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The tumour processes in breasts involve caleifications which can be detect-
ed using ultrasonic methods. The aim of the present paper is to determine the
minimum size of these calcifications which can be detected by the ultrasonic
echo method.

The models of the calcification which was assumed in this paper are a rigid
and an elastic sphere onto which a plane wave is incident. Such density and
longitudinal wave velocity were assumed here as are eharacteristic of the skull
bone, and it is for these values that the far field form function f.,(ka) was deter-
mined for different values of the Poisson’s ratio.

On the basis of these calcification models, the detectability of the calei-
fication by the echo method was evaluated, showing that, when a typical ultra-
sonograph at a frequency of 3 MHz is used, sphere-shaped calcifications with
radii from 4 pm to 52 pm, depending on the depth at which they occur, give
signals at the level of the electronic noise of the ultrasonograph.

Experimental research has shown that the detectability by the echo
method is restricted by breast tissue heterogeneities which cause the interfering
background to oceur. The level of these interference signals was determined
at a frequency of 3 MHz. At 4 em depth this level was higher by 31 dB than
the electronic noise level. From these results, the present author determined
the radii of calcifications detectable by the echo method at a level higher by
20 dB (ten times higher) than the level of the tissue interference signal. The
radii are 0.05, 0.15 and 1 mm long at the respective depths of 2, 4 and 6 em.
Their dependence on the depth results mainly from the wave attenuation in
tissues, which increases as the depth at which a given calcification is, grows.
A linear receiver should be used for calcification detection.

Notation

— aftenuation loss on the path of the wave
— radius of the sphere
— wave velocity in soft tissue
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O — expansion coefficients

m — natural number

cr, — longitudinal wave velocity in the calcification

ep — transverse wave veloeity in the calcification

¢ — wave velocity in the medium which constitutes the tissue reflector
D — level increase caused by tissue interference (Fig. 10)

feolka) — far field form function

1 — spherical Hankel function of the second kind

ey — derivative of the function h() with respect to the argument
i = Void

Jm — spherical Bessel function

Jmr Jm ~ — derivatives of the function j,, with respect to the argument
k = wf/e — wave number

Ny — spherical Neumann function

Ny — derivative of the funection m,, with respect to the argument
N — electronic noise level

Py, — Legendre polynomial

P; — pressure of the plane wave incident on the sphere

Po — pressure amplitude of the plane wave

Py — pressure of the wave scattered by the sphere

Pso — pressure amplitude of the wave scattered by the sphere

B — depth at which the calcification oceurs

r — radial component of the polar coordinate system

T — double electroacoustic transducing loss

i — time

U,  — eleetric sensitivity of the ultrasonograph receiver

U, — output voltage of the ultrasonograph fransmitter in a pulse
w — electric dynamics of the ultrasonograph

z, ®;, ¥, — auxiliary quantities (see formulae (12¢ b, c))

a — pressure attenuation coefficient

i — phage angle of partial spherical waves reflected

0 — angular coordinate of the polar coordinate system

v — Poisson’s ratio

o — density of the tissue medium

0s — density of the sphere

o — density of the tissue reflector

Pm — auxiliary quantity (see formula (11))

® — angular frequency

1. Introduction

The ultrasonic method is one of the more recent ways of detecting breast
tumours [14]. Despite the intensive research performed on it in a large number
of scientific centres, the possibilities of the ultrasonic diagnosis of breast
tumours are far from exhausted. One example of the developments in this
field is the Doppler ultrasonic methods which permit the observation of changes
in the blood supply to the tumour when it is malignant [15].

Another problem in the diagnosis of breast tumours is the detection of
calcifications by the ultrasonic echo method. The reactions which proceed
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in breast tissue cells and which cause calcifications when the cancer occurs
are present in a very early stage of its development. They usually occur prior
to the infiltrative phase, which is visible in a mammogram or an X-ray micro-
gram preparation [16].

The detection of the microcalcifications is therefore fundamentally signi-
ficant in the early diagnosis of breast tumours. In view of this, the question
arises as to what are the possibilities of detecting small caleifications by the
ultrasonic method.

