PROCEEDINGS OF THE CONFERENCE ULTRASOUND IN BIOLOGY AND
MEDICINE — UBIOMED VI

FOREWORD

This publication contains papers and communications which were delivered at the
Conference on Ultrasound in Biology and Medicine — UBIOMED VI. This Conference
was held in Warsaw —Jablonna. It was the sixth successive international meeting under
this name devoted to these problems. The previous conferences were held in Poland, GDR,
Czechoslovakia, Hungary and in USSR. The present conference was held for the second
time in Poland. It was organized by the Committee of Acoustics, Polish Academy of
Sciences; Ultrasonic Medical and Biological Section, Polish Medical Society; and the Insti-
tute of Fundamental Technological Research, Polish Academy of Sciences.

The Conference covered the following fields:

I. Physics and biophysies,
II. New developments in instrumentation,

II1. Vascular Doppler,

1V. Cardiac Doppler,
V. Echocardiography,
VI. Ultrasonography and oncology,

VII. Ophthalmology.

About 120 participants from Poland and from 10 European and other countries took
part in the Conference. In all, 64 papers and communications were delivered and have been
gathered in the present volume.

An additional volume, containing the papers of these authors who did not manage
to submit complete papers in time, during the Conference, will be publiched later on.

The Conference showed the significant role that is now played by ultrasonic techniques
in various fields of medicine, and also indicated new, interesting trends, particularly in
Doppler problems, at the same time revealing a large number of problems in the physics
and biophysics of ultrasound which are now far from solved.

L. FiuipczyYNsKr
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THE ACTION OF THERAPEUTIC ULTRASOUND ON THE CATALYTIC ACTIVITY OF
THE DISSOCIATING ENZYMES

N. A ROZANOVA, E. P. CHETVERIKOWA

Institute of Biological Phygice, Academy of Sciences of the USSR
(Pushehino, 142202, USSR)

The action of low intensity therapeutic ultrasound (0.88 MHz; 0.05—1.0
W/em?) on the activity and dissociation of the enzymes with labile quarter-
nary structure was investigated (creatine kinase — CK, pyruvate kinase — PK,
hexokinase — HK and ureage). It was shown that ultrasound does not affect
the activity of these enzymes in solution. Dissociation of CK was activated
by ultrasound when equilibrium forms in solution were not reached. Activation
of the rate of the catalytic reaction in the case of immobilized HK was also
obtained. This effect may consist in enhancement of the reaction product tran-
sport from the bottom of the experimental cell up to where the aliquote volume
wag replaced for measuring.

1. Introduction

In the investigations of the mechanisms of the biological action of low
intensity therapeutic ultrasound it is important to reveal the primary targets.
In the publications of BELEVA-STAIKOWA [1] and PospISHILOVA [7] changes
of activity of different enzymes in vivo under the action of therapeutic ultra-
sound were reported. However, in these publications it is impossible to separate
the primary and the secondary effects of sonication and consider the possibility
of direct action of ultrasound on the enzyme itself.

The work of DUNN and Mc LEop published 15 years ago was the first in-
vestigation devoted to the problem whether enzymes in aqueous solutions
and enzymic reactions can be affected by noncavitation ultrasound [3]. They
showed that a wide range of ultrasonic frequencies and intensities had no effect
upon the catalytic rate of five purified enzymes in vitro (a-chymotrypsin, tryp-
sin, lactate dehydrogenase, aldolase and ribonuclease). These enzymes have
stable quarternary structure. The conditions of the experiments were not va-
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ried: concentrations of enzymes, its substrates and pH were constant. The
latter is especially important, because the enzymic reaction, in some conditions,
can be more sensitive than the enzyme molecule. Besides, there is a special
group of dissociating enzymes having very labile quarternary structure which
was not investigated. Without investigation of these sensitive and important
enzymes in a wide enough range of conditions, it is impossible to make a final
decision about the absence or existence of direct action of ultrasound on the
enzymic reactions.

Dissociation of these labile enzymes is accompanied by significant changes
in catalytic activity. The property of dissociating enzymes to change their
catalytic activity according to the oligomeric state is the basis of one of their
regulation mechanisms [6]. The change of activity occurs by allosteric mecha-
nism. The allosteric effectors are known: pH, metabolites, changes of the pro-
tein concentration and ionic strength [6]; these are very weak factors. Fig. 1
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Tig. 1. Two ways of the enzyme dissociation. CK — creatine kinase dissociation accompanied
by a high increase in catalytic activity; PK, HK — pyruvate kinase and hexokinase disso-
ciation accompanied by loss of enzyme activity in monomeric form

shows two ways of dissociation of enzymes: creatine phosphokinase (CK),
pyruvate kinase (PK) and hexokinase (HK). Dissociation of PK and HK is
accompanied by a deerease in their activity; monomeric form has no activity
at all [5, 4]. Dissociation of CK is accompanied by a high increase in catalytic
activity : monomer is hundred times more active than tetramer [8].

The purpose of our work was to investigate the action of low intensity thera-
peutic ultrasound on dissociating enzymes: CK, PK, HK and urease.
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2. Materials and methods

a. Enzymes and methods of measuring their activity
1. Creatine kinase (E.C.2.7.3.2) was purified from rabbit skeletal muscle
by the method described by CHETVERIKOVA [2]. The rate of the enzymic reac-
tion was registered by measuring pH changes in a typical reaction mixture
‘eonsisting of 5 mM ATP, 6 mH magnesium acetate, 36 mM creatine and 2 mM
Tris buffer maintaining the initial pH at 8.35.
2. Pyruvate kinase (E.C.2.7.1.40) was purified from rabbit muscle and sup-
plied by “Reanal”. The rate of reaction was estimated by pH changes. The
reaction mixture consisted of 3 mM ADP, 5 mM magnesium acetate, 0.7 mM
PEP, 100 mM KCl, 1.3 pg/ml of protein and 2 mM Tris buffer to maintain
‘the initial pH of 7.8.
' 3. Hexokinase (E.0.2.7.1.1) from yeasts was purchased in purified form from
“Fluka” and “Boennger” The concentration of ATP in the reaction mixture
‘was varied between 0.3 and 3.0 mM. Other components were 15 mM glucose,
5 mM magnesium Acetate and 2 mM Tris buffer. The rate of this reaction was
‘measured by pH changes and spectrophotometrically with glucose-6-phosphate
‘dehydrogenase of NADPH absorbance at 340 nm. This reaction mixture con-
gisted of 66 mM glucose, 3 mM ATP, 6 mM magnesium acetate, 0.3 mM NADP,
2.5 pg/ml HK and 0.5 pg glucose-6-phosphate dehydrogenase. The aliquote
of the solution was stopped by addition of 50 mM EDTA in 0.5 N NaOH and
“then changes in absorbance at 340 nm were measured. Hexokinase was also
‘supplied by “Sigma” in an immobilized form lined to agarose.
: 4. Urease (E.C.3.5.1.5) was obtained from a water-melon as a tissue pre-
‘paration in lyophilised form. This enzyme was kindly suppied to us by Prof.
- KurGANOV. The reaction mixture consisted of 0.8 per cent urea in 2 mM Tris
buffer, pH 7.5. The rate of the reaction was measured by pH changes.
: b. Characteristics of acoustic system
The experiments was performed in two chambers.
Chamber I. The measuring cell was placed in a thermostated box containing
“a reflector and absorber for ultrasound (Fig. 2a). It was made of lucite and had
a very thin glass window transparent to ultrasound. Irradiation was performed
by using a commercial therapeutic device with a piezoceramic transducer with
“a 1.5 em diameter and a'frequency of 0.88 MHz within the intensity range
- 0.05 —0.7 W/em?. The distance between transducer and measuring cell was 3 cm.
The ratio of the spatial peak to the spatial averaged intensity over the irradiated
surface of the cell was about 3. Samples were sonicated during catalytic reaction.
Chamber II. This chamber is shown in Fig. 2b. The sample for sonication
was placed in a vertical eylindrical lucite tube with a thin glass bottom for
ultrasound. This chamber was thermostated as well and samples were sonicated
in it before contact with the reaction mixture.
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Fig. 2. Schematic diagrams of the chambers for sonication: & — chamber I for sonication
during catalytic reactions; b — chamber II for the preliminary sonication, ¢ — cell for the
* sample, w — window for ultrasound, ¢ — transducer

3. Results and discussion

The dissociating enzymes are characterised by nonlinear dependence of
enzymic activity on the protein concentration. Our results on the dissociation
of cytoplasmic CK are shown in Fig. 3. This dissociation is caused by dilution
of the enzyme solution. In the range of high protein concentration (about a few
mg/ml) where the enzyme is mainly in tetrameric form, according to the data
of sedimentation analysis, 8, ,, = 8.7 (Fig. 3, the first line under the diagram),
the activity was low. The decrease of CK concentration is accompanied by an
increase in its activity. The plateau in this diagram (Fig. 3) characterises the
stable dimer both by catalytic activity and sedimentation data 89, , = 5.25.
The further substantial increase in activity and the change in the Swedberg
coefficient (83, = 3.5) is evidence of dissociation of the dimer and formation
of a highly active monomer. The dissociation of the polymeric forms of creatine
kinase following dilution takes up to an hour to reach equilibrium.

These samples were sonicated in chamber I during the catalytic reaction.
Irradiation of solution with different enzyme concentration and therefore of
different quarternary structure of enzyme produced no changes in the catalytic
activity (Fig. 4). The left bars in each pair show the activity of the CK in con-
trol, and the right bars show the activity in sonicated samples.

Similar negative results were obtained in the case of sonication of the
reactions catalysed by PK and HK. The experiments on HK were carried out
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Fig. 3. Dissociation of creatine kinase; increase in catalytic activity of creatine kinase
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Fig. 4. Irradiation of the reaction mixture with an enzyme in different quarternary structure
(equilibrium of forms was reached in every solution); in each pair: left bars — activity of
CK in control, right bars — activity in sonicated samples
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in different conditions: in solutions saturated with its substrates, in low sub-
‘strate concentrations and in low and high enzyme concentrations. Exposure
to ultrasound had no effect upon the rate of catalytie reaction. Similar negative
results were obtained at all ultrasonie intensities and over a wide range of con-
centration of substrates or enzyme.

Other series of experiments were performed in chamber II. The protein
solution was sonicated without substrates. After this, the aliquote of the en-
zyme was replaced in the cell with the reaction mixture and pH electrodes.
The concentration of the enzyme solution (40 mg/ml) was rapidly diluted to
a concentration of 0.4 mg/ml and exposed to 0.2 W/em? ultrasound within
one minute. At these concentrations of CK two forms of protein could exist
in solution: dimer and monomer, and equilibrium of these forms in solution was
not reached. The results of sonication of these samples are shown in Fig. 5.
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The left bars in these pairs show the activity of the enzyme without sonication
and immediately after exposure to ultrasound for 12 and 15 minutes (Fig. 5,
from right to left). As it is shown, ultrasound caused a statistically significant
increase in the reaction rate. This effect may be regarded as an enhancement
of the dissociation, i.e. ultrasound somehow shortens the time required for the
forms of protein in solution to reach the equilibrium. It was possible to find this
effect because of a great difference in the activities of the dimer and the mono-
mer of CK. .

The action of ultrasound on urease dissociation was investigated by preli-
minary sonication in chamber II. The results are shown in Fig. 6. These two
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eurves (Fig. 6, 1 and 2) are examples of the registration of the catalytic reaction -
kinetics. These curves show the nonlinear dependence of the enzyme concentra-
tion on its catalytic activity — a typical characteristic for all dissociating en-
zymes. These curves also show the absence of the action of ultrasound on the
'f:' ocess of urease dissociation; the solid lines are for the control and the dotted
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Yig. 6. The absence of effect of ultrasound on the urease dissociation. 1, 2 — the examples

of the registration curves, & — preliminary sonication of enzyme solutions with different
protein concentration

lines are for sonication samples. In all similar experiments in a wide range of
protein concentration the absence of the effect of ultrasound was shown (Fig. 6a).
~ All these experiments were performed with enzymes in solution (CK, PK,
and urease). With the exception of significant effect of ultrasound on CK
lissociation when equilibrium was not reached, we obtained the absence of
action of low intensity therapeutic ultrasound on all enzymes in solution.
~ Other series of investigations were carried out on an immobilized enzyme:
linked on agarose. These proteins linked to the insoluble matrix are better
dels of the native conditions where most enzymes are included in large
complexes in cytoplasm. HK has activity only in dimerie form. If sonication
eads to dissociation of this enzyme it must lose the activity. The experiments
which were performed in the stable stirring conditions show no effect of ultra-

LY
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sound. Ultrasound with the intensities greater than about 0.2 W/em? caused
a small but statistically significant increase in the measured activity of the
immobilized hexokinase, but the magnitude of this effect apparently increased
with increasing intensity of ultrasound (Fig. 7). These data cannot be a result
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| : Fig. 7. Increase in catalytic activity of im-

0 02 04 mobilized hexokinase, Ordinate — per-

25 x : centage of catalytic activity. Catalytic

intensity [W-cm=-2] activity in control is taken as 100 per cent

of the dissociation because the activity is increased. It is highly probable that
the apparent increase in the measuring rate is the result of an increase in the
rate of the reaction product transport to the sampling site where aliquotes have
been removed for the measuring.
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THERMO GRAPHIC INVESTIGATION OF ULTRASONICALLY INDUCED TEMPERATURE
DISTRIBUTION IN TISSUES AND TISSUE-EQUIVALENT PHANTOMS

T. PASHOVKIN, EEKHIZNYAK, A. SARVAZYAN

Institute of Biological Physics, Academy of Sciences of the USSR
(Pushchino, USSR)

The purpose of the paper was to develop a computerised thermographic
method for the investigation of the temperature fields in tissue phantoms ir-
radiated by ultrasound and to study heating patterns in sonicated heterogeneous
and homogeneous phantoms. The developed thermographic system provided
the possibility of obtaining threedimensional images of the temperature distri-
butions in the irradiated samples. It is shown that the temperature pattern
in the heterogeneous tissue phantoms irradiated by ultrasound can be depen-
dent not only on the differences in bulk acoustical properties of the adjacent
tissues but also on the differences in their shear properties.

