreciable difference between the
system velocity chosen for most scanners and the velocity of
sound in the blood pool of the Left Ventricle (Gehkre et al.
1975). A serious limitation is imposed by the small size of
the window through which the heart can be viewed ultrasonicaily,
which in practice restricts the number of structures that can
be shown in any imsge. Furthermore, when using loug arrays of
elements, it 1s inevitable that some of the sound beams traverse
the ribs or sternum in frcent of the heart. These structures
have a much higher velocity of sound than soft tissues so that
all structures that lie in their shadows appear anomalously
close. This artefact can give misleading images (Gehkre, 1975).
A limitation of a single transducer technique is that it gives
no indication of the behaviour of the heart in directions other
than the sound axis. B scan images are obviously preferable
for measuring posterior wall movements if diskinesis occurs
only in small areas, and they should vroduce more reliable
estimates of chamber volumes than TP scans, although all echo
technigues are still limited by the necessity to assume a

particular symmetry of ventricular shape.
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Since most of the information derived from echocardio-

grams depends on measuring distances between interfaces, then
a basic requirement of a scanner is good range accuracy.
Inherent errors in measuring single dimensions are multiplied
threefold when calculating volumes and are included in
estimates of velocities. Similarly, the apparent degree of
calcification of a Qalve (as determined by measurements of
cusp thicknesses), the apparent muscle mass of the heart
(calculated from wall thicknesses) or the apparent severity
of pericardial effusion, will depend on the accuracy with

which scanners measure 4istances.

The range resolution of a scanner is a limitation when
studying small separations and becomes particularly imvwcrtant
when trying to image different layers of the posterior wall
of the Left Ventricle. It also affects the ability ton detect
small clear spaces in the pericardial sac which is essential
for an early diagnosis of effusion. In a B-scan image, it is
important to precisely locate the position of the mitral valve
cusp, especilally when using a multielement linear array which
also produces a TP scan from any single element. The ability
to pinpoint interfaces in directions orthogonal +o the trans-—
ducer axis depends on the lateral resolution as shown in later
chapters. This lateral resolution alsoc affects estimates of
the areas of abnormalities such as infarcied muscle, and with
multielement arrays is particularly important when imaging
ventricular septal defects. These show as echo free spaces
with high resolution but are depicted as weak interfaces wiih

poor resolution.



-53~

When echoes are not placed in their carrect positions
the image is distorted so that an object's true shape is not
faithfully depicted. This can be of considerable importance
in images of the Left Ventricle as the shape of the chamber
may itself be used as an indicator of abnormality. The
shape also affects the errors included in estimating chamber
volumes from cross-sections, and in real fime B scans shape
distortions alter the apparent velocity of structures so that

wheh 15 measured. ~

it is not the true ve1001t¥+ Gibson (1976) has used a shape
index to describe cardiac function: its specification depends
on the relationship between chamber volume and cross sectlional
area. Any such shape index which is measured echocardio-
graphically will be affected by the inherent distortions‘of

the scanner.

An overall limitation on the information obtainable from
scans 1s sensitivity. A particular example of interest occurs
when scanning the long axis of the Left Ventricle, where the
unfavouranle geometry of the chamber at the apex reduces the
amplitudes of echoes from the lower part of the ventricle.
With poor sensitivity it can therefore be extremely difficult

to image the whole heart in a2 single scan.

Thus, it is clear from the discussion above that echo-
cardiography can contribute to the accuracy of diagnosis of
many types of heart disease, and the information obtained by
pulse echo methods has been surveyed. By considering the
nature of this information, the importance of some features
of ultrasonic scanners has been indicated by intuitive

reasoning.
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Chavter 3: IMethods of evaluating ultrasonic scammers

3.1 Introduction

There exists a need for methods by which different
scanners may be compared and with which any scanner's
characteristics can be specified. DProspective purchasers,
scanner designers and clinicians each require to know which
scanner gives the 'best' performance in any application, and
this requires suitable standards to determine what performancé
is 'best'. It is also necessary to know the limitations of
any scanner and whether or not a scanner is achieving its

optimal performance within its limitations.

. Several criteria for evaluating scanners have been
proposed by previous workers, but they have generally suffered'
from an inadequate specification of the problems to be solved..
- Before considering thése problems in detail, which 1is the
purpose of much of this thesis, the methods currently avail-
able to analyse the performance of ultrasonic imaging devices
are discussed, and the use and limitations of these methods
ofe illustrated with measurements made with particular types

of equipment.



3.2 Review of methods

Previous workers have generally taken a practical but
somewhat arbitrary approach to evaluating scanners and have
measured various equipment characteristics in special
circumstances in order to enable quantitative comparisons
to be made. They have not attempted to relate such charac-
teristics {0 a scanner's ability to obtain guantitative
information in general circumstances. In some evaluation ]
programmes, the test procedures have been deliberately
modiried to test only those characteristics of specialist
interest. Others have failed~to produce a general programme,
and in the absence of any meaningful criteria to specify
performance, have opted to measure certain parameters,

arbitrarily chosen, under standard conditions.

A review of the practical requiremeuts for a B scanner
was attempted by Blackwell (1972). He identified some of
the conditions necessary to obtain a good scan, stipulating
that the electronics must be sensitive, that the scanning
plane must be easily changeable, and that the B mode processor
nmust be able to register a fine spot with a good range of
grey scale. In this 1972 paper he suggested a simple phantom
to check the registration of a B scanner, but otherwise made
no attempt to specify the scanner capability. His 1973 paper

(Blackwell et al., 1973)
A listed ten reguirements for a B scanner all of which are

merely points of convenience for opersztor use, such as tyves

of display and recorders.
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Mallard and Christie (1968) illustrated some of those
physical characteristics of the medium and of the scanner
that contribute to the information displayed in a B scan.
They concluded that factors such as reflector inclination,
tissue scattering, and absorption, each degrade the signal.
They measured the received echo from a 1 mm diameter
spherical target at various positions, for various trans;
ducers, and suggested that resoluticn of two similar point
targets may be defined as the separation of two such beam
profiles 'at a given depth, which overlap at half of their
maximum height.' They further suggested that the beam width
at some chosen level (the Full Width at Half Maximum, for
example) 'is related in some way tc the spatial resolution
at that depth which can be displayed without complex scanning
procedures and without electronicaliy applied swept gain®.
They also observed, as will be verified later in this thesis,
that 'there is a considerable measure of variability and
uncertainty concerning swept gain and beam width'. They
concluded that one difficulty appeared to be the definition
of transducer beamwidth since 'it depends on how it is
measured, and whether one means actual or displayed resolution.

It is not yet certain what is meant by resolution.!

Hall and Fleming ( 1972) were concerned with illustrating
various effects that can occur to limit or enhance the use-
fulness of a B scan, basing their findings on the exverience
they acquired with the Nuclear Enterprises' scanners. They
were particulary concerned with artefacts arising from such

effects as too much sensitivity, swept gain.settings, blooming
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of tubes, registration errors and tube astigmatism. Thus,
again the emphasis was placed on operator usage and conven-—
ience, and they made no real attempt to relate their findings
to fundamental design limitations, but merely illustrated
how incorrect usage may influence the degree of success of
scanning. However, they concluded that registration errors
are the most common-electronic faults encountered and
suggested that a wire phantom, scanned from different angles,
is sufficient to illustrate these. More recently they have
produced a more sorhisticated method of measuring registration

errors (Hall and Fleming, (1975).

Critical assessments of technique in similar vein have
been put forward by Christie (1973), Whittingham (1973) and
most recently by Watmough (1974), all with particular
reference to measurements of biparietal diameters. Their
primary concern was to evaluate the types of distortion and
measurement error obtained in a clinical situation, due
either to the scanning technique or to operator error. They
were not therefore primarily concerned with the inherent
capabilities of their scanning systems, and do not therefore
concern thelr critical assessments with those limitations
coming from the scanner design. However, Watmough suggested
that the distortions he observed on scanning aborted fetuses!®
heads and perspex eylinders were derived from side lobe
effects from the transducer, and therefore quantitative

interpretation is related to this beam profile.
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Kossoff (1964) attempted to identify those parameters
that are relevant to obtaining good echograms; he considered
only B scans and attempted to relate all sources of error
to the oscilloscope spot size. ‘in this and other papers,
he has described his attempts to obtain impfoved axial and
lateral resolutions by designing transducers to give minimal
beamwidth over a region of interest, and‘minimal pulse length.
He has also demonstrated the advantage of compound scanning,
logarithmic amplifiers and various signal processing tech-
niques, for certain purposes. However, alihough these early
papers report his attempts to measure useful characteristics

of isolated parts of the system, they do not produce a comp-

rehensive evaluation programme with which to compare scanner
performances. Moreover, his criterion of displayed spot size
‘as a measure of performance is less valid now: Wells (1969)
has pointed out that spot size is rarely the limitation on
resolution. It is a unit of measurement in terms of which
other parameters can be measured, but it does not relate to A
scan capability. However, in a more recent paper (Kossoff,
1972) Kossoff has described a series of performance tests for
use "in the objective comparison of machine performance".
Whilst deliberately keeping the necessary tests simple, without
requiring complicated apparatus, he has attenpted "to provide
data which the technician can easily relate to system verforn—-
ance and which indicate the effect of the measured performance
parameters on the echogram". The tests described ars inter-ied
to provide comparisons of different machines before purchase,

to allow standardisation of clinical machines for obtaining

consistent results, and to describe equipment when work is
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published. This latter objective is certainly to be com=~
mended when the wide variety of applications that involve
ultrasonic equipment are considered. It 1s rare for an
author to specify more than the ménufacturer's name and
ultrasonic frequency employed, which is an insufficient
description of equipment or conditions to enable other
workers to repeat the work. Kossoff idenfifies four major
parameters that are meaningful to the user and which provide
enough information to give the clinician a2 clear picture of
the performance and resolution of his equipment, These
parameters (overall sensitivity, resolution along and across
the beam, and beam deflection accuracy), are assessed in a
series of nine tests using a simple grid of wires and a
glass block as phantoms. The tests suggested by Kossoff
are discussed later in this chapter when clinical equipment
is actually evaluated.using similar criteria. It will be
demonstrated then that, whilst these tests are valuable in
restricted circumstances, they are inadequate for fully
describing the limitations of performance of a scanner,
However, the tests do enable a clinician to compare the
abilities of two systems under certain defined conditions,
and the test cage has now been adopted by the American
Institute of Ultrasound in Medicine as its standard test

object for measuring performance.

llore recently, (Sevptember 1972) the Devariment of
Health and Social Security have collaborated with the UKAEA~
AVIRE Applied Physics Division to develop techniques to

evaluate medical ultrasound equipment, and their methods are



—60-

summarised in a report by Montgomery (1972). The objectives
of Montgomery's study were to supplyrequipment users with
information to assist them in their cﬁbice of equipment;

and at a later date, to correlate laboratory and clinical
findings to act as a basis for the specification of a
manufactured system. The particular areas of interest were
the ability of an A-scan to detect midlines, and the value

of a B scan in Obstetrics. Montgomery describes the AVRE
programme as an assessment of straightforward electrical

and engineering features. Under controlled conditions he
measured the ability to identify two interfaces both longi-
tudinally and laterally, depth accuracy and transducer beam
profiles. Particular aspects of this report will also be
referred to later, but here it is noted that whereas HMont-
gomery intended to measure basic physical parameters of the
system, using materials that were similar acoustically to
tissue where possible, he resorted to adopting quite arbit-
rary definitions of sevecral parameters that he measured.

For example. he adopted criteria of lateral and longitudinal
resolution based on the degree of interaction of echoes from
two reflectors. It is illustrative to note that he measured
the peak to valley ratio between echo peaks, and for lateral
resoluticn said that this should be *at least 4:1 but prefer-
ably 10:1 : for identification only of two targets, at least
2:1 but preferably 4:1'. For longitudinzl resclution, 'there
should be no interaction between two displayed signals'. He
also measured the resolution for three classes of object, for

blocks, spheres and wires, all of arbitrary: dimensions, and
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no one of them purporting to be a representative phantom.
In discussing measurements of beam profiles, lontgomery
noted that there is no generally accepted standard of meas-—
uring beam parameters, concluding that individuals must ex-
press them in their own terms, and thereby pinpointing the
absence of a sound theoretical basis for these and previous
procedures. Whilst.these tests illustrate a system's cap-
ability under controlled conditions, they do not describe a

systems's capability in more general conditions, and they do

not present measurements of overall limitations.

Wells (1969) discusses those parambers necessary for
producing a good scan. He also describes the effect of poor
design and behaviour of various components, and discusses

methods of measuring some features of a system's performance.

The parameters to be measured in a complete svaluation
of a system, as suggested by various authcrs, and their
methods for measuring these parameters, are summarisei in
Table 3.1. There is obviously a general conCenéus as to what
parameters are important and quite specific guidance as to
how they may be measured. NMontgomery observes in his report
that, after all his tests, no new factors were revealed which
would alter the essential requirements of a good machine as
advocated by workers in the field for the past decade. 1In
essence therefore, part of the objective of this thesis would
seem to have been reached by previous worliers, but little
justification for previous work has been Affered, and little
theoretical explanation of performance criteria given. In

addition, little attention has been paid to a proper identi-



Table 3.1

Summary of methods used by other workers to evaluate scanners

Measurement

Sensitivity

Swept Gain

Registration

Depth Accuracy

Depth Resolution

Lateral Resolution

Kossoff

Referred to glass
water interface

Uses wire reflector
in water to check

Uses wires

Measures separation
of two wires

Two 0.2 mm steel
wires, central
minimum = 0,7

Two wires, central
minimum 0.7

Montgomery

Referred to depth of
castor 0il for echo to

fall to 1/3

Others

Mentioned by
Blackwell, Wells

ceeeevss Use calibrated attenuators.eccees

Uses wires

Measures distance
of plane

No intéraction Tor
2 vplanes

Wires or balls,
censral minimun
0.25 or 0.1

Electromechanical
device of Hall (1975)
Perspex block of
Blackwell

Mallard and Christie:
two balls, central
minimum 0.5
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fication of those parameters in the object which are impor-
tant in the formation of an image by the pulse echo technigue.
Consequently, evaluation programmes have not enjoyed general
applicability. Furthermore, definitions of various charac-
teristics, in particular resolution and beamwidih, have
differed from author to author, each one using quite arbit-
rary criteria. An interesting verification of the léck of
guidance offered on proper measurement of resolution is given
by examination of the data supplied by equipment manufactureré;
in a recent survey by the author of the manuals supplied by
fifteen leading manufacfurers of A and B scan eguipment, no
manufacturer gave an indication of the guantitative abilities
of his system, and no manufacturer actually quotes a value
for the resolution of his system, a peculiar state of affairs

for an industry concerned with image formation.

Thus, although there appears to be a degree of agreement
about those properties of scanners that are important and
which must be measured or calibrated, previous workers have
failed to evolve clear guidelines for +the assessment of

scanner performance.
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3.3 Ultrasonic Eauilpment at Hammersmith Hospital

There has been a requirement for quantitative methods
of evaluating scanners at Hammersmith Hospital since 1972
when B scan equipment was first commissioned there for
clinical use. In particular, various facilities for cardiac
ultrasonography have been available. These have included a
Multiscan system, as described by Bom et al (1972), facilities
for ECG-~triggered and conventional section scanning with a °
Nuclear Enterprises NE 4102 and a Picker Laminograph IV,
Ekoline 20 A/TP systems (from Smith Kline Instruments Ltd.)
and a Siemens Vidoson Real Time lMechanical scanner. These
systems, together with their associated equipment (such as
strip chart recorders for the Ekolines) are typical of the
equipment used routinely in most clinical centres, and are
comprehensive esnough to be able to cover all aspects of eche-
cardiography in use to date. 1In addition, some experience
has been obtained in the use of novel technigues, including
“the use of digital techniques to record and process cardiac
cross sections and the use of video recording of the trans-

ducer received RF signals., (Willson 1975, 1974).

The primary requirement from a user's viewpoint when a
scanner 1s commissioned 1s an assessment of the operating
characteristics of the system. This must include a knowledge
of the ultimate capabilities of the scanner, in crder to
underztand and quantify the accuracy and reliability of

measurements made from scans; 1t 2l1lso must include a knowledge

of the way a machine compares to its designed specification,



-65-

both in the short term and in the longer term, and a know-
ledge of the optimum conditions of use. Thus, there was a
need for complete assessment of the various scanners and
techniqués, and a need for roufiné checking of calibrations,
control settings and other characteristics. These require-
ments became especially important when new research methods
were being considered, when alternative pfocedures and

equipment became available, and as routine clinical and

research interests expanded. . Experience obtained within

/

the firct few weeks of clinical appraisal ¢f these systems

led naturally to the distinguishing of two types of imper-
fection in real scanneré. There are often present 'remediable
errors' which are errors of calibration or setting up of the
scanner, These errors can be caused by faulty equipment, im—
prover usage or incorrect manufacture or installation; they
may also occur as components age or be due to human error in
.calibration of settings. This genera; class c¢f errors in-
cludes such faults as registration errors, incorrect system
veloclity settings, incorrect swept gain and amplifier
calibrations, and incorrect caliper calibrations. These faults
may occur regularly, intermittently or completely at random,
and rust therefore be Jooked for periodically in a routine
assessment of system performance. They are not, however,
permanent limltations on system capability, and can be
rectified by proper calibration of the system, at least +o
within the tolerances of the components and design. Thus,

for example, a registration error may occur due %40 incorrect

setting of the system velocity, but the error can be made as
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small as the tolerance of the relevant adjustment. There
are, however, always present some errors of a second class
that are limitations on performance inherent in the basic
design of a scamner. This class of 'fault!'! includes all
those characteristics which can only be altered by changing
the system or part of the system in a fundamental way, and
are therefore more basic parameters with which to compare
systems and with which to evaluate them. They are a
limitation on the amount of information obtainable and
remain even when a system is set up correctly and all
remediable errors are removed. In this class are included
such characteristics as axial resolution, lateral resolution,
amplifier bandwidth and sensitivity, processor dynamic range,
etc. In many cases, errors of both classes, whilst being
distinguishable in origin and nature, are interactive or
even additive in their effect. For example, range accuracy
is determined partly be the pulse length and axial resoluticn
(both basic parameters of the system, and therefore limit-
ations of the second type) and partly by the velocity setting,
a system variablé that should be set at a particular value
determined by the medium. It is therefore important to
assess those parameters which will completely describe the
system's ulvimate limitation, in the absence of remediable
faults. The assessment of system performance therefore must

be =2 two stage proces

w0

, in crder tc evaluate the two clasces
of errors sevarately. Thus, 1% 1s necessary, in a clinical
or practical situation, to be able to measure the uliimate

capability of a system and to check performance routinely.
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Some of the previously mentioned attempts at scanner
evaluation partially satisfy the routine requirement for
regular checking for remediable faults. The performance of
an NE4102 has been assessed by these and similar methods
described below. The use of these conventional tests is
also illustrated in the assessmeht of Multiscan equipment,
where the limitation of such tesﬁs in the elucidation and
description of basic parameters is easily illustrated.
Routine checks may have to be varied slightly to suit each
particular system, but there are several kinds of faulid
which are common to all systems. The errors illustrated in

the next section for a NE4102 may be considered typical.
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3.4 An assessment of a NE4102 Diasonograph

The NE4102 is representative of the present generation
of ultrasonic B scammers found in routine clinical use. It
differslfrom some other scanneré in certain respects, most
of which are not major deviations from the general design.
The scanning gantry uses an x - y movement of the transducer
and holder, whereas most scanners use an 1,8 anglepoise
arrangement; the NE4102 uses a signal processing for the B
mode which utilises a pulse height Yo width conversion after
echo peak detection that is designed to enhance resolution
and maintain some amplitudé informétion, and this is not a
common feature of current systems. A more complete descrip-

tion of the design and constrﬁction of the 4102 is contained

in Appendix A,

Many faults in scanners develop sufficiently to affect
the quality of écans obtained when in clinical use. It is
obviously preferable to detect such malfunctions before this
occurs, The following programme of evaluation includes meas-—
urements to assess those performance errors or changes which

may be identified as affecting scan quality.

a) Registration errors
j=]

As noted by Hall and Fleming, Blackwell, and others,
régistration errcrs are common faults which drastically affect
scan quality but which fortunately are easily identified by aA
simple procedurs. Registration errors can be caused by in-
correct settings of the system velocity, by incorrect adjusi-
ment of the delay between the start of the time base voltage

ramps and the transmitter excitation, or by misalignment of
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the display timebase vector and the transducer direction,

When registration errors occur, point reflectors are not
placed in the same position in the display when imaged from
different places, which is equivalent to a variation of range
accuracy with angle or position. Scanning points from differ-
ent directicns produces several arcs in a B scan, each arc
caused by the non—zéro beamwidth'sweeping across the reflector.
The presence of registration errors is indicated when these
arcs do not meet at a point but form an enclosed area whose
size 1is a measure 9f the severity of misregistration. A
simple phantom to check registration is therefore a single
wire that can be scanned from different directions in a water
bath, and Figure 3.1 shows the effect of having incorrect sys-—
tem velocity. To detect other causes of registration error,
the system velccity must be the same as tne sound velccity in
the water bath, which should be the same as the sound velocity
in tissue. This requires maintaining a water bath at an

elevated temperature or with an accurately known composition.

A more savisfactory method has been described by Hall
(1974) which uses an accurately manufactured echo simulator
to produce echoes and which checks the mechanical registration
without reqﬁiring a water bath. This device is now ccmmercially

available from Diagnostic Sonar Ltd.

(b) Velocity calibrations

System velocity, the ratio of the display time base
velocity to distance in tissue, may be checked by comparing
distances measured by echo sounding in a mediwm in which the

sound velocity is lmown with real distances measured in that
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medium. The linaarity and accuracy of a system velocity
calibration can be assessed by plotiting the A scan separation
of the echoes from two wires whose separation in water may be
varied and measured. If water is used as the medium, then
its temperature should be monitored and the velocity obtained

from tables or data published elsewhere (e.g. Montogomery,

system velocity
medium velocity’

measured distance
actual distance

1972). The ratio will équal
The calibration of the electronic calipers (the caliper
velocity) can be obtained in a similar way. In general, the
method requirés a standard velocity against which the velocity
being measured'may be compared and this standard can be water
of kmown purify and temperature, or it can be perspex or a
similar material. However, the accuracy of such measurements
is only of the order of a few per cent, and it requires‘coﬁ—
siderable precision of measurement to improve this. Errors
occur in the estimate.of the medium velocity, and @n the
measurement of the wire or interface separation, and these

are often of the same order as the miscaiibrations that occur.
A very much simpler technique uses an accurately known elec- -
tronic(delay. A convenient device is the Mullard DL50 tele-
vision component which uses an ultrasonic delay line to delay
an electrical signal by aﬁ accurately known time. The delay
line is arranged so that the transmitter output is attenuated

and delayed and input to the receiver so that it simulates

echoes on the display. Thess 'echoes' are sharp and regularly
spaced. The separation between echoes is the time delay of

the delay line which is 64 usecs, The separation on the A
scan may be measured and the system or caliper velocity ob-

tained by division., The NE4102 system velocity is usually
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set at 1540 m.sec”| whilst the caliper velocity is 1600

-1
m,sec .

(c) Transmitter characteristics and outovut calibrations

The transmitter characteristics are important only as
they affect the emitted acoustic power, though transmitters
which are damaged or malfunctioﬁing to a severe degree nay
affect the transmitted pulse shape. The %ransmifter must
produce a fast voltage edge to the transducer of sufficient
magnitude that the emitted pulse allows the receiver amplifief
to be used abt moderate gains and so that the swept gain
facility has maximum flexibility. Too little emitted power
means the amplifier is used at its highest gain settings
leading to non linearity and poor signal to noise ratio, and
limiting the range of variation of gain with time. Transmitter
ageing causes loss of output power and is commonly due to an
increase in the time éonstant of the transmitting voltage
spike (usually the switching time of a thyristor). The state
of the transmitter can easily be determined by using a wide
bend oscilloscope to display the output voltage spike. The
PRF can also be measured direcitly from an oscilloscope; for
the NE4102 the PRF was measured as 670 £ 10, although it was
labelled by the manufacturer as 300. An accurate measurement

can prove useful when estimating doses to patients.

The pressure-voltage transfer functions of plane piezo-
electric transducers are considered in Chapter 4 and Avvendix
B, where the wave equation for a piezoelectriec materizl which
shows a linear coupling of electric znd mechanical variables

is solved for a variety of boundary conditions. They are
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important in determining scanner performance because the
shape of the transducer impulse response affects the emitted
pressure pulse shape and the displayed signal shapes, whilst
the validity of the calibrations of transmitter attenuator
and receilver gain rely critically on the relation between
acoustic and electrical parameters. The electric field and
transducer diSplécement field are linearly coupléd for an
ideal transducer so that the acoustic pressure in front of a
transducer depends directly upon the time derivative of the
voltage applied to it, although the precise relationship is
complicated by transducer loading effects. A pro?erly
functioning transmitter must switch a supply voltage rapidly
into the transducer load. The switching time must: in the
case of half wavelength transducer thickmesses, be iéss than
%f y where f = the resonant frequency of the transducer,
which is the <ransit time of a wave through the transducer
element. The switching time may be measured with an oscillo-
scope with the transducer in the circuit to ensure that the
impedance of the transducer affects the result in a realistic
manner, The falling edge of the voltage spike must not con-
tain sharp discontinuities as these are effectively different-
iated and give rise to secondary emitted pulses in the wake

of the primary burst.

The calibrations of signal strengths are generally derived
electrically i.e. they relate to voltage amplitude ratios and
in general are correct only for a limited range of source znd
load impedances. The accuracy of any of the signal amplitude

calibrations may be checked by measurement of the displayed A

scan echo from a reflector (e.g. plane perspex surface in water)



-

for various settings, which includes the behaviour of the
receilver amplifier, but the output attenuator may also be
checked by measuring the emitted pressure pulses using a
piezoelectric probe whose characteristics are known. Figure
3.2 shows the results obtained for the NE4102, and obviously

there is some discrepancy between the measured values and

the calibration.

The 4102 transmitter uses a thyristor which is fed via
a 100 ohm matched attenuator to the transducer, and the
electrical impedance of the transducer at fesonance must be
100 ohm for the atténuator calibrations to be exact.
Considerable care must be taken in manufacture and design
to provide‘a properly matched and terminated impedance net-
work, both in output attenuator and input attenuator, if tﬁe
machine calibrations are to te useful in quantitative work.
The pressure at a point in the field of a transducer can be
calculated using the Kirchoff integral of velocity distrib-
ution across the transducer face. (Appendix C.) The output
electrical attenuator is required to alter v(x,y), the dis-
tribution of velocity normal to the transducer surface which
may generally be considered radially symmetric for circular
transducers. In'practice there may be an effect introduced
by changing not only the magnitude but also the pattern of
velocity distribution with different excitations. An ideal
transducer is 2 plane piston which vibrates uniformly so tha
v(x,y) = a constant. A real transducer may bend as a2 Tlex—
ible membrane, and it will certainly couple energy into other

modes; radial modes of vibration are easily. observed with
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circular damped transducers. It is possible that the
coupling of energy into other modes and other vibration
configurations may itself be a function of vibration amp-
litude, and this will affect the pressure-voltage relation-

ship.

Transmitter loading effects may also alter the pressure-
voltage relationship. Figure 3.3 shows an ineXxpensive
switching transistor transmitter with high output impedance
used for experimental purposes at Hammersmith Hospital.
(Willson, 1574). The output from the transducer is affected
by the current limitation imposed by the transistor. Figure
3.3 shows the resultant pout_v characteristic. The 4102
transmitter is not subject to this limitation under normal

conditions,

(4) Receiver Frequency Response

The receiver frequency response characteristics are
important because they affect both the displayed pulse shape
and axial resolution and the lateral resolution. Since
‘axial resolution is a function of total system bandwidth,
then the combined effect of transducer and receiver must be
measured and this essentially is the basis of the criteria
for resolution proposed later in this thesis., For system
comparisons, however, it is useful 1o measure the frequency
response curves of the RF amplifier. Figure 3.4 shows the
normalised responses of the RF amplifiers of two 4102 scanners
measured with the apparatus arranged as shown. The bandwidth
has an important effect on signal to noise ratios and on the

supression of low frequency oscillations of the transducer.
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Fig. 3.3(a). Simple transmitter circuit (Willson 1974).
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Fig. 3.4 Measurement of freguency responses of receiver,
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In Figure 3.5 is the voltage across the transducer measured
before the RF amplifier. Note that the initial burst input
voltage contains large amplitude oscillations of frequency"
100 kHz which are the radial oscillations of the crystal
element and which are filtered out by the amplifier bandpass?
this filtering will obviously determine the size of the
opening burst on the A scan display. The importance of
frequency response in determining transducer directivity is

assessed in Chapter 5.

(e) Swept Gain and dynamic range measurements

The flexibility of the variation of amplifier gain with
distance, and the accuracy of its calibration, can be assessed
in several ways. Kossoff's phantom uses a wire cage in water
and requires ithe measurement of the extra gain introduced by
the Time Gain Control at all distances. A more versatile and
convenient method uses an electronic echo simulator. For
investigating the 4102 a versatile echo simulator was con-
structed on the basis of an original idea by Whittingham
(private communication). This is capable of producing a
train of signals like echoes that have equal amplitudes or
which decay exponentially. The circuit is shown in Figure
3.6. The transmitter output is clipped and triggers a2 mono--
stable whose output is at logic level 1 (+9 volts) for about
130 psecs., The monostable itself gates a multivibrator that
produces z train of logic pulses whose spacing is détermined
by the timimg resistor (R1); when this resistor is at 10 kohm
then the simulator 'echoes! ﬁill be at 1 cm. intervals on a

display whose velocity assumes a system velocity of 154Om.sec_1.



Fig. 3.6 Echo simulator (based on an original design by Whittingham)
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In a later version of the simulator a further integrated
circuit is ineluded to divide the multivibrator frequency
by 2, a necessary modification when long pulses are being
generated. The train of logic pulses is then double differ-
entiated to produce sharp edges that induce a damped oscil-
lation in a tuned circuit - the LCR circuit used has a fixed
inductance but the capacitance may be selected tb produce
different frequency pulses, and these may be chosen for any
scammer to suit the bandpass of the input stage. The Q of
the tuned circult determines the damping of the pulses and
this may be varied by changing the damping resistance (R2).
The output is fed via a 100 ohm series resistance and the
output voltage level is variable between 0 and 1}5 volts.:
thus the transmitter triggers a train of pulses whose fre-’
quency is determined by selecting the correct frequency of
the LCR circuit and which appear the same as echoes to the

scanner input.

The echo simulator built and used for the 4102 tests
includes a further facility that was not used for the tests
considered here but which enables a realistic train of echoes
to be produced for the testing of exponential swept gain pro-
files. The monostable turns off a transistor that is norm-
ally saturated and whose collector is earthed via a capacitor
that is normally held at supply voltage. When the transistor
switches off, the charge on the capacitor is allowed %o decey
with a time constant that is determined by the parallel
resistance (R3). This exponential decay is then chopped with

the gated multivibrator output to produce an echo train that
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shows an exponential aﬁplitude decay. IfAthe time constant
is calibrated then the swept gain necessary to restore the
decaying profile so that all the displayed echoes are equal
can be equated to the time constént being generated. 1In
practice it has been found more straightforward to calibrate
the swept gain against the input attenuators and distance
calipers of the 4102, correcting these where necessary with
correction factors derived from an earlier comparison of
input attenuator with a standard attenuator. The swept gain
of the Diasonograph can in general be described by the
equation

G(x)=G0+k(x-D) ifx>D, = G, ifx<D

G(x) = amplifier gain at distance x in dB
G = gain of amplifier at x = 0

= Initial gain = Maximum gain - Initial attenuation

= 80 - I dB
D = Delay before gain increase, in cm.
k = rate of gain increase, called the Slope on the 4102,
in dB/cm.

For two identical inputs to show the same displayed A scan

height, if D = O, then,

—
vl
1
|
i

k(x2 - x1)

where 12 and I1 are the respective input attenuatibns and

X5 and X, are the vposzitions of two eaqual echoes. Thus, to
calibrate the swept gain rate, an echo from the simulator is
displayed at a level that is easily recognised on the A scan,
and the caliper is set on this echo and the input attenuation

noted. The input attenuation is then increased and the
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caliper moved (or, for the 4102, the calipers separated)
until it is set on an echo that is at the same level as the
first echo (which is now attenuated below this level). The
caliper separation multiplied by the swept gain slope should
equal the difference in initial attenuations. A series of
such measurements can be made to determine the real slope of
the swept gain. The gain time profile is displa&ed on the

A scan and examples of this display are shown in Figure 3.7.
| In later versions of the 4102, a swept gzin profile display
is incorporated in the design, so the simulator can show up
discrepancies between the display and the real swept gain
functions. The results of measurements made on the 4102 are
summarised in Table 3.2, The difference between the measured
values and the manufacturers calibrations varies from 20 to

40 per cent.

(f) Amplitude transfer functions and dynamic ranges.

The same echo simulator can be used to measure transfer
characteristics of the amplifier, processor and display. The
simulator provides echo like signals whose amplitudes may be
measured and varied over a wide range. The output of the RF
amplifier, the displayed A scan echo height, and the width of
the B mode processed pulse can be measured from the display
or from the signals to the display. The 4102 height to width

conversion is designed to produce an intensity modulation of

)]

the image in which the display cathode emission currens i
gated with nulses whose width variec O -~ 400 nznoseconds.
The relationship of output amplitudes to input signals is of

importance for using amplitude information and for image
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Table 3.5

Comparison of measured swept gain characteristics with

those specified by the manufacturer.

Specified slope Measured slope ' km - ks
100.
k k
s _ m , km

2.0 1.7 - 17
400 3.2 - 20
7.0 - 408 o ) - 46
10.0 7.0 - 30
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contrast. The B-mode processing is intended to relate the
echo peak amplitude directly to the charge emitied by the
cathode of the display oscilloscope and the operation of

this processing is summarised in Appendix A. The fidelity

of this conversion is shown in Figure 3.8 from which the
useful dynamic range of the processing can be measured. The
relationship between input amplitude and B-mode ( *output')
intensity on the display was measured using a photomultiplier
tube attached to the B scan tﬁbe - the measﬁrements may be
easily performed by using the TP display at constant slow
sweep speed and a photomultiplier {ube type EMI-9635 operating
in the region where outputréurrent is directly proportional to
input luminance. The useful dynamic rangé of the tube display
is often determined by the tube phoégggf in.the storage mode,
Figure 3.9 summarises the results obtained with the NE4102 in
which the curves are normalised to the poiht where saturation
occurs first. The useful dynamic range of the B scan is
severdy limited (= 17.4 dB) not by the inability of the dis-
plays, both storage and non storage, to portray intensities
(the 'grey scale') but by the designed limitation of the
signal processing which can only convert echoes of this dynamic
range. The use of alternative displays e.g. computer displays,
scan converter tubes, will be subject to the same limitation -
unless a modified signal processing is used. Further measure-
ments of the structure of B-mode signals are given in Chapter

4, where the tube properties are shown to affect resolution.

An alternative method of measuring these transfer
characteristies, using a calibrated attenuator to reduce the

signal from a standard echo (e.g. a glass block in water) can
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Fig. 3.8 Amplitude transfer function of B mode vrocessing.
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also be used. However, it is perhaps more informative to
describe the response of the receiver to absolute voliage
levels rather than relative acoustic levels, as it enables
receivers to be evaluated and compared in the absence of

other components in the system.

The dynamic range of the Suppressor control (in some
other machines called the Reject) can be measurea by comparing
the input signals that just register on the A scan or the B
scan for the two cases of no suppression and full suppreésion:

The 4102 suppressor range was measured to bz 14 t ¢ aB.

The overall system sensitivity can be determined in .
various ways. Kossoff suggests a glass-water interface as a
standard echo, and the attenuation needed to reduce such an
echo so that it is just displayed is a measure of system -
;sen51tivity. Overall sensitivity is the ability to detect
very weakly deflecting interfaces and is determined by the
acoustic output power, by the efficiency éf the {ransducer
in reception, and by the sensitivity of the receiver elec-
tronics. The acoustic output can be measured, for example,
by measuring the radiation pressure incident on a perfect
reflector (Wells, 1969). The absolute sensitivity of the
receiver and disﬁlay ia that voltage that will register as
an echo, and this is obtainable with the simulator by extra-
polating the response—ihput curves to zero response. Thus,
the minimum levels for the NE4102 A and B modes are 100 and

125 microvolts respectively.

However, Kossoff's method is useful as a simple check

on the overall system, and it does measure the limit of

t
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interface detectability relative to a standard reflector,
but this is not the same for different regions of the sound
field, particularly for focussed transducers that show a-
strong axial variation of pressuia, Thus, Kossoff's measure-
ment must be made at a fixed distance, which should be the
position of the last axial maximum for measurement of
maximum sensitivity. This measurement does not,.as Kossoff
states, enable a clinician tovmeasure the absolute reflect-
ivity of an object. In Chaptér 6, the factors determining
echo amplitude are considered and such a statement is shown

to be meaningful only for very simple shapes of reflectors.

(&) Measurement of Lateral Resolution

The performance checks considered so far form the basis
of a programme sufficient to assess all +the characteristics
mentioned in Tabie 3.1 except axial and lateral resolutions.
A proper consideration of resolution is the subject of
Chapters 4 and 5 buf here the resolution of a B scanner is

assessed using the methods suggested by nrevious workers.