The recent papers on the problems in ultrasonic investigations of the
breast report on microcalcifications being detected only by mammographic
methods; they cannot be detected, however, by ultrasound [21].

This paper presents an attempt to explain this problem and to determine
the minimum calcification size which can be detected by ultrasonic echo
method.

2. Assumptions of the analysis

Fig. 1 shows the ultrasonic system used here for detecting calcifications
by the echo method. The first stage of these considerations consists in an eva-
luation of the magnitude of the ultrasonic wave reflected from a sphere-shaped
caleification with a radius a.

P

EESTES

Fig:'1. The ultrasonographic system used in the

investigations. T' — transmitter, 4 — receiver, R

P — piezoelectric transducer swinging over an

angle.of 30°, M — medium investigated, § —

caleification, U — area of the medinm covered

by the ultrasonic beam, Z — electronic distance M
indicator, B — depth at which the calcification

R oceurs

It is assumed that the acoustic parameters of this ealcification are the
same as those of bone tissue. This assumption is justified by that about 66
per cent of the bone mass consists of inorganic matter, including mainly caleium
salts [19]. The acoustic properties of bone tissue have been investigated by
a large number of authors, who have obtained a rather considerable scatter
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of the measured values. Fig. 2 shows the results of ultrasonic wave veloecity
measurements, drawn from the available literature [8, 9]. The present consi-
derations are based on the results of the measurements of WHITE el al. [23],
who, working on rather ample experimental material, obtained the following
data for the skull bones: the longitudinal wave velocity ¢; = 3.2 km/s, the
density o = 2.23 g/em3, the specific acoustic impedance ¢;, = 7.1 %x10° g em~2
§-1. Neither these authors nor any other have given data on the transverse
wave velocity.

&5

0 ! 2 3 4 5 6 7 8 9 [MHz]

Fig. 2. The ultrasonic wave propagation velocity in bone tissue, measured by different
authors [8, 9]. The dotted line indicates the value assumed in the present considerations

Tt is assumed that the calcification has the shape of a sphere and is placed
in a fluid medium. Soft tissue can with rather good approximation be consi-
dered such a fluid medium and water, in turn, can be a good approximation
of this tissue.

It is not exact to assume that the calcification is sphere-shaped. It would
be better to assume the calcification as a solid with irregularly shaped surface.
The problem of wave reflection from such a solid could be solved if the statistics
were known of these irregularities [24]. These data are not available, however,
there is also a lack of the simpler information on the density, the elastic pro-
perties of the calcifications ete. There is also no information on the heterogeneity
of these calcifications which occur in the breast.

In view of this, the present problem must be considered with approxima-
tion, by assuming two calcification models: in the form of an ideal rigid sphere
and an ideal elastic one. The analysis will be performed for steady-state
(continuous wave).
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3. Ultrasonic wave reflection from a rigid sphere

The acoustic pressure of a plane wave incident in a fluid onto the sphere
can be represented, in a polar coordinate system whose centre coincides with
the centre of the sphere, in the form of the infinite series [20, 17]

P; = poexp(jot +kreos0) = poexp(jot) Y j"(2m+1)P,,(cos 0)j, (kr). (1)

m=0

The acoustic pressure of the wave scattered by the sphere is in the form

P, = Zcum(cos 0) B (kr)exp (jort), (2)

m=0

where the expansion coefficients ¢, are determined from the boundary con-
ditions on the surface of the sphere. When the sphere is rigid and immovable,
these coefficients take the form

Jm(Ka)

) ?

¢, = j™(2m 1)
When the wavelength is very short with respect to the radius of the rigid
sphere, the power scattered by the sphere is ma* I,, where I, is the intensity
of the incident plane wave; the same power is concentrated into a narrow beam
which interferes with the primary beam and causes the shadow [17].
Comparison of the incident power with the one scattered isotropically
by the sphere gives the equation

na’p, drrip,
= 7

4
200 200 )

where the distance r » a. Hence, directly the following relation results,

a
Pso = Pn‘é}“' (5)

In a general case, when the wavelength is comparable to the radius of
the sphere or longer, the additional factor f(ka), which is called the far field
form function, is introduced into the right side of formula (5). This gives

a
Pso =p0§fm(ka)' (6)

