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QUANTITATIVE IMAGE INDICES IN ULTRASONIC BIAGNOSTICS
OF INHOMOGENEOUS MATERIALS

ROBERT C. CHIVERS
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The use of a commercial image analyser for dimensional analysis of discrete
features of ultrasonic images has been described previously. The present paper
reports a pilot study on the use of such an analyser for quantitative analysis of
the diffuse texture of an ultrasonic image of an inhomogeneous material. Alth-
ought such a use may provide valuable arbitrary diagnostic indices, a procedure
is outlined by which such indices may be used in conjunction with visual percep-
tual studies to optimise the display or to investigate the physical mechanisms
of image formation.

1. Introduction

The use of an image analyser for obtaining quantitative information on
the dimensions of discrete structures in ultrasonic B-scan pictures has been
described previously [1]. As was indicated in that communication, the use of
such-an analyser may be extended to the derivation of quantitative information
which is related to the visual texture of ultrasonic grey-scale scans of inhomo-
geneous materials. This paper reports a pilot study of such an application.
The discussion is couched in terms which are directly related to the problems
of medical diagnostics. This is a reflection both of the fact that the original
stimulus to the investigation was a medical problem, and also of the fact that
medical diagnostic techniques for inhomogeneous materials have developed

rather faster than their counterparts in industrial applications. It should there- .

fore be borne in mind throughout the paper that the discussion could equally
well apply to the ultrasonic diagnostics of other inhomogeneous systems such
a8 concrete, sediments, metal inclusions, ete.

The first quantitative approach to the diagnostics of inhomogeneous
material appears to be that of DENIER in 1946 [2], who reported on the basis
of a one-dimeénsional 4-scan, an excess of echoes from cancerous tissue compared
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to normal tissue. The first qualitative use of texture in B-scans (two dimensional
tomograms) appears to be that of HowrY whose brief atlas of diagnostic ultrasonie:
results published in 1965 [3], proved a model which has only in relatively recent
years been superseded. The technological developments that have made possible
the display of a very wide range of echo amplitudes in grey-scale imaging [4, 5]
have permitted the textural analysis suggested by Howry to be performed, to
some extent, by almost any operator. The technological development of Kossorr
and his workers was accompanied by the development of quantitative methods
of tissue characterization [6-9]. The circumstantial evidence which supported
these developments has been previously collated [8-10] while the current
status of ultrasonic tissue characterization has been comprehensively reviewed
very recently [11], and some of the fundamental difficulties with these appro-
aches outlined [12].

The essential problems of these quantitative methods are the relatively poor
current definition of the ultrasonic beam radiated into water, the rudimentary
level of understanding of the way in which tissues whose gross acoustical pro-
perties are known will affect the beam pattern, and the essential difficulty of
relating this information to the in vivo situation, where the content, structure
- and properties of the tissues-lying between the skin and the region which has
been selected for analysis are unknown in detail.

One of the methods of tissue characterization which involves these problems
only in an indirect way is a simple analysis of the echo patterns actually displayed
on the B-scan. This paper discusses some of the elements of such analyses. It
reports novel measurements in which the area of interest may be sampled by
a light pen for subsequent microprocessor analysis and outlines the conditions
under which such a method may be used for empirical tissue characterization.
Finally a procedure is suggested by which this method may be used to discover
the relative importance of different factors in the process of image formation,
and two approaches to the optimization of the ultrasonic visualization of inho-
mogeneous materials, by any of the visualization techniques available at the
present- time. '

2. Methods of analysis

It is implicit in image formation and display that each of stages in the
process from the generation of the initial electrieal signal to the final display
of the image will introduce some limitation on the extent or the significance of the
analysis of the image that can be performed. In turn the method of analysis
will have its own limitation and, of course, the most restraining limit in the
chain is the one that is effectively operative. -

Two main methods of analysis are available: analogue (optical) techniques
and digital (computational) techniques. The computational techniques devised
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primarily for microscopic analysis [13] are impressive both in range and sophis-
tication. They have undoubted advantages in the problems that involve spatial
(dimensional) information, including area on a point by point basis. Additionally
they offer memory for the storage of results, and a light pen facﬂlty for the
convenient selection and display of an area of interest.