According to Kossoff (1972) the lateral resolution is a
measure of the ability of a scanner to distinguish two objects
that are at the same distance from the transducer, and depends
only on the width of the transducer beam. If this were true,
then it would be sufficient to measure the width of the beam
from the transducer, though it is not precisely clear what is
meant by width of beam. The transverse acoustic pressure
profiles emitted from a typical transducer are shown in Figure
3.10 for various distances from the transducer face. These

profiles were obtained by measuring the peak excursion of the
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radio frequency voltage from a piezoelectric needle probe
that was scanned across the beam. The peak voltage was

taken as it is the important parameter for the NE4102 signal
processing. Figure 3.11 shows the variation in signal ob-
tained at the input to the receiver as a steel ball bearing
reflector was scanned across the beam; Figure 3.12 is the
receiver signal for differenf shapes of réflectof. These
curves show the same general shape but different reflectors
give curves with different widths. It is apparent that the
variation of echo amplitude‘with reflector daisplacement from
the central axis is related in some way to the emitted pres-
sure profile at that distance from the transducer, but that
1t depends on the size and shape of the reflector as well,
and it is also a function of the distance from the transducer.
The normalised emitted pressure profile is the near field
enalogue of the Dirécfivity Function used in sonar to des-
cribe the Far Zone variation of pressure with angle from
continuously excited transducers; the'echo from a ball is
correspondingly related to the Product Directivity Curve, but
because the conditions are not suited to the use of these
curves, it will be more accurate in this context to refer to
the Emitted Pressure Profile, EPP, and the Reflected Pressure
Profile, RPP, The EP? is that variation in pressure measured
by a point receiver at a fixed distance from the transducer.
The RPP is that variation of received echo amplitude measured
by the transducer when a reflector is scanned across the beam.
The measurements described here were performed with a 6 mm
diameter steel ball bearing, but it is shown in Chapter 5

that the reflector size is not critical.
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In Figure 3.11 the RPP from various distances are shown
for the 1.5 MHz transducer supplied with the Diasonograph.
This transducer has an araldite lens on its face which is
conically machined to focus the beam over much of its useful
range; It is apparent that the beam shape changes with dis-
tance. The beamwidth may be measured in any of several ways,
each equally valid. Tﬁe width at any distance can be meas-
ured at some fraction of the central axis pressure at that
distance, or at a fraction'of.the overall maximum pressure
in the sound field. The value of the fraction may be chosen
arbitrarily. Furthermore, the profile that is measured may
be thé acoustic preééure profile (which is the transducer. |
voltage signal) or it cam be the *effective' profile of the
signal at some othér stage of the_processing such as the B-
mode intensity. VFor non-linear processing these profiles
will be different.. in Table 3.3 are the values of the beam-
width measured in various ways at 10 cms distance: for five
transducers. The criteria used for the definitions of beam-
width are closely related to those of the authors noted in
Table 3.1, The ratios of the beamwidths of different trans-
ducers depend on the criterion chosen. This is discussed
again in Chapter 4 but here the figures illustrate that a
simple definition of beamwidth is insufficient to quantitat-

ively compare the resolution of different Scanners.

Instead of directly measuring beam profiles and widths,
some workers have chosen to measure that beamwidth which
actually produces and registers echoes on the B-mode display

when a phantom is scanned. Kossoff (1972) used a wire grid



~91-

Fig. 3.10 Emitted Pressure Profiles from 1.5MHz transducer
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Fig. 3.11 Reflected Pressure Profiles of 1.5MHz transducer
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Table 3-3

Measurements of the beamwidths of five transducers using various criteria for defining
beamwidth (all measured at 10 cms from the transducer ; each set is normalised to give
beamwidth relative to a standard transducer).,

Transducer frequency 1.5 15 1.5 . 1.5% 245%
Transducer radius 20 15 10 20 | 15
Beamwidth at 70% signal level 1.22 1.10 1.00 0.98 0.82
.o «s 50% .e oo 1.56 1.18 1.00 0.95 0.77
- «o 104 oe .o 1433 1431 1.00 0475 0.63

‘% indicates weakly focussed transducer



-93=

in which two 0.2 mm diameter steel wires were placed to forﬁ
an acute angle of 10 degrees. By moving the scanning plane
along the wires, the spaﬁing between those sections of wire
contributing to the echo could bé changed. In the scanning.
plane the wires each produce an echo and the display shows
two equal peaks separated by a trough. Adjusting the scan-
ning plane along the wires until the trough level equals 0.7
of the peak amplitudes, or until the B-mode shows a dark line
between two spots, corresponds to a measureable separation of'
the wires which is Kossoff's definition of lateral resolution.
Such a_phantom is useful only with sound fields that are
rotationally symmetrical about the transducer axis, and where
the field lacks suéh symmetry the phantom may give quite m;s-

leading results.

A similar phantom, in which a line of nylon sutures were
arranged verticaliy in a test cage in water, was scanned with
the Diasonograph. The separation of the wires varied from
20 mm down to 2 mm., The RPP from a single suture, shown in
Figure 3.12, depends upon the variation of pressure across
the sound beam, upon the shape of the reflected sound wave-
fronts at the transducer, and upon the averaging effects of
the *+ransducer ih recention. When two sutures are in the beam
then the refleéted sound waves add and the transducer signal
depends upon the pressure in the resultant wavefront. The
shape of the wavefront at the transducer face is determined
by the manner in which the waves from the sutures diffract.
The resultant RPP from two wires does not correspond exacﬁlf

to a simple addition of two single wire profiles because of
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1 T T é & 4 B
Lateral displacement (mm)

Fig., 3.12 Reflected Pressure Profiles of 1.5MHz transducer
weasured a2t 10 cms with diiferent relectors.

a measured with nylon suture
b measured with 5 mm steel ball
¢ measured with 4 mm nylon disc
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the varying path differences from the reflectors to points
onﬁ;ransducer face — such path differences are not recorded
in the single RPP's which show only the pulse peak amplitudes
and contain no phase information. However, when the sutures
are far from the transducer the received waves are alﬁost
plane, so that the RPP from twc sutures is the same as the
sum of two separate profiles, and in practice this appears

to be a good approximation for large regions of pulsed fields.,
Kossoff's criterion corresponds to that separétion of wires,
d, such that wires placed at 4/2 from both sides of the trans-—
ducer axisrwill refiect an eche equal to 0.7 of the signal
reflected when one wire is on the axis and the other is at d
from the axis., If the pressures of the waves reflected from
wires at cocnstant depth may be added in scalar fashion then

Y

the single wire RPP must satisfy the equation
0.7(E(0) + E(Q)) = 28(4/2)

where E(d) denotes the echo amplitude when one wire is at
distance d from the axis,

If E(4) <<E(o)_, then E(49/2) = 0.35 E(0)

i.e. the resolution distance corresponds to measuring the RPP
beamwidth at the -9.1 dB level. If E(4d) = E%%l , however,
then the resolution distance corresponds to mezsuring at the
~8.3 dB beamwidth, whilst if B(d) = 5%21 then the resolution
distance is the -7.5 dB beamwidth. Thus, such a phantom
measurement does not measure the same parameter in different
beams but the beamwidth chosen as an indicator of resolution
depends upon the shape of the beam at low echo levels. It

is possible to obtain anomalous results because of this.
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Pig. 3.13 Tllustration of vpossible anomalous result
obtainavle with wire phantom measurement.

d1,d2,d3 each obey equation
0.7(E(d) + E(0)) = 2E(g)
d3> d2> d1 'yet 1 worse than 2 and 2 worse than 3
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Figure 3.13 shows three profiles which are similar in shape
down to the 10 dB level but which have different 'tails'.

The beam which falls off least sharply with distance off
axis has its beamwidth measured at the highest level (-7.5

dB level) so that the beam which intuitively is widest and
has worst resolving power is deemed to be narrowest and to

be capable of best resolutions. Such anomalies are accent—
uated if Kossoff's criferion is altered e.g. if the separation
is measured_when‘the central trough is 0.5 of the peak ampli—'
tude, in which case the beamwidths of interest are the 12.0,
11.2 and 10.5 4B levels. This method is therefore influenced
by changes in the RP? and éhanges in the criterion chosen.

It is also dependent upon the use of wires which scatter
cylirdrical. waves, so that different quantitative results

are expected if the method is used with balls which scatter
spherical waves. -Kossoff's alternative criterion requires

a distinct separation of echoes on the B~mode. Figure 3.14
shows a line scan of a line of sutures as displayed on the
NE4102 B scan. The sutures are just separable when they are
6 mm apart (when the A scan trough was 0.85 of the maximum
signal, which means this criteria measures less than the 7.4
dB beamwidth). Pigure 3.15 shows the effect of changing the
receiver gain; the apparent resolution may be made better or
worse, Similar changes in the resolution may be achieved by
changing the transmitted power, the size of the reflector
wire, the wire material, the attenuation of the medium, and
the signal suppression. By adjusting the signal and suppressor
levels two wires may still be resolved when separated by very

small distances, the limit depending mainly upon the suppressor
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dynamic range, and in spite of measured beamwidths which are
an order of magnitude greater (typically, beamwidth ~ 1 - 2

cms, resolution limit ~ 2 mm).

<

The inadequacy of this measurement of resolution is
thus demonstrated. The ability to separate two wires is
not a fundamental characteristic of a scanner; it is a
variable property that depends not only on the adjustment
of the scannér controls but also on the object and medium
scanned. In particular there is an interaction between
receiver sensitiviiy, resolution and signal dynamic range,
which is summarised by Figure 3.16. The echoes from a wire
scanned across the beam are normalised to the axial maximum
which then becomes the 0 dB level. There exists a minimum.
signal level beneath which the detector will not register a
distinct echo. Smaller signals may be lost because of the
presence of high ﬁoise levels, of low sensitivity or high
input attenuation. Such a signal level constitutes a
detection Threshold, which is the minimum acoustic signal
that will register on the display, and it may be drawn as
shown in Figure 3.16(a) so that the width of thecurve at the
threshold level equals the length of the line displayed on
the B-scan és thé wire moves through the sound beam. If
the receiver gain increases, then all signal amplitudes are
increased and vhe curve when renormalised is unchanged except
that, since the absolute value of the threshold level is un-
changed, its value relative to all other signals decreases
(as shown in Figure 3.16(b)), so that the displayed line

increases in length. The resolution measured with the wires
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is the length of the threshold line corresponding to the

scanner settings used.

From these simple measurements it is apparent that
resolution depends on beamwidth 5ut that beamwidth measure-
ments alone.do not completely describe a .scanner's resolving
ability. It is necessary to distinguish between:the emitted
beam and the effective beam which is partiy determined by
the receiver sensitivity and threshold, and by the nature of .
the reflecting object. This last factor is a particularly
undesirable feature nf methods of comparing scanners using
phantoms because it deviates from the objective of comparing
properties of the scanners alone. The distinction between
the resolution achieved in any situation and the inherent
limitations of the scanner is again shown to be important

in Cuapter 4.

(h) Measurement of Axial Resolution

Axial resolution as defined by Montgomery and Kossoff
has been measured using thé device shown in Figure 3.17. The
water filled space between two parallel perspex plates may be
_varied by a micrometer screw drive. The echoes from the two
perspex-water interfaces are displayed on the A-scan. As the
space is made narrower the two echoes close together and
measurements of the plate separation can be made when the
peak height to trough ratio on the display reaches some
chosen value. Ileasurements were made with the three differ—
ent transducers and receiver bandwidths of the Diasonograph
for various selected ratios and the results, normalised %o

the 'worst' transducer, are shown in Table 3.4. Again a
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guantitative comﬁarison is impossible because the ratios
vary‘with the criterion of resolution which is chosen
arbitrarily. Furthermore, the resolution is again affected
by the suppression and gain contfols, and the measurements
require specification of these variables. For example, if
the peak (P) to valley (V) ratio is initially R, = %, then
introduction of a suppression T alters this rati$ to R2,

_P-T _ T(P . .
where R2._ T=T —T—_—-T) . Since R2 is always

greater than R1, the plates must be moved together to reduce
the ratio- to R1 i.e. the resolution is increared. In prac-
tice such measurements are quite difficult to perform
accurately, and require a well engineered phantom. They can-
not measure the axial resolution of the B mode and make no
allowance for signal processing enhancement of resolution

for the B mode.
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Table 3.4
Comparison of the axial resolutions of four transducers using different criteria
of resolution obtained by measuring the width of a water layer and the correspon-
ding A scan echo height to inter-echo trough ratio.

Transducer A B C D
Frequency (MHz) 1.5 2. 5.0 1.5
1/d, , where d, = the separation such 1.0 . 2.0 1.2
that peak to trough ratio = 5 (norm-
alised to transducer A).
!
1/d, , wher d, = separation such that 1.0 1.9 2.4 1.1 - f?
peak to trough ratio = 10 (normalised
to transducer A),
1/dO ,» wher d = separation such that 1.0 1.1 1.8 1.0

two echoes completely separated (norm-
alised to transducer A).
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3.5. An assessment of a Multiscan

The Multiscan is a device designed to produce real-time
images of cardiac cross sections and has been described by
Bom (1972). The original system was first used clinically
in 1971, but since then several versions have been developed.
The Bom device is now commercially available from Organon
Technica Ltd (Holland) whilst similar devices have been
described by othef authors (e.g. Whittingham 1975) and are
now made by other companies (e.g. Mediscan Ltd, Denmark).

A prototype Multiscan was supplied by Bom o Hammersmith
Hospital in 1973 for a clinical a2nd physical assessment as

part of a collaborative arrangement.

The followiné series of measurements was performed
pfimarily to demonstrate the problems associated with this
type Or scanner and to evaluate any image distortions that
can occur clinically, since these affect the usefulness of
the system in quantitative measurement. The results illustrate
further many of the behaviour characteristics shown by con-
ventional scanners and lead to a formulation of the parameters

that are important in determining image distortion.

(a) Technical Description

The Multiscan consisted of 20 piezoelectric elements in
a line which were excited separately but sequentially to pro-
duce 20 parallel, intensity modulated A scans on a cathode
ray tube. Each element in sequence transmitted a short
acoustic pulse and received the returning echoes; the depth

of structures was indicated on the horizontal axis of a 20

line display, while the vertical position of each line
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corresponded to the position of an element in the transducer.
'Rapid electronic switching enabled the entire array to be
excited to produce 150 complete cross sections, each the
height of the array itself, every second. In later versions,
two successive frames were interlaced to give the appearance

of a 40 line display at 75 frames per second.

The echoes were displayed as intensity modulated dots

and although the signal processing of later versions provides

a more versatile video processor, the prototype 'direct mode!
processing simply displayed a bright line e¢qual in length to
. the eqho_envelope above a threshold level. In‘Figure 3.20a
the other signal processing modes are illustrated; all gave
& displayed length which was dependent upon the echo length
above a threshold. The Multiscan amplifier gave 80 dB maxi-
mun gain, but this could be varied with distance - there was
a separate gain control for different regions of tissue, 5
controls independentiy determined the gain for the regions
0-1, 1=2, 2-4, 4-8, 8~16 cms respectively. The transmitter
produced a gated sine wave of 250 volts, 1 psec duration,

at thé transducer resonant frequency, 2.25 MHz. The trans-
ducers were damped P1-60 crystals, each 4 mm x 8 mm, on an
araldite-tungsten ( 18%, 82%) backing with a quarter wave-
length araldite faceplate { designed for matching the mechan-
ical impedances of the crystal and medium). Details of the
transducer design, and particular problems that had to be

considered, have been given by Lancée (1973).
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The receiver contained a linear RF amplifier with a
maximum gain of 80 dB. The receiver gain determines the
dynamic range of the echoes diéplayed — other constraints
include the reflectivity of the farget and the attenuating
properties of the propagation medium, but for lossless media
(water) and good reflectors (e.g. steel needles) the major
variable constraint is the amplifier. A contrast control
also affected the range of echoes seen in the image, but was
only effective over about a third of its range. This third
was subdivided into three regions (designated a, B, y) for

qualitative reference.

~

The system velocity was measured to be 1580 (% 10)
metres sec”'. The PRF of the 20 elements combined was 3000
Hz; the active transmitter frequency 4350 Hz with inactive

veriods used after each 20 excitations to generate characters

for the display.

(b) Measurements of Lateral Resolution

The emitted Pressure Profiles at various distances were
plotted using a small piezoelectric probe. These are shown
in Figure 3.18 and in the plane of the transducer array there
1s considerable divergence of the sound beaﬁ. This is not
unexpected since the elerments are only 4 mm (6 wévelengths)

wide.

The element size was determined by compromising between
the conflicting requirements of good lateral resolution, high
line density on the display, good penetration (défermined by
dispérsive attenuation in tissue) and overall size of the

transducer. For a length of transducer of 80 mms (maximum



Fig, 3,18 Emitted Pressure Profiles from Multiscan 2.25 MHz transducer at‘various digtances,
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size for good contact on chest) and 2.25 MHz frequency, 20
elements was chosen as the best compromise (Lancee, 1973).
Initial studies of simple phantoms showed that althoﬁgh the
elements were excited separately; so that the echoes from
one element's sbund emission were not recorded by any other
element in reception, it was possible for a reflector to be
displayed on more‘than one line. For example, a‘metal needle
in a water.bath, arranged perpendicular to the 1line of ele-
ments, was displayed on more than one line of the display.
For such a needle the display showed a series of short
streaks which tapered as shown in Figure 3.19; the longest
was in the centre of the group, which corresponded to the

element directly in front of the needle.

The signal processing of the Multiscan amplified the ﬁF
electrical pulse from the transducer in reception, which is
shown schematically in Figure 3.20. The pulse was then full
wave rectified and demodulated, and the length of envelope
above the detection threshold level defined the displayed
pulse length on the intensity modulated monitor. The dis-
played length therefore was related to the intensity of the
echo for'pulses that were singly peaked. Cylindrical or
spherical targefs presented a reflecting area to some of the
sound field from elements adjacent to that element in line
with the target. The echoes back to these elements however,
were derived from regions of the sound field of low intensity
and were therefore displayed as shorter streaks. TFor a
needle a line of echoes was produced as in Figure 3.19 and

the lateral intensity distribution of each element was



Pigure 3.19 Image of a cross section through a

2 mm diameter cylindrical steel needle in a water

bath at high amplification

anterior posterior
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Fig. 3.20 Signal processing of Multiscan, and signals at
various positions in the processing chain.
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Fig. 3.20 Signal processing of Multiscan
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inferred by inspecting the display. Consider the arrange-—
ment defined by the coordinate system of Figure 3.21. IT
all the elements are assumed identical then the echo inten-
sity displayed by an element nd éﬁay from the axial element
(where 4 = distance between element centre lines = 4 mm,
and n = 1,2,3,...) is the same as the echo intensity that
would be shown on the axial element's display line if the
needle were moved nd in the x~direction: the intensity
distribution on the display is directly related to the |
intensity distribution caused by any one element in the xy
plane. The length of gcho displayedlon the monitor was
taken as a measure of displayed intensity and Figure 3.22
shoﬁs the ciude represent=tion of Reflected pressure profile

obtained by plotting the Relative Displayed Intensity.

(= Length of echo on line n 4+ length of echo on central
element) against lateral distance (= element number, n).
This curve represents the effective RPP for the needle

measured in this way.

The lateral intensity distribution might, in circum-—
stances where the nature of the target reflector is known,
be used to give an accurate indication of target position:
thus, in Figure 3.719 the posiiion of the needle was known
from the position of the maximum echo in the line of echoes
displayed. In attempting to obtain a guantitative description
of the system's lateral resolution it was assumed that no such
‘resolution enhancement' could be derived from consideration
of the intensity distribution. For most situation this is

more realistic.
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Fig. 3.22 Estimation of the Received Pressure Profile from
needle reflector by measurement of the Displayed Pulse Length.

R.D.I. = length of echo on element N+n / length of

echo on element N.
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Consider one element of the transducer, of widfh h and
height d.

If the sound field from each element consisted at all
distances of a plane, uniform distribution of pressure of
area hd, then a point reflector anywhere inside the area hd
in front of an element would either show on 1 line, the
*correct line' (= line corresponding to the elemént at the
foot of the perpendicular from the point onto the array),
or not at all, depending on ifs reflectivity. This hypo-
thetical non-deviating sound beam would therefore show a
positional uncertainty equal to the area hd = the uncertainty'
" inherent in specifying the position of the point reflector in
the xy plane. This vositional uncertainty can never be im-
‘proved with the iultiscan, however we choose to ideélise the
beam and processing, if no amvlitude information is used,
unless there are regions of the medium from which we obtain
no information at all. 1f the beam is made nérrow to any
desired degree, a perfect reflector will still either be
\displayed on 1 line or not at all. A reflector such as a
needle moving in'the x-direction at constant z will not be
'lost!' at any point in the medium if it is always displayed

on a line, but the displayed movement will not be a smooth

movement, but a series of steps from line to line, separated
by periods of no apparent motion. For the sound field meas-
ured, the peak acoustic pressure varies by less than 1 4B
over the area hd at any distance for most of the field, so

in general there are no regions of the field in which con-
ditions exist such that a point will show in séme parts of

the area hd and not others.
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In order to be identified on the display, an echo has

to be greater than a minimum level, the IMinimum Display

Level, cf the system. The absolute value of this MDL, which
is an acoustic intensity, dependé4on the sensitivity of the
system -~ on transducer efficiency, amplifier gain, monitor
tube sensitivity and contrast, and on observer acuity. The
echo amplitude depends on the emitted powér, target reflecting
power, and medium properties. At a distance é from {the trans-
ducer, movement of a metal needle in a water bath (as showm
in Figure 3.21) along the line of elements {x axis) measures

a width, Ax, in which the intensity is such that the needle

is di5p1ayed a1l the time on a‘given element i.e. Ax defines
“the width of the single element beam which gives echoes above
the MDL, with a needle reflector at that particular setting

of ‘the receiver and at that distance. Ax varies with receiver
gain, since the absolute value of the MDL decreases with in-
creasing sensitivity of the receivep/di5p1ay.- Similarly; a
needle parallel to the x axis and perpendicular to y and z,
when mpved along the y’axis, gives a width Ay. Negdles are
especially useful for this system, as fhey separ;te out
variations in the x and y directions, yet provide a scatter—
ing body that reflects isotropically in the plane of interest.
AX and Ay'are both positional uncertainties -~ the reflector

is shown on a line and by looking at the display we cannot
specify the reflector position more accurately than the area
AX Ay, unless we use information from adjacent lines and
assume a known target geometry. Ax Ay is the lateral tarea

of uncertainty'. It is a function of the relative values of

several Multiscan parameters, expressed as the MDL, for a
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particular class of objects (generally only object reflect-
ivity needs to be specified if water is the medium since
transducer efficiency, the other important factor, is con-
stant for all objects). The ratio é%%& is a dimensionless
expression of the system's achieved performance compared
with the 'best' performance obtainable. Figure 3.23
illustrates the effect of changes in the amplifier gain upon
this parameter for different distances from the transducer.
The gain may be re—expressed; after allowing for variations
in the axial emitted pressures, és the dynamic range of
echoes disgléyed on the monitor so that the curve-(Figure
3.24) becomes a variation of positional uncertainty against .
echo strength relative to the MDL. Such curves are useful
for predicfing the effects of changing the reflector if the
reflector strength is approximately known. Figure 3.25 .
illustrates similaer effects cut plots the single dimension
uncertainties, %? and %F. Figure 3.26 illustrates the
importance of the monitor contrast control, which was not
adjusted for the measurements above. The contrast changes
the response of the display tube and appeg{iﬁto act in the
Same way as a nén—linear amplifier. It cguld therefore be
| important in optimising the'scanner performance but in

practice was always fixed at the same value.

Ax and Ay are variables that are functions themselves

of several parameters. They are the Effective Beam Widths

and as such they define the resolution of the system in these
conditions. Two equally reflecting targets at the same dis-
tance and separated by 1 EBW or less cannot be distinguished
on the display since their reflection images overlap. In

Figure 3.27, two needle images just overlap on the display
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Fig.3.23 Effect of receiver gain on positional uncertainty of needle.
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Fig. 3.25 Effect of gain of receiver on one dimensional

positional uncertainties.,
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Fig.3.26 Effect of monitor tube contrast on image.

z= 8 cms.
AxAy

hd 80 _
contrast
settings

60 i

40 -

20
—




~120=-

Figure 3.27 Multiscan images of two needles in a water bath

at the same distance from the element array (a) at high gain

(b) at reduced gain so that they are resolved.
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until the receiver gain is reduced and the EBW made narrower.

Figure 3.28 shows how this may be interpreted in terms
of the emitted sound beam. In (a) the regions of a single
element field definéd by the 5, 10 and 20 3B levels (measured
relative to the axis) are shown; the areas inside these
levels increase as the levels decrease. In (b) the fields
from several elements are shown overlapping, and the number
- overlapping at any point is a function of the level chosen

to define the field. The dB level that defines the effective

all system sensitivity and dynamic range, i.e. by the MDL for
that target. The total emitjed sound beam is *filtered' by
the receiver, the extent of the sample after filtering is the
effective beam area and the exact nature of the filter is .
determined by the receiver settings. The MDL determines the

limit of the effective sound field.

In Figure 3.29 the effect of echo dynamic range on lat-
eral resolution is summarised. When the echo from-a needle
is just visible at O dB dymamic range, it will no 16nger be
visible if moved laterally over any distance as the emitted
pressure falls off axis. If the echo strength is increased
by 10 dB, a refléctor may be moved 5 mm in eitisr direction
at 8 cms and still be visible, or 9 mm at 12 ems. Similarly,
the echo from a needle 8 cm in front of element N is just
visible when the displayed range is O dB (Figure 3.30), but
if this increases to 8 dB the needle is just visible at
elements (N-1) and(W+1) whilst if it is increased by 14 dB

it becomes visible on (N-2),(N+2), and so forth.
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Fig. 3.28 (a) Sound field from a single element.
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Fig. 3.28 (b) The sound fields from 5 elements at the 20dB
level overlap so that different regions of the field are

irradiated by different numbers of elements.,
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at the 5 or 10 dB level, but more at lower levels.
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Fig. 3.29 Effect of sensitivity on lateral resolution.
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The resolution generally varies with distance but the
dynamic range of echoes disPIayed may be varied to obtain
uniform lateral resolution throughout the medium. If uniform
lateral resolution is desired thén the MDL must be made to
vary with distance which could be accomplished by incorpor-

ating a suppression - time variation ( 'swept thresholdr').

(¢) Range Precision and Resolution

The range precision determine8 the accuracy of measure-
ments of distance along the transducer axis, either from
transducer to interface of bhetween tﬁo interfaces. Range
resolution determines the ability to separate interfaces

separated in range only. These working definitions suffice

for a description of Multiscan performance.

'An echo returning from an interface @ a radic frequency
signal, and the Multiscan displays an echo when its amplitude
is greater than the MDL. Even in the gated and pulsed modes
of processing the echoes, the MDL determines displayed pulse
length though the MDL is a function of other variables. In
Figure 3.31, T1 denotes the acoustic MDL at some setting and
the system displays a line equal to the echo length between
A and D: if the threshold is T, (>T1), the displayed pulse

length is only B to C.

When the measurement of interest is from transducer to
interface, then measurements from the display are made from
the time base origin tc¢ the front of the displayed echo, and
obviously this distance is a function of the relative size of
echo to MDL. If the signal is amplified, or if the threshold
is changed, the front of the displayed echo may shift ( from
A to B in Figure 3.31). The degree of shifting depends on
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Fig. 3.31. Effect of changing detection threshold
on range precision of Multiscan.

Fig.3.32. Effect of range precision on apparent

separation of two interfaces.
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A,AY are the apparent fonts of the echoes
B,B* are the pocsitions of the peaks.
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the pulse shape particularlf the tail decay (damping). If
the dimension of interest is the separation between two
interfaces, then there are several measurements that might
be made, as shown in Figure 3.32. The true dimension is
00', but OA and O'A* are shift errors that depend on the MDL:
OA and O'A' are range errors, but may be approximately equal
So that AA' = XA' - XA '

= (X0' + 0'A*) - (X0 + OA)
(x0* - X0) + (O'A' - 04)

Thus, AA* = 00' + a second order term.
BB', the distance between peak intensitieé, is a good rep-
resentation of 00' since the peak of the pulse will not move
along the pulse for most real situations; but B and B! are
not easily identified in an intensity modulated display.
CA' is clearly not a good indication of separation though it
is the dimension of the echo free region displayed. The
optimum estimate of 00' is given above for O'A' = 0OA = O
i.e. A and A' should be as near the front of the pulse as
possible, which requires a low threshold relative to the echo
size. The range precision of a pulse is therefore better if

it is highly amplified, or if the MDL is low.

The Displayed Pulse Length, DPL, may be used as a cri-
terion of range resolution: the DPL is the length of a pulse
at the level of the MDL. When two interfaces are separated
in range so that the echo from the second interface just over-
laps with the tail of the echo from the first, then the echoes
may appear as one continuous line on the display and the
interfaces cannot be said to be resolved. The criterion for

echo overlap is not simply a function of the relation between
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the peaks of the pulses and the amplitudes in the region of
overlap (i.e. not simply described by the peak - valley ratio
of A-scan displays): the displayed line will be continuous if
the sum of the two acoustic preséures remains above the MDL,
so that there is no discernible break in the line. Figure
3.33 shows how two needles may have axially continuous pulses
displayed so that the needles are not resblved, and how de-
creasing the gain resolves the needles. The MDL is incréased
and is now greater than the tail of the front echo, so range

resolution is enhanced.

The requirements for range precision are different to
those for range resolution, and the criterion used to des-
cribe range resolution does not allow for variations in
achieved resolution between different classes of objects or
for changes in the displayed dynamic range. The range pre-
cision requires a very low MDL to pick up the start of a
pulse, whilst range resolution requires a high MDL relative
to the echo peaks: the peak follower signal processing of
the NE4102 may be considered as a means of obtaining the
highest possible MDL for each pulse (see Appendix A) thereby
providing optimal range resolution at the expense of range

precision.
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Figure 3.33 Illustration of the effect of receiver gain on

the axial resolution of the Multiscan.
Two needles shown in the upper image cannot be resolved axially

until the gain is reduced (lower image)
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3.6 An assessment of distortions in Multiscan images.

The investigation of range precision, range resolution
and lateral resolution, and their variations with other para-
meters, is relevant to a study of image distortions that
occur with the Multiscan. ILateral resolution and lateral
ﬁositional uncertainty have been shown to be closely related,
they are measurable in the same units and ére—functibns of
. the same variables. Range precision and range resolution
are also related but in an inverse manner. Howéver, in a
typical scan, the range uncertainty of an interface must be
taken as the entire length of a displayed echo, since the
nature and positions of echo producing interfaces are not
generally known, and no decision can therefore be made as to
whether a line is produced by one or severél closely spéced
unresolved interfaces. Thus, there is slso a practically
important correspondence between range positional uncertainty

and range resolution.

Distortion occurs when an image does not record the
features of an object with their correct spatial relationships.
On simple objects, the nature of the distortion may be dis-
cernible and the correct image interpreted by eye: for more
typical scans, the distortion cannot generally be removed by
the observef's interpretation. For the Multiscan, the object
and image relationships are affected by the resolution of the
system since this determines the positional uncertainty and
error in the image: the ability to place an interface in its
correct position in the image is further diminished by the

lateral coordinate quantisation introduced by the discrete

line appearance of the image.
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Interpretation of the overall image depends on the
perception of the images produced by individual elements.
The way in which each single element irradiates the object
determines, for example,hovr a small interface is spread on
the display onto more than one line: the way in which the
lines superimpose in the image determines the observer's
interpretation and recognition of larger Structufes, and
may, for example, determine how a series of discrete points
become interpreted as a continuous structuré. 'Spatial dis-
tortion occurs when objects are shown on thz wrong line
(lateral error) or at the wrong range (range error). In the
examples that follow, the degree of distortion, which is a
qualitative concept but which determines the ability of the
Multiscan to make guantitative measurements, is shown to be
determined by the positional uncertainties discussed earlier,
and hence a function of the achieved resolution, the effective

beam width and displayed pulse length.

An apparent shape distortion occurs for an echo free
region whose boundaries are wrongly defined in the image
becauée of the intrusion of long echoes from anterior struc-
tures into the region: an example of this is shown in Figure
3.34 for a perspex cylinder in water. The echoes from the
front fill in the region even at moderate gain, changing the
horizontal dimension of the echo free region and hence its
cross sectional area. This error increases with increasing
DPL, and thus with gain, and was one of the sources of dis-
crepancy between Multiscan and angiographic cross sectional

areas of the human left verticle cited by Pridie (1973).
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In cardiac images of the type shown in Figure 3.35, the
error in estimating the left ventricular short axis may be
as much as 10%. Measurements from the fronts of the anterior
echoes would be satisfactory but the fronts are poorly defined
because the echoes are continuous with those from other anter-
ior structures such as pericardium. Poor range resolution |

therefore introduces a range uncertainty and error.

Image distortions also occur because beam divergence
affects range precision., The Multiscan necessarily contrains
all reflectors within the field of.a'single olement to be
displayed along fhe same lineiin the image. When the effect-
ive beam width is large, two.interfaces that are laterally
separated btut at the same range may be displayed as two
echoes that have the same latgral coordinate but which are-
separated in range. Such a distortion represents a rotation
by 90 degrees of the coordinate axes of small regions of the
object. If an interface is displaced from its correct position
in the image then the displacement may be described by the
change in lateral position, Ax, and the change in range, Az,
from object to iﬁage. The root mean square displacement of
the echoes, D, is a measure of the distortion. For the simple
case shown in Figure 3.36, which represents twr needles side
by eide,

D2 = (Ax)2 + (Ag)z

[

1

=12 + ((R? + 12)2 - R)?
2
If RDPL. then D =L (1 + 2=
8R<

The range error is here small compared to the lateral error.
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Figure 3.34 Multiscan image of a thin walled perspex cylinder

Figure 3,35 Multiscan image of a cross section through the
heart along the long axis of the Left Ventricle showing some
of the distortions discussed in Section 3.6
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The distortion is dependent on L, and is worst when

L = Laxs the maximum value of I, that still registers an echo
on the screen. For a needle, Lmax is %%, where Ax is the
effective beam width described earlier. The ability of the
Multiscan to display echoes from targets off axis, when the
targets are non-specularly scattering areas irradiated. by

the less intense regions of the sound field, varies with the
MDL of the system. The degree of distortion will depend upon
the echo strengths relative t§ the MDL, and may be reduced by
lowering the scanner's sensitivity. A particular consequence
of this distortion is apparent in the images of surfaces where
thé dispiayed curvature differs from the object curvature.

In cardiac images, in which the curved interface may be a
chamber wall or valve leaflet, this produces a distortion not
only of the shape and size of the heart but also of its

apparent motion, and this may be illustrated by analysing the

displayed image of a circular cross section.

Consider the cylinder shown in Figure 3.37 which has a
radius R and which is imaged by the Multiscan. Ideally the
Multiscan elemehfs would record only the positions of those
points which are the intersections of the circle with the
element axes. These points would still lie on a true circle
in the image. Some of the points however correspond to inter-
faces which do not have a favourable inclination towards the
transducer to give an echo above the MDL. Nonetheless, the
distance between such "ideal" image points and that element
which is nw from the central origin (where w = an element

Width and n = 1, 2, 3, oooo) Would be
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Fig. 3.36. A-simple misrepresentation of two needles.
"ideal image"
Ax = L

R

N

TN

displayed image

Az

Fig. 3.37. Distortion of a circular object.
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Echoes oroduced at A,B are displayed at A ,B

O denotes positions of echoes in "ideal" image
@ denotes positions of echoes in real display.
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1
2

d, =y, - (R2 -~ n2w2) (see Figure 3.37)

]
for the point on the anterior surface and

dy = Vo + (R2 - nzwz)% )
for the point on the posterior surface.

However, because the sound beam diverges, echoes are produced
from points on the‘cylinder which are nearer to the element
than the "true" points of the anterior surface, or farther
than those of the posterior surface. The most anterior image
points are produced by echoes originafing from the points on
the circle which are nearest to the element concerned, and

~ these points lie on the intersection of the circle with the
lines joining the drclecentre to the transducer. (Figure 3.37).
The echo producing interface is then normal to the sound

field, and the distances of echoes from the element will be

displayed as

|
d;

li
<
[}

+
]
=

!
=0

1 ]
and d2

It
<«
o]
4
o]
=
+
oo

The resultant image has an increased radius of curvature of
the front surface, and the back surface is parallel to the
front and is completely inverted relative to the object. The
displacements in range of the echoes from the "ideal"™ image
are measurements of the distortion.

' 2, 2,2% 2,2y%

: 2
D, = d% - 4y = (¥, -R -y, + (R = n%w

1 1
(y02 + n2w2 2 4+R - Yo — (R2 - n2w2 2

’ ]

If nw{R, then

22
n n-w
D1-——-2-—- (.R._.io)
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5.2
- Nw 1 1
Dy ==—(g+7,)

A "total" displacement error can therefore be measured for
each line. ’

nlw?
R

Tn=D1+D2=

Such a parameter is important when the Multiscan is used to
measure cross sectional dimensions. The fractional error in
estimating the range dimension of the cylindér is

_ True dimension — Image dimension

En _
True dimension

nw? =%
_1—(1—-—R-é—-)
i n2w? In

2R2 2R

The approximate fractional error is estimating the cross
sectional area is given as

2
Area Error =; E, = -g- %2 21: n?

where n is determined by the number of elements contributing
to thg distorted image, which depends upon the way in which
the sound field intensity falls off with angle. Thus N is
dependent on the sound pressure profile and the MDL. Table
3.5 summarises the calculated displacements of echoeé from a
3 cm radius cylinder and the estimated fractional errors in
Area for various values of N. The predicted image is shown
in Figure 3.38 with an actual image of a perspex cylinder at

high gain in which this distortion is very obvious.



Table 3.5

Errors calculated for the distorted Multiscan image of a circular cross section (Figure

3.38) assuming the display contains only those echoes produced by normal reflections.

Element no., n D, (cm) D, (em) lD1l+lD2|(cm) E_ . Area Error,}iEn
1 -.020 .034 .054 .009 ~.009 :
2 ~.078 .140 .218 . .038 | 047 Q
3 ~.180 .322 .502 .091 .138 '
4 ~.335 .589 .924 .182 .320
5 -.566 962 1.528 342 .662
6 -.917 1.483 2.400 : 667 1.329
7 ~1.539 2.307 3.846 1.783 - 3.112

These errors were calculated for a 3 cm radius cylinder whose anterior surface was 7 cm

from the element array.
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Fig., 3.38 Distortions of circles produced by a Multiscan.
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An example of the distortion calculated above is this
image of a perspex cylinder.
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This analysis has assumed that the echo from the points
of the circle that are nearest to the elements is above the
MDL of the scanner. Although the relevant sound field
intensities fall off as n increases, the cylinder always
forms a normally reflecting surface to the beam. When these
points do not give strong enough echoes, the distance of the
nearest registered interface depends upon the variation of
emitted sound across the field and upon the manner in which
the reflectivity of the cylinder wall changes with angle.
The image will still however show changed curvatures of the
circle.

An extreme case of distortion occurs if the sound fields
have distinct side lobes or secondary maxima. The echoes
are then produced at the points of intersection of the circle
with lines that form an angle & with the element axes where
6 is the same for all elements (see Figure 3.39). The point
P (x,¥) is imaged by the element whose centre C is the point
(d,0) as a reflector at P' (x'y') in the image. The image
coordinates are related to x and y.