For the rigid sphere the function f(ke) takes the form of the curve S
shown in Fig. 3 [13]. The undulations in the curve result from the wave inter-
ference around the sphere, since, in view of its ideal rigidity, the wave does
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not penetrate inside. In real calcifications, whose surface is irregular and whose
shape is only similar to a sphere, the curve is not so regular as in Fig. 3.
The previous considerations were concerned with an immovable sphere.
When affected by the incident wave, the sphere can move freely. This problem
was investigated by HickLiNG and WANG [13], who showed that a rigid sphere
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Fig. 3. The function fo (ka) for a rigid sphere in a fluid, according to HickrLING and WanaG [13]

vibrates when acoustic pressure acts on it. In view of this, the form of the
function f.(ka) changes, particularly over the range ka < 5. The magnitude
of this change depends on the density of the sphere and on the density of the
surrounding medium. Fig. 3 shows curves calculated by HickLiNG and WANG
for the ratios g,/o0 =1 and 4.

For the calcifications of interest here, whose density is about twice as
large as that of the surrounding tissue, the real curve of f, (ka) should be close
to both curves in Fig. 3.

4. Ultrasonic wave reflection from an elastic sphere

In the case of an ideal elastic sphere the problem of reflection becomes
more complex [2, 3, 12, 18]. In addition to reflected waves, longitudinal and
transverse waves penetrate inside the sphere. The latter waves arise at the
interface of the fluid medium and the sphere. The expansion coefficients (2)
take then the form

Cp = —Po(—J)" " (2m +1)sinz, exp (j1,,). (7

The angle #,, is a function of the veloecity of longitudinal and transverse
waves within the sphere and of longitudinal waves in the surrounding medium,
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and of the radius of the sphere and frequency. The way of determining the
angles 7,, was given in paper [3] and subsequently verified in papers [12, 22].
With backscattering (6 = 180°) the Legendre polynomials disappear
from expression (2), since P,,(—1) = (—1)". For long distances a spherical
Hankel function can be represented by the asymptotic expression [20]

WO (ker) = % exp[-—j (kr— m;—l f:)] (8)

Thus, when coefficients (7) are taken into account and the time factor
neglected, formula (2) becomes [18]

[=+]

a ] —2 . : a
P~ o[ ) @D (U st (i) | = o utha), )
where
. " ! ’ -1
g, — — dn(@) [mn%_m (@) ][m%mm nm(m)] s
'?Lm(:l’) Jm(m) nm("”)
and
1 (@) Vi 2(m? +m)j,, (@)
tang i @ A Dy iy (€1) —Jim (#1) (M2 +m —2) i, (@3) + 53]y, (22) i
"o | 2 A{/(A =201 (@) (@)} (02 ) [ (#2) —Fafya (22)]
3 Jon (1) =i (1) (m2+m —2) i, (23) 23] (3)
(11)
Expressions (10) and (11) inelude the quantities
x =ka = ﬁa, v, = ka =—w—a, @y = Ryl = La (12a,b,c)
¢ e ey

and the Poisson’s ratio » which is related to the velocity of longitudinal and
transverse waves by the relation

i1 ]/1—2'» _ is
v=l say" (13)

Fig. 4 gives the values of the Poisson’s ratio for different materials, de-
pending on the ratio of the transverse wave velocity to the longitudinal wave
velocity. This ratio increases as the material becomes in terms of elasticity
increasingly similar to a fluid, for which it reaches the value » = 0.5. In view
of their elastic properties, it seems that ecalcifications should be assigned to
the group of materials close to glass, porcelain or molten quartz, for which
the Poisson’s ratio » wvaries between 0.17-0.26.

