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The authors investigated detectability of calcifications by means of shadow and echo
methods for 5 MHz frequency. Computing the ultrasonic field distribution around a rigid
sphere they determined the shadow range and hence the detectability condition for
calcification diameter ¢ > 3 mm. For the echo method former investigations were
continued improving the measurement technique and expanding the analysis. To determine
the tissue signal background level measurements were performed on 82 breasts of healthy
premenopause women. The boundaries of various tissues and inhomogeneities within cause
interfering background and its level limits the detectability. The measurement results,
confirmed statistically, were used for detectability determination in normal bresst tissues
(attenuation 1.1 dB/cm-MHz). The calculations show that the minimum diameter of
a detectable calcification ¢ = 0.4 mm for a normal breast. JACKsSON et al. [18] and Kasumi
[19,20] have demonstrated calcifications 0.1-0.5 mm in dia with frequencies of 4 and
7.5 MHz. These results are in general agreement with our theory if one takes into account
the high (SD = 8 dB) scattering of the signal background measurement results. When
detecting calcifications in the tumor anechoic area one obtains stressing of fine calcification
echoes, thus increasing the detectability when comparing with the case of healthy breast
tissues.

Autorzy przeprowadzili badania wykrywalnosci zwapnien za pomocg metody ultra-
dZzwigkowej cienia i echa przy czestotliwosci 5 MHz. Na podstawie rozkladu pola
ultradzwigkowego wokol sztywnej kuli wyznaczyli dlugos¢ cienia, a na tej podstawie
warunek wykrywalnosci dla zwapnien o srednicy ¢ = 3 mm. W przypadku metody echa,
kontynuujac poprzednie badania, autorzy ulepszyli technike pomiarowa i rozszerzyli
analiz¢. W celu wyznaczenia tta poziomu zaklocen tkankowych przeprowadzili pomiary na
82 piersiach zdrowych kobiet przed menopauza. Granice roznych rodzajow tkanek piersi
oraz ich wewnetrzne niejednorodnosci tworza zaklocajace tlo, ktoérego poziom ograni-
cza wykrywalnos¢ zwapnien. Wyniki pomiarow, potwierdzone statystycznie, wykorzystano
do wyznaczania wykrywalnosci w normalnych piersiach (wspolczynnik tlumienia
1.1 dB/cm-MHz). Obliczenia wykazaly, Zze minimalna $rednica wykrywalnego metoda echa

* The main thesis of the paper were presented during the VI-th International Congress
on the Ultrasonic Examination of the Breast. Paris, 29—30 June 1989 [10].
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zwapnienia wynosi ¢ = 0.4 mm. W przypadku piersi normalnych JACKSON et al. [18] oraz
Kasumr [19,20] wykrywali w warunkach klinicznych zwapnienia o $rednicach 0.1-0.5 mm
przy czgstotliwosciach 4 i 7.5 MHz. Wyniki te sa zasadniczo zgodne z nasza teoria, jesli
uwzgledni¢ duzy rozrzut pomiardéw tla zakldcajacego (odch. stan. 8 dB). Gdy zwapnienia
znajduja si¢ w obszarze nowotworu pozbawionym wewnetrznych ech, wtedy zwigksza si¢
wykrywalno$¢ drobnych zwapnieri w poréwnaniu do przypadku zdrowych tkanek piersi.
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1. Introduction

The ultrasonic echo method is one of the methods for detecting breast cancer.
Even at an early phase of the disease, reactions in tissue cells cause microcalcific-
ations to emerge as it can be seen in a mammogram or an X-ray microframe
preparation [22]. They usually occur prior to the infiltration phase and as the
disease proceeds, the microcalcifications sometimes reach quite considerable size.

Calcifications contain not only calcium but also phosphorus and many elements
such as chlorine, sulfur nd various metals. However, probably the particles seen on
mammograms, ~ 0.1 mm and larger, contain mainly calcium and perhaps phosp-
horus. The other particles not containing calcium are too small to be imaged on
_ present state-of-the-art X-ray mammograms [11, 12].

Clinical investigations of breast microcalcifications are based on X-ray mamog-
raphy. Recently some authors [18-20] successfully detected microcalcifications in
some kind of breast tumors by means of ultrasonography. However, diffuse
microcalcifications in the breast tissue outside of masses, were not recognized, and if
ultrasonography is to be used in the future as a screening modality, vizualization of
microcalcifications is essential [18].