Yy =y cos &

X = X' - y* sin &

The equation of’the circle is

X+ (y - y)? = r?
and the locus of points in the image is therefore

(x* = y' sin 9)2 + (y' cos & - yo)2 = R2
The coordinates (x', y') may be transformed into new coordin-

ates (X, Y), by rotation of the axes by % and by shifting the

origin by Yor This gives the locus as
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X P _ .
R2/( 1-sin 6) R2/( 1+sin 6)
(where x' = X;Y ’ y,=_(l{__;__‘.(_)_ )

This is the equation of an ellipse whose eccentricity e 1is

given from

e2 -2sin6 ( ¥2 ¢ for small &)
1+ sin ©

Thus, if artefactual echoes are produced by regions of the
sound fields that are at the same angle 6 to each of the
element axes, then a true ellipse is superimposed on the
image of the circle at 45° to the transducer. In general,

however, the image is not a true ellipse.

The exact nature of the distortion depends on
_ of the ”J&t: »
(a) the shape, whose curvature determines the lateral extent
of the area that can give favourable reflections towards an
element.
(b) the nature of the objéct surface, particularly the manner
in which the echo amplitude changes with angle.

(c) the divergence and lateral profile of the emitted beams.

(d) the MDL of the receiver.

Multiscan distortions are caused when echoss that are
produced from off the element axis are placed on the line of
the axis and at the wrong range. The important feature of
the scanner which determines the nature of the distortion is
the effective beam width. However, the Multiscan is simply
a speclal case of a B scanner that moves in a straight line,

and therefore any linear scan may produce similar distortions



-141-

Fig.3.39 Construction of an ellipse in the image of
a circle by side lobes.
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Fig. 3.40 Comparison of Emitted Pressure Profiles
from Multiscan with Siemens Vidoson.
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on circular objects when the EBW is large. In particular,

+he mechanically swept line scanner, the Siemens Vidoson,
produces similar distortions of curved surfaces. The Vidoson
produces an identical mode of scénning to the Multiscan,
except that it moves a single beam mechanically in a line,

and Figure 3.40 shows a comparison of the normalised beam
profiles of these devices, from which it can be aeduced that
the resolution and distortions of the Vidoson are significant-
1y worse than those of the Multiscan. The relatively small .
beamwidths of conventional scanners means that such distor-

tions are not usually apparent.

Conclusions

In the study of both the Diasonograph and the Multiscan,
the difficulty of defining and measuring resolution has been
demonstrated. In both systems, the intuitive concept of the
ability to separate two interfaces has been shown to be an
inadequate criterion. This ability is not an inherent prcp-
erty of the scanner but it depends on various settings of the
scanner controls, on the object and on the medium. It is
directly related to the Effective Beam Width for any class of
objects but the EBW is itself determined by the object and the

Minimum Display Level 2i the scanner.

The Multiscan studies have also illustrated the
relationship between positional uncertainty and resolution
and between distortions and beamwidth, and a proper specific~

ation of one of these may well suffice to describe the rest.



~144~

Chapter 4: The Resolution of Ultrasonic A-scanners

4.1 Introduction

The methods of measuring resolution described in the
last chapter were designea to enable routine comparisons and
checks to be carried out on equipments. The grid of wires
has found widespread acceptance as a method of assessing
resolufion particularly since 1its adoption by the American
Institute of Ultrasound in Medicine as a standard test object.
Measurements of the separation of interfaces, and of beam-
width and pulse length, continue to be used to specify
resolution even though i1t has been shown that they depend on
arbitrary criteria or subjective decisions. The principal

. objections against such methods are summarised below.

It was demonstrated in Chapter 3 that pulse length and
beamwidth may be measured in various ways. The relative
capabilities of two scanners may vary considerably with the
particular method adopted, so that assessments of resolution
that are based upon single measurements of beamwidth or pulse
length cannot completely describe resolution. Measurements
of resolution which involve phantoms such as the wire grid
measure a performance characteristic that depends on several
variables iﬁ the total system, including the object and mediunm.
The phantom and the conditions for its use must be specified
exactly. In particular, the size and material of the wires
of such a phantom must be specified since these determine the
strengths of the echoes returned from the wires; the echo

strengths should show a known relationship to those system
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variables which have been demonstrated to affect the reso-
lution i.e. to transmitted power, receiver sensitivity and
threshold detection level. Thus, the use of the wire phan-
tom for measuring resolution reduires a specification of
tstandard operating conditions' which may not always be
objectively quantified (particularly detection threshold
levels which involve the observer's percéption Sf the display).
The choice of these standard conditions may be made to
simulate realistic (i.e. tissue-like) echoes, but the number
of combinations of possible conditions is very large and no
orie is more relevant than any other. Having obtained a
measure of resolution under specified conditions, it is not
then possible to predict the performance under changed con-
ditions, whether the change is due to alterations in system
settings or in the type of object to be imaged. This under—
lines the inability of single, or indeed several, phantom
measurements to indicate the scanner performance for an
arbitrary object. It is not possible tc predict quantitative-
ly the influence of changes in the overall system, nor is it
possible to re-compose the information obtained from phantom
measurements to describe quantitatively the images of other
objects. This is a severe limitation when the object of
interest bears no apparent similarity to the phantom grid;
tissue interfaces do not look like wires in a test grid and
no theoretical connection has been attempted between analytic

phantoms and realistic objects.
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A satisfactory method of assessing resolution must aim
to overcome these objections. It is obviously desirable %o
measure some property of the scanner which can be objectively
determined, independent of measuring method and materials and
of the settings of the equipment. Such a property must en-
able the influences of changes of the conditions of the
scanner and of the class of object to be quantitatively pre-
dicted, and the most general property would enable the image
of any object to be preaicted. This ability to predict
images (or outputs) from objects (inputs) reaquires a know-
ledge of the transfer function which describes the imaging
ability of the scanner. The property of interest in coﬁparing
scanners may be called the INTRINSIC RESOLUTION: the ACHIEVED
RESOLUTION is then the resolving ability cf the scanner unaer
specified conditions, which may be better or worse than the
intrinsic resolution, but which is predictable from it.
Achieved resolution is related %o the separability of inter-
faces determined by phantom measurements but it is only mean-
ingful if all the relevant parameters of the system and the

object are specified.

Thus, to adequately evaluate an ultrasound system, it is
necessary to determine the inrtrinsic resolution of the system,
and this chapter describes how such a property may be measured
and used with an A-scanner. The reward for obtaining such a
description will be a proper description of the ultimate
limitations of a scanner, a prediction of the effect of design
changes (and hence an insight into system design and improve-

ment) and a measure of the influence of various compartments

of the overall system.
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4.2 TFormulation of the Problem

The value of any criterion of resolution is dependent on
the relevance of that criterion to the formatiqn of real
images. It is therefore essential to begin with a proper
description of the image forming process and derive parameters
such as resolution from this basic description so that they

relate directly to the fundamental process.

Several interpretations 6f the meaning of resolution are’
possible and some of these have already been illustrated. It
is intuitively undérstood that resolution describés the
ability of a system to separate interfaces. However, reso-
lution phantoms which give a single measurement of separation
under fixed conditions oniy recognise the states 'separated!
and 'unseparated'. They require a binary decision and give
no measure of the degree of separation of surfaces, which is
essentially determined by the contrast in the image between
echoes from adjacent interfaces and which is related to the
system's ability to image fine detail in an object (since
fine detail will only be recorded when the system is able to
discriminate the small signal fluctuations produced by struc-
tural details of interest). A third interpretation of reso-
lution has been derived in Chapter 3 when considering the
Multiscan, where the resolution and positional uncertainty in
the display were shown to be related. This interpretation may
be extended to the concept of resolution as the area which a
point in the object appears to occupy (or which it can be made
to occupy) in the image. An example of this is the way in

which a needle is 'spread' by the Multiscan onto several lines.
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These areas of resolution, the smoothing of detail, and the
separation of discrete interfaces are each but single aspects
of the overall imaging process, they all comply with our
intuitive ideas of resolution, but none can be satisfactorily

used by itself as a description of imaging performance.

In defining resolution in terms of sbme int;insic ability
of the scammer to form an image, it would be convenient if
criteria could be derived which would enable scanner perform-'
ance to be measured from the quality of images. Image quality
encompasses a multitude of factors, it is difficult to quant-
ify because quality in its most general sense relies heavily
on subjective observer assessments of visual impressions.

It may however be objectively desecribed in terms of the
deviations of the real image from an ideal-image, where the

ideal image can be defined for any object.

The formation of an image is an imperfect process in
which the scanning system produces a representation of the
object which is related to the object but which differs from
it. Although in some instances these object-image differences
enhance the subjective impression of an image, they cannot in
general be considered desirable. An ideal scanner may there-
fore be defined as a scanner which, in the absence of specific
knowledge as to what particular features of an object are
useful diagnostically, reproduces the features of an object
exactly. This definition of ideal disregards any subjective
influences on the interpretation of images, and is the basis
for all criteria of system performance derived below. The

ideal image (as determined by the ideal system defined here)
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may not be the most diagnostically useful image but such
considerations need not enter a quantitative analysis of
resolution, and are not therefore mentioned below. It will
always be assumed thatthe ideal image is a faithful repro-
duction of the object. It is then a simple extension of

this definition to describe imaging performance criteria in
terms of the fidelity of the image compared to the object:
poor performance will reveal no correspondence between object
and image, ideal performaﬁce ﬁill reveal an identical corres—
pondence, and in between these extremes will be az degree of
correspondence which can be used as a {igure of merit of the

system.

It has not been necessary so far to consider the behaviour
of an ultrasonic scanner in any but the most general terms;
and what has been said has been quite generally applicable to
all imaging processes; The definitions of ideal image and
fidelity of reproduction require no detailed consideration of
the imaging process. It is necessary however, before proceed-
ing further, to establish more exactly the nature of the
imaging problem and this requires a description of the object

in an ultrasonic system.
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4.3 Description of the Object

The acoustic properties of human tissue show wide
variations., It was mentioned in Chapter 1 that the simplest
description of echo formation (based on solving the one
'dimensional wave equation for plane monochromatic waves in a
homogeneous medium) relates the reflected wave to a change
in the acoustic impedance of the medium. Echo formation in
tissues is complicated by the nature of the medium and by
the use of acoustic fields generated by short pulses, and this
simple model is ndt adequate to descrive the general situation.
Tissues are a complex, three dimensional arrangement of im-
pedances; the impedance of any region may show small fluct-
uations over small distances and will change drastically at
a tissue boundary. The boundaries of tissues do not form
smooth, planar surfaces but instead show complex geometries.
Séveral classes of scattering behaviour may be identified
depending upon the nature of the surfaces and on the ratio

of scattering body size to wavelength.

The echo pattern from a region of tissue may be predicted
exactly if the diffraction integral for all the scattering
surfaces in the sound field may be solved. The calculation
of the secondary, reflected fields is difficult except for
simple cases, such as those considered in Chapter 6. For
the purpose of image analysis, the tissue may be depicted as
a distribution of acoustic impedances: echoes are produced by
changes in the acoustic properties of the medium and the
effective object (i.e. that which is the input for the ultra-

sonic imaging system) is related to the spatial derivative of
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the.impedanée field; which is a vector field. This field

may be considered és a distribution of echo generators, fhe
precise properties of which vary with the orientation and the
nature of the incident sound fieid (in a more formal des-
cription these both modify the diffraction integral). This
concept is extended later by the introductidn'of a mechanism

of scattering that quantifies the distribution of echo gener-
ators. The echo genérators of the derivative field are the
object elements from which the ideal image must be constructeé.'
Even without a quantitative analysis of the distribution of

echo generators, the imaging problem may be clarified.

When any regién of tissue 1is irradiated, the returned
sound consists of the superposition of the echoes from a
multitude of scattering centres. By analysing the echo shépe,
any object may be decomposed into an equivalent set of point
scatterers which would produce the same echo. In general, an
exact reproduction of the echo may require an infinite number
of such point scatterers, but a close approximation may be
obtained by considering a finite number of points, and the
adequaéy of this number will be partly determined by the
presence of other system imperfections. A mechanism of
scattering is described later which occurs with the sound
fields considered here which reduces the equivalent set so
that it contains very few points, and this forms the basis of
using the point scatterer as the echo generating object element.
The distribution of echo generators then becomes the arrange-
ment of the point scatterers of the equivalent set, which
depends upon the shapes of the object's boundaries. Where

multiple reflections, or secondary fields due to surface wave
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energy being radiated at delayed intervals, occur, these dis-
turb the correspondence between the equivalent set of points
and the object shape but otherwise the shape fully determines
the set distribution. The limitations of this approach may
already be deduced for a distributed target (such as a tissue
interior) whose scattering behaviour may change with aspect.
Scattering centres may disappear and new ones be?ome effect-
ive, patterns of multiple reflections and surface waves may
change, so that the same target at different aspects has not '
the same equivalent set. This limitation is further described

later.

An ultrasonic scanner displays the variation with
position and time of the received signals produced by re-~
flections at these echo generators (changes in the acoustié
properties of the medium along the path of the sound beam).
The displayed signal at any time is therefore a superposition
of contributions from all the echo generajors on the surface
all points of which are at constant ultrasound travel time
firom the transducer. The shape of this surface depends on
the coﬁposition of the propagation medium as well as on the
precise spatial and temporal distribution of emitted sound.

An A-scan 1s used to distinguish between such isochronal

surfaces, and the ability to make such a distinetion is
related to the axial (range) resolution. More complex scan-
ning techniques are needed to observe the structure on any
isochronal surface: the ability to image detail on an iso-~

chronal surface is described by the lateral resolution.
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For plane transducers coupled to homogeneous media, the
regions of the isochronal surface involved in echo formation
approximate closely to planes parallel to the transducer face.
The validity of this is considered later but it provides now
a simplified model for image analysis. Under these con-
ditions, a C—-scan is a map of the echo generatorg on one
isochronal plane ( 'constant depth scanniﬁg') whilst linear,
sector and compound B-scans provide various techniques for

imaging different sections through many isochronal surfaces. .

The use of the distriobution of écho éenerators, or
derivative field, to describe the object is particularly
valid when considering a scanner mapping a surface and such
an object is useful for quantifying that geometrical inform—
ation which is dependent upon the scanner's resolving ability.
However, the mechanism of echo formation involved in surface
mapping assumes a macroscopic variation of impedance and
therefore does not relate {o the small-scale tissue changes
which give rise to backscattered small signals and which are
depicted by the grey-scaling techniques developed by Kossoff.
This discussion is therefore restricted to a consideration of
the fidelity with which a scanner maps a surface, but the
analysis of tissue interiors is shown to be a related problem

in Chapter 7.

The analysis of images produced by pulse-echo systems
which is described below relies upon a proper identificaﬁion
of the nature of individual echo generators, particularly for
describing the imaging process of a B-scanner. However, the
A-scan behaviour can be described now by recourse only to

conventional theory.
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4.4 Description of the A-scan as a Linear Filter

The formation of an A-scan image may be considered as
an imperfect operation which produces a representation of an
object on the display; an ideal scanner would produce an
ideal image, so the real image is analogous to the output of
a system which has as its input the ideal image. Physically,
this input 'signal*' cannot be monitored in a real sense, as
might the real inputs to any component in the A-scanner.
However, the concept of the ideal image may be introduced as
the effective input signal fo the A-scanner which then

operates upon the input to produce the output (image).

Since the A-scan image is required tb represent iso-
chronal planes, the simplest object to be }ooked at is a
single isochronal plane, which can be well approximated by
an infinite, plane reflector normal tc the sound beam in a
non-~absorbing medium. The impedance profile is a step-func-
tion along the distance (x) axis and is shown in Figure 4.1.
The 'ideal' image for either of the step~functions shown
would be an impulse of amplitude

IZZ“Z1|

Zo 4 29
dZ

the uwodulus of the derivative of Z with respect to x,

If u(x - xo) denotes a unit step function at X,, then
the ideal image would be 8(:& - xo): in practice, the system
produces not an infinitely narrow spike on the display but
some finite width function, g(x), (see Figure 4.1). It is the
width of this function, essentially a measurement of total

system bandwidth which limits the axial resolution.
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Figure 4.1 A representation of the A scan
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The formation of the real image is suggestive of a
filtering process, and before proceeding further the prin-

cipal results of the relevant linear analysis are summarised.

A linear filter associates a response, g(t), with a
signal f(t). The correspondence satisfies two properties:

(i) it is linear
i.e. if f1(t) —— g1(t) and fz(t) —-—%>g2(t)
then af1(t) + bfz(t)---9 ag1(t) + bgz(t)

(ii) it is shift-invariant (it commutes with translations)
then f(t-to) —_— g(t—to)
These two conditions lead to the requirement that a harmonic

input gives a harmonic output at the same frequency.

Thus, if () = eTWo¥ 5 (%)

then linearity requires elWoto glWob —— eiwotog(t)
Shift-invariance requires eiwo(t+t°) -— g t+t,)
and so g(t+t,) = el¥obog( 4)

This can only be satisfied if g(+) is proportional to eiwot.

Thus a signal which is harmonic generates a response which is
modified only in amplitude and phase, but not in frequency.
Any input may be considered as a superposition of elementary

sinusolids by a Fourier Transiorm.

Thus, f(t) = J‘F ..')e1Wt = +the signal
glt) = \[pG(w)eth = the response
—p0
where G(w) = F(w).H(w) (1)
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H(w) is a characteristic operator of the system. The inverse

transform of (1) gives a convolution integral: if the inverse

transform of H(w) is h(t),

4
'

glt) = Jf(‘b') h(t-t') at"' (2)
-0 ) )
(denoted as g(t) = £(t) *h(t))

When f{t) is a unit impulse applied at t = 0, then f(t) = S(t)

and the output g(t) is

—
S

alt) = | S(t=t")n(t*) at' = h(t)
..go.
Thus, the response for a 8- function input is equal to the
characteristic operator h(t), which is the transfer function

of {4re filter..

It is apparent therefore that if an ultrasonic A-scanner
may be considered as a linear, shift invariant filter then
the ideal image, f(t), convolutes with the transfer function,
h(t), of the system to produce a display, g(t), and that for
an object which is a unit impedance step, the display is
equal to the transfer function h(t). The A-scan records
times of echo arrival, sc that t is really a time. The
Fourier Transform introduces a change of domain which physic~
ally corresponds to the temporal frequency spectrum of the
signal, but this corresponds in the object to spatial fre-
quencies along the axis. Let k = % denote spatial frequencies
where w = temporal frequency of the A-scan signal and ¢ =

velocity of sound.



~158-

H(k), the appropriately normalised Fourier Transform
of h(ct), measures the response of the syétem to various
spatial frequencies k and therefore describes the ability

of the system to image different spatial frequencies in the

object.
[ -]
h( x) eikxdx
H(k) = —=
h(x) dx
-0

which is in general complex.
Let -
[H(x)] = (H(k) H*(k))% = the Impulse Response Function.
H(k) may be determined by calculating the Fourier Transform
of the A-scan display from a step impedance object. In
general, IH(k)l will decrease as k increases, and it is the
manner in which ,H(k)[ decreases which limits the imaging

ability of the system.

Spatial frequency analyses‘of spatial arrays have proved
to be valuable in other imaging fields, including medical
scintigraphic and radiological imaging. The spatial frequency
bandpass is a limiting factor on performance, and the necessary
conditions for its messurement are described below. However,
the utility of the analysis relies upon the conditions of
linearity and stationarity invoked in the use of the convol-

ution integral and these must first be established.
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4.5 Discussion of Linearity and Stationarity

Linearity regquires that changes in the amplitude of an
impedance step be accompanied by corresponding changes in the
amplitude of the A-scan display. For many systems, the
linearity condition is easily fulfilled over a wide range of
operating conditions. The piezoelectric characteristics of
transducers are linear for the small mechanical deformations
involved at these acoustic infensities, and properly matched:-
systems will reliably relate voltages to pressure, whilst the
behaviour of the ampiitude transfer characteristies of the
radio frequency amplifiers encountered in commercial systems
is well described by a linear region with a well defined
saturation level: the response curve for the NE4102 is
depicted in Figure 3.9 . The measurement 6f the intrinsic
tranzfer function should be made in the vregion where linearity
holds. Where non-linear effects are important, such as in
receivers which employ compression amplifiers, then the
analysis may still be made valid by suitably amending the
input or output variables. The general procedure may be
described in terms of a succession of operations corresponding
to a compartmental model of the imaging system, in which the
input or output variablzs to the intrinsic transfer function
are modified to enable linear filter theory to be applied.
For example, the non-linearity introduced by a logarithmic
amplification stage is removed when the output variable is
considered as the antilogarithm of the A-scan display.
Correction for known amplitude-transfer non-linearities. may

be made to produce a truly linear system in which the intrinsic
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resolution is rigorously defined. Even when linearity does
not hold, useful information is still obtainable from a linear
analysis, and even systems which are non-linear by design
(such as logarithmic systems) ma& be considered linear over

a limited range of amplitudes. Most commercial systems at
present fulfil the linearity condition ( for which it is
sufficient that input signals of frequenc& k generate only
outputs of fregquency k) so that only the harmonices introduced
by saturation effects need be considered important. If h(x) |
is to be shift-invariant then it must be measured as the
reflection from a plane in a nbn—attenuating, non-dispersive
medium with no swept gain applied. Shift invariance can be
checked by observing the shape of the displayed echo from a
plane reflector at different distances, and. has been estab-
lished for the Diasonograph's A-~scan. The shapes of pulses
reflected from a nyloﬁ plane in degassed, distilled water
showed little discernible variation with distance. Theoret-~
ically, the pulse shape should vary slightly with distance,
and whilst a detailed description of the structure of a pulsed
acoustic field is not offered until Chapter 5, a simple des-
cription of the pulse arriving at points along the transducer

axis is relevant here,

Figure 4.2 shows a plane transducer of radius R, and P
is a point on the transducer axis at Z from the transducer
face. If the transducer is step excited at time t = O then
the first disturbance to reach P arrives at time %

1

From t1 on the acoustic disturbance at P is due 0o an annular
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region of the transducer whose radius increases until a time

t,, after which the initial disturbance will have completely

passed P.

1
2

During the interval (t2 - t1), transient conditions prevail
at P and this is the time interval which determines the way

in which the emitted pulse varies with distance.

2 ' 2 2
o .
ty = %, s (since usually R“ {z°)

If R = n\, Z = NA then the transient interval is equivalent
2 .

to gﬁA which is of the order of A or less. Changes in (t2 - ti)

are therefore of little importance if the pulse emitted

contains several wavelengths.

This description indicates that the pulse length on the
axis depends on the distance, but the pulse length differences
involved are small over most of the region of interest, and
the bandwidth of real pulse systems will reduce the signifi-
cance of such differences further. Thus, this theoretical
non-stationarity can be ignored in nearly all cases. However,
near regions of strong focus there may be observable changes
in the reflected echo shape, although this depends on the
receiver bandwidth. We are usually interested in describing
the image from interfaces which are close together, and the
linear filter analysis requires only that shift invariance
exists over the narrow region of separation. The echo shape
or amplitude may change slowly along the axis without invalid-
ating the linear approach. The amplitude variation is indeed

a slowly varying function for pulsed transducers (except in
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some cases near foci and Fresnel zone nodes). The analysis
could be made exact by considering the ideal image (and
therefore the input variable) to be

§(x -5y = Hx=X
where p(xo) = an area averaged pressure at distance Xge+ This
makes h(x) truly shift invariant. The fﬁnction p(xo) can be
considered as a multiplying factor in the spatial domain so
its Fourier spectrum convolutes with the intrinsic transfer
function in the frequency domain. However, the descfiption
of intrihsic resolution below relies only on the shape of the
pulse showing no observable changes o#er the regions of
interest in A-scanning. Should transducers be used which
show significant changes in echo shape at different distanées,
thes the analysis must be performed separately for those
regions in which the pulse shape is reasonably constant: such
a variation would highlight not so much a deficiency in the
linear analysis, but more a genuine dependence of axial

resolution upon axial distance.

Having established that the conditions for the applic-
ability of the linear filter analysis exist, a simple meas-
uremcnt procedure may re outlined. A plane reflector,
perpendicular to the sound beam, is positioned in degassed
water (in which attenuation is negligible) and the gain of
the receiver or the output power is adjusted to give a large

echo which does not saturate the amplifier. For most systems

this is sufficient to completely describe the A-scan resolution

provided the threshold is at a minimum (i.e. minimal small
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signal suppressions) and there is no swept gain. Corrections
may be made for amplitude transfer non-linearities which can
be measured as described in Chapter 3. The A-scan displays
h(x) (which for these conditions is denoted hO(x), the
Intrinsic Transfer Function). Fourier transformation of this
gives H (k), the Intrinsic Impulse Response Function. Ho(k)
describes the imaging ability under idealised coﬁditions.

In normal use, the conditions are changed so that in real
situations of interest the imaging ability is not adequately .
described by HO(k). The resolution is then determined both

by the intrinsic properties of the A-scan defined here and

by extérnal perturbations which may incliude influences of the
nature of the medium, alterations in the system settings and
design modifications. Each of these conditions may be des-
cribed by its own transfer characteristic so that the overall
effective transfer function for a given situation is then
described in terms of a cascade of mathematical operators
which includes the intrinsic properties. The §-function ideal
image is a convenient mathematical device to use as the input
to predict overall effective A-scan resolution in real con-
ditions. The usefulness of this kind of analysis is that it
enables exact predictions to be made of changes in the resolv-
ing ability of the scanner in a variety of situations. Often,
however, pafticularly when considering changes in the design
of equipment, it is convenient to use reasonable approximations
to ho(x) which are easy to use analytically in order to obtain
an understanding of the importance of any modification, and

several examples of this type of analysis are given below.
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4.6 Single Index of Resolution

The function H(k) describes the imaging ability for
all spatial frequencies and in general it is desirable to
know H(k) at all values of k up to the frequencies where it
vanishes. Conventional resolution measurements are equiva-
lent to knowing the value of H(k) at a particular k. For
example, the value of k such that two pulses are only just
separable on the A-scan indicates |H(k)| ~0. Single measure- .
ments of this type are unsatisfactory, but it would be con-
venient for guantitative comparisons to use a»single numerical
index of imaging ability. Caution is necessary in the use of
such indices since the shape of H(k) may vary from system to
system. However, most physically realisable systems possess
an IRF which falls away quite smoothly with increasing k, and
whose support is bounded so that beyond a frequency kmax’
|H(k)] = O. For such systems a single index may be carefully
chosen and used reasonably safely. Obviously an expression
of the average ability of the system over all k(kmax involves
a measurement of_the width of H(k), and there are several

measurements of width that may be used.

A straightforward measurement of width would be the Full
Width at Half Maximum ( FWHM), defined by
FWHM = 2k1, where H(k )I =
[E(o) |
This width gives no description of the distribution of H(k)

M

over the range of spatial frequencies.
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A width which has been found useful for calculations of
resolution is the variance or dispersion of |H(k)|2. Other
moments of [H(k)|] may be taken and the ultimate choice is
arbitrary, but this second moment has significant advantages.

The resolution R is defined from

Since lH(k)|2 represents the energy spectral density, then R
is the r.m.s. bandwidth, and good resclution coerresponds to
largé R. This width weights high spatial frequencies and
therefore attaches significance to the 'tails' of Impulse
Response Functions which approach zero slowly. This may lead
to anomalous results for an H(k) which falls sharply for .
small k and is asymptotic to the k axis for high freqguencies,
but such systems are not of real importance and such behaviour
would in any case be detectable by inspection. R2 as defined
above has an important physical interpretation which can be
derived from the Bandwidth Principle (or Uncertainty Principle).
This states (Champeney 1973) that for a function f(x) whose

Fourier Transform is F(k), then

x° 5(x)]? ax k% |F(x)]? ax 1
J-oo ' _e0 > -
e * ) /

l£(x)]? ax j]F(k)lz dk 4
Zo0 -0

This result is considered further in discussing Range Accuracy.
The system will smear out detalls separated by distances of
the order of % consistent with the Bandwidth Principle inequal-

ity. A further significant advantage of this definition of R
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is that it can be measured in astraightforward manner from
the A-~-scan without recourse to a Fourier Transform, if h( x)

obeys certain conditions,

Since _ o0 ,{
n(x) = jH(k)e—lkx dk
then =

ni(x) = igix—"l = —ij kH( k) e"TKX i
)

n*0(x) = +i | ke(k)etHE gx
-

(where * denotec the complex conjugate)

fh'(x) h**(x) dx = ﬂf kk1H(k)H*(k1)e-ix(k—k1) dkdk,dx

Since h(x) is real, then
-]

J (ht(x))? ax = | K2H(k)H*(k) dk

However, by Parseval's Theorem (Champeney 1973)

j]H(k)|2 ak = f'h(x),2 ax
0 . To0

[~

fk2,H(k)}2 dk j(h‘(x))z dx
(WIH(k),2v‘.k | f(h(;c))g ax

R may be found by measuring only h(x) and its derivative.

Thus,

However, this equation is only valid if h(x) is zero and
h'(x) is continuous at x = 0. For any realistic h(x) this
is not an important limitation but it restriets the number of

functions that may be chosen as approximations to h(x).
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An estimation of R2 may be obtained if the A scan pulse
shape is sampled at constant intervals, Ax , so that h(x)
is represented as a series of discrete steps, hi . Various
numerical approximations to the derivative may then be used,

the simplest of which produces

2
2 _ =i (B - by )"
R - (Ax)2 n
Z.  n?2
i=1 i
where %i+1 = ho = O; which is adequate if Ax is small enough.

A discrete Fourier Transform may be used to calculate
H(k) completely if h(x) is sampled at a frequency which is
twice that of the maximum k of interest. If N such values

of h; are available then a reasonable approximation to H(k)

can be obtained using

1
H(x) = (4.2+B7°) *
where N
. < 2nik
Ay = p_ hy cos ( - )
i=1
N
. 2nik
Bk .= zhl s:.n( - )
i=1

Discrete transforms may contain some error introduced by the
finite size of the sample interval and by truncation of the
transform but they are especially useful where computing
facilities are readily available. Fast Fourier Transform
programmes are commonly available (e.g. HARM in IBM's catalogue)

but are not essential if computing time is not critical and

the numbers of data points small,
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4.7 ‘Approximations for Real Transfer Functions

Before attempting to utilise the Impulse Response Func-
tion to describe the resolution under non ideal donditions,
some experimentally measured transfer functions are considered
here in order to be able to use realistic analytical approx-
imations later. 1In Figure 4.3 are shown the echoes from plane
sheets for three transducers ( from thé NE4102 Diasonograph).
Since the emitted sound pulse from a transducer is the damped.
transient response of an elastic mechanical vibrator, it is
reasonable to attempt to approximate the emitted pulse by a

damped exponential. -
If n(x) = e **  for x»0
=0 for x<0

1
a2+k2

| then H(k) and ’H(k)lg =

The discontinuity at the origin prevents the calculation of
i

R but the HWHM is 3%a. Figure 4.4 shows a plot of log h(x)

against x for pulses measured from the Diasonograph: the

approximation is reasonable except for small x.

A more realistic approximation is obtained by considering
the transducer action in transmission and reception. If the
impulse response in both directions is an exponentially
damped ringing then the resultant signal at the receiver from

a plane reflector will be a convolution of two exponentials,

Let the impulse response of the transducer in transmission
= ae ™ (x> 0)
and the impulse response in reception

= be-Bx.
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Figure 4.3 A scan representations of echoes from a plane
reflector in a water bath obtained with the NE4102 and three
transducers of frequency 1.5, 2.5, 5.0 IiHz .

1. 5 NiHz
x 10 scale

2.5 Wiz
x 20 scale

Sie Q) Bz
x 20 scale




100 -

10

- h( x)

© Pigure 4.4 log h(x) (measured from A scans) against x for
three different transducers.

5.0 MHz

-0L1~

X mm.
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The overall impulse response will be

n(x) = ae”%* x pe FX for x>>0
X
= abe BX e( B-c”)“"du
o
. B(x) = ap = @D

(B - a)
Ifa=8, then B = a ===3 0

. -ax _ ,=Bx)
h(x) = 51050 = %S 5w

«*. h(x) = ab. - é (e™ %) = abxe™ ¥

Thus, an approximation of the Torm h(x) = Axe"ax is suggested
by considering the physics of transducer action, and an ex-
ample of such a function is shown in Figure 4.5. Figures

4.6 and 4.7 show a comparison of experimental data ( from
measurements of the 4102 A-scan) with approximations of this
form. The function log 2§5l is plotted against x and the
fit is obviously good except near the peak of h(x). Damping
constants (a) can be measured from such curves, and values
measured in this way were used tc calculate the functions that
are compared in Figure 4.7 to the measured transfer functions
after normalising for equal areas. All values of x are ex—
pressed in terms of millimetres of tissue: little error is

involved in assuming a sound velocity of 1500 m/sec, so that

the units might equally be expressed in units of T, where

? = 2/3pusec.



Figure 4.5 Fxamples of the function xe—ax for different values of a. This function

closely resembles many A scan responses found in practice.

1.0~
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n(x)

Figure 4.6 log bﬁgﬁl),measured from the A scan displays of Figure

4.3,against x.

~-gL1—
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h( x) !

N

—h(x) measured

~ -~ =h(x) calculated using

\ xe”* with a = 1.1

Figure 4.7 A comparison of exverimental h(x) with a simvle
analytical avorovimation, normalised for eaual areas.

Table 4.1

Values of a for three transducers , measured in three ways.
1.5 MHz ~ 2.5 MHz 5.0 MHz

(a) from slope of plot 1
of log(h) against x. T.13 (1.93 3.12
(b) by measuring from 1.11 1.67 2.83
origin to peak
(e¢) by measuring FVHII 1.0 2.2 2.8

of calculated H(k).
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The properties of this approximation are as follows.

If h(x) = xe ¥ for x» 0
=0 for x{ 0
1 1
then H(k) = — and |m(x)| = 1
(ik -a)? 2 4a2

The FWHM is 2a.

The resolution defined above 1is
o0
J( (1 -ax)2 g~ 2aX dx
[»)
2

’ X e—2ax dx

o}

= a2, so that R = a

R? =

The resolution is determined by a, but other definitions of
width of [H(k)|] may be more complicated furctions of a. |
Purtuermore, for systems which show a good fit to xe~%* for
small x, since

an(x) _ (1 - ax)e &

dx

X

then the distance from x = O to the maximum value of h(x) is
simply %.

Therefore R may be obtained eifther from the slope of log (2%51)
vs x or from the distaice from the start of the pulse to its
maximum. Table 4.1 shows some results of these measurements
for the pulses shown previously. Included are the results of
computer calculations using the algorithm given in Section 4.6:
IH(k)] computed 1s shown in Figure 4.8 compared to

1
k2 + a2
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H( k)

| | ]
1 2 3 4 5 -

Figure 4.8 2 comparison of exverimentally determined
resnonses with a2 simnle avoroximatign.

The curves revresent the function a‘(ﬁz + kz)"'1 calculated
with the values of a measured from Figure 4.6. The symbols

are values of the frequency resvonse calculated by Fourier
transformation of the A scan pulses of Figure 4.3
0= 1.5 MHz X= 2.5MHz += 5.0 MHz.
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a is determined by the transducer frequency and damping, and
essentially measures a pulse length but this pulse length is
defined in terms of the overall spatial frequency response
and includes an assessment of thé imaging ability for all

possible separations of interfaces.

The particular approximation chosen here proved valuable
in calculating the effects of changes in the conditions of
operating the scanner and gives a realistic expression of the
intrinsic transfer function of systems whose principal limit-
atién is transducer bandwidth. The "chie?ed resoluvion under

real conditions can be estimated using this approximation.
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4.8 Estimates of Achieved Resolution

The intrinsic transfer properties of the system are
denoted by subscript O. Fourier Transform pairs are de--
noted by small and capital letters,

e.g. f(x) Fr (F(k)) will denote effective inputs.

FCI.‘—1 (G(k)) will denote outputs or images.

g( x)

(a) Effect of attenuation or gain

Simple changes in the amplitudes of echoes should not
affect resolution but by analysing such changes some of the
concepts used later may be introduced. For a plane reflector
normal to the axis at X4 from the transducer, the effective

input is f1(x).
fi(x) = S(X_ - x4)
so that P,(k) = e1kx1

and 6,(k) = H (k)1

If the medium attenuates the signal then the reflections are
reduced in amplitude: similarly, changing the gain of the
recei&er changes the displayed amplitude. The attenuation
effectively multiplies the display by a factor that depends

on the distance of the reflector. The input then is £ (x).
fz(x) = f1(x)a(x)

where a(x) is the amplitude magnification.

The transform of fz(x) is Fz(k) = F1(k) * A(Kk),

where A(k) = Fr(aflx)). '

The object becomes gz(x) = fz(x) % ho(x)

S0 that Go(k) = Fy(k) Hy(k) = H (k) [F,(k) * (k)]
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The effective transfer function for the scanner is defined
as the function which convolutes with the original ideal

object, é(x - x1) to produce the image. This is hEFF{‘ x)

s
¢

defined by

S0 that G,(k) = Hppn(K)F, (k)

The effect of the amplitude change therefore is considered
as a modification of the transfer function of the overall

process, as shown in Figure 4.9
Hpep(K)F(K) = H (k) [ F,(k) * A(x)]

When F1(k) = KXl tpen

0 00 _
Fo(k) = Fy(k} * A(k) = ‘f.ﬁ(k')F1(k_k') dk* = \/-A(k,)eix1(k-k') Ak
. I, .
= a( x1 ) eikX‘]

ikx ik
Thus, G,(k) = H (k)a(x,)e 1 HEFF(k)el X1

so that HEFF(k) = a(x1)Ho(k)

a(x1) is a real constant so the shape and width of the Impulse
Response are unchanged. Attenuation and gain applied as a
multiplying factor in the spatial domain d¢ not affect resolution.
This somewhat obvious result was derived in the above way to
introduce the concept of the effective response, HEFF' which
measures the achieved resolution under various conditions. It

is also useful to distinguish this form of attenuation from

those considered below,
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f1(x) ho(x)

g1(x)

(a) Initial state

£,(x)

h (x)

8o( %)

B

Figure 4.9 Schematic representation of how modification

by pp( %)

(b) Modified state

of system ( a change in attenuation or amplification) may
be incorporated into an effective transfer function.
The modified input is really f,(x) but the change is incor-

porated into a system function heff(x) which has f1 as inpute.