1. Introduction

One of the most important problems involved in the effective therapeutic
application of ultrasonic hyperthermy is that of obtaining required temperature
distributions in the sonicated tissue. There are two methods for the investi-
gation of ultrasonically induced temperature fields in tissues described in litera-
ture. One, the most widely used, method is the thermocouples method deseribed
in the works of LELE, HYNYNEN, WATHMOUGH, G. tER HAAR and others [4, 5, 7].
Another is the thermographic method which was first used by L. FILIpoZyYNSKI
[1] and was recently described in the work of G. tER HAAR and CARNOCHAN [6].
In spite of the fact that the thermocouples method has given better quantitative
results, it has a number of disadvantages, namely: a long and complicated
procedure of preparation of the object, limited spatial resolution and the pos-
sibility of artifacts caused by destructions in the tissue as a result of introduc-
tion of thermocouples. :

The purpose of the present study was to develop a computerized thermo-
graphic method and to investigate temperature fields in homogeneous and
heterogeneous tissue phantoms irradiated by ultrasonic pulses.
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2. Materials and methods

Tissue phantoms mimicking the properties of biological tissues with regard
to velocity and attenuation of longitudinal ultrasonic waves, velocity of shear
waves, density and heat capacity, were made of aqueous agar gels with addi-
tion of sodium chloride and chalk powder. Table 1 shows the composition of

Table 1. Tissue-equivalent phantom

Composition Physical properties
water —1009% U; = 1570 m/s
agar - 3% a; = (.24 neper/ecm
NaCl - 79 U; =86 m/s
chalk powder — 39 0, = 1.17 cal/g.deg °C
e = 1.06 g/em?®

the physical properties of one of the tissue phantoms used in most of the experi-
ments described below. The values of the parameters given in Table 1 are simi-
lar to those of liver [2, 3]. Usually, the value of shear velocity in tissue is not
considered as an important parameter in making tissue equivalent phantoms.
We have tried to investigate the role of this factor in the production of heat
by ultrasound, on the basis of the hypothesis according to which shear proper-
ties can be responsible for some thermal effects of ultrasound, in the case of
heterogeneous soft tissues at the boundaries between adjacent tissues having
similar bulk properties but different shear properties [9].

We measured this velocity and attenuation of longitudinal waves by a reso-
nator device described previously [8]. The velocity of shear waves was calcula-
ted from measurements of the time-of-flight of a shear pulse between two piezo-
electric transducers. Density was measured by a pyecnometer and heat capacity
was measured by the calorimetric method. Heterogeneous tissue phantoms were
made by eomposing some pieces of gels with required parameters, pieces of
fat, muscle, ete., into a bigger piece of gel having parameters shown in the
table.

A schematic diagram of the experiments is presented in Fig. 1. Ultrasonic
irradiation was performed by plane or focusing piezoceramic transducers at
frequencies of 0.88 MHz and 0.5 MHz respectively and intensities 0-0.1 kW /m?
(spatial average and time peak) for plane waves and 0.3-15 kW /m? (average
over the section of the focal region) in the case of focusing transducers. The length
of focal region was | = 0.03 m and the diameter » = 0.003 m. The intensity of
ultrasound was measured by radiation pressure techniques and by a differential
thermocouple which was precalibrated by a known ultrasonic source.

Temperature distributions were measured on the surface of a sample irra-
diated either by a plane transducer, in the near field, or by a focusing transducer



ULTRASONICALLY INDUCED TEMPERATURE DISTRIBUTION 17

using distilled degassed water as the coupling medium. Measurements of the
temperature fields inside the sample were made by cutting the sample along
a chosen axis such that after heating it could be split in less than one second
and exposed to an infrared probe.

a) b)

Fig. 1. A schematic diagram of the experiments. @ — measurements of the heating patterns

on the surface of the eylindrical sample 0.005 m thick and 0.035 m in diameter; 1 — infrared-

probe, 2 — sample, 3a — plane transducer, 3b — focusing transducer, 4 — surface exposed

to the probe. b — measurements of the heating patterns on the surface of the sample section.
The diameter of the sample 0.024 m and the height —0.1 m

The exposed plane was imaged by a scanning thermographic system,
AGA-Thermovision-780, having the spatial resolution of about 10-3® m and
accuracy of measurements of temperature changes 0.2°C. The obtained image
was than recorded digitally on magnetie tape and was displayed as a threedimen-
sional picture after computer analysis. The computer analysis provided the
possibility of obtaining differential images of the temperature fields before
and after ulfrasonic heating of the sample. Just before the measurements the
distribution of the temperature fields was not uniform, because of the differences
in the rate of evaporation, so that by making this differential picture we could
analyse much more precisely the heating pattern produced by ultrasound. The
system also provided the possibility of measurements of the kinetics of heating
and cooling of the sample surface.

2 — Archives 1-2/84
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3. Results and discussion

Fig. 2 shows the temperature field on the surface of a sample surrounded
by a circular plastic holder in the near field of a plane ultrasonic transducer.
A complicated temperature distribution in the middle of the heating area is
due to a very nonuniform ultrasonic field in the near field of the source. The
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Fig. 2. The thermogram of the surface of a sample 0.005 m thick. The frequency of ultra-

sound, f, is 0.88 MHz, the intensity of ultrasound, J, is 0.1 kW /m?, the time of irradiation,

7,is8 28, the temperature scale is 2°C, the transducer is plane, the direction of irradiation is
shown by arrows

(52 S o,

> (SOCSSS3 xS 2oa®.

o e e e T e e e e V|

S e e I ol I T S0 X O,

\\\!‘d:.;.e.;.:- L eSS0 SRS TrS s
Seres
"
oS
=

Fig. 3. The thermogram of the surface of the sample section (focusing transducer, f = 0.5
MHz, J = 14.0 kW /m? averaged over the section of the focal region; v= 10 s. The coupling
medium is degassed distilled water)
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heating on the boundary between the sample and the holder is due to the well
known fact of the heat production at the interfaces between tissue and any solid
(e.g. bone) and it is usually explained by the formation of highly attenuated
gshear waves in the solid.

Fig. 3 shows the heating inside a sample irradiated by focused ultrasound.
One can clearly see the shape of the focus and some heating effect at the boun-
daries between the holder and the gel.

Fig. 4 shows the temperature field in a heterogeneous sample where a small
bone was included in the gel.

] ]

Fig. 4. The thermogram of the surface of a heterogeneous sample with a bone inclusion.
The transducer is plane (f = 0.88 MHz, J = 0.1 kW/m?, z = 0.5 s)

It is interesting to note that even at such a short exposure (half a second
at the intensity close to that used in theraphy: 0.1 kW/m?) we have a sub-
stantial increase in temperature up to 3 degrees.

Fig. 5 shows the temperature field on the surface of the same sample but
irradiated by focused ultrasound. The temperature increase on the bone is about
75°C and the rate of heating is about 20°C/ec.

Fig. 6 shows a thermogram of a heterogeneous tissue phantom containing
an inclusion of a piece of gel having the same value of ultrasound velocity and
attenuation as the bulk gel but different values of the velocity of shear waves.
The difference in shear properties is about 20 per cent. For longitudinal waves
there is no physical boundary between the inclusion and the bulk gel. One can
see here that at the first interface between the inclusion and the bulk gel the
inerease in temperature reaches about 2°C. This is just one example out of
many such images which we obtained for inclusions different from the bulk
sample in terms of shear properties.
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Fig. 5. The thermogram of the surface of a heterogeneous sample containing a bone inclusion.
The transducer is a focusing one (f = 0.5 MHz, J = 14 kW/m* — average over the section
of the focal region, v = 4 s)

2°C

Fig. 6. The thermogram of the surface of a heterogeneous sample containing as an inclusion
a piece of gel differing from the bulk gel only in terms of shear properties. The transducer is
a plane one (f = 0.88 MHz, J = 0.1 kW/m?, t = 3 5)
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4. Conclusions

1. A computerized differential thermographic method is developed for
visualisation of temperature distributions in sonicated homogeneous and hete-
rogeneous tissue phantoms.

2. The temperature pattern in irradiated heterogeneous tissue phantoms

depends on the differences among the acoustical characteristics of the inelu-
sions.
The rate of temperature increase at the interface bone-soft tissue may

-

reach 4-5°C per second at intensity of plane ultrasonic wave of about 0.1 KW Jm3,
3. The boundary between two soft tissue differing only in shear properties
can give a substantial temperature increase in the sonicated sample.
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THE INFLUENCE OF LOW-INTENSITY ULTRASOUND ON THE PROPERTIES OF CELL
CULTURES

JIRI ADLER, IVO HRAZDIRA, JITKA HANZLOV A,
VERA ZAJIcOVA

Department of Biophysics, Department of Anatomy and Department of Epidemiology,
Faculty of Medicine, Purkyné University, Brno, Czechoslovakia

In the present paper bovine kidney cell cultures were used as an experi-
mental model for the study of the biophysical mechanism of ultrasonic action.

In the first series of experiments functional and morphological changes
in the cells immediately after sonication were evaluated. A decrease in viability
and degenerative morphological changes in the cells were found.

In the second series the sonicated cells were seeded in Roux bottles and
grown in the optimal conditions. The growth properties of the cells were evaluat-
ed at different time intervals after sonication. Significant stimulation of the cell
growth was demonstrated after the action of ultrasound intensity of 1.0 kWm-2,
However, after the action of ultrasound intensities above 3.0 kWm-2 the inhi-
bition of the cell growth was found.

1. Introduction

Inereased use of ultrasound devices in medical diagnostics, especially in
obstetrics, has accentuated the question of its possible risk for the patient. In
the 1976 WHO report [5] the value of 1 kWm-? of ultrasound SATA intensity
was recommmended as the threshold of biological effectiveness “in vivo”. However,
changes in some morphological and functional properties of sensitive biological
systems, for example isolated cells and cell cultures at ultrasound intensities
lower than the recommended threshold of biological effectiveness, were found.

The effects observed in mammalian cells after ultrasound exposure include
modification of macromolecular synthetic pathways, alteration of cell membrane
properties, intracellular ultrastructural changes and alteration of the growth
properties.
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Ultrasonically induced functional alterations in the plasma membrane
showed increased permeability, decreased active and non-mediated transport
and changes in the electrophoretic mobility of cells. A mechanical stress mecha-
nism of ultrasound action was suggested as the cause of an increase in the per-
meability of human erythrocyte membranes to potassium ions which were
described by LoTA and DARLING [10]. BUNDY ef al. [2] demonstrated a decrease
in the transport of leucine in avian erythrocytes. In our laboratory [17, [7]
there were described alterations of the electrophoretic mobility of erythroeytes
treated with diagnostic ultrasound and changes in the aggregation ability of
erythrocytes in polyethylene glycol solutions. SIEGEL et al. [11] reported that
dispersed cultured human cells seeded in plastic Petri dishes showed signifi-
cantly reduced cellular attachment after diagnostic ultrasound exposure.

Numerous reports have appeared describing ultrastructural damage to
cells exposed to ultrasound. Electron microscopic examination of rat liver
cells and fibroblasts irradiated with pulsed ultrasound revealed more free ribo-
gomes, increased damage to mitochondria, endoplasmatic reticulum and lysc-
somal membranes and more eytoplasmic vacuolation [4], [6]. Tt has been sugges-
ted that cells are particularly susceptible to damage by ultrasound during mito-
sis, because major changes in the cell membrane and internal structure oceur du-
ring this phase of the cell eycle [3].

2. Materials and methods

In the present study the Madine-Darby bovine kidney and primary calf
kidney cell cultures were used as an experimental model for a complex study
of the biophysical mechanism of ultrasonic action. The cell eultures were grown
in the Minimum Essential Medium supplemented with 5-109%, calf serum
in Roux bottles. Suspensions of approximately 10° cells in millilitre were pre-
pared using trypsin.

The source of ultrasound was a laboratory CW generator operating at a
frequency of 0.8 MHz. The sonication of cells over the ultrasound intensity
range from 0.5 KWm-2 to 10.0 kWm~2 in the horizontal field in a 37°C water
bath was carried out for 10 or 20 minutes. The incident intensity levels were
controlled by means of ecallibrated hydrophone.

The morphological changes in sonicated and control cells were evaluated
using both the optical and the electron microscope. The viability of cells was
tested using trypan blue vital dye.

3. Results

Our preliminary experiments were directed to ‘murphologica;l changes in
cells eaused by sonication of cell monolayers at very low intensity levels of ultra-
sound (i.e. 0.5 kWm~-2 and 1.0 kWm~-2). In micrographs of sonicated cells, disap-
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pearing of protoplasmatic bridges, rounding off and desquamation of cells
were proved.

In the first series of experiments the morphological and functional changes
in Madine-Darby bovine kidney cell suspensions immediately after sonication
were evaluated. One part of the sonicated cells was fixed using glutaraldehyde
and prepared for electron microscopic examination. The other part of sonicated
cells was incubated with trypan blue vital dye. After three minutes the viability
of cells was tested. Electron microscopic examination of cells revealed ultra-
structural damage to cells exposed to ultrasound of low intensity level. There
were observed enlargement and damage to mitochondria, enlargement of endo-
plasmatic reticulum and vacuolation. Incubation of cells with trypan blue
vital dye demonstrated changes in viability of cells after ultrasound exposure.
In control conditions 13.9 per cent of cells were stained. Using ultrasound
intensity of 1.0 kWm~2 25.4 per cent of cells were stained and finally using
ultrasound intensity of 5.0 kWm-2 51.0 per cent of cells were stained.