Taking as the basis the theory of wave reflection from an ideal elastic
sphere, from formulae (9), (10) and (11), the far field form function f,(ka) was
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determined for the parameters of calcifications given in point 3, with different
values of the Poisson’s ratio » = 0; 0.1; 0.2; 0.3 and 0.4. These calculations
were carried out on a Cyber 70 (IBM) computer and their results are shown
in Figs. 5 and 6. It follows from the curves obtained that a distinet effect of
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Flg 4. The Poisson’s ratio v for different materials, depending on the ratio of the transverse
wave velocity ep to the longitudinal wave velocity e,
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Fig. 5. The function f(ka) of the sphere (in the calcification for ¢, = 3.2 km/s, g, = 2.23
g/cm“, in the tissue for ¢z, = 1.5 km/s, ¢ = 1 g/em?®) determined for various values of the

Pmsson 8 ratio »
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,

the Poisson’s ratio on the behaviour of the function f(ka) does not oceur until
the value ka > 1.5.

It is interesting to note that the existing theories of wave scattering by
elastie spheres apply to immovable spheres. It should not be execluded that,
as for rigid spheres, the phenomenon of scattering will behave in a slightly
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Fig. 6. The funetion fu(ka) of the sphere as in Fig. 5 but for small arguments of ke

different way, when the possibility of spheres being movable under the effect
of pressures acting on their surfaces is taken into account.

Fig. 7 shows the functions f.(ka) calculated for flint glass, molten silica
and stainless steel by CHIVERS and ANsoN [1], which all show similar behav-
iour. Their maxima and minima result from the interference of waves around
the sphere and also from resonances within it.

In their investigations of the scattering phenomenon, FLAX et al. [7] used
a formalism drawn from nuclear reaction theory. They showed that in the
case of bodies with density and wave veloeities greater than those of the surro-
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unding fluid, seattering is a result of the superposition of the phenomenon
of wave scattering by a rigid body and a number of resonances which oceur
in these bodies. These resonances differ in character, since they correspond
to different wave types, including, for example, also surface waves and waves
of the “whispering gallery” type.
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Fig. 7. The function fu(ka) caleulated for flint glass (solid eurve), molten silica (dotted
line) and stainless steel (dashed line), according to Cuivirs and Axsox [1]

Thus, in the case of calcifications with irregular shapes and with corrugated
surfaces, one should expect that a number of resonances will not oceur at all
and the curve of the function f.(ka) will come closer to the curve of a rigid
body. From Fig. 7, it can thus be assumed that the maxima and minima will
smooth out about the mean value, which for ka > 3 can be taken as f_, (ka) = 1.
A similar conclusion can be drawn for rigid spheres (Fig. 3).

Extensive experimental investigations of the scattering of acoustic waves
by metal (aluminium and brass) spheres submerged in water were carried out
by HamToN and McKINEY [11] over the range 4.1 — 57 of the product ka.
They showed that for large values of ka, backscattering is constant as a function
of scattering and slightly less than follows from theoretical data for a rigid
sphere. The present assumption of the constant value of the function f,(ka)
was thus confirmed experimentally. It is, however, necessary to note that the
conclusion formulated above for large values of ka only applies to the amplitu-
des of pulses reflected from the surface of the sphere and is not valid for those
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which arise as a result of multiple reflection within the sphere. This condition
corresponds to a lack of resonances, i.e. such a situation which is expected
with calcification of irregular shape and unsumooth surface.

5. Detectability of calcifications using the echo method

Ultrasonographs which work with the echo prineciple (B — mode) are used
in the detection of tumours and also calcifications in the breast. A typical
sensitivity of the ultrasonograph receiver which results from its electronic
noise is U, = 10 pV and the output voltage of the transmitter in a pulse U, =
= 250 V are assumed here. The ratio of these two quantities, which will be
called the electric dynamics of the ultrasonograph, is W = U,/U, = 2.5 x10" =
= 148 dB. It is assumed that the total loss caused by the piezoelectric trans-
ducing of electrical signals into acoustic ones and conversely is 7' =15 dB [56].

Another cause of signal loss is the attenuation of ultrasound on its path
from the surface of the skin through the skin and the breast tissue. These losses
can be evaluated only approximately, since they depend to a large extent on
the anatomy of the patient, which can vary over a wide range. Fig. 8 shows
values of attenuation measurements in the tissues of normal and pathological
breasts, collected from the literature [8, 9]. They show a large scatter; attenua-
tion in pathological tissues is much greater than that in normal tissues. For
the latter one can assume as the mean value attenuation of 1.1 dB/MHz em,
which corresponds to the dashed line in Fig. 8.