The purpose of this study was to analyze the detectability of single small
calcifications in female breasts and to answer the question as to what are
detectability limits if one uses the ultrasonic shadow and echo methods at a typical
frequency of 5 MHz. Thus the former, investigations of the present authors [9] were
partially revised and continued by improving the measurement technique and
expanding the analysis.

2. The shadow method

In this method one observes a shadow which occurs behind the calcification.
The authors did not found papers describing comprehensively the shadow behind
a spherical body. Computing the ultrasonic field distribution around a rigid sphere
assumed as the calcification model it was possible to determine the shadow range
r-eap as a function of the sphere diameter ¢ and the wavelength [7, 8]

F_gdg = 09(}52/}{ (1)
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FiG. 1. The shadow range r_; as a function of the calcification diameter ¢ calculated for the frequency
) 5 MHz from the formula 1

which was found to be valid for continuous wave and for the ka parameter between
12 and 630 (k = 2n/4, a = ¢/2). The 6dB drop in respect to the pressure of the
incident plane wave was asumed to correspond to the shadow range. Figure 1 shows
the calculated shadow range for the frequency of 5 MHz.

It follows from this Figure that for obtaining a 2.5 cm long shadow the diameter
of the calcification should be equal to 3 mm. The obtained result should be
considered as the first approximation of the problem.

3. The echo method

For the echo method former investigations [9] were continued improving the
measurement technique and expanding the analysis. We assume that inside a breast

FI1G. 2. Attenuation coefficients in normal breast measu- € *
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at a distance r' from surface there is a single calcification. For our analysis the
attenuation coefficient of ultrasonic waves in breast was taken from literature (Fig.
2). We have chosen an average value equal to 1.1 dB/cm-MHz We assumed an
ultrasonic wave pulse composed of two 5 MHz, frequency cycles, produced by
a scanner whose transmitter generates a 200 V pulse and whose receiver has
sensitivity of 10 pV. The transducer two way transfer loss T equals 15 dB.
Recognizing the system as linear and invariant, one can determine the pulse reflected
from the sphere by means of the inverse Fourier transform with respect to the pulse
spectrum and the system transfer function. It is possible to find the radius of the
smallest detectable calcification for known transmitter voltage, receiver electric
sensitivity and losses Tand A. The tissues are however not homogeneous (Table 1)

Table 1. Acoustic properties of breast tissues

Wave :
Tissue velocity* DGHSHY; . :mPCdE_lr;ce_ ’

[m/s] [g/em®] | [10°kg m~? s7']

Pectoralis

muscle 1545 1.7

Muscle 1.07

Connective 1545

Grandular 1550

Fat 1470 0.92 1.4

*  KossoFr et al. [21].
** WeLLs [26].

and in the case of a breast the boundaries of fat, connective, gland and muscle tissues
and inhomogeneities within cause interfering signals to mask echoes from small
calcifications. These signals form the interfering background, and it is the level of this
background, rather than that of the scanner sensitivity which limits the detectability
of small calcifications.

4. Tissue background level

Figure 3 shows the measuring principle for determination of the tissue -
background level. The echoscope used was once designed for materials testing
(DI-23, INCO, Warsaw). It employs a 5 MHz plane 5 mm diameter transducer with
no matching layer. The transmitter voltage was 200 V, the receiver sensitivity 10 pV.
and the transducer two way transfer loss was T= 30 dB. The value of 15 dB which
was itroduced into calculations in our older paper [9] was erroneous thus introducing
an error in our former results.
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FiG. 3. The principle of determining the level of masking tissue echoes in the breast B showing all signal
losses on the way from the probe P to idealized reflectors I and backwarxs. E — echoscope dynamic
range, T — transducer two way transfer loss, 4 — attenuation loss, N — electric noise level, EAS

— echoscope amplifications scale, SD — standard deviation, E, and D — see the text
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FIG. 4. The histogram showing the distribution of measured values of D. n — denotes number of
measurements
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The women were examined in sitting position. The transducer was applied at
the bottom of the breast, in the lower quadrants, parallel to the plane of the ribs.
Echoes occurring at the distance ¥ = 4 cm were measured the probe inclination
being to obtain the maximum echoes. Very high echoes from large boundary surfaces
of two tissues were avoided. The echo level was read from the amplification scale, the
80 dB level corresponding to the electric noise level N. Measurements were carried
on 82 breasts of 41 promenopausal healthy females aged between 20 and 50. The
accuracy of the measurements was 2 dB. Figure 4 presents the distribution of the
results. Statistical analysis shows this to be a normal distribution at an 0.05
significance level. The mean amplification corresponding to the level of echoes from
tissue was 53 dB (SD = 8 dB).Thus the difference between the levels of tissue echoes
and echoscope sensitivity (determined by the electronic noise) was D = 27 bB.