In the second series of experiments the sonicated primary calf cells were
seeded in Roux bottles and grown in the optimal conditions. The growth and
morphology of the cells were evaluated microscopically at different time inter-
vals after sonication, up to three weeks. The action of ultrasound of intensity
above 3.0 kWm-? caused the death of all sonicated cells. However, there was
a difference in the behaviour of cells sonicated at different intensities of ultraso-
und. Cells exposed to ultrasound intensity of 3.0 kWm~-2 or 5.0 kWm~? were
able to attach to the glass surface of Roux bottle, but could not divide them-
selves. Cells exposed to ultrasound intensity of 10.0 kWm~-2 were not able to
attach to the glass surface and died immediately. On the other hand, the action
of ultrasound intensity of 1.0 kWm~-? stimulated significantly the growth of
sonicated ecells and formation of the monolayer. The control and sonicated cell
cultures were observed over 8 passages after sonication and the difference in
growth mentioned above was expressed over the whole period of observation,

4. Discussion

LieBESKIND et al. [9] deseribed morphological changes in the surface
characteristics and post-sonication ultrastructural changes in cell cultures
after pulsed diagnostic ultrasound exposure. The cells were examined up to
37 days after a single exposure and authors demonstrated abundant microvilli
and cell pro-ections, indicating a hereditary change in the cell membrane after
at least 50 generations (cell eycle time 16 hours). Shape changes in sonicated
erythrocytes were described by HrAzZDIRA [8]. The postsonication ultrastructural
changes [9] included an increasing number and clustering of perichromatin
granules, invagination of cytoplasm into the nuclear domain, separation of
nuclear membrane leaflets and aggregation microtubules around the nucleus.
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The authors showed that up to one week after sonication the cells continued
to divide normally, but there were dramatic differences in mobility and surface
behaviour, The authors concluded that low level pulsed ultrasound could alter
both the cellular ultrastructure and metabolism. They suggested that persistance
of disturbances in cell mobility many generations after sonication was especially
important, and it can be speculated that if embryonic cells were to be subtly
damaged by ultrasound, it might affect cell migration during ontogenesis.

In our laboratory, in accordance with the results mentioned above the alte-
rations of growth properties of sonicated cells were observed. However, in con-
trast with results of LIBBESKIND et al. [9] significant stimulation of cell growth
was demonstrated after the action of ultrasound intensity of 1.0 kWm-2 during
8 passages after sonication. Microstreaming and shear stress were suggested
as the main components of ultrasonic action on cell culture growth stimulation.

5. Conclusions

In the first series of our experiments the Madine-Darby bovine kidney
cell cultures were used. The decrease in viability and the degenerative morpho-
logical changes in cells immediately after the action of low intensity ultrasound
were proved.

In the second series of experiments the primary calf cell cultures were
sonicated using ultrasound intensity range from 1.0 kWm-2 to 10.0 kWm-2,
The growth properties of sonicated cells were evaluated at different time inter-
vals after ultrasonic action. Significant stimulation of the cell growth was demon-
strated after action of ultrasound intensity of 1.0 kWm~-2 during 8 passages.
However, after the action of ultrasound intensities above 3.0 kWm~-2, inhibition
of the cell growth was found. In the future these findings would be completed
by quantitative analysis of cell growth parameters with special respect to the
behaviour of cells influenced by ultrasound over the intensity range from 1.0
kWm~2 to 3.0 kWm~-2 The results described have shown that further studies
along this line are needed.
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THE ULTRASONIC NONLINEARITY PARAMETER FOR BIOLOGICAL MEDIA

F.DUNN,W. K. LAW, L. A, FRIZZELL

Department of Electrical Engineering, Bioacoustics Research Laboratory, University of
Illinois
(1406 West Green Street, Urbana, Illinois 61801, USA)

The nonlinearity parameter B/A of several soft tissues was measured
using two independent methods. The B/A values of most soft tissues were found
to be between 7 and 8, with the exception of fat which has a B/A value close
to 11. It is proposed that structural hierarchy contributes to the B/A values
of tissues.

1. Introeduction

Ultrasound has been used extensively in the diagnosis of diseases and in
therapeutic applications and its employment continues to increase. However,
evidence is accumulating to indicate that ultrasonic propagation associated
with biomedical applications may not always be considered linear [3, 4,10].
The effects of the nonlinear propagation, which include harmonie generation, ad-
ditional attenuation over that expected from the fundamental frequency com-
ponent alone, increased heat development, and change in beam profile, can
have important consequences on both the diagnostic and therapeutic applica-
tions. Tt is believed that detailed understanding of these nonlinear phenomena
should lead to improved accuracy and increased information from procedures
using diagnostic instruments. With regard to the therapeutic application, addi-
tional understanding should lead to more sophisticated control of heat deposi-
tion in the selected tissue volumes.

In order to predict accurately the effect of nonlinear propagation of ultra-
sound in biological media, it is necessary first to determine the degree of nonli-
nearity that the medium itself exhibits. Two independent methods of measur-
ing the nonlinearity parameter in biological materials have been developed
for this purpose. The first method, the finite amplitude technique, determines
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the nonlinearity parameter in a medium by measuring the magnitude of the
second harmonic generated. This method has the potential for use in making
in vivo measurements. The second method, the thermodynamie technique,
involves determination of the change of sound speed with hydrostatic pressure
and temperature. The accuracy of the thermodynamic technique is superior
to that of the finite amplitude technique, though it is limited to in vitro measu-
rements only. This paper is a report on, the in vitro measurement of the nonlinea-
rity parameter in soft tissues by both’ techniques. Based on the present tissue
observation, and previously reported observations with tissune models, it is
proposed that the B/A value (the nonlinearity parameter) for biological mate-
rials reflects structural hierarchy.

2. Methods of measurement

For a nonlinear fluid medium, the relation between p, the pressure of the
liquid, and p, the density, is nonlinear and can be expressed in a Taylor’s series
expansion of p about the point of equilibrium density and entropy (o, $,), [2]
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From (1) and from the definition of sound speed,
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it is possible to express the ratio of the coefficient of the quadratic term to that
of the linear term, B/A, as

B oe
= D 3 3
= 2en(g) 0

Equation (3) is the basis for the thermodynamic method for determining
B/A, the nonlinear parameter, since go, ¢, and (de/dp), o, are quantities that
can be determined experimentally. However, for experimental ease, it is desi-
rable to transform equation (3) using thermodynamic relations and to deal
with conditions of constant temperature and pressure, instead of constant
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entropy. The new expression [1] is

B de 2¢,Tp [ dc
-I & 29000(6P)T,8 .}-T-(OT)I?,&’ (4)

p

where T is temperature in degrees Kelvin, p is the pressure, C,, is the heat capa-
~ city per unit mass at constant pressure and f is the volume coefficient of thermal
expansion. For the materials of interest in this study, the second term in equa-
~ tion (4) is less than b per cent as compared to the first term so that the preci-
sion required in determining f and C,, is not very stringent. By measuring the
change of sound speed with pressure and temperature, together with a knowledge
of the density and sound speed and an estimation of the values for f and C,,
the parameter B/A can be determined. Details of the instrumentation and proce-
dures of the technique are described in Ref. [9].

The finite amplitude method involves measurement of the magnitude
of the second harmonic component at several distances from the sound source
and then extrapolation to the source to eliminate the effect of absorption in
the medium. For a medium with near linear frequency dependence of absor-
ption, specifically (a, —2a,) < 1/2, where a, and a, are, respectively, the absor-
ption coefficients at the fundamental and seecond harmonic frequencies, the
magnitude of the second harmoniec component, averaged over a phase gensitive
receiver the same size as the source, can be written as

B 2
20 = 1400 +2) gt exf —(a+-2)s] %), )

where z is the axial distance from the sound source, f is the frequency of the
fundamental, p, is the average source pressure at the fundamental frequency,
and F(z) is a correction term for the diffraction effect of the finite aperture
sound source [5, 6]. Over the range of distances between one and three centi-
- meters from the source, F(z) is an exponentially decreasing function. When
P2(2)/pi(z) is extrapolated exponentially to the source, one may write

Pa(2) 5 B =f
Pg (2) |es0 0 (:Z- +2) 290"33 (o)

For a 1/2" diameter sound source resonating at 4 MHz, F (2)|,,, is 0.91. The
value of B/A can then be calculated using equation (6) when p,(2)/pg(2)|s0
and ¢, are measured. Details of the instrumentation for the finite amplitude
technique and for sample preparation are described in Ref. [6].

(6)

z—+0

3. Results and discussion

Results of B/A measurements in soft tissues are shown in Table 1. The
finite amplitude technique was emphasized in these measurements because
of the possibility of extending it to in vive measurements in the future. Tissue
samples were obtained from different animals for each of the measurements.
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Table 1. B/A value in soft tissues measured by the thermody-
namic and the finite amplitude methods

Material Thermodynamic Finite amplitude
method method
water 5.31 5.5 4-0.5%
beef liver 7.23; 7.0 7.7 1£0.9%*
pig fat 10.9 11.0, 113
beef heart 6.75, 7.4
pig muscle 7.563, 8.1
beef brain 7.6
Entrics represent single measurements, except those otherwise
labelled.

* Average of seven samples, ** average of five samples

It is observed that B/A values of soft tissues range from about 7 to 8, with
the exception of fatty tissues, which have a B/A value of approximately 11.
The variations in B/A value for samples of the same tissue type can be as high
a8 10 per cent. It is not clear whether such variation results from differences
in B|A values of different specimens, or is caused by artifacts arising from tissue
preparation, e.g., phase cancellation induced by inhomogeneities in the tissues,
or air bubbles resulting from autolysis after excision.

The typical B/A value of a soft tissue is greater than that of a protein solu-
tion of the same dry weight content [8], and yet with the exception of fatty
tissues, 70 per cent of the dry weight content of the tissues measured are pro-
teins [7]. This observation suggests that besides the protein concentration,
other factors exist to contribute to the B/A value of tissues. Based on obser-
vations reported previously [6, 8, 9], the structural hierarchy of the material
being measured is believed to be one of these factors. The B/A value of blood,
which has higher structural hierarchy than a simple protein solution because
the hemoglobin solution is contained within a membranous enclosure, has a slight-
ly greater B/A value than a protein solution of the same dry weight content.
Whole liver, which is much more complex in structure than blood, has a cor-
respondingly greater B/A value. Homogenization of the liver, which destroys
an unspecified portion of the structure, decreases the B/A value.

4. Concluding remarks

It is felt that the knowledge of the nonlinearity of the medium provides
information for better understanding of the propagation details of ultrasound
in tissues. Further, this should lead to improvements of present diagnostic
and therapeutic applications of ultrasound, and may actually provide informa-
tion about the structure of these media not available through existing means
of tissue characterization.
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THRESHOLDS OF BIOLOGICAL ACTION OF ULTRASOUND
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The character of the regulative mechanisms in a cell depends on the degree
to which the intracellular medium has changed and, hence, on the degree of
change in the cell membrane permeability which is dependent on the intensity
of ultrasound action. Therefore, for biological action, the threshold intensity is
the intensity below which there appear no changes in the cell membrane per-
meability. Judging by well-known data, this threshold is < 0.1 kWm-2 (1 MHz).
In a certain interval of higher ultrasound intensitities no visible changes are
observed in the structure and function of cells, which is due to the development
of the regulative processes. The upper limit of this interval represents another
“registered” threshold of biological action of ultrasound (~ 1 EWm-2). In a defi-
nite interval of ultrasound intensities exceeding 1 KkWm-2 the observed biolo-
gical effects are reversible, The upper limit of this interval (10 kWm~-2) can be
taken as still another threshold.

The values of thresholds of biological action of ultrasound are of practical
erest for ultrasound diagnostics, therapy and surgery. However, experimen-
tal determination of thresholds involves certain difficulties in each particular
tase, and extrapolation of values, characterizing the biological effect on thre-
hold intensity of ultrasound, does not give the same results. There are a lot
0f cases [20] when bioeffects are produced at ultrasound intensities much less
than the generally accepted eurve obtained by means of extrapolation [18].

It seems possible to use another approach to the determination of thresholds
of ultrasound bioeffects which is based upon a probable model of the mechanism
if biological action of ultrasound.

A chain of successive reactions of cells to ultrasound action can be eonsi-
dered as such a model. The first reactions of this chain are due to physico-
chemical factors — mechanical, heat and chemical — which form the biologi-
al action of ultrasound. The effectiveness of separate factors which constitute
the ultrasound action depends on the ultrasonic parameters and experimental
conditions in different ways. Yet, each of these factors is capable of influencing
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the cell microenvironment and changing the substance transport through its
membrane.

Thus, mechanical factors in the ultrasound field — variable displacements,
gradients of vibrating velocity, radiation pressure, microstreamings — can
change the cytoplasma viscosity [11], disturb the concentration gradients in
the immediate vicinity of cell membrane [5], cause barodiffusion processes [15].
In all cases, the final result will be the change of conditions of transport of
polar and non-polar molecules as well as ions through cell membrane.

Mechanical action upon cell membranes is greatly increased under the con-
ditions of stable cavitation, which is observed at diagnostic ultrasound inten-
sities [25] in certain cases.

The possibility of ultrasound action on the structure of the membrane itself
was not taken into account in the above consideration. Nevertheless, already
at rather small ultrasound intensities biomacromolecule desorption from the
cell surface is observed [3,17]. As a result, the conditions for monitoring mem-
brane charges change, which also influences their permeability [2].

Intensive microstreamings are capable of breaking the integrity of cell mem-
brane through the holes in which cell content flows out. This effect can be
considered as a limit case of the change of conditions of substance transport thro-
ugh the cytoplasma membrane at ultrasound irradiation.