Let us assume 8 em as the maximum depth at which caleifications can
oceur. With consideration given to the path of the ultrasonic wave from the
transducer to the calcification and back, this gives for a frequency of 3 MHz
the attenuation 4 = 16 em x1.1 dB/MHz x3 MHz = 53 dB.

After the electroacoustic transducing and attenuation losses are subtracted,
W—-T—-4 =80 dB = 10" remains from the available range of the electrical
dynamics W of the ultrasonograph. The ratio of the pressure amplitude of the
wave reflected from the calcification at the distance R = 8 em to the pressure
amplitude of the wave incident on the calcification should be higher than a value
of 107% Only than the electrical signal detected by the ultrasonograph will
be greater than the electronic noise level of the receiver.

When a rigid, immovable sphere is assumed as the calcification model,
for ka < 1 it is possible to write, according to RSHEVKIN [20],

(ka)®
3kr

Hence, in the case of backscattering when 6 = 0 (Rshevkin [20]), unlike
the papers cited above [3, 12, 22], the opposite incidence direction of the wave
is assumed here; hence, the angle § = 0 and not 180°, and neglecting the phase

Py = —Py (1+—Z—cos 6) exp [j(ot—kr)]. (14)
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factor, for ka <1,
ps 5 (ke)?
Po 6 kr

3 ¢ (15)

The solution of inequality (15) gives the condition ka > 0.5.

7MHz
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Fig. 8. Attenuation in the tissue of normal (points) and pathological (crosses) breasts, mea-

sured by different authors [8, 9]. The solid lines represent the measured value ranges given

by the authors. (The values beyond the range of the diagram are given at the peints and

crosses). The dashed line represents the value of attenuation assumed in the present calei-
fications

When an elastic sphere is assumed as the calcification model, from formu-
la (9),

Pa ka - X
oo M 10, 16
. 2‘Tﬂ,ﬁm(kc«s)> 0 (16)

The value of the function f., (ka) can be read from Figs. 5 and 6. Inequality
(16) is then satisfied for ke > 0.65; the effect of the Poisson’s ratio » can be
neglected.

It follows that the two calecification models, the rigid and elastic spheres.
give a similar value of ka, satisfying inequality (15) or, alternatively, (16).
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Assumption of ka = 0.65, at a frequency of 3 MHz, gives the radius of the
gphere a = 52 pm. This sphere gives a signal received by the ultrasonograph;
one, however, which is close to its electronic noise level.

For ka > 3, from Fig. 7, the function f,, (ka) can, according to the conclu-
sions in chapter 4, be assumed to have a value of about one.

Table 1 shows the results of calcifications of the expected radius of the
caleification which gives a signal at the level of electronic noise of the ultraso-
Table 1. The expected radius of a sphere-shaped calcification which gives an electric signal

on the electronie noise level, caleulated as a function of the depth R at which the caleification
oceurs, at a frequency of 3 MHz

R [em] 1 2 4 6 8
A [dB] 9 13 26 40 53
—(W-=-T-4) [dB] —126 —120 - 107 —903 —80
—(W—-T—4) (lin) 5% 107 108 | 4.5 x10-6 2.2 x10-5 10-4
ka from (16) 0.05 0.08 0.17 0.34 0.65
ka from (15) 0.042 0.067 0.14 0.27 0.50
@ from (16) [wm] 4.0 6.3 13 27 52
a from (15) [um] 3.3 5.3 11 21 48

nograph, depending on the depth at which the calcification occurs. Over the
range of low values of ka, ka < 0.65, the assumption as the calcification model
of an elastic sphere (formula (16)) or a rigid, stationary one (formula (15))
gives small differences; in the case of the rigid, stationary sphere model the
sphere radii calculated are about 20 per cent smaller. The dependence of the
smallest sphere radius on the depth at which the calcification occurs is striking;
at depths of 8 and 1 em these radii are different by an order of magnitude (Fig. 9).