é(x—i
o

Figure 4.10 Effect of swept gain, s(x)

g( x)
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(b) Effect of Freguency Dependent Attenuvation

When the attenuation of sound varies with frequency then
the s@ectrum of the A-scan echo qhanges and the resolution
may be affected. The significance of such dispersive
attenuation (or similarly, of frequency dependent gain)
depends on the signal bandwidth and the nature of the

frequency dependence.

Consider a medium in which the attenuvation o is a
function of frequency so that the acoustic pulse spectrum
changes with distance x., If the effective input is again a

reflection from distance x,, then whereas for no attenuation

S(x = x)— e 5 (k)

with dispersion

o(x -~ xo)———aeikxo Hs(k) e=2Xoa(k)

so the effective response is

—ZXOC{( k)

H k) = H(k) e

EFFECTIVE(

An exact calculation requires a precise knowledge of the

variation, a(k), of attenuation coefficient with frequency.
Experimental data on such variations is available (Chivers,
1973), so it is possible to estimate the influence of such

attenvation on resolution.

Attenuation mechanisms in biological materials have
recently been reviewed by Vells (1975). Tissues may absorbp
energy from the sound beam by several vrocesses some of which

are not well understood. Elastic hysteresis losses are
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directly proportional to frequencj}as the energy loss is
constant in any cycle, but when the predominant loss mechan-
ism is due to viscous and thermal effects ('classical absorp~
tion') the absorption is dependent on the frequency squared.
Relaxation processes show an intermediate dependence on
frequency. Here we consider a general case using approx-—
imations which are exact for classical or elastic absorption.
It is more appropriate here to consider the Fourier spectrum
of the radio frequency signal before demodulation, which is
the video envelcpe spectrum shifted by the carrier frequency
ko' The attenuation coefficient can be expanded as a Tayler
series about ko,'and most a(k) will possess small derivatives

above seconda order. Thus,

: 1 -dza 2
alk) Za_ + (=2 (k - k) + H=23) (k-k
whence

-Ax ~2xbk - k4 22)2
HEFF(k) = e o Ho(k - ko) e O o 2b
where

4% 2
A = 280g = 2

2b
2
a = (), ;b= HED
Ko ke kg

Thus, Hy is modified by a Gaussian term which depends on X
and a(k). The Impulse Response Function is no longer
symmetrical about ko and the resolution depends on the depth

Coansider +he case of whea
in tissue. " classical absorpulouhg is zero and b is a
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constant so that the spectrum is still centred around ko.

In this case, Suppose the half width at & of the maximum is

k,

ice. H(k, - k) = % H_(0)

The new half width at the same fraction £ of Ho is k1'. It

" can be seen that, for any such fraction £,
~2xb(kq' = k) ,
e o) |H (k' - ko)] = |Ho(ky - ko)l

Since the Gaussian term is always less Than or equal to

1, then this implies that
-k | iy - Xy

Thus, all the widths of the normalised modified Impulse
Response Function are less than those of the intrinsic func-
tion, so that the resolution is always worse with classical
absorption. A particularly illustrative example of the
effects of attenuation may be derived by considering a signal
which is a radio fréquency pulse with Gaussian envelope. In
this cése, |

2
B8(x ~ x) ;
ho(x - xo) =Ae? ° e-lkb(x - Xo)

1
. . 2 ey
The resolution Ro is (g) (from the definitionm of R abovgl
The Impulse Response is

1 _(k = Kq)

27C b
r o e _ ¥ 3
HO (:{ ko) = A(—'-'«B e 2]

Attenuation produces a response

1 + 4bBx 2afxo 2
HEFF(k) =B e ( 2P = Wk - ko + 1+4DBX0))
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The response is still Gaussian but is now peaked around

ko -~ Ak, where

Ak = —22BXg

1 + 4bBxg
The new resolution RE is related %o Ro as

REZ_ 1
(ﬁE T T+ 4bBXo

The resolution is degraded to a degree that depends on the
relative sizes of b, B and X, The length of the Gaussian
time domain pulse is determined by the value cof (J;Léﬁﬁzg),
which increases linearly with depth into tissue, and this

may produce a serious limitation upon axial resolution in

deep tissues.

When the attenuation is caused by elastic hysteresis
then b = 0 but a is positive and not necessarily small. For
such a medium, the resolution is unaffected by the attenuation,
the pulse envelope is unchanged in shape but the carrier

frequency is shifted to a lower value.

Ak = ZanO

When the expansioxz of a(k) has only a quadratic term then
the absorption is classical and a = 0 bué b is poéitive. For
such a medium, there is no shift of dominant frequency, the
envelope broadens as the distance Xy increases but the pulse

remains symmetrical about ko.

Ak = 0

R

i

1
E RO(1 + 4beo) 2
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It is worthwhile estimating the practical importance of such
attenuation in a real situation. The response of the NE4102
is not Gaussian but itsshape is not dissimilar in many
respects, The width at half height of the 1.5 MHz regpoﬁse
considered earlier is 1.9 mm, so that if h(x) & Ae-B§ then
B £ 1.54., If a reflector lies at a depth of 10 cms in a
tissue for which the attenuation is 1 dB/ém/MHz, which is a
typical value for many biological materials (Wells, 1969),
then X, = 10cms, and

1

b ¥ ,006 mm MHx_z. In this case

RE ¥ 0.46 RO .
The resolution is approximately halved.

Real materials will probably possess a frequency depend-
ence intermediate between the elastic 1ineér dependence and
the classical guadratic. 1In general therefore the impulse
response will be changed in shape and shifted in frequency.
Altrough real pulses are not precisely Gaussian in shape, it
is interesting to note that all pulses %end to a Gaussian
shape when they travel in a medium in which there is classical
absorption. The rela tionship between wave number and fre—
quency is then of the form

kil 2

~
\

k = + iyw

and whereas with no absorption the pressure pulse obeys

3z = =13y

D
X © At

for a travelling pulse solution with k as apbove, p must obey

’

op _ =1 9Jp )
QP _ b L Yol (Landau and Lifshitz, 1970).
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If t - 1, then

olx
I

2
cl:ga:_é__.g
oX Ydr
i.e. with attenuation the wave equation reduces to a dif-

fusion equation. This result is derived and solved by Morse

and Feschbach (1953). The general solution is
1 '—T)2
p(x,1) = HEEILE] p(0,T') e 4yx dt*

in which the Gaussian term is derived from the appropriate

Green's function. If

B = JP(O;T') Sk
then B represents the area under the pressure pulse envelope.

At sufficiently large distances from the transducer

-2

B
p(x,1) = :K?E;ET% e 4yX

which is a Gaussian pulse whose amplitude falls off as x

-

1
and whose width increases as (yx)?=.

(e) Effect of Time Dependent Gain

In any real system, swept gain is used to compensate for
signal amplitude losses (due to attenuation, scattering and
beam spreading). With simple gain or attenuation, all parts
of each pulse are affected to the same degree, but with swept
gain the pulsec shape is changed because different parts of
each pulse are amplified by different amounts. Swept gain
may, however, be considered as a nultiplying function that
operates after convolution of the ideal image with the intrin-
sic transfer function of the system. Let s(x) = the swept

gain function. The overall system is depicted in Figure 4.10
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If the input is g(x - xo), then

o0

G(k) = Hypg i) e %o fs(k -k )H () e ¥1%0 aic,
J,

For a perfect system, Ho(k1) = a constant, ¢, for all k.

o

-1kx i(k - k
Then, Hp..(k) = c e 1 °f S(k,)e ( 1) %o dk

20
=c s(xo), a constant

Thus, a perfect system is not affected by swept gain. How~

ever, for a system for which

-ax
ho( x) = xe for x> 0,

the resolution is degraded. BSwept gain also introduces a -
form of non~stationarity, but this is not important as the
variation of s(x) will be relatively slow compared to h(x),
and perfect stationarity may be regained by renormalising
the image variable in terms of the gain at the start of the

pulse such that, for an input of the form
f(x) = 8(:{ - X,)
the output is considered to be

(hy(x)s(x))

s(xo)

g(x) = O(x - x;) *

This is not necessary when the analytic form of s(x) (and
therefore the pulse shape) does not change with x. The most
useful swept gain to be considered is exponential in form,

in which case
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s(x) = eBx (B positive)
h.EFF(x) = xe(B - a)x for x>0.

Therefore, R, the resolution defined above, is now (a - B)

The fractional decrease in resolution is %, which

corresponds to a pulse stretching caused by amplifying the
echo tails more than the leading edges. The NE4102 utilises
such an exponential swept gain and here the importance of
such a gain variation is calculated numerically. The 4102
is calibrated in terms of the gain in dB/cm.

Let s(x) be G dB/cm, correéponding to an exponential gain of

fbnnAeBx.

s(xz)
B(x, - x1) = 2.3 10g10(§(§77)

In a distance of 10 mm, then

108 . 29 20 1 —(—ys(xz)
B.ZB— Og1O (SX1) = G dB

2.3

The fractional decrease in resolution = G .
a ° 200

The 'worst case' for the 4102 is G = 10 dB/cm and a ( for
1.5 MHz) = 1.13

.. B - 203 10 »t 1
when -&- = m . T.—‘]-_} - .TO

Thus, the Diasonograph swept gain may change the achieved

resolution by up to 10 per cent.
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(d) Effect of Threshold

In general, h(x) approaches zero more rapidly than any
of the approximate functions considered so far. There is
always a lower limit on the system sensitivity caused by
thresholds of signal detection and display. In practice,
thresholds are deliberately introduced and varied to allow
small signals to be suppressed (in the NE4102, this is the
Suppression: in the Eskoline 20, the Reject control). If
the threshold level is T, then the achieved resolution is

determined by h(x) where

- h( - : )
h(x) = h( x) T for x2>/x>/x1
(where ho(x2) = ho(xi) = T)
=0 elsewhere

Truncation of the transfer function in the x-domain limits

the support of h(x) so that its transform in changed in

width. Pigure 4.11 shows the A scans obtained with the NE4102
for two different threshold levels, whilst Figure 4.12 shows
the corresponding frequency responses calculated using the
computer programmes described in Section 4.6. Increasing the
threshold level improves the resolution. The change caused
by a truncation of the transfer function may be éstimated.
Suppose ho(x) is cut off at x, and x, as ;hown in Pigure 4.13.

A truncated function and a tail function can be defined

hf(x) = ho(x) -7 x1\<\x <;x2
=0 elsewheare

i

a
)~

)
S’

hE(x) o x1> X, x>x2

=T x1\<x<x2
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Figure 4.11 A scan echces (a) with minimal suppression

and (b) with 10 4B suppression followed by a compensation
in amplification.

A

(a)

(b)

The echo heights are the same but the achieved resolution
would be different.
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1 2 3 4 - mm

Figure 4.12a A-scan display of pulse that is truncated
2.

by increasing the threshold to T1 and then T

1.6

k cycles per mm.

Pigure 4.12b FEffect of truncation of the time domain pulse
on 1ts ireguency spectrum.

The A scan pulse was Fourier transformed and normalised

to give the full curve. Tntroduction of a supvression

that removed all the pulse below T, causes the svectrum

t0 broaden (dashed line) whilst a further increase of
threshold to T2 gives the response shown e——e¢——,

The caleulated values of the resolution index R for these
conditions were 0,9, 1,11, and 1.74 respectively.
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Since ho(x)

hy(x) + ()
Hy(K) + Hy(K)

then Ho(k)

The change in the normalised IRF; AH, can be estimated using

a method similar to that of Doi et al (1972).

A = Hp( k) H (k)
Hp( 0) H (0)
_ Hp(0) ’—Ho(k) ) HE(k)']
Hy(0) |_ H_(0) H(0) J
o0
But, HE(O) = hE(x) dx
-~o0
30 AH = (fea of ho( x) under T) ) Ho( k) _ HE( k)
(area of h (x) above T) H (0) H(0)

H (k)
As T increases, so ——T—T decreases, and the area under T

increases. Therefore AH increases rapidly with increasing T.

An upper bound on AH may be estimated since

| H( ) E( k)
| 1
H,.(0)
then AN . £ 2 =
o S Hp(0)

Improvements in the resolution due to threshold changes are
dependent on the fractional change in the area under the trans-

fer function introduced by the change.
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Figure 4.13 Definition of parameters used to calculate
the effect of truncation of pulses on the achieved resolution.

Figure 4.14 Definition of triangular approximation used
to illustrate effect of truncation on achieved resolution.

—2at >

2a

N
~
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The analysis of the effect of threshold is considerably
simplified if h(x) is approximated by an isosceles triangle.
Such an approximation preserves the essential -features of
the transfer function and is par%icularly easy to use in

calculations.

Let h (x) = -g- x for 0 {x <a

:-_ZA—-A;-;—c a<x<2a

0O elsewvhere

N
|
0\
o
o
.
l w
(O8]
o}

a

The resolution is independent of the height on the triangile
and depends only on the base width, the x domain support. A
threshold T changes the support limits, as shown in Figure 4.14.
The height is reduced to (A - T), whilst the base is reduced
A

' ere = -2
to 2a', where ATP T B

The new resolution is therefore

(O]
ny

R' =

)

e

- m
The fractional improvement in resolution is -

A-T accord-
{

ing to this criterion. The effect of threshold should not

however be considered in isolation to the effect of amplifi-

cation. If a gain G is applied before signal suppression then

B(x) = Ghy(x) - T = 6(h (x) - &)
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If the amplification is applied after the small signal sup-

pression, then

h(x) = 6(B(x) = 1) = &(h(x) - )

i.e. gain applied before threshold lowers the effective thres-
hold, and the increase in resolution is less marked. There-
fore to obtain maximum resolution enhancement by signal
suppression, the suppression should be introduced at an early
stage of the processing. However, suppressing low level |
signal decreases the number of echoes displaved and the energy
contained in each echo signal. It therefore is most useful
for large echoes or with high gain, noiseless amplifiers.
Theoretically, if there is no limit to the amplification
available then any A-scan may be converted into a sequence'

of §-functions of arbitrarily small width. In practice, the
usefulness of this processing is limited by the signal energy
and noise, In the Diasonograph, the suppressor can remove
signals whose amplitude is 1/5 of the A-scan maximum height.
Therefore the resolution can be enhanced by up to 25% if the
echoes are strong, and even more improvement is obtained with

smaller signals.

(e) Effect of differentiation

Several scanners use differentiationito increase their
ability to detect small signals. Differentiating circuits
are used in the hybrid processing circuits of some 'grey
scaling' systems to expand the useful dynamic range of the
system, but here only the effect of differentiation on

resolution is considered.
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If ho(x) is again taken to be xe 2 for x;>o, then

Qh ax

dx

= (1 - ax)e”

and this function is not zero af X = 0,80 that R cannot be
calculated as before. The achieved imaging ability with

differentiation is described by HDIFF(k);

Hypp(¥) = ik H (X)),
ool B)] = o .
DIFF = 2

The maximum of [Hy o] is not at k = 0: the effect of
differentiation is to enhance the higher frequency response
which compensates for some of the effects of the narrow band-
width of the intrinsic response. Quantitafively this is
expressed by the multiplication of the intrinsic Impulse
Response by a linearly increasing function in the frequency
domain. The shapes of the resultant Impuise Response Func-
tions are shown in Figure 4.15. The maximum of IHDIFFI
occurs at ko given by

ﬂ..H.QI.FE.l_ = Oatk =k

dk 0

i.e. k = a
o

I

Atk =a, |H

=]

DIF
A measure of the overall resolution enhancerient is given by
the FWHII, (k2 - k1), where k1 and k, satisfy

a2 + k2 = 4 ak



Figure 4.15 Effect of differentiation on the achieved responses of an A scan.

The curves represent the calculated frequency responses of a scanner whose intrinsic time
domain response is xe~ %% pefore and after a differentiation, normalised to the peak response
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. 1
+ B
k _ 4a a.12

EX
190 = , S0 that FWHM = 12%a
2

For the non differentiated response, the FWHM is 2a. There
is therefore an increase in this’width by a factor 3=,
If the curves are normalised to their maximum values, then

the two curves intersect at k given by

2
mool  _ __a®  _ o, k
|H(Oﬂ a® + k© a”~ + k
i.e. at k = &. Beyond k = %, the scanner response ié im-

proved: below 1 = % it is diminished.

It is of interest to consider the hybrid signal process-
ing used by Kossoff and others to obtain good grey-scale
echographs. Such a processing adds the normal video signai
to the differentiated signal to obtain a waveform which is

purported to contain more information. Thus, instead of
~-ax
ho( X) = xe for x> 0,
the transfer function is of the form

d ho(x)

hE(x) = ho(x) + b.
ax

where b is a factor which determines the relative welilghtings

of the two components.

We can define
HE(k) = FT(hE(x)) = (1 + ikb)Ho(k)

so that |H (k)| = (1 + 1k2p2) 2 EXE5]
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For the approximation used earlier, then

1
(1 + k2b2)2
(a2 + k2)

Hg( )

If bk<33 then there is no effect from the differentiation,
whilst if bk (§ =3 0) then the differentiated component
is dominant. Thus, simply by varying b the achieved reso-
1ﬁtion may be altered and the relative imaging capabilities
over a range cf frequencies can be modified. The effect of

varying b is depicted in Figure 4.16 where lHE(kﬂ is cal-
‘ 1

k2 + a2 ’
O to 1. Kossoff uses a processing in which b = 0.3.

culated for |Ho(k)| = a=1, and b is varied from

The process of differentiation may be considered as a
convolution of the intrinsic transfer function with a modify-
ing function. It ié possible to produce an equivalent func-—
tion which has the property that, when convoluted with the
intrinsic transfer function, produces the same output as the

hybrid processing.
If (1 + ikb) is denoted as G(k), then

H(k) = G(k)H_(k)

so that hE(x) = g(x) = ho(x)

where g( x) Py (G(k))

In practice, g(x) may not exist or may be wholly unrealistic,
but some of these difficulfies may be circumvented by consid-

ering only physically realisable Ho(k). For any real scanner,

Ho(k) must be identically zero for all k above a frequency kmax
b



~200~

Figure 4.16 Effect of using hybrid (differentiate and add)
signal processing on the achieved response of an A scan.

1.0

H( k)

)
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—
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.
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k cycles per mm,

The curves show the calculated frequency responses of

a system whose intrinsic time domain response is x.exp(-ax)
which is modified by adding the derivative of the response
to the A scan .The curves were calculated using different
values for b and assuming a = 1 in the expression

2. 2.%
H (¥) = (1 + Xb%)
eff ”
2 .2 .
a~+ kK¢
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and there is no net effect produced by introducing the same
limits on G(k), since extending the limits of G(k) beyond

kmax has no effect on hE(x). The effective modifying func-

tion, geff(x) can therefore be written as

k
* Spax

f (1 + ikb)e ™* gy

kmax

8ol X)

= 21 +§+ 2ikmaxb)

If 2bk . <{<1, then this function is real and physically
realisable, but if not it is complex and therefore produces

a phase shift of the output equal to & where

2 X bkmax

X + b

tan 6 =

Such a phase shift is shown to affect range accuracy in
Section 4.10. Another estimate of the effect of different-
iation may be obtained by calculating R as defined previously
for a realistic function.

Suppose

h (x) = x° 78X for x;>0

This approximation retains the essential features of the
transfer function. A differentiation converts this response

into

hE(x) = (2x - ax2)e~ax

1
The intrinsic resolution is RO = 3 2g
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1
The resolution after differentiation is RE = 3®a, so that

Rp = 3 R,

The fractional improvement in resolution by this criterion
is independent of a, the parameter which characterises the

response.

(g) Summary

In this section the concept of the effective transfer
function has been utilised to predict the achieved resolution
when various conditions are changed. The effective transfer
function is produced by modifying the intrinsic {ransfer
function and such a method of describimg A-scan resolution
has proved particularly useful when'predicting the behaviour
of a scanner in circumstances where measurements using phan-
toms may not be made. In considering the effects of changes
in the signal processing, no significant new information on
the design of scanners has been revealed, but the effects of
these changes may be quantified and the consequences of

further modifications can be predicted.
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4.9 Axial Resolution of the B-mode: the TP scan

In this section, the resolution of a different mode of
scanning is considered using the methods described above.
The B-mode presentation of echoes is usually swept with time
on a TP display or with angle on a B-scan, but here a single,
intensity modulated line is considered fixed and defines the
X-axis. The B-mode line can be described as an output
luminance (intensity) distribution on the cathode ray tube,
or as a photographic response (density) distribution. The
intrinsic response of the B-mode processing and display may
be analysed in isolation to the effect of scanning, and for

TP scans it is only this intrinsic response which is impoxrtant.

Each impedance step of the object gives rise to an image
on the B-mode which should be a point whose intensity rep-—
resents the size of the étep. In fact, the image 1s extended
in two dimensions for a variety of reascns, which include the
signal processing, the non-zero cross section of the scanning
electron beam of the CRT, and light diffusion in the phosphor
and photographic emulsion, and this spreading of each image
point i1s an intrinsic limitation on B-mode resolution. In
order to use the kind of analysis used for the A-scan, the

conditions of linearity and shift-invariance must be fulfilled.

Some components of the intensity modulation processing
and B-mode display are non-linear in general but in Chapter 3
it was shown that the echo height to pulse width conversion
of the NE4102 produces a linear relationship of input echo
amplitude to output phosphor brightness over a limited region.

Furthermore, non-linear relationships which produce a unique
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output for any input, such as the exposure - density
éharacteristic of photographic films, may be allowed for in
the analysis. Shift invariance supposes that the individual
intensity modulated image pointé'are the same over all the
image. In considering B-mode displays, there are two
separable mechanisms which cause points to spread, one of
these is always reasonably shift invariant whilst the other
depends on the transducer direction. Shift invariance is
satisfied by processes such as light diffusion and electron
optical aberrations except for extreme effects such as curv-
ature of the image field edges, but even then the image plane
can be divided into smaller areas ( 'isoplanatic patches') in
which it holds. However, there is also the spreading of the
image points due to the deflection of the electron beam during
the time of electron emission, and this deflection depends on
the velocities of the x and y time base ramps. Since the

time base velocities are themselves dependent on the trans-
ducer orientation, then the image point shape is determined

by the orientation of the tranéducer. In a B-scan, therefore,
where the transducer direction continually changes, the spread
of the point in the image is not strictly shift-invariant, but
in any case this effect is of little significance in B-scanning.
Here the intrinsic transfer function for a fixed transducer
orientation only is considered: for a TP scan, the spreading
due to the beam deflection during emission is only along the

x axis, for any other orientation there is an x and y deflection.
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The NE4102 TP scan processing is described in Appendix
A. The resolution of such a processing can be shown to
depend on echo amplitude. The peak detection circuits pro-
duce an electron emission at the CRT cathode whose duration
is dependent upon the height of the echo peak relative to
the threshold level, and such an emission occurs at each
maximum of the A-scan envelope. If it is assumed that the
peak detector produces an electron emission which is directly.
proportional fto each echo maximum, then the detector must act
as a differentiator which triggers a response whenever the

waveform derivative changes polarity from positive to negative.

. dh(x) .
If the A-scan waveform is h(x), then when ~4x— is 0 and
an . . ] : : .
—— is negative, a B-mode signal is generated. The ideal

dx
image would be a point of stremgth A, AS(x) S(y). Such a

point is spread on a TP scan in the following ways.

(a) Isotropically, because of the intrinsic point spread of
the display. O (x) O(y) ——--3 p(x,7)

(b) Because of the deflection cf the electron beam, a point
6n the x~axis becomes a line of uniform brightness whose
length 1s a measure of the strenéth of the point. For
an echo of height A above the threshold level the length
of echo is «afA where a = a conversion factor of echo
amplitude to pulse width in seconds and B = velocity of

time base across the display in mm tissuc/second.

For the TP scan, the spread in the y direction is of no sig-
nificance. The x-direction transfer funetion, h(x), which
operates on the ideal image point, A.g(x), to produce the

output, is



-206~

h(x) = 3 (u(x) - u(x - aga)) * L(x)

where u(x)= Heavisides unit steﬁ function
and |,(x) = p(x,0)

Such a transfer function is not generally applicable for any
inpuf but it does describe the response to a simple peak in
the A-scan. The spatial frequency response is then

aBA

L(k)f : e:lkx dx

H(k) =

o]

where L(k) = FT(L(x)) = the relevant intrinsic spread function

[a(i] = § | sin (KB4 |, 10w

The relative importance of the electron beam deflection com—
vared with the intrinsic point spread depends on the size of
aBA and the shape of I(k). An approximate comparison may be

made in terms of characteristic widths of

kaBA
sin ( 2 and L(k). The former function has a width

k

. ka
determined by the angle —§§é y so that a frequency that

. . . _ T p - .
characterises the width is kc = GFR° If a increases, the

pulses increase in length so k, decreases ( poorer resclution).

If the gain of the receiver decreases, or the detection
IS '

threshold increases, then A decreases and kc increased (better
A

resolution).
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L{k) may be obtained by Fourier Transformation of the
Point Spread Function of the display or display and recorder,
which were measured photographically from the Diasonograph
B mode. A photographic film, operating in an approximately
linear region of its exposure-density characteristic curve,
was exposed to single image points ofAthe CRT produced by
single echoes. The resultant optical deﬁsity profile was
then scanned using a microdensitometer { scanning aperture
5 mm x 20 um) and the traces obtained are shown in Figure
4.17. These traces are line spread functinns (L(x)), but
- they completely describe the Point Spread Function when it
is rotationally symmetric {see Chapter 5). The measured
L(x) could reasonably be approximated‘by a Gaussian of the
form c, e_a2x2, whose half width % is 0.8 nm. The Fourier
Transform of this curve is c5 e-k2 and it has a half width

. From the NE4102 data of Figure 3.9 , A can

2a = 2.5 mm
vary from 100 to 300 nanoseconds, whilst f is simply the
velocity of sound in tissue multiplied by the TP display
magnification factor, m.

B =1.5m mm/usec.
If m = 1 then E%K varies from 7 to 21 mm~'. At this scale,
the width of the transform of the deflection spread function
is greater than the display's intrinsic spatial frequency
response, so a limitation on resolution is derived from the
CRT spot size. However, when the TP range axis is magnified

the deflection spread funciion limits resolution.
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Figure 4.17 Microdensitometer traces of nhotographic
recordings of single B mode points.,
These curves are Line Spread Functions of the B mode
and are approximately Gaussian in shape.The skew trace
was obtained by a slight adjustment of the focus control,
both curves are from the NE4102 storage tube.

density

Actual size x 50.

— - — stored

non - stored

FPigure 4.18 Line spread functions of the B mode in
stored and non - stored modes.
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Figures 4.18 - 4.20 show further measurements of such
spread functions. The use of a storage phosphor significantly
reduces the resolution of the display because the spot spread
significantly broadens when used in a storage mode. The spot
size, and therefore the resolution limit, depends also on the
time the image is written onto the display and on the delay
between‘writing and storage. Figure 4.19 shows the effect of
spot blooming caused by charge leakage in the tube phosphor
which is itself dependent on the tﬁbe operating conditions.
Figure 4.20 shows a microdensitometer scan through a TP line
produced by sweeping a single echo vertically. The magnifi-
cation of the TP range is x10 and the two spread functions

are of comnarable importance.

In considering the resolution of the TP scan, some sﬁort~
comings of the linear transfer function analysis have been
highlighted. The function h(x) derived above depends on the
input and is not therefore an intrinsic property of the system.
Different inputs produce different resolving behaviour and
onlyl,(x) is an_intrinsic property of the scanner. However,
the analysis above shows the relative importance of the
limitations impesed by the display and by the desire to main-
tain amplitude information in the B-mode. The Diasonograph
TP processing is non-iinear in that the 6utput from two in-
puts is not tne sum of the two outputs produced individually.
Two echoes are not able to overlap along a B-mode line, so a
linear theory is not exact. The simpler concept of the Z-
modulation pulse length, which is unambiguously defined for

any input echo is more useful here.



Figure 4.19

g

Actual size x 50

Line spread functions of the B mode, measured by scanning
a vhotogranhic negative of a single voint,

Curve a was measured in a non — store mode.

Curve b was measured in the stored mode after writing

for 5 seconds the same point.

Curve c¢ was measured 20 seconds after storing point image y
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Figure 4.20 Microdensitometer trace through the image of
a single TP line whose scale was x10 tissue distances.
The densitometer trace magnification is x50.

The edge unsharpness caused by the response of the tube

is here of the same order of magnitude as the deflection
of the spot in the TP mode.
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4,10 Intrinsic Range Accuracy of the A-scan

Range accuracy is of importance in the evaluation of
imaging performance because it describes the ability of an
A-scan to place an echo at its correct position on the dis-
play, and when reflecting interfaces are placed at incorrect
distances from the transducer then the image is distorted.
The criterion used for describing A-scan resolution may also
be extended to describe the intrinsic range accuracy of a
scanner. Range errors may be caused in several ways, many
of which (e.g. refraztion) are determined by the medium and
object, but these degradations are independent of_the A-scan
intrinsic limitations. Range errors may be introduced by the
signal processing or miscalibration of an A-scan, but a
particﬁlar form of distortion is introduced by the finite
rise time of the A-scan display which is closely related fo

the A--scan resolution.

It was postulated in Chapter 3 that distortions may
generally be regarded as differences between object and image,
and that a numerical expression of these differences is a
useful index of the magnitude of the distortion. When an
isolated A-scan pulse is observed the position of the re-
flector is commonly considered to be the:position of the
peak of the signal since this is most reédily identified and
is not dependent on the choice of threshold or gain settings.
If the object is a plane reflector then the ideal image would
be $(x - xo), a Dirac impulse at the true position of the
reflector Xqe If there are no other sources of range error,

the system registers a real image h(x - xo) due to its finite
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bandwidth, which is equivalent to a spreading of the ideal
image along the x-axis, The degree of spreading is a measure
of the range error, ey introduced by the finite resolution,
and may be expressed as the moment of h(x - xo) about the
true position of the reflector. Without loss of generality,

let X, = 0, so that

o0

Lx h( x) ax
1: -
[ooh(x) dx

=00

e

e.g. for the approximation used earlier,
(5]

sz e” ¥ dx
o —

e, = _.2.:_
oC

1
‘[x; e ax
o]

Since R, the Resolution index, is a, then for this case

e1 . B = constant.

This relates the conditions for good resolution and good range

accuracy.

This particular description of range error enables errors
due to other faqtors to be simply added to give an everall
rang= error. Thus, ivy L1 and L2 are respectively the range
errors ( = X axis displacements) due to incorrect calibration
of the A-scan time base and to refraction, then the overall

error is o0

‘Jf(x + Ly o+ Lz)h(x) ax

\/[ h(x) dx

QO
e1 + L1 + L2

e =

i
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e, may be considered as a particular intrinsic error whilst

1
L1, L2 are additional achieved errors. In Chapter 3 it was
shown that range errors may be introduced instrumentally by
use of the suppression control which changes the threshold
of detection., Unlike the increase in resolution caused by
threshold increases, signal suppression corresponds to a
decrease in range accuracy and this is here expressed by the
way that the normalised first moment of h(x) about the true
position of the reflector increases. This effect of the
detection threshold expresses mathematically the behaviour
of pefformanée observed in Chapter 3. A more general rela-—
tionship may be derived befween R (as defined in section 4.6)
and an index of range error. The range error is dependent
upon the moments of h(x) about ifs origin,.but the precise.
choice of moment is not important and an error index E may

pe defined in terms of the second momeni of Ih(x)!z.
ol

’sz lh(x)l 2 dx
22

” ‘foo‘h(x)lz dx

=0

From the Uncertainty (Bandwidth) Principle

x2 }h(X)l2 dx sz ’H(k)[2 dk
2 O0 : Loo . 1
T A
[n(x)]? ax (1) < ax
Yo 200
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This expression gqualifies the dependence of positional error
upon resolution. Such a dependence is not a peculiarity of
the A-scan processing but is a general property of imaging
processes which are expressable in terms of linear filters.
Consider an object distribution f(x) which produces an image
g(x). Any measurement of the object-image differences may
be defined as a useful index of distortion. Such an index
for example is the mean square difference between the object

and image distributions when these are suitably normalised.

Thus, 1if
(where the normalis-
f( x) , g( x) ation takes into
s T (2 consideration any
\[—f(x) ax : \f.g(x) ax changes of intensity).
~o0 -0 '

then an index D may be defined as

o0 | 2

[ &( x) £( x)
D = —— - dx
_wtrg(x) dx f:(x) dx
where £{x) * h(x) = g(x)
F(k) . H(X) = G(k)
and - ' 2
jg(x) dx = G(o), jf(x) dx = F(o) ,

Parseval*s Theorem states that for any function s(x) whose

Fourier Transform is S(k),
[

{ s(x)s®(x) dx = S(k)S*(k) dk

~

—00 -0
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so that
D = f (k) _  F(k) die
G( o) F(o)
o | | dk
F(0) H( 0)
-0

In any real system, H(k) #Z 1 so that there always exists
H( o)

a difference between object and image. This distortion index
expresses mathematically the effect of poor resolution upon

the positional uncertainty of reflectors observed in Chapter

3. _
: =%

In general H(k) --3 O beyond some k = K ax

Thus,
(+km 2.‘

D = l-(—kl - 1' dk + f | dk

J F(o)l H( o) 1 F(o)!
—km l&,;>km

Even if the first integral may be made vanishingly small, it
is a consequence of the limited support of H(k) that there
remains a minimum value for D which depends on the relation-

ship of kmax to the hishest spatial frequency in the object:

mln(kmat) ;> \fﬁ

'“I/ “max

2
E(R)

F(o)

This minimum value becomes zero only when the object distrib-

ution, F(k), is itself bounded.
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A further source of range error may be derived from the
intrinsic behaviour of the scanner when the phase of the
Impulse Response Function varies with frequency. The res-
ponse may be written as

H(k) = [H(k)| e o

when the phase, @,, is independent of frequency. If however,
# may be expanded by a Taylor expansion about a centre fre-
quency ko then, neglecting all but the first terms (weak

dispersion)

o .y 240
#lx) =g(k)) + (k - k) 3%( <o)

S H = (5| eiBko) - ko §EKO)) 5 0f(ko)

Therefore, the transfer function becomes

le( )| e1(Blko) - ko%%(kO)) o—ik(x -%%) -

= constant x h(x - ghg(kO))

A range error which depends on the variation of phase angle

h'( x)

with freguency is introduced. Such a range error may be
introduced by dispersive signal processing but its importance

remains to be established.
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4.11 A consideration of A-scan design

The resolution and accuracy of A-scans have been
directly related to a single transfer function, h(z), and
here the factors in the design 6f a scanner which determine
h(z) are reviewed. If the processes of pulse transmission,
reflection, reception and display are considered separately
then each may be descrited by its individual transfer func-
tion. In general the overall transfer function of the

scanner may be written as

hy(t) = V(%) * hy(%) * TF(%,X) * RF(+,I) * ho(t) * G(%)

where V(1) the excitation voltage applied to the transducer
hT(t) =‘the transmission impulse transfer function‘which
relates emitied zound pressure to the exciting voltage.

TF(t,I) = a function which deperds upon the shape of the
transducer which governs the shape of the sound pulse at any
field point. 1In Chapter 5, the exact form of TF is derived
for plane transducers. For quasi-monochromatic pulses, TF is
not a major influence on the pulse shape.

hR(t) = the receiver function that corresponds to hT(t).

RF = the receiver functicn that corresponds to TF.

G(t) = the function which acts in c?nvolution with the
same effect as the frequency dependent géin of the receiver
amplifiers.

The dominant influences upon ho(t) are hT, hy and G(t), bhut
the evaluation of TF and RF 1s left until Chapter 5. G(t) is
most easily measured in terms of the frequency response curve

of the receiver alone, and is essentially chosen by the scanner -
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designer who compromises the scanner bandwidth to obtain low
noise levels. The factors relevant to designing tuned
amplifiers are well understood and G(t) may be changed when
the noise levels are low. The principél interests here are
the transient responses of the transducer in transmission
and réception since these are least well understood and are
usually the single most significant.difference between‘

different A~scanners.
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4.12 Transfer Functions of Piezoelectric Transducers

The behaviour of a piezoelectric transducer is usually
described either in terms of its behaviour at or near reso-
nance {e.g. Tiersten, 1969) or in terms of an equivalent
electrical circuit (e.g. Mason, 1964), and these two approaches
have been related in several papers (e.g. Meeker, 1972).
These techniques rely upon the solution of relevant differ-
ential equations and usually produce expressions for the
impedance of a transducer at different frequencies. Whilst
such techniques are wseful for many purposes, they do not
easily render the transfer function of interest here. A
treatment which is more useful has been derived by Cook ( 19556)
for weakly coupled transducers, and by Redwood (1961} for
restricted boundary conditions. Both of tﬁese treatments
produce a transiént analysis of the tHickness.mode transducer.
Redwood's equations are developed in Appendix B to produce a
general solution in the form of a transfer function in the
frequency domain which enables the output from the transducer
to be calculated for any input. This general solution is
independent of particular boundary conditions, but both Red-
wood's and Cook's solutions are obtainable if suitable

approximations are madc.

A compietely general solution for the behaviour of trans-
ducers would involve couplings between complex modes of
vibration so that the exact form of the transducer transfer
function is determined by the particular choices of material
constants and boundary conditions, but approximate solutions

are obtainable for simple crystal geometries. If the transducer
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area is large compared to the thickness and if the material

. is strongly polariéed in the thickness direction, then most

of the electrical energy applied will be coupled directly to

a thickness expansion mode of vibration. Cross coupling to
other modes may be significant when the crystal is anisotropic -
in several directions or when the mounting of the crystal
imposes mechanical boundary conditions which are suitable for
motions other than planar piston movements. In particular,
the circumferential clamping of transducer elements may en-—
hance the formation of surface waves by promoting flexural
movemgnts of the crystal (cf. elastic membranes), whilst
plezoelectric coupling to transverse or radial modes may
result in the conversion of energy into oscillations whose
frequencies are determined by the transducer diameter rather
than the element thickness. In the analysis of Appendix B
these effects are neglected (although radial modes are observ-

able in transmission as shown in Section 3.4).

The derivation of the wave equation for a piezoelectric
medium and details of its solution are given in Appendix B,

but the principal results are summarised hére.