By comparison, optical techniques must be considered limited, cumbersome
and difficult in the area of spatial (dimensional) analysis, but they have particu-
lar potential in the analysis of spatial frequency distributions. With relatively
simple apparatus, [14], they can rapidly provide a (spatially).continuous trans-
formation of the information in the original picture. In turn this transformation
may be masked and retransformed to obtain a spatially filtered version of the
original image. Whether or not this is approprlate for the images that exist,
or that may exist, as ultrasonic images of inhomogeneous systems, remains to
be investigated. The major disadvantages of this approach tend to be the relative
inflexibility of the shape of the area that can be selected for analysis, and the
fact that the result of the transformation remains, in the first instance, another
unquantified image requiring subjective assessment.

The change of image may nevertheless be extremely useful as can be seen -
from the examples shown in an optical transform atlas [15], and optical image
analysis is certainly worthy of investigation, in spite of the photographie prob-
lems mentioned in section 4. However, the present author has pursued the compu-
tational techniques, both for the potential ease of implementation in a clinical
situation, and also ‘because of their importance in the logical development.
téwards optimization of instrumentation (section 5).

3. Experimental material and methods

The pictures upon which the analyses were performed were taken during-
routine examinations with a commercial compound grey-scale scanner. They
were recorded on 70 mm roll film (as negatives) and since the work reported
here was not conceived when they were taken, no constraints were placed on
the gain, brightness, exposure or development settings to make them particularly
suitable for this analysis. Matt prints (on resin coated paper) were made from the.
negatives using automatic timing and developing systems, and the analyses
were performed under identical illamination and magnification of the prints.

The analysis was performed on the commercially available image analyser
previously deseribed [1] (Quantimet Model 720M, Cambridge Instruments,.
Royston, Herts, U.K.). A light pen was used to select an area of interest on the.
television display of the image of the print. The area of the selected region was.
measured, in terms of the number of picture points (there are 60400 points in
the whole 720 line display), and the setting of the scaled “grey-level” control
on the analyser gradually reduced. This “grey-level” control effectively changes
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Fig. 1. Ultrasonic B-scan, number 1, with the regions A, B, selected for analysis

Fig. 2. Ultrasonic B-scan, number 2, with the regions A4, B, O selected for analysis
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the threshold of brightness in the image that is required before a point will
register and be displayed on the television monitor. One of the facilities of the
analyser is an automatic readout of the area (within the region selected with the
light pen). Thus as the setting of the grey-level control is reduced, it is possible
to determine the percentage of the area of the selected region which is above
a certain brightness. This is the analysis that was performed in this work. The
grey level scale is an arbitrary one: a level of 55 corresponds to a threshold at
which all the points in the selected region register (i.e. it represents darkness),
and while measurable areas remained below a grey level of 10 none of the i mages
had areas below a grey level of 8. _

Three original scans which were analysed are shown in Figs. 1-3, the
- approximate regions selected for analysis being outlined and labelled with
letters. The numbers 1-3 are used as original scan indices. Table 1 shows the
areas of the selected regions in terms of the number of analyser picture points
contained. (The limit of resolution is 4 picture points). The regions were selected
for different reasons. Regions 14 and 1B are clearly different from a visual
point of view, as is region 24 from regions 2B and 2C. The difference, visually,
between regions 2B and 20 is relatively small, although the latter appears to
have rather more white space in it. Similarly 34, 3B and 3C are visually distinet

Fig. 3. Ultrasonic B-scan, number 3, with the regions 4, B, 0, D selected for analysis
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from each other and from 14, 1B, 24, 2B and 2C but are closest to the last two.
Finally 3D was an attempt to assess the reproducibility of 3C.

The results of the analyses are shown in Fig. 4 for all these selected regions
of three original scans. The lack of control of the photographic and display
pardmeters in obtaining the original scans (Figs. 1-3) implies that the arbitrary

Tal:}e L. Relative areas of selected
regions (in analyser picture points)

. Area.
Ragim. (pieture points)

14 5352
1B 9820
24 3204
2B 12740
20 . 16220
34 18234
3B 15400
30 18508
8B T 17164

fraction of selected area

brightness scales used for analysing the indi-
vidual scan pictures differ essentially from each
other. It means that these seales for selected
regions labelled with different numbers cannot
be compared to each other. This must be borne
in mind when interpreting Figs. 4-6 in which
the curves from all three seans have been su--
perimposed for illustrative purposes. The im-
mediate impression is that the index chosen (i.e.
the way in which the regional images have been
quantified) is one which accords well with the
visual (subjective) analysis. Fig. 5 shows Fig, 4
plotted with a logarithmic grey seale. As may

a5

4035 50" 285 20. 15, 10
image brightness (arbitrary scales) —

{ «=——— analyser "grey level ")