It follows from the analysis performed so far that even microecalcifications
give signals detected by the ultrasonograph. It does not signify, however, that
such signals can be recognized among the many signals obtained at the boun-
daries of fat, fibre and gland tissues and their heterogeneities. Microphotographs
of the milk gland show discrete structures in the form of polygons with diagonals
from 50 pm to 200 pm [19]. A Iack of information on the value of the scattering
coefficient of ultrasound in so heterogeneous breast tissue prevents an evalua-
tion of the tissue interference whose level is much higher than the electronic
noise level of the ultrasonograph. The magnitude of the tissue interference
signal can be determined experimentally.

6. Experimental investigation of the tissue interference
The experimental investigations were performed using an USK 79/M

ultrasonocardiograph, developed at the Department of Ultrasound, Institute
of Fundamental Research [6], at a frequency of 3 MHz. This device is equipped
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with a piezoelectric transdueer of 156 mm diameter with a plastic lens which
focuses an ultrasonic beam at a distance of 6 em from the surface of the trans-
ducer. At this distance the width of the ultrasonic beam, measured between —
20 dB levels with respect to the maximum, is 9 mm. The piezoelectric transducer
swings over an angle of 30°, thus exploring the area of the body under exami-
nation at a frequency of about 25 swings per second.

Il
d ka=12
g vilt
i ka=7
fpmi g 7
I /
L /
//
- N+D+20 dB
Ve
19 4
100 v
E /
F /
B / ,/ N+D
- 06 ka=065
038 g
I // Fig. 9. The expected dependence of the
(I / detectability of calcifications on the depth
0_;7{{,’ 017 N at which they occur in the breast tissue,

0 with the echo method at a frequency of

o J 3 MHz. @ — radius of the smallest detect-
N able calcification which gives an electric
: B signal on the electronic noise level (N),

on the level of the tissue interference
gignals (N+4D) and on a level higher
- by 20 dB than the tissue interference
(N+D+20 dB), B — depth at which
the calcification occurs. The respective
0 2 4 6 Rlcml 8 values of ka are given at the peints

In order to determine the magnitude of the tissue interference signal,
the breasts of three women about 40 years old were examined using this device.
The level of this interference signal was determined at a depth of 4 em (Fig. 10).
This level was higher by D = 31 -4 dB than the level of the maximum sensi-
tivity N of the ultrasonograph conditioned by the electronic noise.

A hypothetic reflector in the form of a half-space with the characteristic
acoustic impedance o'¢’ ean now be introduced. It can be assumed that the
tissue interference results from the reflection of a plane wave incident perpen-
dicularly at a flat surface limiting the present hypothetic reflector. The flat
surface of the reflector is at the distance R = 4 c¢m from the surface of the
probe, i.e. at the same distance at which the tissue interference signal in the
women’s breasts was measured.

The level of the amplitude of the wave incident on the surface of the hypo-
thetie reflector is, with respect to the level of the electric signal of the transmit-
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ter (Fig. 10), :
—T/|2—4/2 [dB]. (17)
Simplifying the problem, one can neglect the focusing of the ultrasonic

beam, which in the present case is small, in view of the low ratio of the diameter
of the transducer to the foecal length, i.e. 0.25.

Fig. 10. The signal level as a function — (250V]] "

of the distance B in the determination laBlf Tors—al Tl A2

of the tissue interference in the breast.

O — level of the electric signal transmitted,

T — electroacoustic transducing loss, W

A — wave attenuation loss, N — electronic

noise level, D — experimentally determined

increase in the level caused by the tissue = Az

interference signals, W — electrical dyna- i

mics of the ultrasonograph, A — hypothetic
) tissue reflector

76dB

T T T

[+ 31dB=D
iz,

110uviL N=-k8

The level of the amplitude of the wave reflected from the reflector is
N4+D+T244/2 [dB]. : (18)

The difference between levels (18) and (17) corresponds to the amplitude
ratio of the reflected wave to the one incident on the surface of the reflector.
Consideration of the values N = 148 dB, D =31 dB, T = 15 dB and A = 26
dB. gives
3 oc—o'c - Age
pc+o'¢’ — 200

N+4+D+T+A4A = —76 dB = 1.6 x10™* = (19)

In expression (19) the amplitude ratio of these waves is equated to the
reflection coefficient of the plane wave at the interface between the tissue
medium and the hypothetic reflector. The tissue medium would then show
very small changes in the acoustic impedance Aoe/pe = 3.2 x107%, which
cause the tissue interference.