(a) Solutions for transducers in transmission

(i) General soluticn

The Laplace Transforms of output pressure and input volt-

age are related as equation B.12.

h —?'\ _ "\\/L
-V (1 + kge A+ZB )

i
1l

=2yL _ hzco (geYh-1)(e=¥D=1)  (kpe=¥L-1)(e=v1-1)
1 =k ke ( )
F'B D Z+2p Z+7ZR
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(ii) Solution for weakly coupled transducers in transmission.

In the time domain, T(t) = V(t) ¥ hT(t), where

o0
hy(6) = ZRCQELEC S(4) = ' (ay YN, S5 2 - 20T
2 i B TF BT
: n=1

+ enl
+ tppoggO( s - Z20))
(Equation B.14)

(iii) Solution for rigidly backed transducers in transmission.

(1) = TGRSt = D o™ty (o= HE
n=1 :

R . 2nL :
Z A e ¥t =) 5 2—3-1-’)]“)

mr

[\/]8

=]
[}

o] m=0

A depends upon Z, Zp, h and Co (Equation B.16).

The series form of the solutions indicates that a single
applied voltage impulse will produce several pressure impulses
separated in time and with amplitudes determined by the mech-
anical boundary conditions. If equation B.14 is compared
with B.16 it can be seen that the assumption of rigid backing
predicts no change in the output at times that are odd integrals
of the transit time of a mechanical disturbance through the
transducer, %. The fundamental frequency of the output stress
wave 1s determined by the spacing of the terms iﬂ the seriesﬁ

and it is clear that a rigidly backed transducer acts as though

its fundamental frequency 1is half'that of a transducer backed
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by a lower impedance. If Zg =00 in B.14, then we obtain the

transfer function for weak coupling and rigid backing.

0o P
hg() = THOGHE ( §(8) = > ap P! b S(o- 2 )

n=1

Comparing this with B.16, it is apparent that the assumption
of weak coupling in Cook'é analysis is eguivalent to putting
all the A, of B.16 equal to zero. Furthermore, comparison
of the frequency domain responses shows that Cook's approx-

imation is exactly equivalent to assuming that

-~

pi-a, << 1
in the expression for T (equation B.15). Both p and a are
frequencies, and Cook's approximation is only valid when a.
is mvch smaller than ﬁhe frequencies of interest. Redwood
(1961) calculated a for gquartz transducers. Table 4.2 showé
comparative values of the relevant material constants for
quartz and P2T75 obtained from manufacturers®' data. The

frequencies of interest (p) are of the order of a Megaherz -

so that
a ~ 1
573 — 7% for quartsz
a — 1

a‘#d P+a for P2T

Thus, Cook's approximation is valid for quartz but is not
valid for PZT because of its high permittivity, so that a real
ceramic transducer will produce not only a sequence of Dirac

impulses when excited with a voltage impulse but also a

sequence of exponentially decaying stress impulses. Cook's
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Table 4.2

Material constants of quartz and PZT5_transducers

Q PZTS
h (volt. metre™') 4.5 x 10° 1.3 x 10
o (Farad. metre-1) 4 x 10~ 1500 x 10~ 11
v (metre,. sec-1) 5740 _ 3780
Zp (kem. sec™') 1520 - 2930

-12 -9

Co (Farad) * 6.6 x 10 3.7 x 10
a (MHz) ** .044 1.08

¥ Cp, calculated assuming radius r = 1 cm. and
- thickness = % when frequency f = 1.5 MHz

xx g - h%Co _ mh2r2sf
ZptZy Clp

(when Zp = ZF)
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solution predicts that a voltage impulse generates four
acoustic impulses, two at each face of the transducer element
whose magnitudes depend on the front, medium and back impedances,
and one impulse from each féce méves.through the element it-
self until some of its energy is reflected at the element face.
Redwood's solution shows that rigid backing removes the
impulses generated at the back face whilsf strong coupling
decreases the bandwidth of the individual impulses so that

they have an exponential tail. If the exciting voltage is
itself a Dirac function, a series of similar impulses is pro-
duced, whereas if the voltage has any other form each individ-
ual ferm in the series produces a wavefrom similar to the
excitation but delayed in time and with varying amplitude.

The resultant stress pulse shape depends on the way these
indivicdual waveforms overlap. Indeed, if the transmitter rise
time is greater than g% then the individual stress impulses
will overlap in a rigidly backed transducer. The series
solution may however be used to calculate how the output stress
may be reduced to a single impulse by exciting the transducer
with a sequence of impulses designed to produce a cancellation

of all terms except the first.

Equation B.16 shows how a voltage impulse is modified by
convolution with a Dirac function and an exponential +term.

As a decreases, so the exponential terms dominate, and the

TF
exact form of the stress pulse then depends upon the value of

_ h2Co
a+ZF

since this is the time constant of each term. The 1ogarithmic

decrement of each term is inversely proportional to Co,-and
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therefore to the transducer area. Thus, the shape of the
emitted stress pulse depends not only upon the choice of

thickness and impedance, but also upon the transducer area.

The overall pulse lengéh depends principally upon the
reflection coefficients at the front and back of the trans-—
ducer. This is illustrated in Figure 4.21 where the calcul-
ated responses of weakly coupled transducers are shown for
various combinations of ZF’ ZB and Z. Similar results were
given by Coock. The effects of changes in ZF and ZB may be
predicted from equations B.14 and B.16. If Z = Zg, the back-
ing is matched to the transducer and only‘two components of

the series are not zero as all reflections from the back are
L

renoved. The separation between the terms is 3 - If Z2 = zF
and ZB =00, two terms remain but the separation is %; + The

criteria for choosing ZF and ZB for high efficiency and wide
bandwidth have been extensively dealt with in the literature
but the analysis of Appendix B enables the effects of changes

in the impedance upon emitted pulse lengths to be evaluated.

(b)) Solutions for transducers in reception

(i) Open circuit response

The receiver transfer function hR(t) is given by

equation B.19.

. <O
N only _ L 2ng
ho(8) = b ) A w(t-57) - By w(s-3 - ==
n=0

where u(t) is Heaviside's unit step function and "the A, By

coefficients depend on ZF’ Zy and 3.
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Z = Z = OOSZ

B ~ °F T
]
|
Zn = 5% Zp = 045%
: |
Zg = 1002, Zp = Zq
T
v

Figure 4.21 Examples of calculated responses of transducers
1n transmission using the assumption of weak coupling
with a Dirac impulse excitation.
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(ii) Response for rigidly backed transducer with finite load.

ho(t) = 1271 ( H (p)), where

7

2 2 \n
-2 (p kF+t(ka+a)) (e‘anL_e‘z(n+1)YL

H(p) = 5= D
Z+2p T L (p2i(pra)) ™!

)

(Equation B.20).

Redwood (1961) analysed the response of a transducer to a
step function of force of height Fo. The voltage across an
~ infinite load would be

~2hF

vV = © (§-(1 t - kn(1+k)(t=27)0eenn
e (t -« +kB)‘( ) + kp( 1+ kg)( “r )

which .is a summnation of voltage ramps displaced in time but
with slopes dependent on the retlection coefficients kF and
kB' If the acoustic input is some other function, F{t) then

the response would be

V(t) = F(%) * hp(*t)

so that

—
v F(t)*hz A S(t-2n) - B §(t-=-20L
at n v n vV
n

_ -
= chF( t ~ n2)

n

Y

which shows that the voltage is effectively the integral of
the incident pressure. The stress pulse produces a deform-
ation and the spatial integral of the strain determines the

transducer voltage. This effect may be important in the
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interpretation of echo amplitudes and is reconsidered in
Chapter 6..

In reception, as in transmi§sion, reflections from the
back face may be eliminated if ZT = 23 (GTB’ kg both zero).
Similarly, if kF is zero, reflections from the front are
removed and the transducer is mechanically matched to the
medium. If the force has a duration greéter than %, the out-
put voltage may be a complex superposition of terms, and since
kF and kB lie between +1 and -1, many combinations of ampli- |
tudes are possible. The output voltage waveform is also
dependent on the load resistance whose importance can be
estimated by observing that B.20 reduces to B.21 when 1t = O
and that the ability of B.21 to describe the transducer éction
decreases as % decreases. Thus, the load impedance effect-is
not important if pRCo »> 1. Using the data of Table 4.2, this
implies that R must be much greater than 250 ohms for PZT
(but 109 ohms for quartz). Usually the impedance of the
transducer is métched to its load so that R ¥ '?E%ES , which
is not large enough to make loading time constants negligible.

However, when t is relatively large (low load impedances) then

B.20 reduces to

H(p) = g. :E;, (pkp + d\ o—2nyL _e-2(n+j)yL)

Il"'
=0 \p"‘ a)

and the first terms of the time domain transfer-function will
be

2L)

hp(t) = % (g(t) - ae™at —6(1:—%%‘-) -ae-a(t--v' cees)
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When the transducer permittivity is high, the exponential
terms decay rapidly and the series reduces to a sequence of
impulses eacﬁ of‘which is only a slight distortion of the
force waveform. With small electrical loads the voltage
produced is 1like the force itself and is not the integral
of the force. Thus, with any receiving transducer, the
electrical loading and itransducer time constants may have
important effects on the linearity of response. The trans-
ducer voltage can resemble the force itself or the force
integrated temporally between limits determined by the trans-
ducer thickness. The transducer time constants depend not
only upon the material chosen for the device, but also upon

the area of the transducer.
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Chapter 5: The resolution of Ultrasonic B-scanners

5.1 The Formation of B-—scan Images

7

The formation of a B-scan image may be analysed using
some of the ideas introduced into the description of the A-
scan. The identification of the impédance step as the object
element of the A-scan resulted in the conétruction of a trans-
fer function that could be used to predict the system's
representation of any object. The B-scan may similarly be
analysed by first identifying the object elzments from which
an ideal iﬁage can be constructed. The use of point scatter-
ers as the object elements from which the equivalent set of
points for any object may be derived, was outlined in Chapter

4 but further justification is offered here.

The spatial distribution of scattered radiation from
scund waves incident on an object has been investigated by
many workers. In particular, there has been much interest in
the investigation of scattering mechanisms and their relation-
ship to body shape, and a good review of this work has been
given by Freedman (1962). Additionally, much work has been
done on the scattering of sound from rough surfaces and from
non-rigid, elastic bodies (e.g. Hickling 1962). A collation
of references for much of fhis work has been given by Skudryzk
(1971) and more recently by Chivers (1973), who himself was
concerned with a study of scattering from human tissues. The
particular treatment of acoustic scattering used below is due
originally to Freedman (1962), but the important aspects of

the present analysis do not rely critically on any of Freedman's
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own assumptions. Here the Freedman analysis is utilised to
describe qualitatively the mechanisms of scattering, later

it is again involved in describing the sound field of trans-
ducers. , Before considering the Freedman analysis in full
however, its important features ére introduced using the
following simplified argument, which illustrates those aSpeéts

of the approach of interest here.

Consider an object which has dimensions and radii of
curvature lafge compared to the wavelength whose surface is
a rigid reflecting interface. Figure 5.1 shows such a body
irradiated by a small fixed sound source. All points on the
surface element of area ds; which lies between ranges r and
r + dr, are at equal acoustic travel time from the transducer.
Such a surface has been called an isochronal surface and for
a uniform medium and small source it forms part of a spherical
shell. If this surface reflects sound with uniform phase
change then the acoustic pressure at the transducer location
at time + 1s composed of contfibutions from all parts of dS.

Accordingly, if the Kirchoff approximation may be used,

p(t) = jj g(t--g-:,l)'{u‘” ds
r,1

t = the time from the outset of the emitted sound pulse.
1 = an angle variable which designates location on the
isochronal strip between r and r + dr.

£ = a time varying "source strength" of the surface dS.

.For a rigid boundary, the source strength g is proport-

th

ional 3% where vy is the normal component of the particle

velocity of the incident field at the surface. If the incident



Large irregular object seen by small transducer at P.

r and r are the minimum and maximum ranges of that region (stippled) of the objects
which is irradiated as the emitted pulse traverses it. The hatched region

Figure 5.1
denotes an isochronal surface between ranges r and r + dr such that all points on
it are to first approximation at equal acoustic travel time from the transducer. Location

Q
‘surface
of elements of area on such an isochronal strip ie given by a set of variables 1.

3 X
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pressure pulse normalised shape=P(t) over the whole region

“irradiated then

Vn.

P(t-3) . f(r,1)

Wheré f = a geometrical factor which takes into account both
changes in the incident pressure produced by scattering, and
spreading as well as variations in fhe angle between incident
wave vector and normal to the boundary at the location (r,1).
These geometrical variables need not be defined explicitly
here because they may be removed by integration over the

surface. The pressure at the transducer becomes

Tm :
p(t) = f A(r)%—lg(t-%-f‘) ar

240)

where the identity

aP 2r cP.P 2r
3T = -2 3F 0T

has been utilised.

T,y Tp- are the minimum and maximum ranges of the irradiated
region of the object.

A(r) = a range function ) " . _ = which changes

with the aspect of the object projected towards the transducer.

That the echo strength should be critically dependent on
the object shape 1is not surprising, but a particularly
interesting solution of the integral is the echo field produced
by an object whose range function A(r) varies slowly and
smoothly in the range r, to rp. p(t) is obtained by partial

integration;
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Tm
p(t) = A(rm) Bt -220) - A(7o) P(t -2£2) - Py p(t-2) ar
. o

Since A(r) is slowly varying, the dominant contributions
to the echo come from the first two terms. These represent
delayed pulses of the same shape as the emitted pulse but
scaled by geometrical factors A(r). The total echo is there—
fore a sum of these two echoes, each a replica of the original
sound pulse and originating at the near and far points of the.
object. The partial integration is only valid over regions
in which the integresl and its derivatives are continuous, but
at discontinuities in A(r) the integral may be split into
sub—integrals with intermediate limits so that the partial
integration produces replica pulses at the ranges of the dis-
continuities. The formation of replica pulses in scatterihg
was analysed in detail by Freedman (1962) and some experiment—
a2l evidence for their.existence is given in Chapter 6.

In Freedman's analysis, the scattering body is again
assumed rigid and immersed in an unbounded, non-dissipative
fluid. Rigidity imposes the condition whereby no radiation
penetrétes the body so that the fluid motion at the surface
simply undergoes a phase change and the acoustic velocity is
proportional to the pressure, By confining the analysis to
bodies which are large and smooth compared with a wavelength,
ohly direct scattering need be considered, and the Kirchoff
approximationAfor the sound radiated by an elementary area
is valid. The total echo depends only on the shgpe of the
body directly irradiated, and the shape within the geometrical

shadow region is not important.
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In Figure 5.2a is shown a smooth, convex, rigid body,

and at some distance from this is the transmitter-receiver.
Figure 5.2b shows a plot oﬁ B(r), the projection towards
the transmitter of all those parts of the body which are
visible and within total travel path r. B(r) increases
with r until all directly visible area is encompassed. In
Figure 5.2c¢ is shown a plot of ngr , and this ‘exhibits a
number of discontinuities corresponding to sudden changes

in B(r). Similarly,

mey show discontinuities at ranges which correspond to
*highlight features'. In his analysis, Preedman interprets
these discontinuities in a particular way which helps sug-
gesi a choice of object element for image analysis. If a

pulse is transmitted towards the object, each discontinuity
in
. 'di]i('-f‘_ll(n=o’1, ou--)
dr”

generates a component towards the scattered signal, and on
the assumption of certain bandwidth limitations, each com-
ponent has the same envelope shape as the radiated pulse.

The scattering therefcre may be described in terms of a
pumber of image pulses produced at discoﬁtinuities in any

of the derivatives of B(r). The amplitude of each scattering
component is proportional to the magnitude of the generating
discontinuity. The foregoing example may be extended to the
case where the transducer has non-uniform directivity. The
contributions of different elements of surface are weighted

then by appropriate directivity functions, so that B(r) is
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Figure 5.2 IJIllustration of Freedman discontinuities

(a) Smooth convex

body
direction of
incident sound
(v) B(r)
1
|
; '
(o) LX) —_
dr

(a) dQBgr)

dr2

E\\‘—/\/
S

Replica echoes are produced at the rangeé corresponding to
the discontinuities in any of the derivatives of B(r).
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replaced by Bw(r). If the directivities are themselves con-
tinuous, then the discontinuities remain at the same positions

but are altered in magnitude.

Freedman adopts the following notation for the echo

signal produced by a scattering body whose nearest point is

at ro (kro>$>1)

s S,
g

=1

where Eg is an image pulse.

)
iM . D(Wy,8,n)
E = —8 exp(-i2k(r_-1r.) Z
e A p( (rg-r,)) (12K)D
n=o
in which Mg = P(t -258) VH.exp (i(wt - 2kro)) .
P(t-—zég) = envelope of transmission pulse (on delayed scale).
V,H are transmitter and receiver sensitivities.

mean frequency

c = % = velocity =
mean wave nunber

rg = a range at which finite discontinuities occur in one or

more values of

dnwmdrq

drl -

Ww(r) = value of W(r), the solid angle subtended by the body
within range r, when each element is weighted by the product

transceiver directivities.

I,
D(Wy,8,n) = notation of a discontinuity in 4 Ww(r) at range rg.
ar?
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rp = furthest range of irradiated part of body.
For a range extent (rm-Qro) much less than the mean range r,

this reduces to
e

=0

00 ’ :
im _ _ D(By, &, n)

where By(r) = directivity weighted area of projection con-

sidered earlier.

The formal derivation of these equations was obtained
by Freedman by expanding the XKirchoff integral after form-
‘ulating the integral in a convenient coordinate system. No
new physical ideas were involved in obtaining these expressions

for the scattered sound.

_The various assumptions involved in the derivation of
the series solution are not always rigorously satisfiéd and
this leads to a loss of quantitative accuracy. For the
purposes consideread here, the quantitative validity is unim-
portant, but Freedman's method is also inapplicable when used
t0o analyse scattering from surfaces which exhibit non-~-finite
mathematical discbntinuities. However, the essential features
of the mechanism - that the echo is primarily generated at
discrete discontinuities in the object's projection - remain
the same (Freedman, 1962) and the theory has been shown %o
give useful results even when the conditions imposed are

seriously violated.

The Freedman approximation predicts a series of replica
pulses identical to the interrogating pulse only when the
pulse bandwidth is restricted, but Freedman has indicated that

the bandwidth restriction is not severe (a bandwidth of % of
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centre frequency gives good correspondence to theory) and is
normally met by pulses used in diagnosis. When the restric-
tion is not met, the replica pulses are distorted but they

are still produced at~discoﬂtinuities in the object area
function. It is however possible to obtain pulse distortions
due to scattering from some bodies. Robinsmfgﬁg74) has dis-
cussed the bandwidth restriction in detaii, and his conclusions

are introduced later in this chapter.

Each term of the series solution has the same dimensions,
and because the denominator is (Eik)n, then successive terms
differ by E%f' Each differentiation must therefore drop by a
power of a length where the length involved will depend on
the bedy radii, the distance from the transducer, and the sigze
of the body, all of which are much greater .than A. Thus,
successive terms differ by factors that decrease very rapidly
with n so that the series converges gquickly and only the first
few terms are significant. It is this convergence which makes
the Freedman analysis particularly useful in this context
because 1t means that the equivalent set of point scatterers
which can be used to represent the body completely can itself
'be well approximated by a small number of points each of which
corresponds to a term in the series of Freedman discéantinuities.
This allows the object and the process of, image formation to

be properly described.

The *'field of echo generators' considered in Chapter 4
can now be reduced to the distribution of Freedman discontin-
uities, at least for certain classes of object. ‘fhe exten-
sion of a Freedman type aralysis to less ideal objects has

been attempted with some success (e.g. Hickling 1962) and it
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is reasonable to suppose that the qualitative features of the
mechanism of replica pﬁlse formation will be valid for éeverél
classes of scatterer found in‘the body, especially in consid-
ering the mapping of organ outliﬁes and well defined surfaces.
The equivalent set of point scatterers can be reduced, for
any given transducer position, to a few points which corres-
pond to the geometrical *highlights' - those dominant features
of objects at which the surface changes rapidly. The intro-
duction of finite impedances into the object and medium
properties suggests that the Freedman highlights will change
to points at which the object's impedance changes rapidly.

It is possible therefore to introdﬁce an image Generating
Function (GI') to describe the object even when an exact
guantitative description is not available. The echo consists
of a number cf sequentially arriving pulses, each a scaled |
(and sometimes distorted) replica of each other. The number,
relative spacings and magnitudes of the pulses are determined
by the precise geometry considered, which is mathematically
described by the Generating Function, so that the echo is a

convolution of the transmitted pulse with the GF.

When replica pulses overlap, they do so vectorially and
may produce complex pulse shapes. The significance of this
and the extension of Freedman's analysis to describe the over-
all scanning procedure are discussed in Chapter 6. A simple
model however is available to produce criteria for resolution.
When the Freedman points are at different ranges from a trans-
ducer position then their separability is the préblem of range
resolution: when the Freedman points are on the same isochronal
surface then they can only be separated by moving the transducer,

which is the problem of lateral resolution.
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5.2 Scanner Transfer Functions

The use of Freedman's analysis has suggested the use of-
point scatterers as object elements but it also illustrates
a fundamental difficulty of evaluating images produced by
pulse echo techniques which is that the object is not uniquely
defined for all transducer positions. The image Generating
Function depends on the aspect from which the object is viewed
so that when an object is scanned the discontinuities which
dominate the scattering change position in the object. This
seriously limits the applicability of simple %ransfer function

analysis.

Consider an object which consists of a number of discrete,
fixed point scatterers which are scanned by a pencil beam of

sound. The point scatterers are then the object field, 0(x,y,z)

ox,y z) = Z ané(x—xn)é(y-yn)é(z—zn)

n
so that the sound arriving at the receiver (ignoring multiple
scattering) at any instant is in this case produced at a single
point. If the beam direction defines the z-axis, then for an

impulse response h( z) +the A-scan becomes

Alz:x,,y,)) = Z a, é(xﬁxo)é(:fn—yo)h(z-zn)
’ n

where (xo,yo,o) is the beam origin. If a simple line scan is

performed, the echo signal would be

L(x,z:y0) = Z 2, §(x=%)6(sh-y, )0z - 2)

n
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In practice, the beam is not infinitely narrow but has a
transverse intensity distribution. If 1(x) denotes the
variation in received signal as a single point reflector is

scanned in a simple line scan, then

L(x,2:¥,) = Z a S(F-y ) Ux-x)n(z-2)
n :

L(x) may vary with distance, z. An ideal C-scan can be

described as a mapping of positions of the point reflectors

which lie on a plane of constant z = Z4
c(x,y:25) = Zané(x-xn)é(y-yn) S(za-24)
n

For a real beam, C is approximately given by

clx,y;25) = ‘ ZanP(X—xnrY-Yn i 73)8(2a-2a),

n
where P(x,y) = the variation of received echo signal from a
point reflector as the transducer moves in the (x,y) plane.
When a scanner completes many C-scans at different depths 4,
then the object is completely represented in three dimensions

as
c(x,y,2z) = Zanp(x-r‘n’y"yn’ Zn)h(z"zn?

.1 '
An object which consists of fixed point scatterers produces
an image that depends on P(x,y:z) and h(z). Such an object
is special in that it is the only object that can be chosen
such that the Generating Function is uniquely defined and not

dependent on the mode of scanning. Other objects, such as a
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series of parallel lines which are scammed in a direction
normal to the lines, possess this property for some scanning
modes. For the fixed points only, the image may be described
as a simple convolution of the Generating Function with the
relevant scanner transfer function., The relevant scanner
transfer function may itself be dependent on the mode of
scanning e.g. the relevant beam profiie for sector scans
differs from that for line scans. Furthermore, as is shown
in Appendix C, the transfer functions mentioned above, P(X,¥);
1(x), are themselves dependent on the choice of h(z), so that

the image.can e written in the form
c(x,y,2) = GF(x,y,2z) * h(z) * _SF(X,y’Z)

where 3F = a transducer function determined by the shape of
the transducer (and is related to TF of Appendix C). For

any realistic object, such a simple equation is insufficient
to describe the image. If the sound field scans then the
viewpoint of the object relative to the transducer moves so
that the Freedman points map a locus which is partly deter-
mined by the mode of scamming and partly by the nature of the
object itself. Whereas the image, I, of a fixed point is
described by an equation of the form

I(x) = §(x=-x,) * 1Ux)

a Freedman point on a real object moves so the image is

I(x) = §(x~x,) * S(x)

where S(x) describes the manner in which the highlight changes,
which depends on 1(x), the intrinsic nature of the sound beam,
on the mode of scanning and on the object curvature. For any
except the simplest of objects, the process of image formation

is not a simple linear convolution of generating function with
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scanner filter function. However, Freedman's analysis enables

a relationship to be made between simple fixed point scatterers
and real objects, whilst it emphasises the importance of com-
plex scanning procedures in determining the achieved resolution
of a B-scan. For the purposes of evaluating different B scanners,
and of deriving sultable criteria for resolution, the response

of the scanner to a single fixed point reflector is sufficient

to completely describe the intrinsic properties of the scanner.
The Point Spread Function can be defined as the scanner response
to a single point when scanned in all directions in a C-scan,

and this will behave as a linear filterir* funevion upon the

ideal image of the point.

P(x,y:2) = the normalised variation in signal amplitude
received from a perfectly reflecting point moved in the (x,y)

plane at distance z from and parallel to the transducer face.

This definition can be used with non planar transducers
but the received signal amplitude must be clearly defined.
4s is shown later in this chapter, the emitted pulse shape
varies throughout the sound field so that a single echo ampli-
tude may not be readily defined, P(x,y) could, for example,
represent the integral of pressure with time, the average
pressure or the peak pressure in the pulse, and the relevant
choice depends upon the nature of the signal processing of the
scanner. P(x,y) can therefore be measuréd meaningfully for a
tctal system only so that the effects of differentiation,
integration or other operatlion are included in +the measurement.
However, if P(x,y) 1is measured as an A-scan height or a B-mode
intensity on present generation scanners, the important

parameter is usually the peak pressure in the echo pulse, so
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that P(x,y) is directly related to the maximum excursion from
zero of the RF voltage induced at the transducer by the sound

reflected from a point reflector.

The Point Spread Function defined and measured in this
way is the Reflected Pressure Profile of Chapter 3 rotated
about the transducer axis, if the sound field is cylindrically
symmetric. Measurements of this function have often been
used to compare scanners, but some experimental details remain
undiscussed in the literature, and single indices of resolution

have not been extracted satisfactorily.
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5.3 The Point Spread Function

The reflector used to plot sound fields must be large
enough to produce an echo of reasonable amplitude but small
enough to act as a point reflector. Large spheres may possess
directional scattering characteristics which can influence
the aﬁparent beam profile. The angular distribution of sound
scattered from a sphere becomes omnidirectional as the radius
to wavelength ratio decreases (Morse and Ingard 1968) but
important directional characteristics are expected when the
radiué is greater than a few wavelengths. OSince the spheres
used in practice are a few millimetres in diameter, the im-
portance of sphere diameter was checked experimentally. The
lateral beam profiles of a transducer (centre frequency 1.5
IMHz) were measured using spherical reflectors whose diameters
varizd from 0.8 mm to 12.7 mm. The normalised beam profiles
are shown in Figure 5.3, from which it 1s seen that there was
no discernible difference beitween these measufements. Further-
more, changing the material of the spheré from steel to plastic
(nylon, perspex) made no difference. Hickling ( 1962) showed
that a rigid, elastic sphere scatters a sound pulse in the same
way as a point located on the sphere's surface, but his cal-
culations of the variation of backscattered pressure with
radius to wavelength ratio suggest that the sphere's material
constants and diameter may be of considerable importance in
selectively filtering the sound pulse frequency system, so
that the echo spectrum is dependent on the choice of sphere.
Such considerations do not appear to be importaﬁt in practice,

but they do suggest that the sphere must be chosen with caution.
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Figure 5.3 Reflected Pressurc Profiles for different sizes
of spherical reflector. ( 1.5 MHz focussed transducer,at 6 cms)
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The Point Spread Function is a scanner transfer function
which describes how a single fixed point is imaged cn a C~scan.
If it is measured with minimal small signal suppression and
below amplifier saturation level by plotting with a sphere in
degassed water then it may be called an intrinsic transfer
function. ©Point Spread Functions vary in shape and it is
this variation which makes a single beamwidth an unsatisfact-
ory parameter to use as a measurement of resolution. In order
to ccmpare scanners in a quantitative fashion it is convenient
to extract from P(x,¥) a single parameter which indicates the
overall scanning ability. An integral transform of P includes
the values of the Point Spread Function everywhere, and the
widths and moments of such a transform may again be used as
suitable indicators of the general shape of P. Whilst the
selection of such parameters is arbitrary,.some guidance may

be derived from examining the shapes of rezl beam profiles.

Since P(x,y:z) is a two dimensional amplitude distribution,
it requires a two dimensional Fourier Transform to describe
the distribution of spatial frequencies in the image of a
point;. However, when P is rotationally symmetric then the
two dimensional transform may be simplified. In a polar co-
ordinate system, if

x2+y_2=r2

then P(x,y:2z) = P(r,z).

An appropriate transform for such a function is the one
dimensional Hankel Transform with zero order Bessel function
as kernel. It is ecasily shown (Dainty and Shaw, 1975) that

if F(q,2z) is defined from
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0

P(q,z) = 21 JfP(r,z)Jo(anr)r dr
o 0
then P(r;z) = 2n | F(q,2)do(2nqr)q dg
(¢
where P(r,z) is normalised to r = O.
F(q,z) describes the spatial frequency response of the C-scan
and it contains all the characteristiecs of the scammer which
determine its intrinsic resolution. F(qg,z) is a surface
which is rotationally symmetric and which in general is
peaked at q = O and slopes down with increasing q, where q
has dimensions of cycles per unit r. Such a surface is shown
in Figure 5.4. The total volume under F(q,z) is V(z).
0
V(z) = 2n | F(q,2)q dq
o
This volume is dependent on the overall imaging ability
whilst the manner in which F(q,2z) decreases is determined by
the relative ability of the scamner fo detect and display
different spatial frequencies. The width of F(q,z) indicates
this response and a useful width for describing the resolution
is the Equivalent Frequency, which is the radius of the
cylinder erected in g-ovace which has the same height as the
maximum value of 1(q,z) and which encloses the same volume,
V(z). Such a cylinder is shown in Figure 5.4.
If the Equivalent Frequency is Q and if F(q:2z) is peaked at

q = 0 (which is usually the case) then

V(z) = F(0,2)mQ%(z)
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Cylinder volume
V(z)

Figure 5.4 Illustration of definition of the Equivalent

Frequency, Q@ , of a transducer response.
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o0

21 J'F(q,Z)q dg

(0]

1Q2( z) =
F(0,2)
Q may be calculated from this equation after Hankel transform-
ation of P(r), but this particular choice of width of F(q,z)
has the advantage that it can be found by an alternative

technique which avoids the integral transform. From the

definition of F(q,z) it can be seen that

nQZ(z) = (2n J?;(r,z\r d.:r‘)"1

0
Thus, the Equivalent Frequency is inversely dependent on the
volume under the Point Spread Function. This volume, in the
spatial (image) domain, may similarly be replaced by an
equnvalent cylinder of the same height whose radius is R.

©0

i.e. 21 JrIiryz)r dr = nRQ(z)

o

1

so that Q(z) =
nR( z)

Thus Q{z) can be calculated from the value of the first moment
of P(r,z) which represents the volume of the Point Spread
Function. From such a measurement, 2R (2) may be calculated,
which is the beamwidth that corresponds to the diameter of the

cylinder that has +the same volume and height.

The volume under the Point Spread Function is the integral
of the total signal recorded by the scanner for a point re-
flector. P(r,z) as defined above is normalised with its value

at r = 0, but if the unnormalised profile is P'(r,z), where
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P' is a signal on an absolute scale, then,
P*(r,z) = P'(0,2)P(r.2) .
) o
Then, 2=n y{ P'(r,z)r dr = the volume under the unnormalised

° - Point Spread Function, S(z).

S(z) is avmeasurement of the sensitivity of the scanner but it
depends on the nature of the reflector. However, it can be
made a useful standard for comparing different scanners by
adopting a standard sphere reflecting in a water bath. Since
the echo amplitude from a sphere is avproximately proportional
to the sphere radius (see Chapter 6) only the material of the
sphere need be specified to allow quantitative coﬁparisons of
equipment, and steel spheres are suitable and readily available.

For such a standard interface, therefore,

P'(0,z)

S2) = i

F'(0,2z) is the axial amrlitude in absolute terms, and i% varies
with amplifier gain, transducer damping, 2z, etc. This equation
relates a measurable scanner sensitivity to these variables and

to a resolution area, an, in q-space.

Q may be interpreted in terms of the response of the
scanner to simple objects other than spheres which are scanned
in modes other than the ideal C-scan. If a Stfaight edge 1s
scanned by a linear scanner, the edge is not sharply defined
in the image and such blurring may cause measurcment errors or
lead to a loss of image quality when boundaries are not clearly
delineated. If the'edge 1s scanned in a normal direction the

resultant echo signal variation is E(x), and such an Edge
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Spread Function is shown in.Figure 5.5. Similarly, the Line
Spread Function, IL(x), may be obtained by observing the
variation in signal from a wire scanned in a direction per-
pendicular to its length (Figure 5.6). E(x), L(x) and P(r)
are the intrinsic functions that determine the fidelity of
B-scan images even though the exact form of an image depends
on the pattern of scanning. These three functions are
related for linear systems, and the experimental resulis
depicted in Figure 5.7.suggest that these linear relationshipé
are valid for ultrasonic scanners, In particular, the Line
Spread Function is an Abel Transform of P(r,z)

O

n(x,z) = 2 j}?(r,z) (r2—x2)_%rdr
X

from which follows the Fourier Transform relationship

oD

Fla,z) = \I.'L(x,z)e"'d’tin dx

-00
The Edge and Line Spread Functions are related by

_@,(M) = L( X,Z)

adx

A commonly used quantity which is correlated tn subjective
impressions of the sharpness of an edge iS5 the mean square
gradient of the edge profile, which is the acutance, A

(Wagner 1974)

Al z) = \jﬁ ]—;éiLE)I2 dx

I
L“*‘w
=
Ky
5
e
o))
>
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Pigure 5.5 Measured Edge Spread Function, E(x)

Figure 5.6 Measured Line Spread Function, L(x)
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E'(x)

line of
uniscy

E( x)

Figure 5.7 A comparison of the Edge Spread Function, E(x),
measured experimentally, and E'(x), the Spread Function
obtained by integratapg a measured Line Spread Function.

E'(X) - J;)L( X) dx

ij(x) dx
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which from Parsevalts Theorem means that

“ _
Alz) = JrlF(q,Z)]2 dgq
-0

The calculation of F(q,z) from the Point Spread Function
enables the acutance of an edge to be expressed simply. The
Edge Spread Function represents the smearing out of an imped-
ance step in the direction of the scan, and the acutance is a
useful measure of the sharpness of the step. Furthermore, .
from the properties of the Abel Transform ( Bracewell, 1965)

it can be seen that

00
[e 0]
r
L(x,z) dx = 2= P(r,z)r dr = L
nQ%( =)
bt o
—w

Thus, Q may be calculated by integrating the area under the
normalised Line Spreaa Tunction. L(x,z) may be measured by
scamning a wire but the important quantity, its normalised
area, is independent of gain settings, size and type of wire,

etcetera.

Simple analytic expressions are not good fits to the beam
profiles of most transducers. Some functions match the beam
curvature near the axi=s (e.g. Gaussian curves) whilst others
e.g. the exponential curve, fit well away from the transducer
axis but are too sharp near the axis. However, for estimating
the effects of changes on the Point Spread Function it is
convenient to use simple approximations for which the Equivalent
Frequencies may be easily calculated.

e.g. P(r,z) = e 2%
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This curve was found by Atkinson and Berry (1974) to be a

good fit to their curves.

2na
F(QJZ) = 3.
(41292 + a2) ®
1
2.—'
R=%, Q==
T2 2

R corresponds to the beamwidth at a level 12.3 dB below the

maximum.
—glp?l
Similarly, suppose P(r,z) = e & T
= I
R-'é"‘: Q_‘!t

.For this curve, R corresponds to the 8.7 dB beamwidth. Thus,
the Resolution defined in this way is equivalent to measuring
a single beamwidth but the value of the beamwidth level deéends
on the shape of the beam. This is an advantage of specifying

the resolution in terms of a spatial frequency response.

A Turther useful interpretation of the Equivalent Fre-
quency Q is that it can be used to construct an Equivalent
Beam Profile, Prp(r,z). This is the beam which is the exact
Hankel inverse transform of the cylinder of radius Q. PE(r,z)
has the same Equivalent Frequency, the same volume under
F(q,2z) in the freguency domain, but it images perfectly up to

frequency Q when its spatial frequency response cuts off

sharply.
2r
Py(r,z) = 107
e
oT
R

Such a function is a useful approximation to some beam profiles,
and it provides a physical interpretation of the Equivalent

Frequency.
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5.4 Measurements of Point Spread Functions

The normalised profiles, P(r,2), of a 1.5 MHz focussed
transducer are shown in Figure 5.8 for various distances from
the transducer. From these curves the volumes, V(z), of the
Point Spread Function were calculated, and the values of Q
and R obtained are shown in Table 5.1. The axial signal
variation, P'(0,2z) shown in Figure 5.9 was measured with a
6.3 mm radius steel ball, P' is the peak RF voltage at the
output of the RF amplifier and Table 5.2 shows that the
sensitivity, S(z), measured as indicated above can be expressed

in absolute terms for this reflector.

Tigure 5.10 depicts the manner in which Q(z) and R(z)
vary with z, and also shown are the values pf the 10 dB beam-
widths at various distances. The curve of R(z) is almost
identical to the locus of the 10 dB beamwidth, so that for
the beam shapes of this transducer the 10 dB beamwidth is a
paramneter that has a well defined physical interpretation in

terms of the spatial frequency response of the scanner.
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Figure 5.8 Normalised profiles, P(r,z), measured for a 1.5 MHz
focussed transducer at various distances z.
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Figure 5.9 Axial signal variation P'(0,z) for 1.5 IHz fo@ussed transducer
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Table 5.1

Measurements of the Resolution of 1.5 MHz ( focussed) transducer

2 (cms) ¥(z) (m?)  R(z) (m)  Q(z) (eyeles/mm)
3 53.5 4.13 0.77
| 5 17.6 2.37 1.34
8 31.6 3.17 1.00
10 45.1 3,79 0.84
13 69.2 | 4.69 0.68

15 93.0C 9444 0.59
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Figure 5.10 Comparison of the functions Q(z) , R(2z) , and the 10 dB beamwidth for a 1.5
MHz focussed transducer.
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Table 5.2

Sensitivity of a 1.5 MHz transducer

~

2z P'(0,z) (volts 8(z) (volts.mmz)
3 ‘“._--1.16 62 |

5 2.85 50

8 . 2.00 63

10 , 1.40 63

13 0.82 27

15 - 0.58 54

S(z) measured for 6.3 mm radius sphere of steel in water.
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5.5 Some factors affecting the Egquivalent Frequency

The achieved resolution must again be distinguished from
the intrinsic resolution, but often the former may be estimated

when the latter is known, and some examples of such calcul-

ations are given here.