Also, an increase in temperature at the expense of absorption of ultraso-
und energy changes the conditions of substance transport in biological media.
Each degree of temperature increase (in the field of 35-45°C) leads to a 2-3 per
cent decrease in the viscosity of water and water solutions and a 3-5 per cent
one in the viscosity of lipids. The coefficients of diffusion and self-diffusion
increase correspondingly. The transfer conditions can be changed as well at
the expense of thermodiffusion due to temperature gradients appearing when
biological media [16] are irradiated by ultrasound.

According to calculations the Debye potential (otherwise called vibropo-
tential) occurring in cell suspention and in tissues under the action of thera-
peutic ultrasound reaches a value comparable with the cell membrane potential
[1]. The pulses of intensive ultrasound used in diagnosties can be responsible
for tissue vibropotentials reaching hundreds of mV. Vibropotentials can cause
depolarization of cell membranes and, therefore, an increase in permeability,
at least with respect to ions.

The probability of the appearance of transient cavitation in biological
tissues becomes possible if the intensity of ultrasound irradiation exceeds
3 kWm-2 (S4) [4]. In this case along with energetic microstreamings, thermal
gradients and the Debye potentials, the permeability of cell membranes may
be influenced by hydrogene peroxide [23] and, pel'haps, by the ultraviolet com-
ponent of ultrasound luminescence as well [19]. However, the effects due to
hydrogene peroxide and ultrasound luminescence can most probably be neglec-
ted in comparison with those due to the influence of intensive microstreaming
accompanying cavitation.
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It follows from the above that the change in the cell membrane permeabi-
lity is a universal reaction to ultrasound action no matter which of the ultrasound
factors influencing the cells prevails in a particular case.

The change of transport of various substances through the cell membrane
is, in turn, responsible for the disturbance of the composition of the intracellular
medium and the cell microenvironment. The concentration of substances wit-
hin the cell and near the membrane changes and along with it there are changes
in the ratio of their concentrations. The disturbance of these compositions can-
not but have an effect on the rates of biochemical reactions with the participation
of enzymes being quite sensitive to the content of particular ions in the medium.

In some cases, the change of medium composition within the cell can
lead to an acceleration in enzymatic reactions, since in physiological conditions
most enzymes funection without realizing their catalytic possibilities to the full
extent. It is at the expense of this kind of reserve that the regulation of rates
of enzymatic reactions in the cell is carried out [12]. This means that the regula-
tion of enzymatic reactions is likely to take place in cells at low ultrasonic
intensity when the disturbance of membrane permeability is slight and when
changes in the cell do not exceed the possibilities of its regulating systems.

As the ultrasound intensity increases the effect of suppression of enzyma-
tic reactions in the cell becomes more likely, since as a result of depolarization
of the cytoplasmatic membrane the concentration of potassium ions in the
intracellular medium decreases as the concentration of sodinm ions increases
[27]. A lot of intracellular enzymes are activated by potassium ions. Their acti-
vation by sodium ions is observed to be much less [14].

As a result of suppresion of catalytic processes in the cell, after a while
there appears to be a deficiency of some metabolites and the reparative systems
of the cell speed up the synthesis of new enzymes. A large number of investi-
gations have confirmed the fact of acceleration of protein synthesis in cells and
tissues as well as increase of RNA content in these tissues necessary for new
synthesis, if biological objects are irradiated by low intensity ultrasound [7, 8,
26, 28].

Summing up the results of the above reasoning one can build up the fol-
lowing chain — a hypothetical mechanism of ultrasound action on the cell:
Physico-chemical ultrasound effects — disturbance of microenvironment of
cell membranes — change of cell membrane transport — disturbance of com-
position of intracellular medium — change of rates of enzymatic reactions in
the cell — appearance and development of reparative reactions in the cell....
A lot of well known facts can be accounted for by the mechanism suggested:
for example, ultrasound causes a spontaneous contraction of muscles [9] and
activates lymphocytes increasing cell membrane permeability with respect to
calcium ions; it speeds up wound healing; it is responsible for an increase in
the rate of synthesis of some proteins and RNA [8, 10, 26, 28]. These, as well
as many other experimental facts, indicate that the suggested model — the
mechanism of the biological action of ultrasound — reflects the actual state
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of affairs. The above model allows the thresholds of biological action of ultra-
gsound to be determined.

The character of the regulative and reparative processes in the cell depends
upon the extent to which the intercellular medium has changed and, hence,
upon the extent of changes in the cell membrane permeability which is, in
turn, dependent on the duration and intensity of the action influencing mem-
brane permeability. The reparative processes will not come into being and deve-
lop provided the changes in membrane permeability are too small. And so0 one
of the possible definitions of the threshold of biological action of ultrasound
follows from this.

For the biological action of ultrasound the threshold ultrasonic intensity
is that below which there appear to be no changes in the permeability of cell
membranes and therefore no regulative and reparative processes aimed at the
elimination of consequences caused by these changes start in the cells. Accor-
ding to many researchers [6, 22, 29, etc.), this threshold does not exceed
0.1 kWm-2

In an interval of higher ultrasonie intensities, disturbances arising in eyto-
plasmatic membranes do not, as a rule, result in visible changes in the structure
and funetion of the cell, which is due to the development of regulative processes
compensating for the consequences of the change of membrane permeability
directly during ultrasound irradiation. The upper intensity boundary of this in-
terval can be accepted as another “registering” threshold of the biological
action of ultrasound.

By the registered threshold of biological action of ultrasound we shall denote
the value of its intensity above which one can observe morphological, electro-
physical, physiological and other changes in biological systems both in the pro-
cess of irradiation and after it.

The registered threshold corresponds to that found by NYBORG [18] and
is in the range of 1 kKWm-—2

The observed biological effects are reversible in the particular interval
of ultrasound intensities exceeding 1 kWm-2 The upper boundary of this
interval (2 10 k€Wm-2) can be taken to be another threshold. Exceeding this
threshold results in pronounced destructive changes and with this background re-
parative processes in cells are not revealed. The ultrasound intensity of 10 k\Wm~-2
is considered to be maximum in modern physiotherapy. Exceeding this intensity
value leads as a rule to the suppression of protein and RNA synthesis, then
the suppression of exchange processes in a cell and certain biological functions
of organism [13, 28].

If the changes in biological objeet under the action of ultrasound not excee-
ding the possibilities of the regulative systems of the cell are considered to be
such a result, then the threshold of biological action of ultrasound must be quite
small (< 0.1 kWm~2). If the result of biological action of ultrasound is a regi-
stered change observed after ultrasound treatment as well (which coincides
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 with the concept of “biologically significant effect” introduced by NYBORG [18]),
‘then the threshold is approximately equal to 1 kWm-2, although its value
‘depends on the duration of irradiation. If we suppose that the results of ultra-
‘sound action are destructive changes in biological systems and these changes
‘are due to transient cavitation or temperature increase to a level catastrophie
for biological objects, then the threshold is > 10 kWm~-=2

All these three thresholds are relative and vary depending upon biological
peculiarities and object state, duration of the ultrasound action and irradiation
conditions, upon registered parameter and the sensitivity of the method used
for registering this parameter.
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ESTIMATION OF CALCIFICATION DETECTABILITY IN BREAST TISSUES BY MEANS
OF THE ULTRASONIC ECHO AND SHADOW METHODS

L. FILIPCZYNSKI, G.LYPACEWICZ

Department of Ultrasound, Institute of Fundamental Technological Research, Polish
Academy of Seciences
(00-049 Warsaw, ul. Swietokrzyska 21 Poland,)

Mierocaleifications originate at an early stage of the breast cancer. As-
suming their mechanical properties to be similar to those of the bone tissue,
analysis was performed to find the smallest calcification size to be determined
with ultrasonic echo and shadow methods. Taking into account the tissue
interference background which has been determined experimentally, the elec-
trical properties of the ultrasonograph and attenuation loss, basing on the theory
of reflection from rigid and elastic sphereg, the theoretical detectivity of caleifi-
cations in breasts could be estimated. It has been shown that at a frequency
of 3 MHz spherical calcifications with the radii a > 0,15 mm situated at
the depth R = 4 em may be theoretically detected when using the echo
method and a linear receiver.

With the shadow method calcifications with radii greater than a = 1.5mm
are estimated to be detectable. This counld be shown theoretically and experi-
mentally using spheres made of plasticine.

1. Introduction

The ultrasonic method is one of the more recent ways of detecting breast
tumors [7]. The reactions which proceed in breast tissue cells and which cause
calcifications when the cancer occurs are present at a very early stage of its
development. They usually occur prior to the infiltration phase, which is visible
in a mammogram or an X-ray microgram preparation [8]. In view of this, the
question arrises as to what are the possibilities of detecting small calcifications
by the ultrasonic method. This paper presents an attempt to explain the pro-
blem and to estimate the minimum caleification size which can be detected by
the ultrasonic echo and shadow methods.
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2. Assumptions of the analysis

It is assumed that the acoustic parameters of calcifications are the same as
those of the bone tissue [11]; the longitudinal wave velocity ¢; = 3.2 km/s,
the density o = 2.23 g/em3. As we do not have any information regarding the
transverse wave velocity ¢p, the Poisson ratio » will be assumed in computations
as a parameter. It is assumed that the calcification has the shape and pro-
perties of elastic and rigid spheres placed in a fluid medium (soft tissue).

3. Reflexion from the sphere

If 2 € a, then the power contained in an area wa® of the incident beam is
equal to the power reflected equally in all directions from a rigid sphere [9].
With p, denoting the acoustic pressure amplitude of the plane incident wave,
o6 the acoustic impedance of the soft tissue, we obtain at the distance » > a:

ma’p;/20¢ = 4mr’p;[2ec, (1)

or
= Py o=Tulk 2
Pe = Do fu(ka) @)

where p, denotes the acoustic pressure amplitude of the scattered wave, f_(ka)
the far field form function. For a rigid sphere when 1 < a the function f_ (ka)—1;
for an elastic sphere it depends on the elastic properties of the sphere, that of
the surrounding medium, on the wavelength and on the sphere radius.

To determine the far field form function f_ (ka) for the parameters of cal-
cifications given above, a computer program was elaborated with different
values of the Poisson ratio » on the basis of the theory given by several authors
1,5, 6]. Fig. 1 shows the results obtained [2]. It follows from these curves
that the function f,(ka) does not depend on » until the value ka < 1.5. Consi-
dering the Poisson ratio for various solids [2], it seems to us that for caleifi-
cations the value » ~ 0.2 may be assumed for the interval ke = 1.5-=-3. For
ka > 3 the far field form function f_(ka) shows many peaks which correspond to
many resonances occurring in the sphere, FLAX et al. [3] has shown that in this
case the scattering is the superposition of wave scattering by a rigid sphere
and a number of resonances arising in the sphere. These resonances differ in
character, since they correspond to different wave types, including, for example,
also surface waves, of the “whispering gallery” type and so on.

Therefore, in the case of calcifications with irregular shapes and corrugated
surfaces, one should expect that a number of resonances will not occur at all
and the function f(ka) will come closer to the curve for a rigid sphere. Thus
we assume fo(ka) ~ 1 for ka >3 [2].
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3~
L 2L (ka)l
P
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:l‘lg 1. The far field form function fy(ka) computed for an elastic spherical calcification
model with various Poisson ratios »

4. Detectability of calcifications with the echo method

: For quantitative estimation of the detectability we assume the following ty-
:plca.l parameters of the ultrasonograph [2]: sensitivity 10 1V, transmitter voltage
{in pulse) 250 V, frequency 3 MHz, piezoelectric transducing losses — 15 dB,
aftenuation in breast tissue — 1.1 dB/MHz em. Many echoes obtained at the
boundaries of fat, fibre and gland tissues and on their inhomogeneities form
% tissue interference background whose level is much higher than the electro-
‘nic noise level of the ultrasonograph.

_ To determine this tissue interference background level, measurements
- were performed in the normal breasts of 30 women 25-45 years old by means of
a USK 79/M ultrasonocardiograph [2] (frequency 3 MHz, transducer diameter
15 mm, weak focusing beam). The level of the tissue interference background
was found to be D = 3144 dB (in small breasts) and 49 dB (in large breasts)
igher than the electronic noise level of the ultrasonocardiograph at a depth
of 4 em (Fig. 2). Taking into consideration the electronic noise level N = —148
dB (in respect to the transmitter voltage level), the value of D, piezoelectrie
transducing losses 7', attenuation losses A, one obtains the remaining value
of the electrical dynamics W for the ratio Ps/Po- Hence from formula (2) one
dletermines the product ka =1.9 (a = 0.15 mm), of the sphere-shaped ecalcification
‘which gives (in large breasts) an echo at the level of the tissue interference
background N +D, at the depth R =4 cm.

A
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Fig. 2. Signal levels as a function of the distance R in the determination of the tissue inter-
ference background level in the breast, O — transmitter signal level, T — piezoelectric
transducing losses, 4 — attenuation losses, N — electronic noise level, D — experimentally
determined level increase due to the tissue interference background, W — electrical dyna-
mies of the ultrasonograph, b — hypothetic tissue reflector, P — ultrasonic probe, B — breast

5. The shadow method

In this method one observes instead of the echo a shadow which occurs beh-
ind the calcification. It arises against the white background of many small
echoes caused by the waves which are scattered by tissue inhomogeneities.
Let us assume a rigid sphere as the model of the calecification. The acoustic
field around the sphere can be expressed in the form [10],

Jm (ka)
hin (k)

where p denotes the acoustic pressure around the sphere, k= 2x=/4, P, (cosd) —
a Legendre polynomial, 4 — the angle between the direction of the incident
wave and the direction under consideration, h,, and h,, — a spherical Hankel
function of the second kind and its derivative, j' — a derivative of the spherical
Bessel function, m — a natural number, j = ¥ —1, @ — pulsation, ¢ — time. To
determine the shadow behind the rigid sphere from expression (3) a computer
program was elaborated and the results are presented in Fig. 3. They show that
the shadow starts forming when ka = 10; if ka = 15 the shadow becomes better
vigible; for ka = 20 and 25 it is very distinct.