Fig. 4. Graph of the fraction of the selected area above a given brightness level for the regions
marked in Figs. 2, 3. The brightness scales are arbitrary and different for curves from different
' scans (i.e. labelled with different numbers)
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be expected the general results are qualitatively similar as far as diserimination
is concerned, although Fig. 4 appears to be more reliable. Fig. 6 shows the
- gradients (first derivatives) of the curves in Fig. 4. These gradients can only
- be regarded as approximate, since they have been sketched by manual methods
(by plotting the gradient of the chord between adjacent data points in Fig. 4
at the mid point of their abscissae). This form of display has obvious advantages
for differentiation, although the possibility of points at which curves eross
(see Fig. 4, 1B, 20) coinciding with the points of inflexion, and the potential
similarity of curves 3B and 20, implies that both types of display (Figs. 4
and 5) should be used in the first instance.
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Fig. 5. Fig. 4 with a logarithmic brightness axis. N. B. Comparison of curves from different
scans (i.e. Figs. 1-3) can only be illustrative, since the arbitrary brightness scales of curves
labelled with different numbers are essentially different

Certainly the extraction of numerical indices is easier from Fig. 6: peak
position, peak height, peak width and skewness are all of potential value, but
the possibility of an extremely simple index of the percentage area above a grey
level of 30 (on Fig. 4) should not be overlooked. In all these analyses the effect
of various processes in the analysis should not be forgotten. This is discussed
further in the next section, but it is relevant to suggest that the effect of over
or under exposure in the photographic processes, or of changing the analyser
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illumination, could change curve 2C into curve 3B (or vice versa) if the system is
linear, or simply to change the shape of the curve if it is not. This would not
only affect the simple index of the percentage area above a brightness level of,
say, 30 mentioned above, but also shift the peaks of Fig. 6 (or if nonlineari-
ty is present, change their amplitude).

The method of analysis chosen for these experiments was the simplest
available, and the range of potential analyses and indices is great. There are
severe qualifications on the apparently successful pilot study reported, and the
particular procedures used. The remainder of the article is thus devoted to
a discussion of the circumstances under which the analyser, with-its inflexible
numerical regimentation may be more usefully employed than the subtle adapti-
ve comprehension of visual perception. The discussion will touch on the limita-
tions of the practical use of the analyser.

grudients

image brightness (arbitrary scales ) ———»

Fig. 6. The gradients (first derivative) of the curves of Fig. 4 plotted against brightness.
N. B. See note on Fig. 5
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Fig. 7. Factors in ultrasonic imaging that may affect the results in the type of image analysis
proposed

4. Information processing and analysis in diagnostic ultrasonics

A typical diagnostic situation is shown schematically in Fig. 7. It is clear
that there are a number of factors that may influence the texture of the picture
obtained from a piece of inhomogeneous material — indeed each label in the
diagram represents such a factor. Apart from independent effcets they may also
have cooperative affects.

The fundamental postulate of ultrasonic materials characterization is that
the material may be described by a spatial variation of the physical parameters
and that this variation has a direct correlation with the features of the material
that are of interest to the diagnostician, e.g., strength for composite materials;
type and condition for human tissues. The parameters that are considered rele-
vant for the propagation of ultrasound are the velocity of propagation, the
density, and the bulk modulus (or the elastic constants for a crystalline material).
Opinion is divided about the relative significance of these and the linear scale
of their variation in human tissue largely, the present author believes [11],
because of a shortage of reliable data.

The traditional mechanism suggested for the production of the diffuse echo
pattern under discussion is a scattering process [8-11], although the identity
of the inhomogeneities that give rise to the seattering is, certainly in tissue,
unclear at present. We may refer to “scattering centres” as points from which
the seattered waves appear to emanate (sources) to produce the bright dots
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on the B-scan which comprise the grey-scale texture. It is by no means clear at
present that there is always a one to one correlation between an inhomogeneity
in the tissue and a bright dot on the display screen. The uncertainty arises not
only from the unknown effects of the signal processing shown in Fig. 7, but
also {from a lack of knowledge of the fundamental mechanism of interaction of
the ultrasound with the material. BURCKHARDT [16] has suggested ensemble
seattering as a mechanism, which conceptually agrees with the analysis of
AAKINSON and BERRY for blood [17], but the former offers no experimental

support for his argument.