The echoscope dynamic range E we define as the ratio between the transmitter
pulse voltage and the receiver sensitivity; it is equal to E = 146 dB. The tissue
attenuation A over path of 2 ' is 44 dB. The effective dynamic range (Fig. 3) is thus

Egqt=E—T—A—D =45 dB )

The quantity E. determines the minimum calcification radius which can be
potentially detected by ultrasound.

S. Detectability of calcification

The value of E would correspond to the ratio of the reflected wave to that of
the incident one, if the beam were parallel and the reflecting object were plane. In the
case of a sphere which is small with respect to the beam diameter, one must consider
the relative pressure distribution on the beam axis po(r')/ecw, as shown in Fig. 5 for
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FI1G. 5. The relative acoustic pressure amplitude calculated along the beam axis of a plane disc transducer
used in measurements ;
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a plane nonfocused transducer [24]; w, denotes the vibration velocity on the
transducer surface.
In this case one obtains

20 10g(p,0/pio) = — (Eetr+2C) = —51.4 dB = 0.0027 3)

were E is determined by Eq. (2) and C = 3.2 dB = 1.45 is the correction coefficient
from Fig. 9 for a distance of 4 cm. The factor 2 accounts for the double gain (in
transmission and reception).

At a large distance r from the sphere (kr — c0) the relation between the
backward reflected and incident wave is [16, 6]

a
P, = Zpifao (kﬂ) (4)

The modulus f,, (ka) calculated for a rigid sphere and elastic one is shown in Fig. 6.
For the elastic sphere we have used the formulae in the form given by HASEGAWA

lfol : [\

/) ~18i &
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FIG. 6. The far field form function [/, for backward reflection from a rigid (R) and an elastic (E) sphere with
the Poisson’s ratio v=102; g, g/ — spectra of the two-cycle sinusoidal pulse for ka =5 and 10,

respectively
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[14] and HASeGAwA et al. [15]. We assumed that the calcification had the
mechanical propeties of scull with density g, = 2.2 g/cm® and compressional wave
velocity ¢, = 3.2 km/s [25]. The Poissons’ ratio was assumed as most probable to be
=02,

One can determine the pulse reflected from the sphere by means of the inverse
Fourier transform with respect to the spectrum g,(ka) and the system transfer
function. We define the latter as the ratio between the reflected and the incident
harmonic waves [5]. From formula (4) we have for kr — oo the pulse backward
reflected from the sphere (@ = m) in the form

+ o
1

P = 5 f -« (ka)gka) exp (ka)d ka) ®

ad )
where t = (ct —rcos0)/a is dimensionless time, ¢ is the wave velocity in breast tissue
r and 0 polar coordinates which origine in the sphere center.

The function f (ka) applies in the case if the sphere is not mobile. For low values
of ka a free sphere vibrates under the influence of an incident wave. HICKLING et al.
[17] give a formula for a rigid sphere from which one can determine the correction to
the function f,_ka to account for this phenomenon. This correction is

Ckaj, (ka)—j,(ka)  ji(ka)
Ekah'® (ka)—h'P(ka) h? (ka)

atka =2 ©)

where ¢ = g,/o = 2.2 in our case. Figure 7 shows the moduli of the calculated
function f (ka) = f, (ka)+ Af,, (ka) which tends fo 1 when ka > 2 for case of interest.

ka =8B
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FiG. 7. The function [, (ka) for a movable rigid sphere at various ratios of densities ¢ = /e, (¢, and -
¢ denote densities of the sphere and surrounding tissue, respectively)
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Figure 8 shows the ultrasonic pulses reflected from a rigid sphere, as given by
Egs. (5), (6). The reflected waveforms ressemble the incident pulse and there is
negligible difference between the immobile and the free sphere. Because of this, one
may assume approximately that elastic spheres do not move either, and one can
apply for this case an analogous theory of wave reflection.