P =P {exp (jkrcosd) — 23’"(21@: -+ ]) P, (cos ﬂ)h-ﬂ‘{kr}} exp(jwt), (3)
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In the case of an elastic sphere the acoustic pressure around it can be express-
ed in the form [bH]

=D, {exp( — jkreos 0) + Z‘(2m+1)(—j)”‘cmhm{kr)Pm(cos 6)} exp(jot), (4)

=0
where
O = [ijm(ka) ek Laj;a(’t‘a)]f [-thm(ka') T, kah;,,(ka)] (5)
and
(6)
= rl.?:ng'rf) el 2”"‘ (‘m' '+" l)jm{mz} = g
po_te s @) —ja(@) (M +2)(m—1)jn (@) + Tiin(2)
m

T2 g A (L=20)]ju (@) — (@)} 2m(m+1) [y (25) — Tafm (@2)
By Jon (1) — Jun (@41) (m+2)(m —1)j, (2s) +m§j;(m2)

with z, = ka ¢je;, ©; = ka ¢[eqp, ¢p = of, V(1 —29)/2(1 —»). ¢ denotes the wave
veloecity in the surrounding soft tissue, g, o, — densities of the soft tissue and
the sphere, respectively, § — the angle between the shadow axis and the direc-
tion under consideration. Fig. 4 shows angular distributions of the acoustic
pressure amplitude computed from formulae ((4), (5), (6)) for various values of
ka, when » = 0.2,

6. Experiments with sphere shadows

The experiments were performed with the same ultrasonocardiograph USK
79/M in water with suspended talcum powder. This enabled us to obtain an
inhomogeneous medinum and thus to make the shadow visible. The spheres
used first were made of stainless steel and the next of plasticine. The last ones
made it possible to eliminate internal multiple reflexions which distorted com-
pletely the shadows. The plasticine spheres with the radii ¢ = 2, 1 and 0.5 mm
were easily detected with the echo method as well as steel spheres and even
steel wires with the radii 0.25 and 0.05 mm perpendicular to their axis and
situated parallel to the ultrasonic beam.

The shadow behind the plasticine sphere was very distinct only when the
radius was equal to @ = 44 = 2 mm (ka = 25), while for a = 2.5 1 = 1.25 mm
(ka = 16) it was difficult to observe, although readily seen in the photograph
(Fig. 5). The visibility of the shadow also depends on the ratio of the shadow
radius to the ultrasonic beam radius, which in our case was~ 0.3. White points
in the right picture, near to the left shadow zone, are caused by greater talcum
particles suspended in water.
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Fig. 5. Ultrasonograms of a plasticine sphere pair obtained with the echo method (left picture,

low amplification) and with the shadow method (right picture, high amplification). The

radius of the left sphere was @ = 1.25 mm (ka = 16); that of the right one, @ = 2 mm
(ka = 25)

7. Conclusions and discussion

The performed calculations and experiments show that theoretically cal-
cifications with the radius a = 0.15 mm situated in large breasts at the depths
R = 4 em, should give echoes of the tissue interference background level. The
dependence of the caleification size on the depth in Fig. 9 of the previous
paper [2] is ineorrect. The ecurves N +D and N +D +20 dB should have another
shape and ideclination around the points for B = 4 em.

A linear receiver should be used because a logaritmic one compresses
the signals, and therefore one loses the information on the echo magnitude,
which distinguishes the calcification echo from the tissue interference back-
ground.

With the shadow method the detectability is much smaller and one can
conclude that only caleifications with radii greater than a ~ 1.5 mm are detec-
table. The shadow zone can be obtained only with sector and linear scans, the
compound scan does not work in this case.

The curves of Figs. 3 and 4 show that the shadow forming behind the elastic
sphere is not identical with, although similar to, the case of the rigid sphere
when considering the ke values. The differences may be explained by complex
vibrations of the elastic sphere and its interaction with the surrounding medium.
All the curves show a main lobe on the central axis of the shadow zone. This
can be explained by a perfect symmetry of the system. A similar effect appears
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in optics behind a circular sereen where it is explained by means of Fresnel
diffraction theory [4].

The present conclusions are based on a number of approximations which in-
clude a spherical shape of calcifications and their mechanical properties being
the same as those of the skull bone. The steady-state analysis performed is
valid for smali caleifications; however, when the calcification size is comparable
to the wavelength the obtained results are approximate.

Our experimental case did not correspond exactly to computed cases
regarding elastic properties of the spheres. Also, the incident wave was not
homogeneous and the ultrasonic beam scanned the spheres 25 times per second,
thus averaging the shadow behind them. It was also assumed that the ultrasonic
beam formed a parallel homogeneous wave, when a weak focusing beam was used
in measurements of the tissue interference background.

Measurements of the tissue interference background were performed only
at a depth of 4 em.

Tt seems to the authors that in spite of the limitations discussed, the present
estimation gives essential information on the theoretical possibilities of the
ultrasonic echo and shadow methods in detecting breast calcifications.

Acknowledgements. The first author is grateful to Dr. C. R. HiLL for drawing his
attention to the caleification detectability problem.
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' PHOTOACOUSTIC SPECTROSCOPY AS A METHOD IN BIOLOGICAL INVESTIGATIONS
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The present paper describes a new method of photoacoustic spectroscopy
for the investigation of the properties of materials. This method is applied in
studies of both inorganic and organic materials, including biological structures.

The paper also gives the physical basis of the method, the construction
principle of the measuring apparatus and examples of application of photoacou-
stic spectroscopy in biology and medicine.

Photoacoustic spectroscopy is based on the phenomenon observed for the
Airst time by Graham BELL in 1880 [1]. He observed that when irradiating the
8olid body with light pulses, the acoustic signals, corresponding to the sequence
of light pulses, occurred. A similar phenomenon consisting in generation of aco-
‘ustic waves in a gas contained in a chamber and irradiated by a chopped light
beam was reported in 1881 by John TYNDALL [2] and Wilhelm RoENTGEN [3].
- Theoretical works concerning this effect were developed in recent years,
~mainly due to RosENCWAIG and GERSHO [4, 5, 6]. Since that time (the seven-
ties) we have noted a rapid development of methods of photoacoustic spectro-
scopy (PAS) applied to investigate the absorption processes in solid state, in
liquids and in gases.

The PAS methods allow one to obtain the absorption spectra (similar to
optical ones) for substances in any phase, and in any form, like powders, gels,
coloids ete. -

A particular advantage of PAS methods is the possibility of registering
absorption spectra of substances characterized by a very large coefficient of
light attenuation, which was obviously impossible to achieve by optical spectro-
scopy methods. In Poland PAS methods were studied in order to apply them
to investigate the physico-chemical properties of wvarious materials [7,8].
Photoacoustic spectroseopy consists in placing the studied sample in a clo-
sed chamber and irradiating it by chopped light. The molecule excited by a
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strong laser beam or by a xenon lamp returns to its ground state via the radiative
or nonradiative disactivation processes. The nonradiative decay of excited states
results in the production of heat, which causes local change in the temperature
field 7. This causes (e.g. during investigation of liquids) simultaneous local

“changes in the density field p, in the pressure field p, and in the molecular velo-
city field ». The state of the liquid before heating the particular region may be
regarded as the equilibrium state, while the local heating causes the pertur-
bation of this state.

Fluctuations of the density, pressure, molecular velocity and temperature
fields are the parameters which characterize this perturbation. These fluctua-
tions propagate from the region where the equilibrium is perturbed. When the
fluctuations of density and pressure satisfy the conditions of small amplitude

) d
e £
2o * Po

the equations of mass, momentum and energy conservation may be linearised.
Thus one obtains a set of linear differential equations describing the propa-
gation of the above mentioned perturbation as acoustical waves.

Assuming that there is no flow in the liquid being in the equilibrium state,
i.e. that v, = 0, we obtain equations of the following form:

— mass conservation equation

d(dp)
ot

+ podiv(dv) = 0; (1)

— momentum conservation equation

d(ov)
Qo ot

+ grad (dp) — nA(dv) — (£ +n/3) grad div (dv) = 0; (2) ]
— energy conservation equation
d
¢ (08B +Hode) +div[enedv —x grad (87)] = 0; (3)

where 7 — dynamical viscosity (internal friction), & — bulk viscosity, » — coef-
ficient of heat conduction, 8 — perturbation of internal energy with respect
to its equilibrium value, E, — equilibrium value of the specific internal energy,
w, — equilibrium value of the specific enthalpy.

Perturbation of the medium may be deseribed by means of the Fourier inte-
gral of harmonic perturbations with respect to time. In this sense, one may
assume that the perturbation generates a beam of acoustic harmonic plane
waves. In the case when the effects of viscosity and heat conduction can be
neglected, and when one may assume that the propagation of perturbations
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is an adiabatic process, then the wave equation for the perturbation éF of the
physical quantity F is as follows:

0*(0F) o o
T e V(oK) (4)

where ¢ — the velocity of propagation of the perturbation, F — one of physicall
quantities, o, p, v.

Considering the photoacoustic phenomenon one has to take into account
the relations between three important factors: u, — the depth of light penetra-
tion into the investigated material; u, — depth of heat penetration, and ! — thic-
kness of the sample. Moreover, the power of the light source, the frequency of
modulation of the light beam, the properties of the gas surrounding the sample
in chamber, the state of the sample surface and the properties of the material
- which fastens the sample in the chamber, also influence the photoacoustic phe-
nomenon.

In the PAS method one applies two basic types of measurement apparatus:

— spectrometers with a single light beam,

— spectrometers with a double light beam.

The prototype of the photoacoustic spectrometer was worked out at the
Institute of Fundamental Technological Research. Tt is shown in Fig. 1. It is
a single beam spectrometer with a xenon lamp being the source of exciting light.

ts' B3 mv B3 ic E===31 PC @— PA —|
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Fig. 1. A block diagram of the single beam photoacoustic spectrometer. LS — light source,

MN — monochromator, LC — light beam chopper, PO — photoacoustic measurement

chamber, M — microphone, PA — preamplifier, 4 — measuring amplifier, CV — analogue-

to-digital converter, ¢ — computer, R — registration apparatus, AN — spectrum analyzer,
08 — oscillorcope

This spectrometer consists of three basic parts:
— light excitation gystem;

— measurement chamber with a microphone;
— electronic measuring and analyzing system.
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The measurement chamber containing the sample of the material investigated
is an essential part of the photoacoustic spectrumeter. The acoustic receiving
transducer is an integral part of this chamber. In the spectrometer prototype
there is a possibility of applying exchangeable measurement chambers depen-
ding on the kind of investigated substance.

Figs. 2, 3 give examples of constructions of such chambers for investigating
solids and liquids.
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Tig. 2. A schematic diagram of the con-
struction of the photoacoustic measure-
ment chamber for studying solids. I — the
body of the chamber, 2 — window, 3 —
microphone, 4 — light beam, § — investi-

Fig. 3. A schematic diagram of the con-
struction of the photoacoustic measure-
ment chamber for studying liquids. 7-4
the same as in Fig. 2, § — liquid investi-
gated, 6 — the system for filling the cham-

gated sample, 6 — the sample holder ber

BExamples of the applications of the PAS method in biology and medicine
Photoacoustic spectroscopy methods are widely applied in physicochemi-
cal investigations of organic and inorganic substances and of biological structu-
res. PAS allows one to follow the kinetics of chemical and photochemical reac-
tions, and to perform analyses of the physicochemical properties of materials.
PAS enables one to detect vestigial guantities of substances like and groups,
enzymes, metalic inclusions ete. Apart from technical applications, the PAS
method is particularly advantageous in biological and medical studies. In this
case it is possible to investigate dead and living tissues and organisms. The
PAS method was applied to study the structure of samples, to estimate the
growth of colonies of bacteria, to follow the development of tumours, ete.
Examples of the photoacoustic spectra for sick and healthy human eye lenses
are given in Fig. 4 [6]. Fig. 5 shows the PAS spectrum of whole blood [6].
The presence of protein and lipid material in whole blood, which causes
80 much difficulty in conventional spectroscopy from light scattering, creates
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Fig. 4. The PAS spectrum of the lens of the human eye [6]. a) healthy lens, b) the lens with
cataract
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Fig. 5. The PAS spectrum of smears of
whole blood, red blood cells and hemo-
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Fig. 6. Photoacoustic spectra of represen-
tative marine phytoplankton [9]; I — tha-
lasiosira, 2 — coccolithus, 3 — pyrami-
monas, 4 — dunaliella, § — platymonas
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no problem in PAS. Thus, it is now possible to study hemoglobin directly in
whole blood, without resort to extraction procedures. Another example of
the use of the PAS method is shown in Fig. 6, which illustrates the photoacoustic
spectra of marine phytoplankton [9].

Concerning the study on marine phytoplankton, one has to admit that the
PAS method can be a more sensitive tool for diseriminating quite similar speci-
ments than the conventional absorption spectra.

In summary, it can be said that the methods of photoacoustic spectroscopy
constitute a valuable complementation to optical and electrical spectroscopie
methods. The PAS method allows study of phenomena which, in many cases,
are either impossible or very difficult to be investigated by the existing conven-
tional methods.
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MONTE CARLO CALCULATIONS OF ULTRASOUND SCATTERING BY BLOOD

ULRICH COBET, ALBRECHT KLEMENZ, RUDOLF MILLNER

Institute of Applied Biophysics, Martin-Luther-Universitit
(4014 Halle/Saale, Strasse d. DSF 81, GDR)

The ultrasound scattering by blood depends on the flow velocity profile,
as can be shown by frequency analysis of the ¢.w. Doppler signals. Also, the
amplitude of the Doppler signals received fluctuates relatively strongly. This
fact cannot be explained completely with the random distribution of single
erythrocytes or with noise sources in the signal processing unit. These effects
can be understood assuming erythrocyte aggregations in blood.