- The present considerations were reduced to the equivalent (hypothetic)
flat reflector. In reality the dimensions of the interfering tissue heterogeneities
are comparable to the wavelength and, therefore, the scattering of the detected
wave can be assumed and the amplitude of this wave decreases with increasing
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distance. Real, local differences in the acoustic impedance of the tissue
medium can then be greater by an order of magnitude than the wvalue
of (19).

On the basis of the value of relation (19), from formula (16), it is possible
to determine the product ka of a sphere-shaped calcification which gives an
echo at the level of the tissue interference signal. For the value of f(ka) in
Fig. 5 this gives the value ka = 0.6; hence, the radius of the calcification is
a = 48 pm.

For the detection of the calcification to be certain, it can be assumed
that the echo should be greater by 20 dB (10 times) than the level of the tissue
interference signal. From formula (16), in this case ke = 1.9 and accordingly
a = 150 pm. The dashed line in Fig. 7 represents as a function of the depth
the radii of the calcifications whose echo is at the level of the tissue interference
gignal. In turn, the top line denotes the radii of the calcifications whose echo
is higher by 20 dB than the level of the tissue interference signal. The tweo
curves were obtained assuming the interference signal level measured at the
depth B =4 cm.

In the case of the low values of ka for calcifications detected by the echo
method no additional information can be obtained, e.g. on the shape of a calei-
fication, which would permit its detection from the background of tissue inter-
ference signals. In the echo method the only diseriminator is the signal ampli-
tude, in view of the large difference between the characteristic acoustic impe-
dances of calcifications and soft tissues. It is therefore ill-advised in this case
to use typical ultrasonographic equipment with a receiver of logarithmic charac-
teristie, which introduces a ecompression of echoes detected. The receiver should
show a linear relationship between the output and input voltages.

7. Conclusions

It was shown that in the echo method using a typical ultrasonograph
at a frequency of 3 MHz sphere-shaped calcifications with radii from 4 pm
to 52 pm, depending on the depth at which they occur, give signals at the
electronic noise level.

The detectability by the echo method is restricted by breast tissue hetero-
geneities which constitute the background of the tissue interference signals.
The level of these interference signals was determined by examinations of
normal breasts in 3 women about 40 years old, at a depth of 4 em. From these
results, the radii of the calcifications were determined which give a signal level
20 dB higher than the level of the tissue interference signals. These radii are
0.05; 0.15 and 1 mm at the respective depths of 2, 4 and 6 cm (Fig. 9). Their
dependence on the depth results mainly from the attenuation loss in the tissue
which in turn depends on the path of ultrasonic waves.
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In the examinations by the echo method it is desired that a receiver with
a linear relationship between the output and input signals should be used,
since the use of logarithmic receivers causes signals to be compressed. This
results in the loss of information on the signal amplitude which distinguishes
the echo from a caleification from the echoes constituting the tissue interference
background signals. A receiver with an adjustable characteristic would be
the best.

It is recommended that tumour-affected breasts with calcifications should
be examined clinically and subsequently calcifications be removed so that
their size may be correlated with the ultrasonograms. On the basis of such
clinical and experimental investigations, it would be possible to verify the
present conclusions, which are of neccesity based on a large number of appro-
ximations.

These approximations include the spherical shape of the calcifications
and the same values of its density and of the longitudinal wave velocity as
those of the skull bone. It was shown that the transverse wave velocity (or
the value of the Poisson’s ratio) is not essential in the evaluation.

In the present considerations it was also assumed that the ultrasonic beam
is a parallel homogencous plane wave, which is not true. In view of the weak
focusing of the beam, however, the resulting error with respect to the other
approximations can be neglected. The analysis was performed only for
steady-state (continuous wave). This means that the calculation results are
exact for small radii @ and become approximate when e increases.
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