~ From Fig. 7 it is not difficult to explain the lack of experimental investiga-
tion in this area. The ignorance on the mechanism of echo formation must to
a large extent be due to the general lack of precision in our measurement of
ultrasonic beams passing through tissue that may indicate how the interrogating
waves are disturbed before they impinge on the volume of interest [11, 18, 19].
This in turn is dependent on the precision of methods of mapping ultrasonic
fields, the careful calibration of devices for this purpose [20] and the forging of
a precise relationship between the theoretical prediction of ultrasonic fields and
their experimental measurement [21, 22].

There is almost no doubt that the field emitted by a transducer will, in
some way, influence the signals that present themselves for subsequent visnali-
zation. To date only GorE and LEEMAN [23], following Atkinson and Berry [17],
appear to have included some measure of accommodation for this in their theore-
tical development. They use a “beam profile” but with no indication as to where
or how it may be measured. ‘

The scanning regime is of particular importance. The storage of superimpo-
sed (compound) scans may produce degradation of the visual information due
to uneven scanning with a hand-held scanner or due to angular scattering
effects. Real-time scanners obviously overcome these problems at source, whet-
her mechanically or electronically scanned. However not all of these have a scan
convertor attached — which is the only easy way of feeding the image signal
directly into the unconventional raster of the analyser avoiding the intermediate
photographic processes. More importantly each different scanner would require
a_careful investigation of the effect of element shape and automatic scanning
regime on the angular and spatial seatterer visualization.

The importance of the majority of the electronic system components is
discussed in more detail elsewhere [23]. The vital feature of the display device,
if photographic methods are used as the intermediary between the scanner
display and the analyser, is linearity between the amplitude of the electrical
signal input and the optical intensity displayed. This may, alternatively, be
assessed as an overall linearity between the amplitude of the electrical signal
and the intensity of the light fed to the image analyser, whether analogue or
digital -(see section 2). If the latter is used, as in this study, considerable care
must be taken to ensure that each stage of the process — exposure, development,
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fixing — is controlled to make it as reproducible as possible; and the repro-
ducibility should be continuously monitored. :

In the present study, although no control was exermsed in the initial
photography of the display, all the subsequent processes were automatically
controlled. Some evidence for the achievement of an adequate level of reproduci-
bility may be elicited from the consistency of the “grey-levels” eorresponding
to total darkness and total brightness on the scans analysed (Fig. 4). Although
the procedures may have been adequate for the particular analysis performed,
which emphasises the shape of the curve, rather than its position on the axis,
it would be necessary to demonstrate its adequacy if another type of analysis
was performed.

5. The practical implementation and role of guantitative analysis

With the evidence for the regularity of scattering structure which is sugges-
ted by NicHOLAS and HILL [24], it would appear that twodimensional spatial

Fourier transformation of the displayed image might yield interesting results.

That this may be achieved by digital techniques is evident, if demanding in terms

of eomputational resources. The main argument in favour of analogue (optieal)

methods, in spite of photometric problems, is the lack of a major sampling
limitation in one direction (for television displays the limitation oecurs perpendi-
cular to the scan lines). This argument is reinforced by the immediate simulta-
neous display of spatial Fourier transforms in all directions. It is worth noting
that if a small arca is selected for Fourier analysis, the resolution of spatial
frequencies will be limited by a relationship identical to that quoted for the
equivalent time-domain problem [10].

For all other types of analysis, digital techniques are likely to prove most .

effective and rapid. For empirieal tissue characterization (with all its limitations
[11]) it is clear that the optimum approach would be to read from the scan
convertor directly into the image analyser. Various types of analysis could be
attempted on the material system under test, with a-view to producing a purpose-
built microprocessor based system for commercial implementation. The main
disadvantages of this are, of course, the fundamental ones outlined in section 4,
which may limit the successful extent of a partiecular (apparently appropriate)
type of analysis to one diagnostician and his apparatus. Alternatively, mdwulual
A-scans may be digitized and analysed, but any processing at all (e.g. [25])
that is involved in reducing the amount of data to economic proportlons, eompu-
tationally, will need careful consideration in terms of its influence on the signifi-
cance of the final image analysis that is performed.