Using the Monte Carlo method we calculate differential scattering cross-
sections of blood under the assumption of empirical distributions of aggregates.
We will present anto-correlation functions for the ultrasound scattering by
erythrocyte-aggregates, taking into account geometrical effects.

1. Introduction

We know from the frequency analysis of continuous wave Doppler signals
that ultrasound scattering by blood depends on the flow profile. Both time-
interval-histograms (TTH) and fast-Fourier-transformations (FFT) of Doppler
gignals from blood flow in arterial vessels show characteristic “holes” in the
frequency spectrum which cannot be explained completely by the flow profile.
Therefore, we have to assume that the scattering cross-section of blood changes
according to the shear rate in the flow profile.

On the other hand, there is a relatively strong fluctuation in the scattered
signals from blood. These fluctuations differ from patient to patient and cannot
be explained by noise from the measurement system alone.

Therefore, we have used the ECG-triggered averaging technique, in on-line
with a computer, for more than 4 years [4]. By this method we have achieved
an essential improvement, both in the Doppler pulsation curves and in their re-
producibility [8].
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The Monte Carlo calculations of ultrasound scattering were carried out to
improve understanding of these influences. Theories on the ultrasound scat-
tering of statistically distributed inhomogenities have been given in the works
of RAYLEIGH [11], CHERNOW [3], FoLpY [5], TWERSKY [13], MORSE and IN-
‘GARD [9], and applied to biological tissues by N1cHOLAS [10] and WAAG [14].
The ultrasound scattering of blood has been calculated by BrRopY and MEINEL
[2], SHUNG et al. [12], ANGELSON [1] and HANss and BoYNARD [6].

Nevertheless, a whole series of requirements must be met in order to obtain
-an analytical solution. The most essential requirements are:

1. The validity of the Born approximation, i.e. that the disturbance of
the incident wave by the particles remains slight. The kinematic theory of wave
«diffraction is then valid.

2. The radius of the scatterers should be small compared to the wavelength.

3. The mean distance between the scatterers should be large compared to
the wavelength. For other cases an empirical autocorrelation function of the
spatial distribution of the scatterers is introduced. In many cases the auto-
«correlation function found by LIEBERMANN [7] when investigating inhomo-
genities in the ocean, is used. This autocorrelation function is transfered to
the caleulation of the ultrasound scattering of biological tissues.

On the one hand, the mean distance of scatterers in human blood at a level
of 45 per cent in a normal hematocrite is small compared to the wavelength.
‘On the other hand, small changes in the autocorrelation function have import-
ant influence on the results.

4. The dimensions of the scattering region should be large in comparison
to both the wavelength and the correlation length of the ultrasound wave.

If we compare these results quantitatively we find that

— the results differ to varying degrees;

— they also differ from the experimental values given by SHUNG et al. [12];

— the influences of geometric interferences are not taken into aceount;

— there is either no or incorrect information on the signal fluctuation.

2. Monte Carlo model 1

The spatial co-ordinates x;, y; and z; are calculated by the means of three
random numbers, and thus the position of the scatterer in the scattering region
is ascertained. In order to compare our results with those in the aforementioned
literature, a spherical scattering region is adopted too. Therefore, a conversion
to polar co-ordinates follows (Fig. 1):

Vo
= RVas 9, = 2ny; 0 =mz, (1)

when R is the spherical radius of the scattering region.
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We assume the incident wave in the direction of the unit vector s,, and the
‘scattered wave in the direction s beneath the scattering angle 6, to be even.
Furthermore it is assumed that the receiver is situated in the farfield of
the scattering region (Frauenhofer’s diffraction). The scattered wave now under-

filxa.2zi)

Fig. 1. Scattering geometry

goes a phase shift that depends on the spatial co-ordinates of the particle and
on the scattering angle a;

2
o = = (b;—by), (2)

where 7 is the wavelength, b, the projection of 7; on the unit vector s, and b;
the projection on s.

We must add that the scattered wave goes through an additional phase
shift on each particle.

The angle-dependent scattering factor of a single erythrocyte ¢(6); with

SRR a0), - ®)

Ps(r, 0) = 4

where 4 is equal to the amplitude of the incident wave, k = 2x/A the number
of waves and p, the scattered ultrasound pressure; was calculated for a non-
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rigid sphere with a constant volume: V, = 4waj/3. The angle-dependent sca
tering factor consists of 3 components: an inhomogenity of compressibilit
density and, to a lesser extent, of viscosity (Fig. 2).

Inhomogenities of ecompressibility and viscosity act as monopole sourec
The sum of the three components yields — with regard to the phase shifts
a preferred backsecattering of the individual erythroecyte.
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Tig. 2. Angle-dependency of the ultrasound scattering of a single erythrocyte at 10 MH
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Although too high a viscosity for the erythrocytes was assumed, the
cosity contributed relatively little to the total scattering as a result of the phas
shift of —=/2. The Born approximation produces a simplified solution whi
gives a good approximation of erythroeytes up to ka < .5 regardless of their shapi
— whether spherical or rouloux aggregates:
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with the number of hematocrites being b’ = V,N'and N' = N/V the mean num-
ber of particles N per volume V (where V, is the volume of the individual seat-
terer, K¢ and g, the compressibility and density of the scatterer, Kj and p,
those the surrounding medium, and o the radian frequency).

In the case of a large number of scatterers, for example a hematocrite
of 45 per cent (about 6-8 min erythrocytes per mm?), all the phase shifts of
the individual scatterers are taken into account. If we have identical scatterers
and adapt the Born approximation, we get the common angle-dependent scat-
tering factor:

N N
Ry =@, Y eosa Iy = P; Y sinag; 19(0)* = Ry +Jin, (7)
i=1 i=1
where the scattering vector is
H— $—S,
TR
9 (8)
H| =—sin —
|H| is m 5
and the phase shift
BIT s 7 N 7]
a; =—gr,-sm ?am(@‘-——:—a—). (9)

If we use an equal distribution of the random numbers, we obtain an iso-
tropic distribution of scatterers within the scattering area. Fig. 3 shows the
interference of the individual scatterer. On the left-hand side we see the projec-

N

-25515e -07cm L]
048 ewes 145

20dB s—s-e 14509

- Fig. 3. Angle-dependent ultrasound scattering at 10 MHz of a blood-filled sphere with a radius;
R = 0.05 ecm
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tion of the spatial distribution of the scatterers in the sphere. This is caleulated
using random numbers. In this example of a relatively small sphere with a radius
R =1 c¢m, we find that, in addition to a geometric effect, all contributions
from the individual scatterers add up by analogy with the coherent solution (9).

However, caleulations for a large number of particles would have required
a relatively long period of time. For this reason we developed a second, simpli-
fied Monte Carlo model for higher hematocrite values.

3. Monte Carlo model 2

We collected all volume elements AV; of the same phase shift a; (Fig. 4).
The respective volume elements were calculated to

2
AV, = 2nR? Aw— = nda® —2n 2}, (10)

AV, (mirror plane)

&4

Fig. 4. Scattering geometry of a specular plane

where the phase shift is

e sin : (11)
= T, 8n —
3 a“ Z‘R 1 3 2

and 2; the distance of the specular plane from the centre of the sphere. If we

divide the volume elements into » — wavelength components, we obtain

Pl S : (12)

|
4nsin —
2
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~ The number of scattering particles that are contained in the volume cle-
pent, must be calculated using a random number W;. We assume that the num-
er of scatterers in the volume element is Poisson distributed.

Thus:

(N AV

N! (13)

W; = exp(—N'4Vy)

The number of scatterers N in the volume element AV; with the phase
a; is calculated using a random number W
Since the sum of Poisson distributed processes is also Poisson distributed,.
specular planes of equal phase shift at the spacing
Az, = —'I‘ia— (14)
28in—
2

can be collected.
Fig. 5 gives the calculated scattering coefficient

o _ |o0O)F

Vv Vv £

for the back-scattering as the function of the hematocrite of the Monte Carlo-
ealculations (model 2), in comparison to the quantities given by RAYLEIGH [k
SHUNG ef al. [12], HANsS and BoYNARD [6], MoRsE and INGARD [9].

~ As a result of an increase in interference with increasing hematocrite, we-
obtain 2 maximum at a level of about 20 per cent hematocrite, which corre-
sponds well to the experimental results of SHUNG et al. [12].

The analytical curve of SHUNG et al., in which an empirically adjusted
constant is used for the determination of the peak of the curve, is plotted in
Fig. 5. HANss and BoYNARD [6] only obtain a peak with an hematocrite of
ess than 50 per cent if they assume that the scattering units congist of erythro-
rte aggregates with 50 per cent plasma.

However, in that case a substantially increased scattering coefficient is:

obtained.

4. Conclusion

~ Monte Carlo models for the calculation of angle-dependent ultrasound
seattering of statistically and isotropically distributed scatterers by adopting
the Born approximation for continuous waves, have been given. The caleulated
results correspond well to the experimental values of the aforementioned lite-
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rature. It is possible to study independently the influences of geometrical inter-
ferences, signal fluctuations, the correlation length of ultrasound impulses and
the influence of the density of aggregates with this method.

07

Hanss and Boynard
agg. 2 ;50 % plasma/agg.

Rayleigh

Shung et al.

MC.2
R=1cm , agg.i

backscattering coefficient 6, (180)/V(cm™)

Morse and Ingard

1 d. A1 i J

0 10 20 30 40 50
hematocrit (%)

10

Fig. 5. The ultrasound back-scattering dependent upon the hematocrite mean values over
10 Monte Carlo caleulations O, in contrast to SuuxNG ef al. [12] A, RayLEicH [11] %, and
Haxss and BoyNarp [6] @
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FOCUSED ULTRASOUND AS A STIMULATOR OF THE NERVE STRUCTURES

L R.GAVRILOYV

Acoustical Institute, USSR Academy of Sciences
(USSR, 117036 Moscow V-36, USSR)

Pulsed focused ultrasound can stimulate the receptor and conductive
nerve structures of man and animals, as well as neurons of the central nervous
system of the invertebrates. The possibility of a wide practical use of this method
in medicine and physiology is considered. For example, the stimulating ability
of focused ultrasound is applied for neurological dizease diagnosis, to study skin
and tissue sensitivity of man, to diagnose hearing disorders and to introduce
auditory information to the deaf with certain forms of hearing pathology. The
effecting factors of focused ultrasound as a stimulus for nerve structures irritation
are discussed.,

1. Introduction

It was shown in our previous investigation [1-4] that pulses of focused
ultrasound with the duration of the order of parts and units of milliseconds
could stimulate various human peripheral receptor structures. The main ad-
vantages of the ultrasonic method for stimulation of nerve structures are as
follows. The use of this method makes it possible not only to avoid operative
intervention for effect on deep structures, but also ensures precise control of
stimulus characteristics: intensity, duration of action, as well as change of area
to be stimulated, if necessary. All this holds much promise for application of
focused ultrasound as a stimulus of nerve structures.

2. Stimulat'on of skin and tissue receplors and neurons

Using pulses of focused ultrasound directed towards sensitive points of
man’s arm, it is possible to evoke sensations, the character of which depends
on the parameters of ultrasonic action and localisation of the focal region [1—4].
By applying different ultrasonic intensities and action durations it is possible
to evoke all the sensations that a man ean perceive through his skin: tactile,
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g

tickling, temperature (warmth and cold), pain, etc. Pain sensations can be evo-
ked by focused ultrasound stimulation not only of surface nerve structures,
but also of deep ones.

Experiments on the invertebrates (edible snail) Showed the possibility of
using focused ultrasound for stimulation not only of receptor structures but
also of central nerve structures. The thresholds for stimulation of the latter
proved to be much higher than those for stimulation of receptors. For instance,
the thresholds of the oscillation displacement amplitude that corresponded
to the stimulation of receptor and central nerve structures of the snail were
0.1 and 0.25 pm, respectively. The results of these studies form the basis for
promotion of similar investigations on the vertebrates including maminals.

3. Diagnosis of neurological diseases

The ultrasonic method was employed to diagnose a number of neurological
diseases relating to changes of skin sensitivity [4]. The frequency of ultrasound
was 1.95 MHz. A comparison was made between tactile sensations on the skin
of the fingers in a control group of healthy people (21 subjects) and 30 patients
with 8 forms of neurological diseases. All the patients showed deviation of tac-
tile sensitivity from normal: ranging from considerable increase of tactile
thresholds up to the entire absence of tactile sensitivity.

For example, Fig. 1 presents the results of examination of the tactile

1200 diseased hand
N “healthy" hand
€ 800 |-
=
=y
§
BS

400 |-

control
5 ; ?
a1 10 10 timelms] 100

Fig. 1. Tactile sensitivity thresholds in the patient with syringomyelia: O — thresholds

in normal people (control group); x — thresholds in the right (affected) hand; @ — thres-

holds in the left hand, where clinico-neurological examination showed no sensitivity disor-
ders
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sensitivity in one of the patients with syringomyelia. The y-axis is the intensity
of ultrasound in the focal region, the z-axis is the stimulus duration. One can
see that with the stimulus duration 0.1 ms the tactile sensitivity on the right
(affected) hand was absent even at maximum intensities. On the left hand,
where standard clinical examination showed no sensitivity disorders, there
was a considerable deviation from normal.

The application of this method made it possible not only to characterize
quantitatively the extent of sensitivity disorders for every form of pathology,
but also to identify “subelinical” disorders, which the traditional methods
failed to record.

4. Introduction of auditory information to the deaf

It is know that 3-5 per cent of the population in developed countries
suffer from deafness and hearing disorders. In combatting this affliction much
guccess has been achieved. New methods of operative and medicamental treat-
ment appear, more and more improved models of hearing aids are designed.
However, there is a large group of practically deaf people for whom the existing
means are ineffective or of little effectiveness. It has just been with this aim
at assisting such people that an attempt has been undertaken to use the ultra-
sonic method for hearing prosthesis.