(a) Effect of Threshold

A suppression control changes the detection thréshold of
a scamner by removing small signals, which subtracts the base.
of the Point Spread Function, thereby changing the volume
under its surface as well as its maximum amplitude. Suppose
the suppfessor removes all amplitudes below a value T from

the normalised Point Spread Function (0T {1). With no

. suppression, P(r) cuts off at some radius 5, so that the

velume under P without suppression is

r
V1 = 2% \[ rP(r) dr = nR12 ,

0

Introduction of a suppression of amplitudes below T means that
the cut off radius is reduced from Ty to Toe The new Point

Spread Function 1is
1
Pz(r) =1—-'T7_[T (P(I‘)-T) O<r<r2

The volume is reduced to V2

ro
2
Vo, = 2n Jf r P2(r) dr = nR,
0
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2 2

where the volume removed by suppression is

I‘1 4
= 27 rP(r) dr + an22
r2

VREM

If Ry, = a R1, then

2

« (1 _VREM
- T‘:T

)

When T = 0, a = 1, whilst a decreases to 0 as T tends towards
unity. The changs in resolution is guantitatively given by
a. Furthermore, the new sensitivity can be described as

2 .
TR, PQ'(O,z)

o
2

2 (1-m)s

so that the change in seasitivity may be estimated.

Similarly, altering the receiver gain increases the
sensitivity, and the volume of the Point Spread Function above
the detection threshold increases. The resultant decrease in

resolution can be found.

(b) Effect of Non linear Amplification

A non-linear response e.g. a logarithmic anplifier, may
amplify small signals more than large signals, thereby broad-
ehing the Point Spread Function and increasing its volume.

If the signals into such an amplifier are Pin(r) and the

signals out are Pout(r)' then

Poup(?) = kP (1) + kP, A(r) + kP 3(r).....

3 in
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The constants k2, k3.... describe the degree of signal
compression, and are all zero for a linear amplifier. Thus,
the volumes under the Point Spread Function for linear and

non linear responses are related as

) o0
v =V + Z k P. n(1f')r dr
non-linear - " linezar n in
n==2 o

The last term represents the effect of the non-linear response

on the resolution of thé scanner. ' )

(e¢) Effect of Bistable dispnlays

A non-~linearity of particular importance in the overall
response is the echo amplitude—diSplgy brightness character-
istic, which for bistable tubes is a discontinuous step func-
tion at some threshold amplitude T. The Point Spread Function
for a bistable system is a cylinder whose radius, Tps depends

on the detection threshold level of the scanner.

P(r) =1 r‘(r@
=0 r> T'n
The Equivalent Frequency is Q = 1 . As the threshold in-

T
creases so I decreases, and the resolution improves.

(d) Effect of Focussing

%

Focussed transducers are used to improve the lateral
resolution over limited regions of the sound field. Kossoff
(1963), following the ideas of 0'Neill (1949) derived a
dimensionless parameter from the dimensions of a.spherical
radiator to describe the degree of focussing of such a trans-—

ducer. Such a parameter, however, is inapplicable to transducers
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which radiate wide band pulses, it does not describe the degree
of 'unfocussing' of the sound field away from the focal region,
and it cannot be used with non-spherical radiators. Even plane
transducers may be considered focussed in the Near Zone.
Furthermore, such a dimensionless parameter does not give any
indication of the absolute resolution of the beam. In order
to compare two transducers quantitatively, two useful quant-
ities may be extracted from the shape of Q(z). Firstly, an
overall impression of the average resolution of the scanner
can be obtained from the volume of rotation of Q(z) about the
transducer axis. In calculating this volume, the limits of
integration can be adjusted»to include only that region of
tissuc of interest to the user. Thus, if an application in-
volves only a region between distances %4 and Zoy the volume

of resolution is U.

22
U=f nQ2(z) dz

21
Secondly, an indication of the degree of focussing of the
sound beam is given from the curvature of Q(z), and the sharp-
ness of the maximum of Q(z). This can be denoted by f. The

radius of curvature of Q(z) is

1
(1+ ()2 : a2
- -y 80 that at the maximum of Q(z), f = 49 .
EQQ az?
aze

f may be calculated for any transducer, and Figure 5.11 shows
the results of measurements made on the 1.5 MHz transducer

considered earlier.
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Figure 5.11 Neasured values of the rate of change of the
Equivalent Frequency with distance, dQ(z).
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5.6 A consideration of factors that determine the

intrinsic Point Spread Function

P(r,z) depends on the signal processing used in a scanner,

and the achieved resolution varies with several independent

factors. However, a prime influence on P is the variation in
pressure incident on the sphere used to plot the sound field,
and the factors that determine this emitted pressure profile
are also fundamental to the resolution. These factors are
considered here and the intrinsic transfer function of the
transducer is derived, Vhereas some features of transducer
design are well understood, other are based on theories which
are inapplicable to transient conditions and it is necessary
to consider from first principles the formation of a pulsed

sound fieid.

(a) The sound field from a pulsed transducer

The variation of pressure in the emitted sound field of
a transducer is well understocod for plane transducers radiating
continuous monochromatic waves, but the behaviour of transient
field patterns héve net been documented so well. The diffrac-
tion patterns obtained with continuous excitations are not
useful indications of the patterns obtained wi+h wide band-

width pulses since pulsed conditions do not ailow the strong

1t}

interference phenomena of the CW field to form. Usually, wave
fields are calculated by superposing contributions from ele—
mentary sources with regard to phase and amplitu@e, and dif-
fraction minima may then arise because wave phrasors cancel
destructively. A simple consideration of the effect of over-~

lapping two identical pulses shows that a complete cancellation
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is impossible even with a phase difference of =«

When two pulses overlap the resultant acoustic sig-
nal may show a complex variation in shape and amplitude
depending upon the degree of overlap, and this variation
considerably confuses an exact calculation of the transient
field. Turthermore, because the transducer is a relatively
large aperture, the region of interest here usually lies in
the 'Near Field' in which the Fraunhofer approximation is not
valid, so this mathematical convenience is not valid. Severai
authors have discussed Near Field transient patterns e.g.
Morse and Ingard (1968), Freedman (1970a), and several methods
have been reviewed by Freedman (1970b). In Appendix C, the
near field structure of a plane transducer is derived by ex—.
tending the Kirchoff integral to polychromatic excitations
from which the sound pressure at a point as a function of time
may be derived by Robinson's method (1974). The pulse‘struc-
ture is determined by the way in which the area of radiator
contributing to the sound varies with time. It is shown that
both the near and far field pressures from a plane transducer

may be written in the form
p(T,t) = TR(T,t) * h(t)

where T is a field coordinate defined in Appenaix C and h(t)

is the velocity of the transducer face. bhe intrinsic ftrans-
ducer function in transmission is TF(r,t), the pressure dis-
tribution when the velocity is a Dirac impulse, but it is often
more convenient to consider the related function.g(T,t) that
describes the velocity potential in the field. It may be de-

duced from the results derived in Appendix C that the field
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for an impulsive motion shows the following characteristics.
(i) On the transducer axis, the velocity potential waveform

is a rectangle of duration T

1
2+a2)2 -z

. (z
T = c

The acoustic pressure on axis consists of two S-functions of
opposite sign, separated by an interval T. As z, the distance
from the transducer, increases, so these two 6 functions

approach each other and for large distances

.

2Cz

The impulse amplitudes are the same for all z.

fii) At a distance y off the axis but still inside the
cylinder defined by the transducer, the velocity potential
shows a discontinuous step up at a time ty = %, which is

followed by a period of duration

a1
2

)
t, - t, =%((a“+y2—2ay+z2) -z)

1
in which the velocity potential remains constant (this corres-
ponds to the period in which the contributing annular elements
are complete circles5. This is followed by a period in which
the velocity potential decays monotonically to zero. The
pressure waveform is therefore an impulsé at time %, followed
by a period with no disturbance, followed by a transient of
opposite sign which is not a delta function but has finite
bandwidth. The amplitude of the initial impulse.is constant

for all values of y less than the transducer radius.
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(iii) Outside the cylinder, the velocity potential rises and
decays, but the waveform is never flat and it is always of

smaller amplitude than the axial rectangle.

The initial impulse arrives’at the same instant at all
points in the circle of radius a in a plane parallel to the
transducer face. OQOutside the cylinder defined by the trans-
ducer, the wavefront which is the locus of the initial impulses
bends back towards the transducer. Inside the cylinder the
disturbance forms a plane wavefront and the isochronal surface
for the initial disturbance is as shown in Figure 5.12a, The
secondary impulses, which mathematically can be seen to arrive
from the near and far points of the transducer edge, correspond
to Freedman's replica pulses. Robinson (1974) analysed the
degree of distortion of these impulses when compared with
Dirac impulses, and showed tbat this depends upon the position
in the sound field. A+t points off the transducer axis, there
are three impulses separated in time and some calculated shapes
are given in Appendix C. Whilst the surface of Figure 5.12a
is isochronal to the initizl impulses, it cannot be isochronal
to the second and third impulses. PFigures 5.12b and ¢ show
the shapes of surfaces which are isochronal for these components.
There is therefore no clearly defined single isochronal surface

for a transducer excited with very short pulses.

Inside the cylinder of radius a, the maximum pressure at

a point is reached at the instant the initial impulse arrives

. . A .
at the point (at t = 3 ), so that a plot of maximwm pressure

amplitudes would show no variation throughout the cylinder.

If the transducer face undergoes a step displacement, the sound



Figure 5.12 The shapes of isochronal surfaces for different components of the pulse
from an impulsively excited plane transducer.
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beam profiles are flat for a width 2a, beyond which they decay
to zero. The analysis predicts no transverse peak pressure
variations, nor any axiallpressure oscillations as in the CW
case. The beam shows no side 10595. The pulse shape at any
point in the fiéld is given by the transducer Féhape funecticn?,
T?F(Tr,t), so that the production of very short pulses from a
transducer is limited not merely by the cfystal impulse re-
sponse, but also by its shape and size. The implications of

this for A scans are considered further in Section 5.6.

The transient field produced by a gcueral excitati
be calculated by the convolution of transducer face velocity

with TF(r,1t)

p(r,t) = p%h(t) * 69(;:45)

(Aprendix C, Equations 7 and 8).

(i) On axis, the total disturbance consists of a pair of
pulses identical in shape to the velocity waveform, separated
in time and with opposite sign. These replica pulses overlap
when the pulses are longer than T, whilst shorter pulses are
clearly separable. Since T depends on z, then the degree of
overlap of the pulses varies with distance from the transducer,
thereby resulting in a variation in axial pressure amplitudes.
The severity of these axial pressure vari;tions lies between
the extremes of CW excitation and Dirac impulse excitations,
and it depends on the transducer bandwidth. If the transducer
impulse response is of short duration, the energy. of the
acoustic disturbance is distributed over a broad band of

frequencies and at any position in the field some of these
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frequencies may cancel when the replica components overlap,
but others may interfere constructively. As the impulse re-
sponse lengthens, its frequency spectrum narrows, so that
destructive interference between the component impulses causes
& cancellation of a much greater fraction of the total signal.
The degree of variation of the axial peak pressures is there-
fore a measure of the transducer bandwidth for a shock excited
transducer, and an axial beam plot may be used to infer the

shape of the sound pulse.
If h(t) is gquasi-monochromatic e.g.

h(t) = a(t) cos wot , Wo = 27(%'

then axial pressure maxima or minima may be expected at values
of T that correspond to path differences of (2n4-1)% and 2;%
respectively, as long as the envelope, a(t), does not vary
rapidly over distances of order %. As-for a CW excitation,
minima are expecied av values of z given by

a2 - r12')\2

Z = TN

For n = 1, the minimum may be quite pronounced if the pulse is
a few wavelengths long, but for larger values of n, the shape
of the component impulses becomes increasingly important. When
these components are separated to such an exteu*t that the tail
of the first interferes with the peak of the second, they can
not cancel {to a significant extent with the result that as n
increases, the peak axial pressure tends to a constant value.
The number of axial minima and the severity of the axial pres-
sure oscillations are therefore inversely dependent upon the

ratio of the spread of frequencies contained in the envelope
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spectrum to the carrier frequency i.e. the transducer's band-
width., Figure 5.13 shows axial pressure plots obtained with
a 20 nm diameter, plane 1.5 MHz transducer. These curves
confirm the changes in axial preésure oscillations which occur
as the pulse length increases from the minimum obtainable

( shock excitation) to the CW case, Variable pulse_lengths
were obtained using the transmitter of Figure 5.14 which pro-
duces a short oscillating voltage pulée.at the resonant fre-
quency of the transducer. The excitation envelope, a(t), is '

determined by the damping of the LCR output circuit.

(ii) Off axis, but inside the cylinder of radius a, the first
impulse produces an exact replica of the face velocity wave-
‘form whose amplitude is not dependent on y. The other compon-
ents produce distorted pulses with narrower bandwidths. Tﬁere
is a variation of peak pressure amplitudes across the beam
which depends on the pulse shapes and carrier frequency. The
total pulse shape varies across the beam. The degree of var-
iation depends on the manner in which the separation of the
replica components changes across the beam, relative to the
wavelength. The shape variation is unimportant when the con-
dition

((a-9)2 + 2% = 2 ¢

is satisfied. Since z>> A usually, then this becomes
(a-—y)2< 2z .

The lateral beam profile is not flat inside the cylinder be-
cause the replica pulses overlap and interfere, and consequently
the Point Spread Function is dependent on the shape of the

replica components. The beam profile can be changed by using
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Figure 5.14 Circuit diagram of RF pulse generator used to vary excitation of transducer
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different transducer excitations and the Point Spread Function

can be changed by altering the bandwidth of the scanner receiver.

The beam\gfofile should ide?lly be peaked on the trans-
ducer axis and it should fall raﬁidly away off axis, but this
amplitude decay can only be achieved by destructive interfer- '
ence between replica components. The rate of decay, which is
the sharpness of the lateral profile, deﬁends upon the rapidity
with which the'separation of replica componenfs decreases for.
a given displacement from the axis. In the coordinate system

of Figure 5.15 the separation of the components is d.

d = he=-z
ad _ (a-y) _ _ «:
& = ......n_y_ = - sin@

The path difference decreases most rapidly-if 6 is large S0
the beam is sharpest for large transducers, However, as 6
decreases the profilé curvature decreases whilst the third
replica component moves away from the other two. Whereas the
Near Field pattérn cf a continuously excited transducer shows -
secondary maxima across the beam, these will not be apparent
in thé pulsed field if the pulse_is sharply peaked. Instead,
the replica pulses separate and their amplitudes fall off

slowly.

(b) Design considerations for pulsed fields

The analysis above illustrates the dependence of the
emitted sound field, and therefore the Point Spread Function,
on the size and velocity of a transducer face.

(i) The sound pulse shape varies throughout the sound field,

and this implies that the usefulness of a transducer depends



Figure 5.15

pulse separations (see text)

=
A ~~,““~~ h
B~ w~~-~m2$1
a i
Z ty
?
W
transducer

Coordinate system used to calculate replica

Tilg o 1€ dbserve plica pulses in the fie of a plane
Figure 5.16 Observed repl pulses t field plane

2.5 MHz transducer, radius 7+ mm, 2t 3 cms depth of water

Z = 3 cms
y =20
e gai“

v  oain
S ) Bdadd

Zi = 3 cms
y = 7 mm
x 10 gain



-282-

on the nature of the receiver signal processing - a transducer
could have relatively good resolving ability if the peak pres-
sure of the echo is recorded, whereas 1t could be relatively
poor 1if fhe echo is integrated by the receiver. Although the
Point Spread Function as defined earlier is a sufficient
deseription of the overall system, a single pulse amplitude

is not a sufficient description of the sound arriving at any

"field point.

(ii) ™The emitted beam shape depends on the size of the trans-
ducer which shovld he large to obtain charp beams near'the
axis. However, itvis not necessarily true that the beamwidth
of a large transducer is smaller than that of a small trans-
ducer at all levels, and the converse is often found towards
the edges of the sound field. Here the rates of change of.
the amplitudes of the'individual replica components begin to
influence the beam profile. At the edge of the cylinder de-
fined by the transducer the lateral pressure variation is no
longer solely dependent on interference effects because even
the intrinsic function TF(r,t) begins to decrease. This decay
occurs nearer to the transducer axis when the transducer radius

is smalil.

(iii} At some positiors of the field the repiica pulses sep-
arate to such an extent that two or more pulses are clearly
distinguishable, and an example of this splitting is shown in
Figure 5.16. To completely characterise a beam the variation
of each of the replica components should be plotted separately.
In particular, the intrinsic transfer function of the trans-

ducer could in principle be obtained by deconvoluting the
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pulse at any position, p(r,%), with h(t), and three beam
profiles would then be obtained correspornding to the three
principal components of TF(r,t). Furthermore, if two replica
pulses are cseparable by the signal processing then the Point
Spread Function will contain two surfaces displaced in dis-
tance from the transducer. Such artefacts are considered in

the final section of this chapter.

.{iv) When a beam profile is measured, either with a piezo-
electric sensor or with a spherical reflector, the bandwidth
of the sig al amplifier affects the measurcd prefilc. In
Figure 5.17 are shdwn the emitted pressure profiles from a
transducer, measured with a piezoelectric needle probe from
which the signals were amplified by the tuned RF receiver of
the NE4102 (see Chapter 3). The effect of changing the re;
ceiver banawidth is equivalent to changing h(+) in the expres-—
sion for p(z,t). It i1s not therefore sufficient to describe

a transducer by its centire frequency and size alone. The
total system frequency response must also be specified. Fur-
thermore, it is not satisfactory to measure transducer sound
fields with equipment whose frequency response is not the same
as the scanner with which the transducer is to be used, unless
it is the intrinsic transfer function, TF(r,t}, which is to be

determined.

(v) The analysis of the structure of the Near Field shows
that two extreme situations can arise, The sound field pro-
duced by a Dirac impulse is uniform, the lateral -beam profile
is flat and resolution is poor. Severe artefacis can arise

because of the separation of replica components. The field of
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Figure 5.17 Effect of measuring system frequency response
on pressure profiles obtained
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a monochromatic radiator shows strong interference phenomena,
and the resolution is degraded by the formation of secondary
maxima off axis and side lobes, whilst no axial resclution is
obtainable. The optimum pulse 1éngth must 1ie‘between these
extremes and Robinson's descriptibn of the formation of the
sound field suggests that the pulses used with scanners now
may be near this optimum choice. They are peaked sharply
enough to prevent secondary maxima forming off axis, yet they
are guasi-monochromatic and allow strong primary maxima to '

form on axis.

(vi) The anaiysis'of the field of a plane piston can be used
to obtain at least a qualitative understanding of the behaviour
of focussing transducers and the effects of using arrays of
small elements which are excited non-uniformly. If the trén°—
ducer is split into many small elements each of which is ex-
cited by a different ?oltage, then the area contributing to

the pressure at any time must be weighted by its velocity
distribution. It is possible to change the sound beam shape

by such 'shading' techniques, and such ideas may prove partic-
ularly'useful in the design of multielemt arrays to improve

the Multiscan performance. (Willson 1974).
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5.7 A reconsideration of the A-scan

The analyses of echo formation by Freedman, and of trans-
ient sound fields by Robinson, imply that the description of
the A-scan of Chapter 4 requires modification when the replica
pulses afe very short. Although the A-scan image of the echo
from a plane appears to be shift-invariant in practice, if the
transducer has a very wide bandwidth the replica components
of the transmitted field are separaﬁle to a degree which de-
pends on the distance from the transducer, and no single plane
is isochronal %o 21l the sound. The degree cof shift-invariance
found. in practibe ﬁas discussed in Chapter 4 and its importance
will increase as the lengths of the replica components decrease,
but it does not invalidate the use of the plane reflector as
an ovbject element for measuring resolution. It does howeVer,
suggest that axial resolutién depends on distance from the
transducer so that to completely specify a scanner's capability
the axial resolution should be measured at all distances.

Such measurements have not yet been found necessary but they
may be required when wide bandwidth or strongly focussed or

very large aperture transducers are used.

Freedman's analysis also suggests that any object may
include more than one discontinuity in its Generating Function
even when it is plane. The infinite plane is useful because
it contains only a single discontinuity and it is isochronal
to the first replica component of the transmitted sound so that
a characteristic response of the scanner can be measured,
Furthermore, it averages the transmitted sound over its surface
and smooths out variations in pulse structure which are present

across the beam. For smaller objects e.g. small plane discs,
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the resolution is dependent both on the size (and shape) of
the object and upon the position of the reflector relative

to the sound beam axis.

These variations of resolution suggest that artefacts
can be produced in A-scans particularly if the A-scan is
processed by deconvoluting with a single, shift-invariant
inverse filter (e.g. Robinson 1975: Norton-Wayne 1974).
Artefacts may be caused by resolving individual transmitted
replica pulses (equivalent to a distortion of the image pro-
duced by a degradation in the intrinsic resolution of the
scanner) or by resolving the replica components of each of-
the discontinuities of the object's Generating Function.
Although these latter artefacts contain potentially useful
information about the object's shape, they must in general
be considered a source of confusion in the interpretation of
‘the image and therefore a limitation on the desired bandwidth

of large transducers.
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Cﬁapter 6: A consideration of echo amplitudes.

é.1 Introduction

In Chapter 1 the informatioﬁ contained in an ultrasonic
image was classified as geometrical information or physical
information and it was postulated that the former could be
derived from measuring only the positions of reflecting inter-
faces and their possible changes with time. These positional
measurements are used extensively in A, B and TP scans and |
they are influenced by the factors considered in Chapters 4
and 5, where the ability of a scanner to obtain such‘geomet—
rical information was described in terms of its intrinsic
resolution and accuracy. The recognition of structures in an
image 1s often considerably enhanced by the portrayal of phys-
ical information of various types. DPhysical information can
be extracted by analysing the features of either a single echo
or an ensemble of echoes. In the former case the echo siruc-~
ture i.e. its amplitude and shape, is used to depict the nature
of a reflecting interface such as an organ boundary. In the
latter case, the distributions of suitable parameters such as
echo amplitudes or echo frequency spectra, over some region of
tissues, are evaluated to provide criteria for tissue differ-
entiation. The analysis of the structure of a single echo can
be ugeful for probing the nature of interfaces much larger
than the ultrasound wavelength ( tissue macrostructure) while
echo ensemble analysis is thought to be more applicable to
smaller scale (and probably more distinctive) tissue charac-—

teristics ( tissue microstructure).
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Several authors have reported their development of systems
. that display echo amplitudes in a quantitative fashion so that
tissues are more clearly distiﬁguished (e.g. Baum 1975, Yokoi
1972, Coleman 1974). Such systems generally utilise either
discrete colour or grey level displays to distinguish between
echoes in chosen amplitude ranges. Other workers have reported

the usefulness of quantitative analyses of the echoes from
Movatford and
regions of tissues e.g.,naWells (1972), Chivers (1973). The

recent advent of grey scale displays has demonstrated that
image quality and diagnostic accuracy are improved when the
small echoes which depict z tissue's interna] gecmetry are
displayed in a semi-quantitative manner, but the quantitative
interpretation of grey scale displays has not been attempted
and little physical explanation of the meaning of grey scale
images has appeared in the literature. An approach to the
quantitation of grey scale images is considered in Chapter 7,
where a possible method of echo ensemble analysis is described.
An attempt is made here to identify those processes contributing
to the structure of echoes from a well-defined interface, and
in particular to assess the influence of the scanner's charac-

teristics on the information contained in the echo amplitude

alone.



~290-

6.2 Factors that affect echo amplitude

There are several independent variables which can affect
the amplitude of an echo. It i;/necessary to differentiate
between those factors which are dependent only on the physical
character of the object, and which therefore are of potential
significance to the interpretation of the image, and those
factors which are in part determined by the intrinsic charac-
ter of the scanner. In the latter category a further distinc-
tion can be made between those factors which are dependent |
only on the scanner (and which are therefore measurable and
can be allowed for), and those influences which are signifi-
cantly dependent on the interaction of scamnner with object.
These distinctions can be understood by considering the pro-.
cess of image formation shown schematically in Figure 6.1.
The Search Field is the acoustic disturbance generated by the
transducer, and its precise spatial and temporal configuration
is determined not only by the iﬁtrinsic structure of the emit-
ted sound field but also by factors such as the scanning tech-
nique used and by the properties of the medium in which the
sound propagates. The Object consists of the field of echo
generators discussed previously, and the Echo field is pro-~
duced by the Search Field - Object interaction and is the
acoustic disturbance reflected back at the transducer. The
Echo field is dependent on the medium between object and trans-—
ducer, which in reception samples the Echo field to produce a

signal which is processed and displayed to form the Image.

The simplest situation comprises a continuous plane wave
Search field incident on an infinite, plane Object so that the

echo amplitude is determined by the change in acoustic impedance
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Firure 6.1 The basic stages of image formation by pulse—-echo ultrasonography
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across the interface, which is a useful measure of a change

" in the physical composition of the object. Quantitative
analys®s of echoes have usually extrapolated from this ideal-
ised, continuous plane wave situation by assuming that the

echo amplitude from a real object indicates the change in
impedance across a reflecting interface provided proper ac-
count is taken of the dependence of amplitude on the cosine

of the angle of incidence of the sound beam, a correction which

can be obviated by compound scanning.

In real objects the generation of the Esho Field is more
complex, and the Search Field itself influences the relative
importance of the object's features. Similarly, the sampling
procedure in reception determines the shapes and amplitudes
of the signals, and it i1s these limitations imposed on thé
usefulness of amplitude infermation by the intrinsic bzhaviour
of the scanner which are of interest here. The factors con-
sidered below are therefore not intended to represent a com-
plete description of the formation of echoes from real tissues,
so that several simplifying assumpbtions can be made to limit

the number of variables considered.

Since the purpose is to investigate the information con-
tained in the echo from single, isolated intex faces, the med-
ium in which the sound propagates is assumed to be homogeneous
and isotropic, and the effects of attenuation are neglected.
Absorption of sound in tissues will obviously modify the Search
Field by reducing the sound pressure incident at every point,
and by selectively filtering frequencies from the pulse, there-
by changing its spectral content and possibly modifying the

shape of the sound field. The importance of pulse and beam
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shapes for echo amplitudes are discussed later, and in geﬁe—
ral these must be considered to be dependent on the medium
surrounding the object. When the attenuation of sound varies
only to a small degree over the range of frequencies of a
sound pulse, these effects are of second order importance and
the attenuation can be apprbximated by an exponential decay.
Evidence for the validity of this is afforded by Figure 6.2
whiéh compares beam profiles measured in water and castor oil.
The normalised beam profiles show no differences in oil which
attenuates dispersively. The amplitude of echo from an object
will always depend on the sound intensity incident +to the
interface, and this depends on the emitted sound intensity,
attenuation, and position along the sound beam axis. All
these effects are disregarded below as they are self-evident
but can often be allowed for when the received echoes are pro-
cessed., The purpose'of the analysis below is thérefore that
of deciding the information contained in the apparent reflec-
tion coefficient of an interface, which is analogous to the

Target Strength concept used in sonar.

The signal received by the transducer can be considerably
affected by the transfer properties of the electronic amplifiers
and asscclated processing of the receiver and display, but these
modifications are not explicitly considered here as they are
Well understood and accurately measurable., The amplifier trans-~
fer characteristics are selected by the designer and do not
depend in any way on the object. Although the characteristics
of the display are fundamental to the interpretation of quant-~
itative measurements they do not determine the true information
contained in an echo amplitude, and indeed should be designed

only after the significance of this information has been evaluated.



Axial

-294~

Pigure 6.2 Lateral beam profiles in different media
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6.3 Factors that affect apparent reflection coefficients

(a) Echo structure in pulsed conditions

A mechanism of echo formation was described in Chapter 5
which predicts that when a pulse of sound reflects from an
object the echo consists of a number of component pulses, each
generated ‘at a range corresponding to a mathematical discon-
tinuity in an area function, and each of similar shape to the
incident pulse. Such replica pulses can account for the ob- .
served structures of not only the transient sound field trans-
mitted from a transducer, but also the sound field scattered
from an object whenever the Kirchoff integral is applicable.
Thus the acoustic disturbance arriving at any point in an
irradiated region may consist of resolvable transmission rep-
lica pulses, whilst all but the simplest objects will genérate
more than one replicg reflection pulse towards the transducer.
In Chapter 5 the Generating Function of the Object was used to
describe the distribution of Freedman points and it was shown
that the relative magnitudes of the discontinuities at which
rz2plica pulses are produced depend not only on the distribution
of pressure within the Search Field but also on the precise
projection of the Object towards the transducer. There may
occur more than one discontinuity at any range, when the two
replica amplitudes add, but in general a non-plane object will
contain several generating discontinuities, and the number,
relative spacings and magnitudes of these depend on the precise

geometrical configuration of the Search Field towards the Object.

When replica pulses overlap they add vectorally and the
resultant pulse has a structure that depends on the arrangement

of the individual generating discontinuities and on the
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transmitted pulse shape. Freedman described three types of
echo distinguishable by the degree of overlap of the replica
components. Where all the replica pulses are resolved, the
echo envelope consists of a series of components whose enve-
Jopes are similar except in size; where there are few simul-
taneously overlapping pulses the envelope shape depends on
the relative phases and amplitudes of the replica components;
where there are many simultaneously overlapping pulses the
shape of the envelope is governed by laws of probability. A
single echo amplitude cannot be satisfactorily used to describe
such pulscs because their shapes vary, and the peak echo amp-
litude is dependent on the degree of overlap of the replica
components, which is itself determined partly by the shape of
the Object and partly by the intrinsic resqlution of the

scanner,

This descriptioﬂ of echo formation shows that the Search
Field Structure is an important determinant of echo amplitugde
and shape, whilst complex echo structures can be generated by a
real object whose surface is not everywhere isochronal to the
transducer. The lateral resolution of the scanner affects the
number and relative weightings of the discontinuities contrib-
uting terms to the total signal, and it affects the degree of
diffusion of echo generators in the image. The axial resoluticu
determines the importance of the overlapping of replica pulses,
whilst the receiver bandwidth, itself a major influence on axial
resolution, affects the ability of the scanner to record the
high frequency structure -f echo complexes. It is therefore
apparent that echo size and structure are considerably influenced

by both the physical composition of an object and its geometry,
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but that the geometrical factors included in Freedman's

analysis are themselves dependent on the intrinsic behaviour

of the scammer.

(b) Effect of angle

The angle of incidence of a sound wave to a surface is
an important factor which determines the spatial distribution
of reflected sound and in particular affects the apparent
reflection coefficient of a surface. The amplitude of an echo
usually decreases when the angle of incidence increases and
an Angle Factor, A(©), can be defined as ithe ratio of the echo
amplitude at an angle of incidence © (to the normal) to that
for normal incidence. When A(©) is dependent only on the
reflecting surface then it is a property of the Object only.
However, when A(©) depends on the shape or.structure of the
Searcn Field, the intrinsic properties of the scanner help

determine the apparent reflection coefficient of the Object.

The manner in which A(S) depends on 6 is well understood
for plane waves incident on plane surfaces when the rules of
geometrical (ray) optics apply. Many real surfaces are not
smooth on the scale of a wavelength, and the surface area
which contributes to the sound back at the transducer is
neither large nor uniformly irradiated, so that tissues are
not speculaf reflectors and diffraction effects are observable.
In these circumstances the reflected sound fields cannot be
accurately calculated using ray approximations and other pro-
cedures for estimating the apparent reflection céefficients
of surfaces are necessary (e.g. Twersky 1950, Berry 1972).

The Kirchoff integral can be used as an approximate description
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of the sound reflected back to a point on the transducer if

.the distribution of particle velocities across the reflecting
surface is known. This distribution depends on the distribution
of pressure in the_Search Field and the angle ©, and its pre-
cise form determines the directional pattern of the reflector.
Even plane surfaces which are irradiated by a non-uniform

sound wave will possess a directional pattern which extends

over several degrees from the surface normal and whose shape

is determined by the shape of the Search Field, and this is

demonstrated below.

A rough surface can be defined as a surface whose height
from some reference plane is not everywhere the same but which
fluctuates about some mean height. Although it is often stated
that tissues are rough or smooth, the validity of such a dis-
tinction depends on the size and frequency of these fluctuations
relative to a wavelength of sound, which implies that class-—
ifications of surfaces as rough or smooth, or indeed as specular
or non specular, can oniy be made with reference to a given
range of sound wavelengths and to a given Search Field config-
uration. Rough surfaces are usually considered less specular
than smooth surfaces because the deviations from the plane
scatter more nearly uniformly in different dircetions, but the
exacl dependence on angle is governed by the nature of the
deviations themselves. When these are regular on a scale of
the order of a wavelength then the surface czn behave as a
reflection grating, producing severe interference lobes at
discrete directions (though these should be smoothed out by
using short pulses)., Where the deviations are randomly dis-

tributed then the angular dependence can be found by using the
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relevant probability distribution (e.g. Morse and Ingard 1966).

A further complication of the angular dependence of echo
amplitudes is that the echo shape changes with angle. As the
angle & increases, the area of surface irradiated by the sound
field becomes extended in range and the echo therefore stretches.
At different angles the sound from different ranges interferes
to different degrees, producing echoes with Varying shapes.

At some angles these pulses split to produce several distin- .
guishable peaks which means that at these angles the reflector

-18
HH
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appears as twe, moere zlosely spaced refieciors. The amplitude
of each peak is dependent on the shapes of the incident pulse
and the sound beam profile. A single curve is therefore not
sufficient to describe A(®) when short pulses are used, and

examples of pulse splitting are demonstrated below.

Many of the features of the behaviour of different sur-
faces and Search Fields can be illustrated by considering a
reflecting annulus of width w. The anmilus lies in the x'y!
plane which is rotated by an angle & to the xy plane as shown
in FPigure 6.3. The centre of the annulus 0 is the origin of
both coordinate systems and a wave incident along the -~z dir-
ection is reflected back into the half space above the annulus,
and some of the sound >3 received by a transducer at P ((0,0,z)
in the xyz coordinate system). The incident wave is assumed
te be monochromatic with wave vector k, to have no phase
variations in the xy plane but to have an amplitude distrib-
ution p(R) which is radially symmetric about the z axis. In
the plane of the annulus this pressure distribution becomes
p(r.sinB). The particle velocity v in the wave has a component

v.c0s6 normal to the annulus, where v is itself proportional
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Figure 6.3 Coordinate system used to calculate Ansgle Fectér
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to the pressure, p. Rotating the plane of the annulus intro-
-duces phase variations across the reflecting surface which
depend on ©. The pressure back at P can be estimated by using
the Kirchoff integral with the usual far-field conditions.

The Angle Factor for an annulus whose inner radius is r, is
To+W 2n Y - .

f f p( rsinB) cose e 2jkrsin6 sin{ rd\}l dr

To o)

TotW
2n f p{(r) r dr

To

A( 95 =

For a singie annulus, sinf varies tfrom 1(4':0) to cos e (Y= -72'“-).
If the angle 6 is in the range o(e({% , then 0.96 {coso 1,

so that for physically realisable beam profiles, p(rsing)=p(r).
In this case,

[ Totw
p(r) Jo(2kr =ind) r dr . cosé

I‘o-:-W
f p(r) r dr
T

o]

A(8) = 1o

A(®) depends on the rate at which p(r) decreases over a dis-
tance w, and is therefore broader for focussed beams. A plane
reflector can be considered as a series of concentriec annuli
each of which conforms to the approximations used above. The

Angle Factor for an inclined plane is then approximately
0

/ p{r) Jo(@krsing) r dr
\
A8) = =2 .
f p(r) r dr
0
_ 2Sln9)

cos8 P =
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where F' is the Hankel Transform of p, appropriately normal-

-ised, and is related to the function F(q) used in Chapter 5
to describe the scannert's resolution. The Angle Factor for
the plane is the product of cos 6 (which does not vary much
in the range 0<9<1%) and a directivity function which is
determined by the Search Field. As the beam profile p(r) is
made sharper to obtain better resolution, so the Hankel Trans-
form broadens and surfaces appear less specular. Thus the a-
bility of a scanner to detect inclined surfaces and to resolve
closely spaced interfaces are related. A measurement of A(8)
could be used as a complete specification of the scanners be-
haviour. By measuring the echo from an inclined plane at

different angles, the scanner response, F', t0 various spatial

2sino
A
angle that limits the detection of the plane could be a use-

frequencies, cycles/mm, can be constructed, whilst the
ful measure of sensitivity. However, the derivation above is
not valid at large angles and contains several approximations,
not least serious of which is the assumption of a continuous
incident sound wave. Figure 6.4 and 6.5 show that the agree-
ment with theory is reasonable at very small angles, but that
pulse effects in particular detract from the quantitative
validity of the theory. The beam profiles used in these meas-

urements are shown in Figure 6.6.

The characteristies of surfaces which are 'regularly roughf
can be illustrated with an array of concentric annuli ruled on
a nylon sheet 10 a depth of several millimetres, and Figure 6.7
shows the results of measurements made of the echo amplitude
produced from such an array aligned with its centre on the axis
of the plane 1.5 MHz transducer of Figure 6.6. Figure 6.8

shows the results obtained with the focussed beam. The theoretical
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Figure 6.4 Comparison of measured Angle Factor with

theoretical prediction (plane reflector,focussed

1.5 MHz transducer)
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Figure 6.5 Comparisoh of measured Angle Factor with
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Figure 6.6 Lateral beam profiles of transducers used

o0 measure and calculate Angle Factors.

plane
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Angle Pactors were obtained by summing the contributions of
several annuli, each weighted by the average pressure across
the annulus. If these weighting pressures are denoted as P,

then the Angle Factor for the array is

N
A(S) « 2 P M((Znﬂ)J (2(2n+1)kwsine)
n 2k 1 ‘
n=0

- 2n J1(4nkw sin@))

The precise form of A(@) depends on the weighting pressures

and hence on the Search Field. The predicited secondary lobes
of A(8) are severely reduced in practice, presumably an effect
of using short pulses. Pulse splitting is apparent at several
angles. PFigure 6.9 shows the measured angle factors for smooth
surfaces coated with lead shot (average diameter 600 um) and
plastic microspheres (average diameter 50 pum). The principal
Jobes are similar to those of Figure 6.5 but the patterns at
larger angles ére different and Figure 6.9 suggests that co-

herent effects are obtainable with the larger spheres.