ps(T)

L k,a=5

k,a=5

P 1 L I L i A
o
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L

FiG. 8. Pulses backward reflected from rigid spheres for koa = 5, a) movable sphere b) immovable sphere.
Very small pulses are caused by creeping waves
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Figure 9 presents the ultrasonic pulse reflected from an elastic sphere. One can
notice much longer duration time of the reflected pulse and some oscillations of its
amplitude. For a rigid sphere one can assume f (ka) = 1. This condition can be also
assumed for an elastic sphere though the approximation is not so good in this case.
One should take into consideration those sections of the curves R and E which
correspond to the main lobe of the incident wave spectrum (curve g: in Fig. 6).
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FIG. 9. Pulse backward reflected from an elastic sphere for kqa = 5 (mechanical properties of the sphere
: similar to the skull tissue, see text)

Then, from Egs. (4) and (3) one obtains the calcification radius which gives rise
to an echo equal in magnitude to these obtained from tissue inhomogeneities

amin = 2rpyo/Pio =02 mm  for  Koamin & 5. (7

If the breast structure were homogeneous or the area around the calcification
were anechoic, the detectability of small calcifications would only depend on the
electric parameters of the scanner and attenuation in breast. Then, D is 0 and, for the
parameters used in the assumptions one obtains the calcification radius ag;, one
order of magnitude smaller. In the case of a concave transducer the factor C can be
much greater than that applied in the calculations and therefore the value of @y, can
be even smaller.
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6. Discussion and conclusions

The obtained results are presented in Fig. 10.

The calcification detectability of the shadow method is very low when
comparing with the echo method. The diameter of the calcification equal to
¢ =3 mm gives a shadow of 2.5 cm long at a frequency of 5 MHz.

The minimum diameter of calcification detectable at the same frequency in the
distance of 4 cm by means of the echo method equals ¢y = 0.4 mm (SD = 8 dB)
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FiG. 10. Calcification detectability in breasts. ¢ — cal- r |
cification diameter, § — calcification diameter produ- g :
cing the shadow 2.5 cm long, E — calcification diameter 50 + |
giving an echo equal to those obtained in normal breast, 3
tissues, SD — standard deviation, dashed line — cal- B
cification diameters which may produce echoes detec- | Kasumi, Tanaka 1983
table in an anechoic breast area, dotted line — cal- Jackson et al 1986
cification detected clinically by Kasumi and TANAKA
(1983) and by JACKSON et al. (1986) 10+

However, if the tissue structure around the calcification were anechoic, the
calcification detectability would depend on the parameters of the scanner, namely: on
the electric noise level N of the amplifier, on the transmitter voltage, the transducer
transfer loss, T, the breast attenuation A and the pressure gain C due to beam
focusing. In such a case, the minimum radius of the detectable calcification could be
smaller by one order of magnitude.

Clinical results obtained recently by JACKsON et al. [18] showed that inside of
tumors calcifications 500 um or more in diameter can be detected at a frequency of
4 MHz but seen better at 7.5 MHz. Similar results were obtained by Kasumi and
TANAKA [19] who used 7.5 MHz, Kasumi [20] determined the diameters of
detectable calcifications to be between 100 and 500 pm.
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The conditions formulated for the size of detectable calcifications are necessary
but not sufficient, for there is still the practical problem of distinguishing calcification
echoes greater than comparable tissue echoes. Kasumi and TanNaka [19] always
detected calcifications in the tumor anachoic area that stresses fine strong cal-
cification echoes. However, they could not identify calcifications in diffuse benign
lessions. JACKSON et al. [18] concluded that diffuse microcalcifications in the breast
tissue, outside the masses, were not recognized.

The amplitude of the echo is one of the most important characteristics of
calcifications. Therefore it would be desired to use a receiver with a linear response
(without logarithmic compression) to distinguish higher calcification echoes against
the background of masking tissue echo.

The present analysis comprises a number of approximations with respect to the
calcification, equipment and that of tissue masking echoes. Despite the many
approximations, however, this study achieved a quantitative evaluation of the
detectability of calcifications in female breast. The obtained results agree in the range
of order of magnitude with clinical findings of other authors [18-20].

When detecting calcifications in anechoic areas one obtains stressing of fine
calcification, echoes, thus increasing the detectability when comparing with our case
of normal breast tissues.
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