With whatever system is chosen, empirical studies are possible and may lead
to significant advances in selected areas. They will nevertheless be without the
benefit of scientific understanding, and as REYNE has pointed out for biological




158 R. C. CHIVERS

tissues, they are capable of an infinitude of variation. Instrumental development
in these circumstances can only be guided by a popular (subjective) idea of
a “better” picture which has no objective grounds or direction. Tt may be argued
that the human eye — particularly that of a skilled practictioner — is more
subtle and flexible in its analytical capability than any computational system.
Whereas the present author would in no way dispute this, it does appear that
it is important to direct investigations in such a way that ultrasonic scanners are
optimized in terms of their imaging capability. Whereas scientific procedures
for the investigation of inhomogeneous systems are of clear importance, they
are also extremely difficult and complex [12], and it is proposed that the type
of quantitative analysis described above may be a crucial element in both
optimization of visual display, and in the development of our fundamental
understanding. ;

It is generally agreed that the languages for the description of images,
their structure and content are not well developed [26], and may need to be
confined in their application to specialized fields or particular aspects of a prob-
lem. As yet no such specialized vocabulary exists for ultrasonic grey-scale
images of inhomogeneous systems, and the development of such terminology
i§ eertain to be somewhat hampered by the differences that are produced of one
object (or system) with different machine settings, and (more grossly) with
different machines. Furthermore there is, at the present time [27], no clear
consensus on calibration techniques or test objects or test images for ultrasonie
pulse and continuous wave imaging systems. Some of the elements of these
problems are discussed in reference [27 1, although the two papers concerned
with ultrasonics avoid many of the crucial problems of detail discussed above.

The author suggests that the analyser discussed in the earlier part of the
paper may be used as a bridge, or common point of reference. It may be used
to provide a language basis or set of objective physical measures for the displays
which on one hand are to be optimised for perceptual diserimination, and on
the other hand are to be investigated with regard to the way in which they are
affected by such factors as material composition and properties, transducer
beam pattern, and signal processing. '

A simple example may illustrate the practical importance of this approach.
It is not intended to be specific to the analysis which has been employed: the
methodology is the prime concern. Consider three typical curves from Fig. 4:
14, 3B and 3C. It may be possible by perceptual studies to determine a rank
order for these (or any other shape of curve) in terms of the perceptual sensitivity
to slight changes that they provide. A parallel investigation can be made, using
this same arbitrary choice of numerical analysis and data display, of the way
in which, with a particular type of material, the shape of the curve is affected
by the transducer beam pattern and subsequent signal processing. Forging
a compromise between these effects and the perceptual studies will permit
the optimum visualization of that material to be performed. In other words it



IMAGE INDICES IN ULTRASONIC DIAGNOSTICS 159

will permit that choice of the physical parameters of the instrumentation that
can be varied which will present a display of the material in which changes in
its scattering properties are most susceptible of perception.

The methodology outlined above is not in “closed form”, since it depends
upon a particular choice of numerical analysis and data display (Fig. 4) which
is essentially arbitrary, and other displays (e.g. Figs. 5, 6) or analysis are numero-
us. Perceptual studies may permit a rank ordering of the benefits of the different
analyses but limits to this will arise from the extent of the experiments performed
and the conceptual frameworks within which they are conducted. Thus although
optimization in an absolute sense may be impossible, in the shorter term the

use of objeetive criteria as a pivot for development, however arbitrary, would

appear to be only of benefit.

It has been suggested [12] that for human tissues, a direct link may be
made between pathology and display. The extent of potential benefit can more
clearly be seen in its application to model systems of known characteristics [27].
In this context it can provide extremely useful information on the extent of
variations in acoustical parameters that can be detected, as well as the effect
of their shape, spatial extent and distribution, on the image produced. In connec-
tion ‘with parameter variation over a scale that is smaller than can be measured
remotely by present techniques, the physical aspects of ultrasonic image forma-
tion in tissue and their relative importance may be assessed (in terms of arbitrary
indices). The language of communication thus established can lead to compari-
son of results between laboratories and will inevitably lead to the demand for
higher standards in the desecription of the ultrasonic systems used.

6. Conclusion

* The pilot study presented, using an expensive commercial image analyser
has shown the feasibility of deriving quantitative indices from ultrasonic grey-
scale B-scans of inhomogeneous systems that reflect the textual discrimination
that is visually achieved. The potential of this technique in empirical materials
characterization for developing microprocessor-based equipment to give nume-
rical indices of a specific diagnostic problem is clear. Such techniques will still be
instrumentation dependent and the main value of the types of analysis presented
is in using the indices to optimize the display for visual perception. Further
extension to inhomogeneous systems whoge microstructure is known will permit
the optimization of ulfrasonic visualization systems to an extent which is only
limited by the arbitrary nature of the visual indices used. The cost of the analyser
which has significant flexibility, prohibits the widespread development of these
studies, and work is in progress toassess the feasibility of transferring data from
different laboratories to one central analyser. The results of these studies will
be reported in a future communication.
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