These results show that the apparent reflection coefficient
of a surface is dependent on several features of the surface
itself which are geometrical features unrelated %o the physical
composition of the medium. However, even smooth plane surfaces
do not possess a unique Angle Factor since this depends on the
nature of the Seafch Field and is directly related to the reso-
lution. Rough surfaces can behave anomalously and the reflection
coefficient even at normal incldence is dependent on the sound

wavelength and pulse shape.
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Figure 6.8 Angle Factors obtained for reflections from ruled annuli for focussed itransducer
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Figure 6.9 Measured Angle Factors for rough surfaces
obtained with focussed 1.5 MHz transducer
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Pulse splitting effects are apparent in the change
of echo with angle. The first and second components

of the echo complex show different variations with
angle and coalesce at some angies.
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(c) Effect of reflector area

The apparent reflection coefficient of a surface is
dependent on the area of that surface which is irradiated and
different areas produce echoes with different amplitudes even
though the composition of the surface and the position of the
sound beam remain unchanged. The effect of area on echo amp-
litudes was measured by aligning solid discs of different
radii so that they were coaxial with a transducer at a dis-
tance z. Sets of discs were manufactured from brass, nylon
and perspex but the Area Factor, the ratio of echo amplitudes
produced by a disc of radius R to that produced by an infinite
‘plane of the same material at the same distance, and which can
be denoted as S(R), was found to be independent of the reflector
material. This Area Factor was found to change with different
transducers and therefore it depends on the intrinsic properties

of the scanner.

Figure 6.10 shows the Area Factors for two transducers
with the same radius (a) and emitting pulses of closely similar
shape, measured at the same distampe from the transducer face.
S(R) increases smoothly in both cases t0 a value of unity, but
the gradients of the curves are different because one of the
sound fields is focussed. S(R) depends on the shape of the
sound beam profile across the disc so that focussed transducers
measure a much greater change in echo amplitude for a given

change in reflector area than plane transducers.

When the Area Factor is measured near to the transducer,
apparently anomalous effects can occur such that S(R) decreases
general .
as the disc size increases. While thepshapes of the curves of

Figure 6.10 can be predicted by simply considering the energy
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Figure 6,10 NMeasurements of the Area Factors of small_
disc reflectors_ for different Search Fields,
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reflected back by the disc, in the region of the sound field
used in practice interference effects must also be considered.
Exact calculations of the Area Factor for point sources radi-
ating spherical waves have been produced by Saneyoshi (1958)
who also reported the observation of reduced echo amplitudes
from large discs. An illustration of these effects with plane
waves can be obtalned by an approximate calculation of the
sound preséure reflected back to a point on the transducer
axis when a disc of radius R is irradiated by a wave whose
beam profile is p(r) (Figure 6.11). The Area Factor measured

at the axial point is approximately given by
R ] kre

S(R) « rp(r) e 2 dr
0

The shape of S(R) depends on the rate of change of p(r) (i.e.
the degree of focussihg) relative to the period of the phase
factor which causes S(R) to oscillate in the manner of the

Fresnel integrals. The shape of S(R) depends on p(r) and %;,

both of which are determined by the Search Field.

When the discsare a long way from the transducer, the
exponential factor does not change very much with increasing

r and

R
S(R) a.f rp(r) dr

0
The integral is the volume under the (two dimensional) beam
profile. Measurements of S(R) under these circumstances could
be used to compare the imaging ability of scanners since p(r)

is related to the Point Spread Function considered in Chapter 5.



=313

The area of disc that appears to have an Area Factor of 0.5,
- for example, is a useful inverse measure of the scanner sen-
sitivity, whilst its radius affords a measure of the lateral

beamwidth.

Figures 6.12 and 6.13 show the measured Area Factors for
two transducers which were of the same design but had different
radii. The measurements were performed at distances equal to
half integral multiples of the continuous wave Near Zone limit,
%? » So that the beam profiles across the discs were closely
similar. The Area Pactor rises more steeply with a small
transducer but the two sets of curves can be made more alike
by expressing the disc radii in terms of the transducer radius.
This has the effect of ensuring that the phase factoer is the
same for both cases (e.g. at a distance z = %? , the exponent
is 2n.(§)2 ). The arca of the transducer compared to the disc
area is therefore an impertant determinant of the precise form

of the Area Factor.

The Area Factor also depends on the pulse shape and wave-
length because the Echo Field from the disc is scaled by’the
factor %? and is shaped by the incident pulse shape. Each
disc possesses its own directional pattern which is like the
sound field from a circular transducer that is unon uniformly
excited, and the Near Zone of such a field shows lateral and
axial pressure variations on a scale that depends on %?. The
importance of such effects is determined by the pulse length.
A further and probably more important influence on the Area

Factor is the manner in which the transducer samples the Echo

Field which can lead to anomalies of the type depicted in
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Figure 6.12 Measurements of the Area Factors of disc
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Normalised echo amplitudes
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Figure 6.14 Measurements of the variation in echo amplitudes

observed as small disc reflectors ( diameter 4 ) are moved
to different distances from the transducer, normzlised to
the value at the focus at 10 cms. '
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Figure 6.12, when the wavefronts at the transducer are not

plane. This is considered below.

Although the Area Factor is dependent on the shape of the
Search Field, it may be possible to estimate the area of a
reflector from the manner in which the echo amplitude changes
with distance from the transducer. Figure 6.14 summarises
the results of measurements of the variafion of echo amplitude
produced by moving different sized dises along the axis of a
1.5 MHz plane transducer, and by comparing meaéured variationé
with such curves i1 may be possible to estimate reflector
diménsioné. In general, however, the criterion for the size
of a reflector, which determines whether it can be thought of
as an infinite plane or not, is derived not just from the size
of reflector compared to A, but also the size compared to the

beanwidth and Az,

(a) Effect of sampling the Echo Field

The sound field reflected from an object forms an Echo
Field whose spatial and temporal distribution is dependent on
the Search Field and object. The image produced by a scanner
is a representation of the pressure in the Echo Field at the
transducer face and for a quantitative analysis of echo ampli-~
tudes to be useful it I3 essential th.t the electric signal
from the transducer is related in some prescribed manner to
this pressure. The transfer function of a piezoelectric re-
ceiver which is derived in Appendix B shows th.t the pressure
in a plane wave can be related to the voltage produced when
that plane wave is normally incident to a transducer. Non-lin-

earities in the pressure-voltage relationship, and pulse



-317-

distortion caused by the effect of the transducer impulse
response in reception, may in principle be removed by suitable
inverse filtering, and are therefore not fundamental limitations
on the information available. Aﬁy transducer and receiver can
therefore be calibrated so that the reflection coefficients of
large plane reflectors can be compared to some standard re-
flector. However, no allowance can be made for variations in
the phase or amplitude of the pressure across the itransducer
face, and the manner in which the ftransducer signal records
such non-uniform wavefronts is an important limitation on the
amplitude information obtainable. The experiment described
below i1llustrates the effect of transducer area and wavefront

shape on the echo amplitude recorded.

The lateral beam profiles, p(r), from-a transducer (26 Inm
diameter, plane, 1.5 MHz) were measured at several distances
with a small probe. An identical co-axial transducer was placed
facing this transmitiing ftransducer at a distance far enough
away for the emitted wavefronts to be reasonably plane (10 -
2C cms). A tightly fitting sleeve was used to hold thin metal
discs‘close to the face of this receiving device. Holes whose
radil varied from 1.5 to 6 mm were drilled in the centres of
these discs so that when each in turn was placed in fronf of
the transducer facc, the signsl amplitude from the transducer
Qaried with the size of the hole. Table 6.1 summarises the
results of measurements of the voltages produced, V(R), as =
furiction of hole radius R, expressed as percentages of the sig-
nal obtained with no masking disc. By subtracting the measure-
ments obtained with different holes, the percentage contributions

of various annuli of the itransducer element to the unmasked
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response of the whole transducer, were estimated. The forces
on these annuli were then calculated using the approximation

to the measured pressure profile shown in Figure 6.15.

For an annulus whose radli are R1 and R2 the force on
the annulus compared to the total force on the transducer when

no disc is present is f(R1,R2).

. rR2
Jr plr) r dr
R1 )

a
f p(r) r dr

v o

where a = transducer radius. If the forces on successive
anmmuli are assumed to produce simple longitudinal strains in
the receiving crystal, then the total force on an exposed area
of the ecrystal can be found by adding the forces on the annuli
which make up that area. The force on an exposed region of
transducer face of radius R calculated in this way is F(R),
and Figure 6.16 shows that there is & very close correspondence
between V(R) and F(R). Figure 6.17 shows the way in which V
and F vary with R for two different beam profiles, one more
focussed than the other, whilst Table 6.2 shows the percentage
contributions of different annuli to that signal obtained when

the transducer is not shielded.

The correspondence between theory and experiment is not
exact, particularly when the area of the ltransducer exposed is
small. However, the deformation of the irradiatgd region 1s
almost certainly not a plane, one-dimensional strain because
extra deformation occurs at the edges of the exposed area.

Such an edge effect produces an additional contribution to the
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10 ems from emitter
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Figure 6.15 Comparison of the approximate pressure profiles
used to calculate force on transducer (shown by series of
straight lines) with measured beam profiles ( « and O ).

Table 6.1
Measurements of signal voltages for different radii of
aperture as percentage of maximum response at two distances.

Rad;us ;i aperture !Lgl(plane transducer) XLEl(focuseéd at
Vmax at 10 cms Viax 7 cms)
10.0 1.00 1.00
6.0 .66 . 74
4.5 «45 .60
3.5 .33 .49
2.5 022 '33
1.5 .12 .14
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Figure 6.16 Comparison of mcasured voltage with calculated

average pressure for two sound fields incident on transducer,

Table 6.2

ercentage contributions of different annuli in the transducer

Inner Outer Annular
Radius Radius Are%
mm mm mm
0 1.5 2.25
1.5 2.5 4,00
245 3¢5 6,00
3.5 4.5 8.00
4.5 6.0 15.75
6.0 10.0 64.00

% contribution
(unfocussed beam) (focussed beam)

to the total signal for two different incident sound fields.

% contribution

N =t =3 =3 =3
U1~ =2 O\ CO

¢ o o o o
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total polarisation in the crystal, and this extra signal is
relatively more important with small holes. Except for such
small discrepancies the addition of the forces on the annular
components of the transducer facé appears to agree with the
measured behaviour of the transducer. The receiving trans-
ducer element produces a voltage which 1s proportional to the
total force and therefore to the average.pressure, on its face.
This implies that the relative magnitudes of two signals from
a transducer will depend not just on the peak pressure in the
pulse incident to the transducer but also on the shape of the
incident wavefront. Two pulses with the same peak amplitudes
may induce different voltages because they are different in
shape or extent, whilst two reflectors formed from materials
with different acoustic impedances but surrounded by the same
medium, can produce the same voltage at the receiver. 1In
particular, the spatially uniform pressure of a wave reflected
from a weakly reflecting plane, can exert the same force on a
transducer as a curved wavefront from a small interface whose
composition is very different from that of the plane. This
effect will be reduced when the transducer area is small, but
in general, by averaging the Echo Field pressure over a rela-—
tively large area, the apparent impedance change at an inter-
face is modified and information on the physical composition

of the mediﬁm is lost.
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6.4 Conclusions

In a quantitative analysis of echo amplitudes, the
characteristic of the Object which is of interest is the
physical composition of reflecting interfaces but it is clear
that the relative amplitudes of echoes are dependent on sev-
eral factors which are unrelated to this physical composition,
Physical information is lost whenever the echo amplitude de-~
pends on geometrical variables that are independent of the
material acoustic propertiesaand 1t has been demonstrated that
ithe distinction between Physical and Geometrical information
is not useful except when the reflectors have simple shapes.
The formation of replica pulses at discontinuities in the
Object, the effect of angle of incidence of the sound beam,
the influence of reflecvor chape and size, are factors that
are unrelated to the density or elasticity of the Object, and
such variables are therefore potentially sources of artefact
in an image that records echo amplitudes guantitatively.
Furthermore, the precise influence of such effects is deter-
mined by the design of the scanner, and particularly by the
shape of the Search Field. The dependence of echo amplitude
on angle is reduced when the sound beam is focussed, as is
the size of the reflector which appears as an infinite plane.
The shape of the pulse (in three dimensions) determines the
direction and distribution of the Echo Field, whilst the area
of the receiving transducer determines the size of the sample

of the IMield over wnich the pressure is averaged..

The usefulness of a scanner for obtaining quantitative
information on the composition of the Object is partly deter-

mined by the Angle and Area Factors but these can be derived
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from the Point Spread Function discussed earlier. Similarly,
.the importance of replica pulses can be related to the pulse
shape and system bandwidth that were considered in Chapters

4 and 5. Whilst the influence of the design of the scanner

may be described simply in terms of the transfer characteristics
used to describe resolution and sensitivity, the intrinsic
character of the Search Field remains a considerable limitation
on the general usefulness of amplitude quantisation. Although
several workers have reported applications of such analyses,
there are hazards inherent iﬁ these procedures and consider-
able care must be taken to prevent incorrect interpretations

of the amplitudes of isolated echoes.
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Chapter 7: An analysis of grey scale images

7.1 Methods of tissue differentiation

The A scan produced by irradiating real tissues contains
not only the distinct echoes produced at interfaces whose
dimensions are much larger than a wavelength, and which cor-
respond to abrupt changes in the physical composition of the
tissue, but also many small, closely spaced pressure fluctu-
ations in which separate echoes are not élearly distinguish- -
abie. These signals can be displayed on a B scan which has
a dynamic range that is sufficiently wide, aad scanners which
successfully record these different amplitude echoes produce
so-called grey scale images. The special requirements of a
scanner for grey scale imaging have been extensively discussed
in recent years (Kossoff, 1972, Hill, 1976). Considerable
attention musi be given to methods of increasing the sensit-
ivity and dynamic range of the recording technique in order
to depict the small echoes from inside tissues. For example,
Kossoff (1972) compresses the echo amplitudes logarithmically,
he enhances the small amplitudes further by differentiation,
and records the B scan by an open shutter technique from a
non-storage oscilloscope onto a film whose speed and spectral
response are carefully selected. The advent of non-integrating
scan converter tubes has obviated the need for some of these
procedures, and partly because of the ease with which grey
scale patterns can now be produced, they are widely acclaimed

as an aid to interpreting scans and diagnosis,

At present, grey scale images are not quantitatively
analysed although some authors have discussed the potential

use of grey scale patterns for characterising different tissues
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or as indicators of the changes in a tissue that are produced
by disease (e.g. Rattenmaier, 1973). However, grey scale
cannot be fully exploited as a method of differentiating
between tissues unless the origiﬁ and nature of the scatter-~
ing from inside tissues is properly understood. No attempt
has been made at describing the scattering processes which
give rise to the echoes shown in a grey scale image. With
such a description it may be possible to extract diagnostic-
ally useful information about tissues from analysing B scan
patterns, but without an understanding of the nature of these
diffuse echoes, grey scale images can only be used as qualii-

ative aids to diagnosis,

Other methods of charaderising tissues by quantitative
analyses of the echoes from inside tissues have not yet pré—
duced many results of practical significance. Chivers (1973)
analysed the frequency spectra of the sound backscattered from
a small region of tissue and found this depended on the sample's
orientation as well as the type of tissue. TLele (1975) has
similarly analysed the spectral composition of the sound pro-
duced from insidé cardiac tissues and found the spectrum
changed if the tissue was infarcted. Hill and Nicholas (1975)
have reported that when monochromatic sound waves are scattered
from inside tissues the intensity of sound is not egqual in all
directions, but is predominantly scattered into several discrete
directions. The angular spectrum of the scattered wave may be

ey

of diagnostic significance {Hill, 1976). Wells and Mountfora

~

(1972) analysed the distribution of amplitudes in the train
of echoes from inside livers and found the distribution was

different when the liver was cirrhotic.
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This statistical analysis of amplitudes must account in
some way for the B scan appearance of a liver irradiated in
the same way, and it should relate to the findings of any of
the spectroscopic techniques, bu% no attempt has been made
to establish connections between these different approaches.
The discussion below is intended to indicate how these
apparently dissimilar techniques may be felated, and by
properly describing the scattering from inside tissues, to
outline a possible alternative method of analysing ensembles

of echoes,.
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7.2 The inhomogeneous wave equation

Sound waves in homogeneous media can be described by the
homogeneous wave equation (see C@apter 1) which predicts that
plane wéves of sound propagate without being scattered when
the density p and compressibility Kare everywhere uniform.
Therefore any model which is constructed which allows tissues
to have uniform acoustic properties can be used to describe
the formation of distinct echoes from large interfaces only.
A more suitable model of a tissue interior that can be used
to predict scatvtering assumes that the macroscopic tissue
properties only tend to their mean values when averages are
taken over large tissue‘volumes. The density and elasticity
of small tissue samples fluctuate about the mean value so
that in a region of tissﬁe the local acoustic properties
differ from the average values in the rest of the medium.
Sound waves will be scattered in such an inhomogeneous medium
and the echoes from inside a tissue can be attributed to
density - elasticity fluctuations. These fluctuations may

be distributed randomly or regularly throughout the tissue.

The equation which describes the propagation of plane
waves in an inhomogeneous medium has been derived by several
authors (e.g. Morse and Ingard, 1968; Chernov, 1960). Suppose
that in some region V the density of the medium is p' and its
compressibility is K' = (p'c'2)-1 where c' is the wave velo-
city in V, whereas these quantities have values o, K= {pc?)-1
throughout the rest of the medium. The differen%ial equation
for %he acoustic pressure either inside or outside the region

V assuming small amplitude vibrations, is
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251, 9% _ 1 3% (1), aiv(M(z)aradp) 7.1
v p—325t2=32 5 y(r) + div(A(xr)gradp oo

where p = p(g,t),'thé'acoustic pressure at position r at time t

" - .
v(r) = E—K~£ , the fractional difference between the bulk
modulus inside V compared to outside
Mr) = 9:612 , the fractional difference between the

*

density outside V compared to inside.

vy and A are both zero outside V. The terms on the right of
this equation represent sources of sound produced by scatter-
ing an incident sound wave from the non-uniformities in V.
The echoes produced when a wave passes through tissues rep-
resent the energy scattered out of the wave by fluctuations
in the tissues acoustic properties. Grey scale is essentially
a technique of depicting the manner in which the density or
elasticity of a medium Tluctuates. The differential equation
may be transformed to an integral equation and solved by
using the time dependent Green's function (Morse and Ingard,
1968). Rewriting 7.1 as |
2 1 8%
\VaR: w2337 T f(z,t)
the sound scattered to any position defined by vector r is
pg (Z,t).
r

ps(s,t)zj f{r,t') g(r, 62", 4") d3£' dt' ..7.2

r-x

where g(z,t;r!’t') ___g(t“t' - c )
B 4m)|z-z|
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The scattered sound field can be calculated by successive
_approximations, but when the fluctuations in the physical
properties of the medium are small then the scattering is
weak and the first Born approximation can be used to evaluate
the integral. The total wave amplitude can be written as the
sum of the incident sound pressure, Py and the scattered -
sound pressure, Py which is always much smaller. To first

order, therefore,

2.
ps(_I:,t) = ...J[ (-%gg-;gl .y(r') - div(r(x') grad pi)).
g(r,t:x",t") d35_" dt* ceeeTe3

The scattered pressure at any point is dependent on the
spatial distribution and magnitude of the elasticity and
density fluctuations, and on the incident sound pressure.
Equation 7.3 could be used to calculate the scattered pres-
sure in any direction for any incident wave, but here we
confine the discussion to the solution for backscattered
sound produced by a realistic pulse, which is the solution

of interest for A scanning and for single lines on a B scan.



~331-

7.3 Solution for backscattering of pulses

The integral can be considerably simplified by making
assumptions about the pulse which do not lead to a serious
loss of accuracy. The incident sound pressure pulse can be
expressed as an equivalent ensemble of plane waves with suit-
able amplitudes and directions by means of a three dimensional
Fourier Transform. In the frequency doméin (k - space) each

plane wave has wave vector k' so that

o0

Pi(f_'rt) = (G(_l_(_' —.l_;)ei(.l.{.' r' -w't) d3}£'

-0 ~

where w?! clg'l

W
I

the wave vector about which the distribution G(g)

is peaked

It is convenient to express the vectors in terms of a cylind-

rical coordinate system

k' = (q’/srk)
k =(0,0,k)
.E' = (Q,Q,Z)

If the pulse is produced by a circular transducer then it is
symmetric about the transducer axis, and if it propagates un-
changed in shape then the variables can be separated so that

G(k'-k) = A(k-kq)F(q)

Suppose that1{>>q for all the k' of interest.

Mathematically this implies that the component vectors of G(E')
point predominantly in the direction z away from‘the transducer,
and that their components in directions orthogonal to z are

much smaller than k. Physically, such a pulse corresponds .to
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a wave packet that does notA5pread away from the axis of

" propagation and which travels unchanged in shape with velo-
city c.

1
w't = ct( k2 4 q2) 2 Z ket

Assuming that %(( 1, the pulse becomes

2
pi(x',t) = f
. 0

T

ol o0
[ [ ate-xs(q)etiracos(8-9)
0 0

e+ ik( AR Ct) qdqdkdﬂf coTod

a(z-ct)p(p .)eif{o( z = ct)

a( z) the pulse envelope shape, whose Fourier Transform is

A(k). At time t = O the pulse is centred about z = 0.

o0

2 fr’(q) Jo(Pa) adq
0

p(p)

= the Hankel Transform of F(q). p(p) ié the lateral
beam profile in the sound field of the transducer, here
assumed independent of z. p(p) is related to the Point Spread
Function introduéed in Chapter 5 and to the Area Factor of
Chapter 6. It is equivalent to the Angle Factor derived in

Chapter 6 for a plane.

The approximation used above is equivalent to assuming
that the width of the lateral pressure profile is much greater
than the fundamental wavelength of the carrier wave in the
pulse. It does not necessarily imply that the bandwidth of a
pulse is restricted but it does require that the spatial fre-
quencies of interest orthogonal to the axis are much smaller

than those of interest along the axis. A realistic pulse in
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the field of a large aperture, unfocussed but damped trans;
ducer has a beamwidth several times greater than the axial
pulse wavelength, so the approximation is valid for many real
pulses. Figure 7.1 shows typical values for F(q) and A(k—ko)

for such limited spectrum pulses.

Equation 7.4 can be substituted into the scattering
integral (7.3) and the backscattered pres.sure calculated at
the observation point R (Figure 7.2). Using the limited
spectrum approximation again, and assuming that the observa-
tion point R is quite diétant from the scaiytering region so

that

Coy

'R,((1 lR-—r'l-—R+r' T =R+z

IR-x ' =g~

then to the first order,

P(R,t) = (....(A(k—k )F(q) sm— (_,,)eiqpcosw-g)
5= ° 4TR

el2k( Z+ R) - iket qdqdﬁdkp ddpdz o 07. 5

. 2
with (-.o) =k (Y(prgrz) +}\(P,9’Z))
: N I, Q1)
-i(q cos (g - 8) é— -9-81n\,6 8)s=+ k=
e 38+ 3z
The § and ¢ integrations can be performed first, and the first
two terms in the expansion of _]_{_'.‘_Z}\(r_') can be dropped.

The first term gives, on integrating over

21
,(25,11 = iJ qcos(ﬁ.-g)%% etap cos(f - ) df = 21‘%%'(% Iolap)

o]
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Figure 7.1 Typical frequency domain functions for a pulse from a

plane 2.5 MHz transducer.

0

Figure 7.2 Coordinate system for derivation of Pe -
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which on performing the integration becomes
1. = SA  dp(p)

T7 0P " Qe
If the beam profile varies smoothly and %A is never too large
then this term is only small. The size of %g(p) is indeed
never large if the limited spectrum approximation holds as
the restricted frequency content of F(q)ensures that p(p)

cannot vary sharply.

The second term is

21 X
1, =4 j sin(g -5 )eiap cos(F-8) 44
o]

=p—2§-§JO(qp) =0
Thus, to first order,

1

pS(B_yt) =7nR | 'P(P)A(k"ko)(‘{(()sgyz)+7\(Py912)-—£:g%'(9,9sz))

eJ'.k(Z'z+ 2R - ct) 12 dkpdp a0 dz .

Various sums and averages of the distributions y and A may be
defined. An angle average, obtained by integrating the con-
tributions of all the fluctuations of one type on an annulus

centred on the transducer axis, of radius p and at distance z.

‘ 2n 2m
Y-(p,z) = j Y(p,8,2) 40 , X = f etc.
0

o]

The contribution of each annulus to the total scattered pres-
sure depends on its radius, p, and the sound pressure incident
from the transducer. The integral of the contributions of all

the annuli of each type at any distance z is
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00

(Y (z))= J?(p,Z)pp(p) ap, {X(z) = J ete.
0 0

Each z-dependent, area éveraged contribution to pg may be

expressed as the sum of many components of different spatial

frequencies along the transducer axis, by means of a Fourier

PTransform. The spectrum of fregquencies is [1.

(o]

[

o0

FY(2k)

oo

J(x(z)> ei2kZ q.Z

~oD

[*x 200

and -ikj?-,z (X (2)) e2ikz 4, _ -2k2R(2k)

It F(2k) = Py(Zk) -'.[17\(21{), then (7.%) tecomes

oo

p(R,t) = — A(k-ko)eik(ZR'Ct)Puk) k° dk

4TR

The Fourier Transform of the scattered pressure wave is

o0

1 iwt
P(E,W) = ‘é‘;t' JPS(E,’G)E dat
-0
so that
. 2Rw
_ w 2wy W2 1*%"
P(&W)-Eg Mg-k&F(T--;ge

= el e Wt G-kl 2 LT EHE s
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Flga“c 7.3 Tllustration cf correspondence between A scan

and B mod ie 1nuenblty nea%ared as p1otographlo density.

BF Eavelore (A Scan)

B Mode Dis“lnx

b o

Densitometer trace.

Figure 7.4 TIllustration of a clipped A scan which corres-
ponds to a bistable dlcplay processing
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'Equation 7.6 is a relationship between the power spectrum of
"the sound pressure waveform at the observation point and a
function,j? , that depends on the structure of the tissue
irradiated but which also involves factors that depend on

the pulse of sound used for the irradiation.

The mathematical assumptions invoked in the derivation
of equation 7.6 have already been validated and are reason-
ably satisfied by real scanners. The physical model of scat-:
tering neglects effects of attenuation and multiple scattering,
both of which may afféct the quantitative validity of the
results above. Simple attenuation introduces an extra factor

of the form e~ %%

into the expression for p(t), which formally
changes the frequency variable of_f]in the final result to_

the complex quantity 2(%4—ia) where a is an attenuation co-
efficient. The effect of attenuation can be removed by cor-
rect selection of the gain - depth compensation of the receiver.
Furthermore, a is small compared to any of the values of % of
interest (e.g. if the attenuation 2 dB/ecm at 1.5 MHz, a~ .23
cm-1, whilst %0 ~ 207 cm—1), but even when it is large it is

nevertheless a characteristic of the tissue and merely changes

the physical interpretation of [1 .

The frequency composition of the scattered sound differs
from the spectrum of the voltage in the receiver because the
signal is again modified by the response of the transducer
and amplifiers. The power spectrum of the electrical signal

is therefore

2 4
| v(w) | cc%.iH(g—ko)lg.lP(%"!)lg 4 ceeaTeT

where H(k) is the same Impulse Response Function described in

Chapter 4.
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Furthermore, the demodulated signal is produced by
taking only the envelope of the pressure wave, so that the
power spectrum of the A-scan is IVE(vﬂI 2, where the A-scan

voltage. is
V()

Vé(t)elwot
so thai
[v (w)]

IVE(W‘l'WO)'- . 00.07.8
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7.4 TImplications for tissue characterisation by B scanning

Equation 7.6 is a quantitative relationship between the-
.power spectrum of the sound pressure at the transducer and a
property of the tissue,Ij . It is clear from 7.8 that [1,
which is a function that describes the structure of a tissue
but also depends on the scanner, may be estimated by calcul-
ating the power spectrum of the A scan en&elope and correcting
for the frequency response of the scanner. A procedﬁre for

performing such calculations is outlined later in this chapter.

The A scan amplitude and B mode brightness are closely
related even in systems using non-linear amplifiers. For
example, the microdensitometer trace of Figure 7.3, obtained
by scanning the negative of a film (Polaroid Type 105) exposed
tc the B mode of a NE4102 grey scale diSpléy, shows good
correlation with the corresponding A scan. This suggests
that there is a quantitative relationship between the tissue
characteristics,[? y and the power spectrum of the B mode
brightness, which could férm the basis of objective differ-
ential diagnosis. Indeed, both the qualitative impression
of grey scale images on the eye and quantitative analyses
such as those of Becklég:%a975) and Rattenmaier (1973) are
dirently related to thc power spectrum of the B mode intensity.
A bistable display can be considered at the clipped waveform

of Figure 7.4 and the power spectrum of such displays are

considered later.

The influence of the scanners' design on the grey scale
image can be estimated from the analysis. The echo envelope

smoothes out fluctuations in the tissue's properties along
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the axis. Spatial frequency components outside the frequen-
cies contained in the pulse envelope are attenuated although
there is some compensating effect caused by the fourth power
(Rayleigh) term, and we cannot hope to depict details whose
spectra are outside the range of AO%-—ko) . When the pulse
is long then its spectrum is sharply peaked around ko and the
smoothing is very severe. At carrier fréquencies of 1.5 to

5 MHz, this implies that the signal contains information on
structures which lie in the range 0 - 40 cycles per mm. only,.
suggesting that both A and B scans can derive structural in-
formation only on a scale whose spatial dimensions are approx-
imately two orders of magnitude greater than single cell
diameters. This information therefore relates to the ordering
and distribution of reasonably large populations of cells, and

therefore may be called semi-microscopic detail.

The integration of the contributions on any annulus is
inevitable but the severity of the averaging over the area of
the beam depends on p(p). When the sound beam is broad, the
number of scattering sites contributing to pé]ﬁ,t) is large
(there is a large volume of interaction) whilst narrow beams
enable much smaller numbers to be resolved. The grey scale
intensity pattern shovm on a display is not therefore an in-
trinsic property of the tissue, but it is a variable pattern
that depends on p(p), H(k) and wg. However, the requirements
of a scanner for depicting the intrinsic property of tissue
(the y(r) and A(r)) as precisely as possible, are the same as
those required for good B-scan resolution, and the descriptions
of scanner performance in terms of H(k) and F(q).are useful

here,
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The nature of the scattering however, is itself depend-
ent on the sound field used. In the derivation of equation
7.6, a component of 5'.82%(5') was dropped on the assumption
that the gradient of the beam préfile, g—g , was small. When
the beam profile changes rapidly (as with a focussed trans-
ducer) this contribution is not negligible so there is an
extra contribution to the scattering froﬁ the fluctuations'
in density. It may be possible to deduce the nature of a
fluctuation from its behaviour in different sound fields.
Even with a broad beam, the density and elasticity fluctuations
scatter with different phases, so that phase sensitive detec--

tion methods may also help deduce more about the nature of

the scattering.
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7.5 A possible method of tissue characterisation.

There has been little evidence produced by other workers
to substantiate claims that tissues possess characteristic
structures whose dimensions may be determined by ultrasonic
scattering techniques, although consistent claims have been
made about the ability to recognise tissues from their grey
scale image appearances. The analysis above indicates how a
tissue property may be determined by measuring the spectfum
of backscattered sound. The method of Chivers and Hill (1975)
can be used to determine |['(ZH)| directiy, and from their
results it is apparent that this tissue function changed with
the orientation of the specimen. The usefulness of any method
of identifying tissues is dependent on the nature of the tis-
sve concerned., If the distribution of scaftering inhomogeﬁe-
ities is isotropic and stationary then the tissue can be de-
scribed by a single measurement in any direction from any
position, although the result need not be specific to any
single type of tissue. For such a medium, for example, the
statistical analyses of Mountford and Wells ( 1972) are inde-—
pendent of the position in the organ from which the A scans
are derived and the results should be invariant under rotation
or translation of the transducer. However, the statistical
properties of tissues may be only weakly stationary in which
case the single spectrum analysis of Chivers and Hiil can in-
dicate results that vary with translation as well as rotation.
The observed variation with angle indicates that.tissues are
not isotropic and the more recent work of Nicholas and Hill
(1975) supports this conclusion. Their results demonstrate

that the scattering from small volumes is not just a stochastic
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phenomenon but suggest that coherent interference effects
between the sound from different scattering sites may be used
to indicate short range ordering in tissues., However, their
rotation of the t;ssue sample abbut a single axis cannot be
used to characterise a general three dimensional structure
and is useful by itself only for a severeiy restricted class

of structures.

The usefulness of these or any other procedures depends
on the existence or non-existence of structural regularity,
isotropy and stalionarity, which are analogous to the require-
ments of stationarity and ergodicity which condition the use
of standard statistical methods elsewhere. In order to fully -
determine the spatial distribution of scattering inhomogene-
ities it is necessary to uniquely invert a.scattering integral,
and tThis requires measurements other than single A scan meas-
urements. In the notation of Section 7.3 the measurement of
a single A scan power spectrum will yield information only on
the variation of the function { y(z)) —(X(z)> with z, which
by itself cannot be used to obtain a unigue y(r) - A(r), the
p and @ integrations enabling several different functions to
possess the same averages. However, measurements of the var-
iation of echo amplitude on a time gated C scan would give
information on the p dependence, and measurements using asym-
metric sound fields could be used to unravel the 6 dependence.
Alternatively, the A scan power specitrum could be measured with
different orientations of the sound field in the:tissue, and
quantitative information obtained about (y - A) whether or not

the inhomogeneities are distributed in a regular matrix or

randomly.
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There therefore appears to be some justification for
investigating the power spectra of single A scans or single
B mode lines, and although it was not the purpose of this
thesis to report the results of éxperiments on tissue charac-
terisation, it is worthwhile reporting a possible method of
signal analysis which may be useful in practice and with which

some preliminary results have been obtained.

The Wiener - Khintchine theorem relates a power spectrum.
to a time domain function, the Autocorrelation Function, by
means of a Fourier Transform, The Autocorrelation Function
-18 a well documented approach to the analysis of deterministic
signals hidden in noise (e.g. Champeney, 1972) and it contains
information about random as well as the periodic components of
a signal., 1% is therefore particularly suitable to the anélysis
of cignals which adhgre strictly to neither category and which
contain elements which are correlated over short times only.
The joint probability density funciion of a stationary, er-
godic process denoted by the function p(t) gives the probab-
i1lity that the value is P, at t and Py at t+T. The Auto-
correlation Function is the first moment of this joint den-~

sity, and is generally written in the form

+1"
Lim _ ,
-t !
for real p(t). It represents the correlation between the
values of a function at different positions and summarises
the statistical information about the various characteristic

dimensions that describe the function. In this context these
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correspond to characteristic lengths in tissue, and where
there is local regularity in the parent function then there
is an oscillation in the value of C(T). When normalised by
dividing by the integral of the square of the parent function,
g%%% is unity at the origin and tends to a constant value as
T, the lag, increases., The significance of the shape of C(T)
has.been discussed elsewhere (e.g. Bendat and Piersol, 1966).

The Wiener - Khintchine relations give

o0
o(T) = rgiyg ‘J‘!P(W)lz e aqw
T, i
where o0

P(w) = o ‘[ p(t) e Wt g

Thus, the area under the power spectrum, the autocorrelation
function at zero lag, and the mean square amplitude are equiv-
alent. The power spectrum contains no extra information than
the Autocorrelation Function but both contain considerably
more information than a first order statistical analysis of
p(t). For a satisfactory estimate of C(T), however, different
conditions must be satisfied than with a power spectrum meas-—
urement. For example, a sufficiently long sample of signal
must be obtained to provide a reliable estimate of the asymp-
totic values of C(T) at large lags, but such errors and dif-
ficulties are undersiood in principle and have been swnnarised
for example, by Blackman and Tukey (1958) and Jenkins and

Watts {1968).
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Preliminary experimenté have been undertaken to demon-
strate the feasibility of estimating the Autocorrelation
Function of ultrasonic signals. Echoes were produced from
inside samples of tissues suspended in a water bath and the
envelope of the electrical signals from the transducer was
recorded onto film from an oscilloscope on which the time
base was adjusted so that 100 mm of the dscilloscope screen
represented 5 mm of tissue. The photographic records were
then traced using a pen whose coordinates were digitised with
a spatial resolution of better than 1 mm, and the digital in-
formation was stored in a Hewlett-Packard 2100 mini-computer.
In this way the pressure envelope was sampled with an equiv-
alent resolution better than 1/20 mm.of tissue. Autocorre-
lation Functions were calculated on equi-spaced samples ané
power spectra were esﬁimated by Fourier Transformation. The
numerical techniques used followed closely the recommendations
of previous workers, particularly Bendat and Piersol (1966),
Blackman and Tukey (1958), and Dainty and Shaw (1974). The
estimated discrete power spectrum was smoothed using a three
point convolution with coefficients %,1,% ( conventionally
referred to as Hanning), but the choice of smoothing window
does not appear to be critical and has been discussed by
Blackman and Tukey. A computer programme was devised to per-—
form such calculations on the HP2100 and some resulis are
shown in Figure 7.5. These vreliminary results have not been
corrected for the smoothing of the pulse shape but they demon-
strate that such calculations can be performed without spec-—
ially dedicated spectral analysers, although the particular

method of data handling used here is obviously not a practic—
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able technique for any but experimental pﬁrposes. The cur&es
shown in Figure 7.5 indicate the general shape of the Auto-
correlation Functions found by analysing the signals from
specimens of bovine liver, and they show that the Autocorre-
lation changes quite drastically when the specimen is rotated
or when the transducer frequency is changed, confirming that
bovine liver is not statistically isotropic. Furthermore,
the change with frequency implies that the distribution and
characteristic separation of echoes in a grey scale image .

varies with the frequency and bandwidth of transducer used.
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7.6 Conclusions

A model of the scatteriﬁg of realistic pulses of ultra-
sound from tissues was used to predict the kind of information
obtainabie by backscatter measurements, and although a méthod
of implementing such measurements has been indicated with a
frocedufe for calculating suitable parameters, no results
have yet demonstrated the practical feasibiiity of identi-
fying tissues from their scattering characteristics., It is
necessary however to continue such measurements to identify
those structures of tissues that are charact<risiic and to
obtain anatomical correlations to the theoreticzl model., The
analysis above, perhaps in conjunction with its natural exten-
sions to the C scan, sector scan or other scanning geometries,
may prove useiul as the basis of a method of differential
diagnosis. Certainly it goes some way towards explaining the
origin and character of the echoes depicted in a grey écale
image, and it shows the dependence of these on scarner design.
It clarifies the use of quantitative analyses of grey scale
images.