In the initial experiments on frogs it was shown [2, 4] that under the action
of focused ultrasound stimuli on the internal ear the auricular centers of the
brain responded with electrical reactions similar to the responses to auditory
stimuli.

In the course of further investigations a new method for introduction of
auditory information to man was suggested [4]. The essence of the method
resides in the fact that amplitude-modulated ultrasonic oscillations are directed
to the labyrinth; the carrier frequency in this case is far above the upper limit
of frequeney perceived by man (for instance, from 0.5 to 3 MHz) and modulation
frequency corresponds to the transmitted auditory information. In essence,
this method has no limitations in the frequency of modulating (audio) signals.
Under the action of focused ultrasound modulated in amplitude by oscillations
of a complex form (for example, signals from a microphone, tape recorder, ete.)
on the internal ear, normal people hear the transmitted undistorted acoustic
information (speech, music).

The most substantial result is that by means of focused ultrasound it is
possible to stimulate not only the receptors (hair cells) of the internal ear, as in
the event of ordinary sound stimulation, but also auditory nerve fibers, which
could be stimulated until recently only by implanted electrodes. This signi-
ficant result was supported by experiments on animals with preliminary destro-
yed receptor system of the labyrinth. In the midbrain auditory centers in ani-



4

70 L. R. GAVRILOV

mals, responses to ultrasonic stimulation were recorded, which were comparable
with responses from the opposite, normally functioning receptor system, but
with higher thresholds.

Finally, the possibility of direct stimulation of auditory nerve fibers by
ultrasound is supported by the fact that the deaf whose receptor system is
diagnosed to have been destroyed, may perceive auditory informtion delivered

by means of amplitude-modulated ultrasound, whereas the standard hearing
aids cannot help them.

5. Diagnosis of aural diseases

The possibility of using ultrasound not only for stimulation of receptors,
but also the nerve fibers of the auditory system is very important for clinical
diagnosis in order to determine hearing disorders at different levels.

A comparison was made between frequency-threshold curves obtained
by means of amplitude-modulated ultrasound and the curves of audibility
thresholds obtained by sound stimulation of the labyrinth [4]. For normally
hearing subjects these curves are quite comparable, despite some differences.
It should be noted that for subjects with various forms of hardness of hearing
these curves differ greatly.

For instance, Fig. 2 shows the audiogram and ultrasonic frequency-thre-
shold curve of a patient with otosclerose. The y-axis presents loss of hearing
relative to the level of normal hearing, the a-axis gives the frequency of tone
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Fig. 2. Audiogram and ultrasonic frequency-threshold curve for the patient with otoselerose:
® — audiogram; x — ultrasound frequency-threshold curve
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or amplitude modulation of ultrasound. Otosclerose is characterized by absence
of auditory sensation at one or several ultrasound modulation frequencies
(Fig. 2 — 125, 250 and 500 Hz), while the sounds of the same frequencies are
 distinetly heard by subjects with otosclerose. In the cases of other diseases
the form of ultrasonic frequency-threshold curves is rather individual. This
is already being employed in clinical practice to diagnose not only otosclerose,
but also neurosensory hearing disorders, auditory nerve neurinoma, ete.

6. Possible mechanisms of focused ultrasound stimulation

A study was made on the factors of focused ultrasound responsible for
 stimulation of skin receptors and emergence of tactile, temperature, pain and
other sensations.

Fig. 3 [4] displays relative changes in some characteristics of focused
ultrasound with frequency changing from 0.5 up to 3 MHz for tactile and ther-
mal sensations on human hand. The characteristics for a frequency of 0.5 MHz
are assumed to be unitary. From the graph, it is obvious that only one characte-
ristic — displacement amplitude — remains unchanged for every form of sen-
gations with frequency changing over a wide range. The rest of the characteri-
stics (intensity, ultrasonic pressure, increment of tissue temperature, particle
velocity, acceleration, radiation pressure, etc.) greatly change, sometimes over
a range of several orders of magnitude.

There are some of the experimental data below concerning the threshold va-
Tues of the displacement amplitude necessary to realize stimulation of peripheral
nerve structures by means of focused ultrasound [4]:

Receptors of labyrinth (frog) 0.004 —0.01 pm
Pacinian corpuscles (cat) 0.03 —0.05 pm
Tactile sensations on the skin

of human fingers 0.08 —0.11 pm
The same on palm 0.13 —0.18 pm
The same on forearm 0.2 —0.58 pm
Warmth and cold sensations on

the skin of palm 0.43 —0.6 pm

Pain sensation on the skin of palm 0.38 —0.64 pm

However, the actual mechanism of stimulation of the nerve structures
is most probably related to a certain unidirectional, “rectified” action rather
than sign-alternating oscillation displacement of the medium per se. Indeed,
the subjects could not differentiate tactile sensations in response to a long
stimulus or two short stimuli. A change of the carrier frequency at the same
displacement amplitude exerted no effect on the character of sensations. Howe-
ver, the mechanism that transforms sign-alternating displacement into a uni-
directionally acting factor is still unknown.

E
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Under the action of amplitude-modulated ultrasound on the internal ear,
other acting factors are added. First of all, one should bear in mind that the
organ of hearing is an extremely sensitive instrument reacting to the action
of adequate sound information. Therefore, it is necessary to take into account
the possible effect of the sound component on it, resulting from the radiation
pressure of amplitude-modulated ultrasound. In this case, adequate, that
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Tig. 3. Relative changes in the characteristics of focused ultrasound, which correspond
to the emergence of tactile and thermal sensations in the hand at an ultrasonic frequency
of 0.5-3 MHz: /A — tactile sensations; @ — thermal sensations
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i sonie, information is channelled into the labyrinth, whereas ultrasound serves
as a means of its delivery.

As has been mentioned above, amplitude-modulated ultrasound exerts
a direct stimulating effect on the fibers of the auditory nerve. The basic acting
factor of focused ultrasound in this event still remains to be discovered. This
may be the mechanical action of ultrasound which has been discussed above.
However, a certain role of transformation of ultrasonie oscilations into the
electrical stimulus in this process cannot be ruled out. The physical character
of this effect may be related to well known piezoelectric, and to be more precise,
electromechanical properties of bone tissues.

7. Conclusion

The investigations carried out have shown that focused ultrasound is a use-
ful and promising mean enabling the stimulation of both surface and deep
nerve structures. It is not improbable that in the nearest future one can see
the emergence of a new broad field of ultrasonic medical diagnosis, based on
comparison of thresholds for various sensations in a normal man and in one
or another pathological case. Great social importance is attached to the possibi-
lity of using ultrasonic methods for diagnosis of aural diseases and hearing
prosthesis in patients with disorders of the receptor system.

This method holds much promise for physiological studies. It is of interest
to elucidate the possibilities for stimulation of visual, olfactory, taste receptors,
nerve fibers and eentral nerve structures, as well as to investigate the mechani-
sms of thermal reception, thermal production and thermal regulation in man
and animals. Certain practical advantages may be gained from the use of
focused ultrasound for acting on acupunectural points, for controlling the ef-
ficiency of anesthetics by measuring the threshold of pain sensations prior to
administration of drugs and after it. At present it is difficult to circumseribe
even approximately the medical and physiological problems, in tackling of
which stimulating focused ultrasound may prove to be beneficial.
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The propagation velocities of an ultrasonic dilatational wave in different
segments of a cereal stalk were measured and the averaged orientations of cry-
stallites in the same segments were determined applying X.ray diffraction met-
hod. Using the prineciple of maximum entropy the analytical form of the pro-
bability density function of the crystallite orientation in a segment was found
for the different values of the propagation velocity observed. Subsequently the
fractions of erystallites with orientation angles lying in a given finite angle
interval were calculated for the arbitrarily chosen propagation velocities.

1. Introduction

This work is a continuation of a series of papers [1-5] devoted to the
microstructure and mechanical properties of the cereal stalk materials, Such
information is very important for developments in breeding of plants, technology
of harvest, textile and paper industries, and so on. The purpose of this paper
is to present some experimental and theoretical investigations concerning the
possibility of predicting the mechanical properties of the wheat stalk from ultra-
sonic measurements.

2. Formulation of the problems

It is obvious that the characteristic properties of the microstructure are
the only reliable basis for the theoretical prediction of the mechanical properties
of plant materials. For this reason the investigations presented here were car-
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ried out in two steps. The first step was to establish experimentally the relation
between some characteristics of the local microstructure of the stalk and the
local velocity of ultrasonie waves propagating in it as well as other mechanical
properties of the stalk. The second step was an attempt to solve an inverse
problem to the first one, that is to determine to some extent the local microstruc-
ture from measurements of the local propagation velocity of ultrasonic waves
in the stalk. The inverse problem was solved on the basis of information theory.
In this paper we are interested only in the material of the internodal parts of
the stalk. 7

Seeking solutions for the effective mechanical properties of the plant ma-
terial of a stalk segment lying between two neighbouring nodes, let us regard
this material as a two-phase and fibre-reinforced one. In this approximation
one phase is taken to be composed of circular celluloge fibres embedded in a
continuous and amorphous phase, called the matrix phase. Generally speaking,
the effective mechanical properties of such a medium depend on the fibre phase
properties, the matrix phase properties and the volume concentration of each
phase. On the basis of an analysis of such a model it can be expected that the
effective mechanical behaviour of the plant material between two neighbouring
nodes of the stalk is dominated by viscoelastic phenomena in the fibre phase
with the volume concentration of about 70 per cent. For this reason we are
interested only in the microstructure of the fibres.

In the cellulose fibres there form crystalline areas called micelles or crystal-
lites separated from one another, along the fibre, by amorphous areas of lesser
degree of particle ordering. Let 6 denote the orientation of a crystallite in rela-
tion to the axis of the fibre, that is 0 denotes the angle between the axis of
the erystallite and the axis of the whole fibre. Let p(6)d6 denote the probabi-
lity that the orientation angle of an arbitrarily chosen crystallite has a value
between 6 and 0-d0. The probability density function p(0) intreduced here
deseribes the so-called texture of the plant material. It should be stressed here
that the mechanical, acoustical, sorbtion and some other properties of the stalk
material are determined mainly by the texture. For this reason the texture
was the only parameter of the stalk microstructure of interest for us.

3. Experiments and analysis

In order to determine the orientation angle 6 averaged over all the crystal-
lites in different interncdal parts of the stalk, segments were taken from different
internodal parts lying along the whole length of the dried stalk. A macroscopie
sample in the form of a rod with the longitudinal axis parallel to that of the
stalk was cut off from each segment,

These samples were first investigated using X-ray diffraction. A Debye-
Scharer camera using radiation from a copper lamp with a nickel filter was
employed. These cbservations permitted quantitative measurements of the
mean orientation angle 0.
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Subsequently the values of the propagation velocity of ultrasonic dilatatio-
nal waves, ¢;, were determined for 1 MHz waves propagating in the samples
along their longitudinal axes. The propagation velocity was determined for
each sample from the measurement of the time of the passage of an ultrasonic
impulse between two points of some distance between them. The thickness,
d, of each sample was several times smaller than the wave length, 2, and the
conditions

djA<03, Al<L1 (3.1)

were fulfilled, where | denotes the sample length. Under these conditions the
effective dynamic Young’s modulus, F(w), and the propagation velocity,
¢(w);, are related to each other by the following relationship

B(o)gr = <oy [e(0)L], (3.2)

where o denotes the angular frequency of the ultrasonic wave and the angular
brackets <...) denote averaging over the sample volume. This formula enables
us to determine the values of the dynamic effective Young’s modulus of plant
material from measurements of the propagation velocity of the dilatational
ultrasonic wave. The respective curve in Fig. 1 shows how the mean orienta-

6 [HB E

Cradl|frad™] ' [GPa.

1
4000 5000 - ¢, Ims”]
Fig. 1. Changes in the mechanical properties of the stalk material produced by changes in
the texture of the stalk fibres

e
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tion angle, 8, and the propagation velocity, ¢,, are related to each other. The
relationship between § and ¢ can be expressed, for example, in the following
form

6
0= D AP, [AP] = [m ). (3.3)
k=0

The numerical values of the coefficients AP (k = 0,1,...,6) are listed
in the first column of Table 1. On the other hand, the mean orientation, 8, can

Table 1
k AQ A 1 AP
0 —13367.5 —67850.06 131496.8
1 17.806 83.428 —166.21048
2 —9.84866.10—3 —0.04246 0.08725
3 2.899574-10-6 1.114506-10—3 —2.4347-10-°5
4 —4.79275-10~10 — 1.72504-10—? 3.80983-10—?
5 4.21707-10-1% | 1.37638-1013 —3.169755-1013
6 —1.543134-10-18 | _—4.54343-10—18 1.0956-10—17

be regarded as a result of averaging the orientation angle, 0, over a statistical
ensemble of the erystallites contained in the macroscopic sample, i.e.,
/2
o=/ op(o)do. (3.4)
0
Integration over the orientation angle, 6, is to be performed over the
interval [0, w/2] only because the orientations 6 and 6-+=/2 (0< 0< =/2)
are equivalent to each other in terms of their contributions to the determination
of the longitudinal elastic properties of the macroscopic sample. The probability
density function p(0), apart from relationship [3, 4], should fulfill the following
two conditions (axioms of probability theory):

n/2

p(6)=>0, [ p(6)ao =1. (3.5)

In order to find the probability density function, p(6), for a given sample
from the measured value of the propagation velocity, ¢,, we may proceed in
the following way:

Using the respective curve from Fig. 1 we find the value of 0 corresponding
to the experimentally found value of ¢;. Next we consider conditions (3.4)
and (3.5). Since in these conditions there is not enough information available
80 that the probability density function could be determined, we make use of
the information theory method like in [6]. Accordingly, in order to make sta-
tistical inferences from partial information, we must find this probability den-
sity function which has maximum Shannon entropy and is subjeet to whatever
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~ is known [7], i.e., subject to constraints (3.4), (3.5). From this, it follows that

the probability density function, p(0), should be taken in the following form:
p(0) = B(cg)exp[—H (cr)0],
B = H|[1—exp(—=H/2)].