Equation 7.7 shows that the raw video envelope possesses

an Autocorrelation Function of the form

C(T) = €, (T) * Cx(T)

ﬁhere ¥ denotes a time domain convolution

C1(T) = the Autocorrelation Function of the second derivative
of the pulse reflected from a plane intgrface

Co(T) = the Autocorrelation Function of {¥(2)) —w(X(ziZ
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The B mode processing certainly modifies the spatial

- frequency spectra of grey scale signals, but the changes can
be understood and corrections made if desired. For example,
when the B mode brightness is simply the A scan amplitude
clipped as shown in Figure 7.4 then the B mode power spectrum
can be calculated (Van Vleck and Middleton, 1966). When the
nature of the signal is known then further calculations can
yield useful information. For example, the mean duration of
signal maxima and minima, the average number of crossings of
the signal through a reference level, or higher order probab-
ility functions, may each indicate the results of changes in
the signal processing, and the significance of such parameters

has been discussed by Beckmann ( 1968)

If Autocorrelation Functions do contain useful inform-—
ation that can be used to characterise tissues then further
development of equipmert to perform measurements of them will
be justified. However, analogue autocorrelators operating in
real time with adequate response are already available using
either surface acoustic wave or charge coupled devices, so
that instrumentation may be a minor obstacle to clinical

implementation.
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Chapter 8 Some further problems.

In this thesis several problems encountered in the eval-
uvation of ultrasonic séanners, and related topics that are
poorly understood, have been approached from directions that
do not appear to have been previously investigated. Some of
the limitations on the information obtainable by pulse echo
techniques have beeﬁ‘indicated and related to practical
scanner design. It is therefore appropriate that some of the ‘
general conclusions of this survey of pulse echo methods are
summarised and some of the problems outstauding are indicated.

. A straightforward method of evaluating scanners would be
to assess the quality of images produced by scanning patients
in realistic conditions. Despite the difficulties of performing
such measurements quantitatively, this method will no doubt
remain imporiant when equipment is chosen since clinicians
are 1ikely to be influenced more by the reputation and pub-
lished scans from a manufacturer than by objective numerical
criveria as proposed here. However, subjective impressions of
image quality are not adequate indicators of how well a scanner
performs in general circumstances, nor do they aid the scanner
designer to compare different scanners guantitatively or
specify precisely the limitations of any device.

Similar difficulties are inherent in the use of phantoms
that are realistic (i;é. in some way tissue equivalent) which
purport to represent typical objects of diagnostic significance,
although the standardisation of such phantoms azllows images
to be meaningfully compared. However, realistic phantoms cannot
represent all the objects of interest that occur in general,
nor is it clear what features should be reproduced in a test
object. Despite these difficulties, the requirement for chec-

king ultrasonic scanners on an everyday basis has been largely
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satisfied by the intuitive approach of physicists familiar
with clinical imaging problems. Suitable methods have been
developed for checking those characteristics that are known
to affect images, and the measurements summarised in Chapter
3 are examples of these. Although the number of possible
measurements is large, the accumulated experience of people
in the field suggests that relatively few measurements is
sufficient. However, it is also clear that some of the con-
cepts used to compare scanners are not well understood. Alt—
hough several attempts of measuring resolution have been
made, and although most workers believe it is important, it
is not clear what is really meant by resolution or how it
should be defined. Programmes that use test objects fail to
specify resolution properly, and the measurements made with
aﬁy object do not give results that are intrinsic to the
gcanner alone.,

The approach to resolution suggested here produces anal-
ytic methods of measuring intrinsic characteristics of the
scanner which are themselves derived from basic definitions
of relevant image parameters. These analytic methods do not
conflict with the pragmatic requirements of clinicians. They
use measurements of phantoms that are simple and easily real-
ised and the particulzr definitions suggested herein enable
indices of resolution to be calculated simply. Specifically,
it has been shown that an A scan can be described by a trans-
fer function that can be measured with a phantom that 1s mere-
ly a plane reflector. The definition of resolution proposed
in Chapter 4 can be measured off the A scan display of a
single echo but it has a well founded physical interpretation

in terms of the spatial frequency response of the scanner.
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Similarly, the object element of the B scan is identified as
- the point reflector, and the scanners response to a point
describes its imaging capability, although the wvalidity of
general decomposition of B scansrusing linear analysis is
shown to be undermined by the nature of the processes of echo
formation. However, where stationarity and linearity can be
established the overall imaging process can be modelled by

a cascade of transfer functions, each component describing a-
separate, indepéndent part of the total system. Such a model |
can be used to provide a useful insight into the system's
behaviour esﬁecially when single components are changed.

Many of the factors that influence scanner resolution
are well understcod; obviously the shape of the emitted sound
pulse determines resolution but a significant step in analy-
sing behaviour is transformation of the pulse into a frequeﬁcy
spectrum. The limited spectrum approximation introduced in
Chapter 7 shows that realistic pulses can be adequately
described by two simple functions and our resolution criteria
are voiced in terms of these. Single indices of resolution
that describe the shape in the freguency domain are used be-
cause they give a better representation of the overall shape
of the pulse in the space domain. However,these indices have
been chosen to be calculable without performing an integral
fransformation.

The design of transducers has been briefly considered in
this thesis to emphasise that the effective pulse shape in
any direction depends on independent components éuch as the
receiver and transmitter as well as transducer shape and size

in all three dimensions, and to relate such design factbrs

to system transfer functions. The continuous wave theories
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of sound fields and transducer resonance that are often used
~ to describe pulse echo systems have limited applicability in
this context. The impulse response of a piezoelectric trans-
ducer and the transient sound field from an impulse excited
radiator, are more clearly derived from the transient anélyses
emphasised in Appendices B and C. The interdependence of A
and B scan resolution, as illustrated by the formation of replica
pulses, appears not to have been stressed before. It is likely
that these effects will become more important as transducer
bandwidths increase., Pulse splitting will also produce image
artefacts that have not been previously described.

Some consideration has been given to the significance
of the information contained in echoes other than the posi-
tions of their origins. In particular, the importance of
geometrical factors to echo amplitudes and shapes has been
demonstrated, and the relationship between these factors and
the design of high resolution scanners has been emphaéised.
There are other factors not considered here that help deter-
mine apparent reflection coefficients and these may also have
to be considered when attempting to derive information about
tissue boundaries. The significance of echo shape to the char-
acterisation of well defined boundaries remains to be estab-~
lished. The overlap between Geoﬁetrical and Physical Information
is reiterated in Chapter 7 where it is shown that the pattern
of echoes in a grey scale image is a pulse smoothed version
of the true scattering structure in tissue, but the relevant
filtering function is closely related to the A and B scan
transfer functions considered earlier. The grey scale images
produced by mapping tissue interiors depend on the shapes of

the beams used and even if the carrier frequency is not changed
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the images produced with different transducers may be very
dissimilar. The analysis of Chapter 7 should be extended to
include the effects of overlying tissue but it represents a
Tfirst attempt at constructing a fealistic model of tissues.

There are of course limitations in the analysis given

here; and areas of uncertainty remain to be explored. Having
used objective definitions of resolution.to characterise
scanners, we have yet to explore how well such parameters are
able to describe good or bad performance, or whether they |
correlate well with subjective criteria of image quality.
Certainly the concept of the ideal image introduced in Chapter
4 is not sufficient to describe the optimum presentation of
an image if only because our perception of images relies to
some extent on features that are unconnected with sharpness.
Althougn écanner performance can be assessed from the fidelity
with which Teatures of the object are reproduced in the image,
it is not always clear what features of ' the object are diag-
nostically meaningful or how they should be presented for
optimal recognition. Further research is required to evaluate
what constitutes a good image from the subjective viewpoint

so that the parameters used to describe objective performance,
and the criteria for gcod or bad performance,are chosen sens-
ibly. Without correlating objective and subjective appraisals
of scanners, it has been assumed that the analytic criteria
developed here are a subset of the total set of good perfor-
mance requirements, and it seems reasonable to suppose vhat
the object -~ image differences introduced by poor resolution
correspond to a loss of information about the object. It is

also clear that the requirements of good performance are con-

ditioned partly by the object itself. For example, high
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resolution scanners may_detect variations in an organ outline
which result in a loss of continuity of a boundary that might
otherwise be recognised with low resolution.

The analysis of Chapter 7 indicates that useful inform-
ation is contained in grey scalé patterns but it is not clear
how best to display such information, although this might be
discovered by studies of pattern vision.. It is not known,
for example, whether differences in the spectral content of
arrays of echoes are best portrayed directly in the frequency
domain or in the space domain, in the A mode or the B mode,
or how the eye recognises differences of this type.

A further problem is that we have chosen to evaluate
scanners in isolation from not only the operator but also the -
effects introduced by regions of tissues. However, the dist-
inetion drawn between intrinsic and achievéd resolution and
the use of one to dalculate the other, shows that estimates
of behaviour in non ideal conditions can be obtained from
simple measurements. For such calculations to be generally
applicable however, more data is needed on tissue properties
such as attenuation, velocity, énd dispersion. In the next
generation of scanners, more attention may be paid to further
processing of images, in which case the echo forming mechanisms
invoked in Chapters 5 and 7 must be carefully evaluated in
real situations. A proper study of the Freedman analysis would
require a detailed knowledge of the physical properties of
tissues but the reward for such a study might be a dlagnost-
ically useful classification of reflectors and a sensible
technique of enhancing images. It also seems to be likely that
increasing interest will be shown in measuring quantitatively

the acoustic properties of single tissues in vivo, "tissue
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characterisation", so that the behaviour of sound at organ

" boundaries may then become less important. The possible

reward here is the ability to make accurate differential
diagnoses which could significahtly extend the usefulness of

ultrasonic pulse echo techniques in medicine.
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Appendix A The Nuclear Enterprises NE4102 'Diasonograph'

The NE4102 is manufactured by Nuclear Enterprises Ltd.,
in Edinburgh and is at present the ultrasonic B-scanner most
commonly found in routine clinical use in the United Kingdom.
It embodies most of the features of the present generation
of scanners in a semi-modular design that has found wide

application in several fields of medicine.

The scanning gantry consists of a motor driven vertical .
column that supports a metal encasement which houses the trans-
ducer arm and positional resolvers. The transducer movement
which defines the plane of scanning is monitored by two wire
driven linear potentiometers in the case whilst rotation of
the transducer in the plane of scan are monitored by a siqa/
cosine potentiometer attached to the transducer holder. The
x,y signals corresponding to transducer position, and sing/
cosg signals corresponding to its direction, are used to de-

flect the electron beam of a cathode ray tube.

The control module contains two cathode ray tubes able
to show any two A, TP or B scans simultaneously. The display
tubes are Hewlett Packard types 140B and 141B, the latter an

integrating storage tube with variable persistence facilities.

Synchronisation of the time'dependent functions of the
various eléctronic circuits is provided by a multivibrator
(the rate generator) whose frequency is either preset (nominally
at 300 pulses per second, which is therefore the Pulse Repitition
Frequency, PRF) or which depends upon the rate of change of the
transducer coordinates. By differentiating the x,y or & co-

ordinate voltages, a measure of transducer velocity is obtained
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Figure A1 Block diagram of Diasonograph Echo Processing.
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Figure A2 Video Circuit Waveforms of the Diasonograph
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and this is used to modulate the PRF. In this 'Velocity mode?
the variations in the PRF compensate for an uneven speed of
scanning and therefore gives a more uniform time-integrated

intensity on the display.

The rate generator provides trigger pulses for the trans-
mitter which uses a thyristor to rapidly switch a power supply
and thereby raise the poterntial difference across the trans-
ducer to 700 volts. The active element in the transducer is
a lead zirconate titanate ceramic (PZT5) which is rigidly
mounted to operate in the thickness expander mode., Each ele-
ment 1s backed with an araldite-tungsten compound and is faced
with an araldite layer whiéh insulates the crystal and which
is conically machined to provide a moderate degree of focussing
over much of the useful range of the beam. The transducers |
sunpplied with each scanner are 1.5 MHz (20.mm diameter), 2.5

MHz (15 mm diameter)-and 5 MHz (10 mm diameter).

The acoustic intensity emitted carn be changed by atten-~
uating the voltage impulse supplied to the transducer with an

attenuator which is variable between 0 - 48 dB.

The electrical signals produced at the transducer in
reception are amplified in a three-stage RF amplifier which is
tuned to give a satisfactory response to noise. The frequency
response curves of Figure 3.4 show that the 3 dB bandwidth is
approximately g 25% of a centre frequency, but the centre fre-—

quency can be selected to suit he transducer in use.

The gain of the amplifier cannot exceed 80 dB,when it
saturates but it can be varied by changing the biasing currents

through the bases of the transistors of the second stage of the
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amplifier., The time dependence of this bias current contfols
the depth dependence of the amplification. The time-gain
characteristic is determined by choosing an initial value

(= BO=-"Initial Attenuation" in dB), a delay (a time during
which the gain is constant) and a slope (which determines

the rate of increase of gain with time, and is calibrated in
dB/cm.). Small signals are remofed by a suppression control

which has a range of 20 dB.

After the amplification, the signals are full wave rect-
ified and demodulated, and the echo envelope waveform is dis-
played as an A-scan. By changing the x time base velocity of
the display tubes, the distance scale of the A-scan can be

varied between x% and x20.

The processing of echo signals for the B mode is designed
to erhance range resolution and maintain echo amplitude in-
formation and it is shown schematically in Figures A1 and A2.
The echo envelope waveform is applied to a capacitor C1 via a
current sense detector which is a binary that changes logic
level as soon as C1 begins to discharge. The output of this
sense detector is applied to a timing circuit whose period
is Jjust greater than one half cycle of the sound carrier fre-
quency. This produces a logic pulse which commences at the
beginning of the echo envelope and retu¥ns to zero just after
the last detected peak. Meanwhile the capacitor 02 charges
with the detected signal until the timing circuit output chan-
ges and causes a constant current discharge from.02 to commence,
The duration of this discharge is proportional to the peak echo

amplitude. The timing circuit output also sets a bistable
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which applies a bright up pulse to the cathode ray tube
through a gating system. When the capacitor 02 has discharged
this bistable is reset so that the bright up pulse commences
shortly after the echo peak and has a length which is pro-
portional to the echo amplitude. These B-mode pulses vary in

length between 100 and 350 nano seconds.

The B-scan is called the section scan on the NE4102 and
the linear magnification of the display image is variable be-
tween.%} and x 1. On all modes it is possible to electronic;
ally generate'two marker pulses which act as calipers for
measuring distances. These can be separated and moved, and
the time between their generation is converted into é distance
which can then be read from a digital voltmeter. The conversion .
from time to distance is the caliper velocity which can be
adjusted by the operator. Similarly, the system velocity, the
conversion of times into tissue distances, is independently
variable between 1400 and 1700 msec—1. Both velocities can be

read from the caliper voltmeter.

The images produced by the NE4102 are usually recorded
with Polaroid 107 film.
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Appendix B: Derivation of the transient response of =

piezoelectric transducer

B.1 General Equations

The piezoelectric relations which form the basis of this
derivation have been extensively discussed elsewhere (e.g.
Mason, 1964) but a less general description may be used with
simple crystal geometries., If the equations of state of an
isolated transducer are considered (e.g. Cady, 1946) then
contributions to the relevant thermodynamic potential may be
derived in terms of independent elastic and electromagnetic
fields and various material constants. It is assumed below
that the coefficients which determire the piezomagnetic,
pyroelectfic, pyromagnetic, magnetoelectric and thermal
expansion contributions are small enough to allow these
effects to be ignored. Turthermore, the one dimensional
description of a piezoelectric plate which vibrates predom-
inantly in the thickness expansion mode allows the piezo-
electric tensor (which in general is a third order tensor
relating the second order tensors of stress or strain to
electric field vectors) to be reduced to a scalar constant.
Thus, two independent fields, the elastic strain S and electric
field E, are defined first in terms of scalar p:tentials

(assuming that the strain deformation is irrotational).

elastic displacement

S = ‘§71L where u

E -gﬁ, where f = electric potential

For small perturbations, two dependent fields may be defined

as linear functions of S and E. The weak field condition
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ensures linear coupling of electric and mechanical variables
.and in practice considers only the direct piezoelectric effect,
which is a reasonable assumption for the materials and acoustic

intensities of interest here (Mason, 1964).

Elastic stress, T a S

Electric displacement, D a E

For plane thin plates, Hooke's Law and Newton's Equation may
be utilised to derive a wave equation. The coupled equations

are

T:—hD-}-gél'l . (1)
oOXxX

where the first term is an additional stress due to electric
polarisation, and the terms refer to X-components of the fields

only,

O X | (2)

where the iast term is an additional polarisafion due to
piezoelectric action. Newton's equation in a continuum
relates the gradient of stress to the net force per unit
volume

3t ox

which combined with (1) gives

9% _ 9% _ 1dp
dt2 0 x? pOx

If the material has no free charge and is a nonmagnetic

insulator, then Maxwell's equations give the divergence of

electric displacement as zero.
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divD =0
This condition assumes that the velocity of the elastic dis-—
turbance is much less than the velocity of any associated
electromagnetic phenomena, which'is the quasistatic approx-
imation discussed in depth by Auld (1973). Since all the
fields possess only an x component (for the ideal plate) then

0D _ QD
oy 0z

and therefore

CRRY

dx

2 2 \
é L v2 é—% , an equation that predicts plane waves
X

012 J
propogating in the x-direction with velocity V.
By taking Laplace Transform with respect to t only, assumiﬁg
that all u and %% are zero at t = 0, then
5= Ae™PF 4 Be’DY | (3)
o0

(where u = \[ue-pt dt )
b .

Substituting (3) into the Laplace Transform of (1) gives

x X
T = %p (-Ae™P¥ 4+ BePV) - 1D

pv = 7, the characteristic acoustic impedance medium.

<lo

Guass' Law applicd at the transducer surfaces gives

V[fids = J , where Q is the total charge of the transducer

surfaces at x = 0, x = L.
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The total force on a transducer surface is therefore F where
bd X
F = pZ(-Ae"P 4+ BeP¥V ) - 1 (4)

Consider a transducer which conforms fo the restrictions
already imposed; the general transducer is backed with a
material whose impedance in ZB whilst it is faced with an
impedance ZF.

Using equation (4) in the non-piezoelectric media,

| -p3
B,F = Plp,y (Ag g "7 + Bp pe

=
<
N

The influence of reflected waves from the far front and. backs
of the system is removed by allowing the back and front media

to be semi infinite in length. Inserting the conditions
ﬁF —> 0 as x ==) o0
GB --> 0 as x =-=3)-0°

=B =0

into (3) gives A F

B
The forces and displacements at the boundaries x = 0 and x = L

nust be the same measured from either side

l.€. @ y Up = 2 at x =1

F=

i
=i

0]

F_ =

Thus, the following eguations may be obtained, writing

Yy =&,
A+ B = By (5)
ae YD 4 getYh _ p VD ' (6)

- F

PZ(-A + B) - W = pZy By (7)
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pZ(-ae~ Y & BeYM) —ng = P24 -AFe'YI’) - (8)

The voltage across the transducer may be obtained by integration
of the field through the medium and then by Laplace Transform
and substitution for u: ;

L L

fﬁdx f—v\‘zdx

0 o

I
<

l
t.-*<:l

I

alol

—h(EL - ﬁo) +

Writing V = VO - VL and C_ = the static capacitance

7 = -n(ae™" 4 BeYl — 4 - B)+ & | (9)
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B.2 Transmission Transfer Functions

Equations (5) = (9) are the equations used by Redwood
(1961) to construct an equivalent circuit for the transducer.
The general solution for transmission of sound may be ob-

tained from the three simultaneous equations which relate A

and B to Q.
p Rl (0 kpe 1Ty 1 ) (10)
-2v1i
pLCo Z+ZF Z+ZB 1-kaBe Y
A = hC‘Q (kRe_YL - ! )( ! ] L) (11)
- —cY
PLC,  Z4Zg Z+Zg  1-kpkge
where ky = 2-7g , = Z27Zg
Z+ZF Z+ZB

Substituting (10) and (11) into (8) and (9) gives

-th,'\l—-:Z‘-E (1 + kBe-2YL - 22 L )

— Z+Zp Z+2y
Tp =
1 - kaBe‘QYL _ r%, ((kBe"YI‘-ﬂ(e‘YL—ﬂ N (kFe'Y}g(e—YL_Q)

(12)

Equation (12) is of the form

EF = V.H
TF’ the output stress in the front medium, corresponds to an
acoustic pressure emitted by the transducer. An inverse

transform of the frequency domain product gives
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TF = V(t) * hT(t)
'a convolution relation between any exciting waveform, V, and

an intrinsic transfer function of the transducer, hT(t)

Bo(t) = .17 (f(p))
The inverse transform of (12) is a complex expression but
considerable simplifications may be obtained in special
conditions, which fortunately correspond to situations of

realistic interest.

Firstly, the results of Cook (1956) may be derived and

the assumptions implicit in his derivation may be deduced.

(a) Weakly Coupled Transducers

The electromechanical coupling coefficient, k, is
conventionally used as a parameter to describe the degree 6f
coupling between traﬁsducer fields, and in the notation of

equations (1) and (2)

2
R (Blitz (1963))

For a weakly coupled material,
k% K 1

h2c<<c:

2 du

SO TR

Comparison of *this inequality with equations (1) and (2) shows
that with weak coupling, the mechanical deformation does not
significantly affect the electric field. This is Cook's

approximation in which application of a voltage to the transducef
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causes a uniform stress throughout the crystal. 1In the
derivation above, this leads to expression for A and B in
(10) and (11) in which § is simply replaced by VCO because
the electric field is not significantly different to that for
a non piezoelectric dielectric of the same permitivity. In
(12) this leads to a dropping of the third (bracketed) term
in the denominator: this depends uponvh2 and is a second

order small quantity.

T (2.2 -2yL _ 27 -yL
-Gy (Ezig)(‘ + kpe™ <Y s e ) (1)

TF"‘

-2yL
1 - kaBe

Equation (13) may itself be rewritten in terms of reflection
and transmission coefficients of plane waves at boundaries.
If aij = reflection coefficient of a wave travelling in
medium i and incident upon medium j then

_ 25 - 73
% =Ty T
ZZJ
Similarly, the transmission coefficients t.. = ——fe—
1J 2i + Zj
Let the subscript T denote the transducer. Because the
reflection and transmission coefficients are always less than
1, then equation (13) may be expressed as a geometrical

series:
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(¢7e)
- n-1
I _
Tp = —5— Ypp (1 Z (apgapp)
n=1

(t e—(2n—1)yL + ta

-2nyL
BT e ))

The intrinsic transfer function for a weakly coupled trans-

ducer, hT(t) = 1,71 (%;). Thus,

oo
O (S(%) - Z (appapp) ™ (tBT(S(t"% )
n=1

+ tFTaTB(S("G - -Z%L))

(14)

This transfer function represents a series of Dirac impulses
each separated by a time t = %, the transit time of the
impulse through the transducer (assuming no dispersion), with
amplitudes determined by the impedances of the front and back

media.

(b) Rigidly backed transducers

Most transducers are constructed with rigid backings.
The rigidly backed ecrystal was analysed by Redwood ( 1961) but
the transfer function may be derived directly from (12).

Rigid backing implies that the boundary at X = O is held fixed.

i.e. A
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These extra conditions substituted into (12) gives

T = :Egggz 1 (l_:_E:EIE ) .

F 2 TF h2CO 7
(P - 2;75 )
2
h~C 2yL
( + ka)e -1
x (1 + A4

The last expression may be expanded by the binominal theorem.
Using the notation for transmission and reflection coefficients

defined above, and putting

n2c
- 0 - a
Z+ZF
00
g _ (D yhCoV ‘1 _ (P parp+a\n-1 _-2yL
TF (p+a) 2 tTF \ (p+a)tFT ( p+a ) € )
n=1

(15)

The inverse, time domain transform may be obtained by writing

a(g%; -1) =8

and by using the Laplace Transform relationships

n-1 =at 1
LT( & e ) = Wn
LT( £ $-T) = 7 PT 1y e 1))

After multiplications and rearrangement (15) may be rewritten

in the time domain in the form
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Tp(t) = V(%) * hy(), where

o0

n-1 '
hT( t) = -_—hQ-Q tTF(( 6(1‘,) - Z Gnp . tFTCS(t-nfc)
n=1
o0 o ’
:g: »;g: e-a(t-nT)Amn(t—nr)m ))
n=o0 m=0 .

(16)

where t = %%

and Amn are amplitude factors that depend only upon Z, ZF

and a.

A = -QatFT

2
A = a tFT

Ao = =(22-B) onpbpn

Aqp = a(a-2B) apptpn

_ a2
aBapptpp

Aoy = —2(a- B)QTF FT
A13 = (3-2_4aB+B )aTFtFT
A23 = 2(a-B)aBa2TFtFT

_ 2 2 02
A33 = @ B e ppbpy
This solution produces not just a sequence of Dirac impulse
functions but also a sequence of exponentially decaying

impulses of finite bandwidth.
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B.3 Receiver transfer functions

The thickness mode plate may also be considered as a
receiver and a solution obtained for the output voltage
produced by any incident stress Qave. The general solution
may again be derived in the Laplace Transform frequency
domain, but the difficulties of inverse transformation render
this solution less useful than the solution for particular
electrical boundary conditions. The results derived below
were also derived by Redwood whose final expression was given
in slightly differert form but whose conclusions on the

importance of the electrical loading are given for complete~

- ness.,

(2) Open circuit response

When the electrical load across the transducer is
infinite, then no curfent may flow in the transducer.
Consider a transducer backed at x = 0 by a seﬁi infinite
material (ZB), and consider a sound wave incident on the
front surface at x = I, travelling in the -x direction.

The electrical boundary condition gives

T=p0=0

1
o

At x=0, A + B
pZp( ~A +.B) = pZgBy (Q = 0)

At x =1, he VP 4 BeYD 2 g oYL | g oYL
pZ,I,(—‘L\‘e—YL + BeYL) = pZF(—AFe_YL + BFGYL)

7 = -n(ae™YL 4 BeYl L 4 _ p)
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These equations may be rearranged to give V in terms of BF’
the incident pressure wave amplitude.

This gives

_ B _ -2yL
Bp =15 (1 = agpogpe ™)

(agg(e T=1) + ¥ —1)

and V = -h t,,.B
PR (g - aBTaFTe’zYL)

Expressing the denominator as a geometric series, and using

the condition that at t+ = 0 the stress at the front face is
related to BF as
_ YL
TF = PLpBpe

then

- Shiépp m =YL o =YL _ ¥L
7 = —§Z§L Ta e (aBTe (aBT + 1) + el™) .

=)
x> (appagy) &1 (1
- n=0

Again this is of the form
V=T, . Hbp)

so the time domain relationship will be a convolution of the
pressure waveform TF(t) with an intrinsic receiver impulse
response obtained by inverse transformation of (17). Re-

writing (17) gives
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fo%a) L ' L
~ ~htgg n o —2npy ( 1+app) e~ 2n+1)gp
Zp p ‘ p

n=o0

L
=2p(n+1) ¥
appe )

p

* (18)

But, L7(u(t)) =%

(where u(t)‘is the unit step function of
Heaviside) so that the inverse transform is a sequence of
step functions delayed in time.

i.e.

w -
h(t) = :E;_T_F § (agptpy)  (w(t-22L) — (1ragp)u (+-L- 2nL
F
n=0

‘2L  2nlL
+ ogp wlt-F - =)

(19)

—htTF

.'. ILR(t) = (u(t) - (1+0.BT) u(t—%) + aBT( 1+aFT) u(t- %L)

Zp

= ogpppl T+agp) u (t- %L )

+ aBTzaFT(1+aFT)u.(t- é% Yeood)

hR(t) is the response for an impulse of pressure,s (t) and

may be used to vredict the output for any input by convoluticn.
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(b) Response for finite loading and rigid backing

In many practical situations, the transducer is connected
to a finite electrical impedance. If the locad is a resistance
R then the current I that increases the charge Q on the sur-
face of higher potential is E} . For a rigidly backed

receiver, A, = B, = 0. DProceeding as before,
B~ "B €

2h = ‘ =2
“mry O -
= F
VvV =
2vL h? ~2yL
(p+RC )(1+k’\e )-( Z+ZFRP)(1 - & )
—n’g 1

If - a and WCo = T, then the receiver response .is

o0 2 n
\ (p kpt+t(pky+a))
. _ =2n F -2nyL _-2(n+1)yL :
(p) = g=4= D (e"PYo- Y 20
iR T L, (p2er(pa))nH] ’ ) (20

n=0

Note that when 17 = 0 (R =0),

: 00 n
H(p) = -EEF :E: E%_ (e~2nyL_e-2(n+1)YL) (21)
=0

h( t)

o0
-2h 2nl 2( n+
e Z e (u(t- ) - (- Azl
n=o0

The implications of the transfer equations derived above are

considered in Chapter 4.
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Appendix C: The structure of the transient sound field from

a plane transducer

(a) Near Field

The Kirchoff integrél may be used to caiculate sound
. fields due to non-monochromatic excitations as long as each
frequency component in the pulse satisfies the conditions
for its use separately. The velocity potential at a point P

(Figure C.1) for any frequency w is
\ 1 ejkr S
¢'(I‘/ = ’Zﬁ U.w? ao ) (1)
S .

where u,(x,y,z) satisfies the time independent wave equation.
If a general excitation V(x,y,z,t) may be represented by a.

Fourier Integral

2
V(X,y,2,%) = —t— uw(x,y,z)e-JWt aw (2)
(2r)= Lo

then combining (1) and (2), and changing the order of inte-

gration with w = kc gives

o0
—jw(t - %)
¢ (r,t) = s ds ! - Lo aw
on (27)% r
S -
Thus,
1 1 r
ﬂ‘ (r,t) = — ?.V(x.y.z.t--é-) as (3)
2n
S

which is the result derived by Born and Wolf (1975). The
intrinsic structure of the transducer field is obtained by

considering a step displacement of the transducer face of unit
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magnitude at time 0. The velocity potential at a field point

"l)(r’t) = L jj ..é_(_i:_é‘) as
. 2 S r !

Robinson ( 1974) analysed the field using the cylindrical

is

coordinate system of Figure C.1, where P is at distance z
from the plane of the transducer and y off the central axis.
In a homogeneous medium in which the velocity of sound C is
independent of frequency, the first sound to arrive at P
originates from the foot of the perpéndicular from P on S

Z

(at Q). After the time Ty = o the .sound originates from a

circle of points in the transducer face which has radius R

2 _p2 2 (4)

All points on this circle are at equal travel time, %, from
’the field point P. The circle expands with time until it no
longer cuts the transducer face, but before this the circle
degenerates intoc a sector which subtends an angle 26 at Q.
8 depends on the position of Q and changes from 2n to zero
during the passage of the disturbance at P. The area of
transducer face‘contributing to the sound at P at time t has
as area

dS = 26(r)R 4R

From (4), R AR = r dr , so that

%J (r,t) =

f
S(t-Z) o(r) ar

2=

r

I
Alo

o(r) S (ct-1) ar

\J

= < o(ct) | (5)
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This derivation is everywhere linear so that the sound field
.produced by any other excitation can be calculated by using
a convolution integral. If the transducer face velocity
waveform is h(+t) then the velocity potnetial at P is #(r,t)
. .
g(r,t) =§J h(t-t') o(ct?) at' (6)

-0

This integral shows that the velocity potential (and therefore
the pressure) at any point depends upon the form of h(t). The
pulse shape at any point depends not just on h(t) but also on

o(ct). The acoustic pressure at P due to an impulse is

1P (r,) = p ¥ (r,4) = 02 32 (ct) (7)
ot d
whilst for any other excitation the pressure is

p(r,t) = TF( r,t) * h(+) (8)

The shapes of q)(r,t) end TP( r,t) depend on the variation

of the angle subtended by circular elements at the projection
of the field point P onto the transducer face. When the
element is a whole circle 6 = 7 and ¢ is a constant, independ-
ent of the circle radius. Expressions for & andlp at other
times may be derived using the geometry of Figure C.2
(Robinson, 1974). The annulus which contributes to the sound
at P at time t is AB, where ZAQB = 20. If Q is distance y
from O then when R {a-y, 26 = 2. If a-y{R{a+y, then
by the cosine rule

y2 + R2 ~ 2yRcose = a2

and R2 + z2 - 02t2
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Figure (1 erlindrical coordinate system used to calculate l!J(r,'b)

The dashed annular area has radius R, centre Q, and is r
from the field point P.

3]
3
[ &]
(@]
fu
<t
Q
e}
]
=
0
(1
=
{0
t
(D
2
0
ct
S

Figure C2 Definition of parameters

AB is the annulus contributing to sound at P at time t.
£LAQB = 20 ; ifR{a -y, 20 = 2%

ifa~y{R{a+y , then
2 2.2 2 2

cos 8(ct) =y+gfc-g:a
2y( c¢“t° - 27 )=
: . 2,2 2 3
if y = a this reduces to ( ¢“t” - 27 )
2a

for 0(R< 2a.
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1 o2, o222 a2
so that 8(ct) = cos™' (L ) (9)

1

2, c“t2 - 22)%

If y>a, & is given by (9) if y-a{RrR<y+a.

The variations of 4)with position and time are summarised in

Table C.1

A computer programme to calculate the velocity pbtential
at any position in the field at different times was written
in Fortran IV using the formulae derived above.

The results of a sample calculation for a planc 20 mm diameter
transducer are shown in Figure C.3, and the qualitative
features of such a field are discussed in Chapter 5 where
implications for ultrasonic scanning are considered. A
digital calculation such as this could be extended to inclﬁde
a convolution with any transducer face movement to obtain
theoretical estimates of soundfield profiles for more narrow

bandwidth excitations.

(b) Far Field

The pulse structure in the Far Field of a pulsed trans-
ducer has not been described very extensively in the literature.
The result obtained beiow was derived for circular transducers
to allow estimates to be made of the importance of changes
in the structure of pulses in the far field, and although
differences in the acoustic travel times from a field point
to different parts of the transducer face decrease as the point
moves away from the transducer, the analysis shows that pulses

still change their shape at different bearings.
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Table C.1

Regibn time
¥ 8 Z
< t<3 0
Z —v)2 2l
_6<,1;<((8~ yl + 2 )2 .
((a=y)2+2)% ., ((a+y)? 2\%
c < +yl 2 Se(ct)
y=a ' Z
‘t(-a 0
z (4a2 2% :
G <8< c+Z ) ',Etcos"1 ((021;2_22)%—)
2a
yya t<((a-—y)2+ 22)%
’ c 0
((a=y)2+2D)% | ((ary)2+22)%
y)+zo)*
o << - 2)" | So(et)
N -1 2” 2,2 2 2
o(ct) = cos™' (L FCet" -2 —a
) (from (9))

2y (c2t2 - 72) %
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Figure G¢3 Calculated time profiles for the velocity potential

at 10 mm from a plane transducer at different displacements from
the transducer axis.

\ N\
o (ct) v\ ‘\
\
y=.N g Vo1 [y=0
\\\\
\\\\\_
N
\\\
h \ \
\ N\ N
NN N
N
‘\ \. \
H H ] ! |
7 '87 9 10 time from
» excitation
(nsecs)

o(et)

To calculate 8(ct) the following values were assumed ;
z =10mm , ¢ = 1.5 mm/pusec , a = 10 mm ; the values of
y shown in the diagram are the lateral displacements divided

by the transducer radius, 10 mm.
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The Far Field pressure distribution for a monochromatic
excitation is usually described in terms of a Directivity
Function, D(©), which relates the plane wave pressure at
some bearing 6 from the axis to the axial pressure. D(6) is
related to the Fourier Transform of the excitation distribution
on the transducer face and is simply obtained by the Fraunhofer
Diffraction integral (Born and Wolf 1975)} For a pulsed trans-
ducer, let P(t+,6) be the puise in any direction 6. Its
Fourier Transform is p(w,8)

P2

P(t,8) = Jp(w,e)e‘i“’t dw
—c0

From the definition of the Directivity Function,

p(w,8) = p(w,0) D(w,o)
0
.. P(t,6) =je‘in p(w,0) D(w,8) aw
But, p(w,0) = fP(t',O)eth' ate
o o
SO thaf P(t,8) = \[ P(t',0) J-D(w,e)e-iw(t"t') dw dat* (10)
=0 —~0

Equation (10) is a general result that may be used with any

transducer directivity.
In the far field of a circular disc of radius a,

23 (¥2sin ©)
D(W,8) = ——

wa .
~—— 817
S e

(see, for example, Gooberman (1968)).



~3890~

o0 0

| _iw(t-t') 274(k'wsing

( +,0) =JP(‘G',O)J emin(¥-t") 201 (krwoing) gy qg
-0 - -0 - N - .

TLet o = k'wsin®, so that dp = k' sin® dw (e fixed)

(v 24 oo

P(+t,6) =JP(t',0)Je% .o 20lp) dgl at?

n “ k'sin 6

—00 - —-00

(>3]

] . 1
However, J(t—1e—th J(w) dt %’:{«. 1 )2 —'-\'2) 2 Un_1(w)
0

(if w2 <)

0 (if wZ)1)

where Un( w) = Chebyshev Polynomial of second kind

Uy =1
. P(%,0) =fP(t',0). F£m(1-(%€%§)2)% ate
-0 .

if 4] 23208 (11)

Equation (11) is a convolution integral which w1y be written

in the form

P(t,0) = P(+,0) * TF( %,8)

where TF(t,e) =a—§%(1“ -—g—l-—z—-—é)" ' (12)
in
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