The functional relationships H = H(e;) and B = B(ey) can be expres-
sed, for example, in the following form:

[ 6
H=YAD(0), B=)AP(@)"

je=0 gt
[A] = [4P] = [rad~*m~*s*]. (3.7)

(3.6)

The numerical values of the coefficients A{” and and A, corresponding
to the experimental relationship (3.3), are listed in the second and third column
of Table 1, respectively. The respective curves in Fig. 1 show how H and B
depend on the propagation velocity.

Making use of these results we can plot the probability density function,
p(0), corresponding to all reasonable values of the propagation velocity c;.
Fig. 2 presents four curves of four probability density functions corresponding

p(@)

T==

30

0 /10 m/5 3x/10 27/5 .72
6 lradl
Fig. 2. Probability density functions, p(6), corresponding to different values of the propa-
gation velocity, ¢z : —eg = 3900 m/s, — - — ¢f, = 4340 mfs, — — — ez, = 5000 m/fs,

— — — ¢, = 5640 m/s



80 H. GAWDA ET AL.

to the four different values of the propagation velocity. The angle between the
vertical axis and the tangent of the curve p(60) can be regarded as a measure
of isotropy. The anisotropy of the material considered increases as this angle
decreases. From changes iw this slope, it can easily be seen that the propagation
velocity, ¢y, observed along the stalk axis diminishes with decreasing the longi-
tudinal anisotropy of the stalk material.

o

04 r

03+

02 e s

ar r

——

e ot

0 /10 /5 37/10 27m/5 a2
A [rnrt?

Fig. 3. Crystallite fractions with the orientation angle lying in intervals [0y, 0,] corresponding
to different values of the propagation velocity, ¢z, : — ¢z, = 3900 m/s — - — ¢, — 4340 m/s,
— — — ¢, = 5000 mfs, — — — ¢, = 5640 m/s

4. Conclusions

The above results show that changes in the texture and anisotropy of
the material of the cereal stalk observed along its axis over the whole distance
between the root and ear cause changes in the propagation velocity, ¢;, and are
expected to produce essential changes in all the mechanical properties of the
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material. Of course, these changes can be measured or observed by suitable
techniques. For example, results obtained by sample stretching on the Instron
testing machine indicate such a great differentiation in the properties of material
of the stalk along its axis. For internodal segments in which ultrasonic waves
propagate with a high wvelocity, 4000-5600 m/s, linear stress-strain characte-
ristics oceur for axial stresses until the sample rupture which is dominated in
this case by the phenomenon of brittle fracture. Conversely, for those inter-
nodal segments below the ear in which the wave velocity is about 3000 m/s,
stress-strain characteristics for axial stresses are similar to the characteristics
of plastics materials. Fig. 4 presents the changes in 8, ¢;, and the effective
Young’s modulus, F,, obtained by sample stretching on the Instron testing ma-
chine. The values of this modulus are also plotted in Fig. 1.

eltms” | 8lradl E,[GPq)
e ovss |
¢ 3899 0.52011 17.00
: 4423 044855 19.00
' 4345 | 046600 2104
o
' 4762 043459 2240
' 5200 039270 2663
@
)l <863 043110 | 2425
H -
, 2261 043633 1844 Fig. 4. Changes in 0, 'E, a::Ed er, in the stalk
along its axis
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CALCULATION OF ULTRASONIC FIELD DISTRIBUTION RADIATED BY PLANAR
TRANSDUCERS*

ANNA MARKIEWICZ

Institute of Physies, University of Gdansk
(Gdansk ul. Wita Stwosza 57, Poland)

This paper presents a method for numerical calculation of amplitude
and phase distribution of ultrasonie fields radiated by a planar transducer in
the case of the different boundary conditions. Some theoretical consideration
are reported that yield to the numerical approach for the investigated problems.
Limited number of calculations are presented to illustrate facilities of the pro-
gramme invented for this purpose.

1. Introduction

Amplitude and phase distribution of ultrasonic fields transmitted as well
as received is of the great importance to many investigators. The assumption
of the plane-wave is commonly used, however, it is not fulfiled in most cases.
When the real distribution is considered, especially in such applications as
calibration of the transducers, velocity and attenuation measurements, ultra-
sonic propagation in complex media, it helps to obtain the correct results [2-4].

2. Theory

An ultrasonic field radiated by a planar transducer can be regarded as
a diffraction problem of an arbitrary incident wave u (@, ¥, ) through an aper-
ture A in an infinite plane screen § of vanishing thickness and can be solved
by means of integral equations. Any solution « of the wave equation that is
regular inside a close surface X is expressible in terms of the boundary values
on X of either w or du/dn, at least if the corresponding Green’s functions of

* This work was supported by British Council and performed at University of Surrey, Physics Department,
Guildford, Surrey, U.K.
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the first and second kinds are known [1]. (X' consists of an infinite plane § +A4
and a half-sphere at infinity). Accordingly, if « is any wave function that is
regular for z > 0 and satisfies appropriate conditions at infinity [1] the Rayleigh
formulae express u:

1 0% exp (ik
__‘li(‘xp(? r)dZ'

U = ——

2 J On r

e d [ exp (ikr)
"= f“%(—r )dz:, 2)

where the integration is over the plane 2 — 0 (a planar diffraction problem)
and r denotes the distance between the field point (, y, 2) and the source point
@9, 7).

If two different boundary condition are considered

, (1)

or

#lg = 0  soft screen, (3)
du

- M 0  — rigid sereen (or baffled transducer), (4)
n

8

and applied to (1) and (2) the solutions of the problems are obtained

1 d [exp(ikr)
LTl i Sty e b f ) 5
U o f‘i = ( m )dS soft screen, (D)
i .
1 ik d
e ff (EB(?L} sy rigid screen. (6)
2n A r on

The other well known approximation to this problems is Kirchhoff’s ap-

proximation
.9 A f{exp(ikr) ﬁ _u(’)_ exp(*ikr)_)}dA- M
47 P r on on 4

There is an inconsistency of Kirchhoff’s theory because w and du/dn can-
not be simultaneously prescribed on A, and that is why there exist various
modification of Kirchhoff’s theory. Kirchhoff’s solution can be interpreted
as the average of two Rayleigh’s solutions. These three formulae give different
results only within the near field of the aperture, and at a distance from it inte-
grals (5), (6) and (7) tend to the same value.

3. Numerical approach

The programme was invented to caleulate pressure distribution of the
ultrasonic field in the plane parallel to the transducer face. The source was as-
sumed to be planar and in that case Rayleigh’s formulae can be treated as
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" the transform relation
P(@y Yy Zognst) = Sfr(@, Y, 0) %% fi(2, ¥, 2), (8)

where #x denotes twodimensional convolution with respeet to # and y and

d
e o rigid boundary eondition
fi(@, 9, 0) = 0n (9)
, P soft boundary condition
1 exp(—ikr
-O—M rigid boundary condition
T
Jalxy y,2) = i (10)
1 9 [exp(—ikr) By
————— soft boundary condition
27 On r

The computations were performed by a convolution approach utilizing a
Fast Fourier Transform routine. The programme was run on a PRIME com-
puter, however, in order to optimize it, some parts were implemented by the
Array Proccessor (AP).

4. Results

All calculations presented were performed for a circular transducer of
a 5.7 mm radius and with a frequency of 0.948 MHz radiating into water.
The uniform distribution on the transducer surface was assumed.

In Fig. 1 the amplitude and phase distributions are shown at a distance
of 10 mm away from the transducer for three boundary conditions: rigid, soft
boundary condition, and Kirchhoff’s approximation. For quantitative compa-
rison several cross-sections for previous results are shown in Fig. 2.

Computer simulated formation of ultrasoniec field in the case of the rigid
boundary condition (batfled transducer) is shown in Fig. 3.

5. Conclusions

Using the approach presented in this paper one can calculate the real field
distribution, both amplitude and phase, radiated by a planar transducer for
different boundary conditions, different shape of the transducers and different
distribution across the transducer surface. The latter can be assumed theoreti-
cally [6] or obtained experimentally [7].

Acknowledgements. The author wish to acknowledge Dr Kurshid AnMAD
from Computing Center of University of Surrey for help with using AP.
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BIOPHYSICAL APPROACH TO THE PROBLEM OF SAFETY OF DIAGNOSTIC
ULTRASOUND

IVO HRAZDIRA

Department of Biophysics, Faculty of Medicine, J. E. Purkyné University
(Brno, Czechoslovakia)

Every application of the ultrasonic tfechnique in medical diagnostics
involves the deposition of energy in tissues which can lead to some biological
effects. The dependence of biological effects on physical characteristics of the
ultrasonic field is often nonlinear. On the one hand, most of the mechanieal
factors of ultrasound are nonlinearly related to both the intensity and the
frequency. On the other hand, the metabolic and regulatory processes of a
given biological subject cause its nonlinear response to ultrasonic action. The
nonlinearity increases with increasingly higher level of biological organisation.
The biophysical approach to the problem of safety of diagnostic ultrasound
consigts in detailed assessment of relations between the acting ultrasonie im-
pulse and the registered alteration of the biological system.

1. Introduction

Possible biological effects must be taken into account in each examining
‘method when diagnostic information is conditioned by the emission of a certain
amount of energy into a tissue studied. The gituation is the same in all ultragsound
- diagnostic methods, extensive development of which needs the elaboration
of obligatory recommendations that could either eliminate or reduce their risk
to examined persons to a minimum,

‘ The whole sphere of ultrasound examining methods belongs among the
so-called passive interactions of ultrasound with living objects. They are cal-
led passive, because their aim is to provide information on the properties of
a living environment by means of analysing ultrasound signal which came
through this environment without provoking changes of the given medium
by acoustic energy transferred by the signal. The essential constant characteri-
- zing the energy of ultrasound wave is its intensity (acoustie specific output).
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To accomplish the condition of passive interaction, the intensity of ultrasound
signal must be of sub-threshold value for the considered living system from
the view of biological effectiveness. This condition mentioned above, however,
makes the accurate establishment of biologically effective intensity very dif-
ficult. The causes are partly physical, partly biological.

2. Methods of expressing ultrasound intensity

Physical problems are connected with the expression of intensity and
with methods of its accurate establishment. The expression of intensity depends
on the character of ultrasound transducer and on the method of its exciting. Pie-
zo-electrical transducers in the form of plates are used nearly exclusively in
medical application. These transducers oscillate similarly to a piston, that is
in an ideal case all points of their surface oscillate both with the same ampli-
tude and the same phase. In fact, that is not the case and the emanating diagram
of a piston-like oscillating transducer always shows, besides the central maxi-
mum, a few smaller side lobes and is not, in most cases, quite symmetrical rota-
rily. The consequence of this oscillation is then the disproportion between the
central maximum intensity and the average spatial intensity of the whole
transducer, which can vary from 1.5 to 3.6 in non-focused transducers. As the
central maximum intensity of a transducer is decisive for the consideration of
biological effectiveness, the average intensity, measured for example radio-
metrically, must be multiplied by this number.

To obtain diagnostic information, ultrasound is irradiated into tissues
in the form of continuous harmonic waves (continuous Doppler systems) or
in the form of short impulses (107%107°s) with repetition frequency of 1.5-
2.5 kHz. Infensity in continuous operations is given either as spatial average —
SA or spatial peak — SP. Not only spatial but also time distribution of irradia-
ted energy must be taken into account in pulsed reflection image-forming met-
hods or in pulsed Doppler systems. Therefore, intensity can be expressed as
spatial peak-temporal peak, SPTP, spatial peak-temporal average, SPTA,
spatial average-temporal peak, SATP, and spatial average-temporal average,
SATA. As the ultrasound pulses are not always of the exact rectangular form,
another two terms have been used recently for the expression of intensity in
pulsed mode: spatial average-pulse average, SAPA, which is the average inten-
sity of pulse applied to the total cross-section of ultrasound beam. Spatial peak
pulse average, SPPA, is the average intensity of pulse in the place of its maxi-
mum value. :

Spatial average-temporal average, SATA, is most easily measurable and
the most frequently given value. However, it is of limited importance for the
appreciation of biological effectiveness. Here are of greater use the SPTA
value determining the heat production by absorption in time dependence and
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the SPTP value which is the expression of the maximum mechanical energy
in a given place of the field at a given time moment.

Frequency is another important constant for appreciating biological
effects. The dependence of absorption phenomena on the basic frequency of
ultrasound source is well known. In pulsed operations biological effectiveness
is also influenced by the repetition frequency of ultrasound impulses.

3. Problems with determining the threshold of biological effectiveness

Biological problems connected with determining a biologically effective
threshold must therefore be judged from a few aspects. First, we must take
into account the fact that most living organisms, including man, have neither
specific receptors for ultrasound energy nor specific regulatory mechanisms.
Thus, from this point of view, the reaction of a living organism is non-specific
and the threshold of biological effectiveness is conditioned by dissimilar sen-
sitivity of tissue cells to ultrasound. Therefore, the relation between the biological
effect and the physical properties of ultrasound field is often non-linear. The
‘microstructure and macrostructure of the tissue through which ultrasound
passes is another important factor. This causes various ultrasound suppression
and qualifies the development of interference phenomena, thus deepening the
process non-linearity.

Ultrasound interactions with biological objects were studied on various
levels of biological arrangement under various experimental conditions, Fun-
damental mechanisms of the biological effect can be analysed more easily on
isolated cells and cultures. On higher levels (in tissues and organs, in the whole
organism) there gets into action a complex system of feedbacks and compensation
mechanisms that superimpose and modify the primary effect.

4. Are the recommended safety criteria respected by manufacturers of ultrasound diagnostie
devices?

In 1976 efforts to establish the safety criteria in ultrasound investigation
methods led the American Institute for Ultrasound in Medicine (ATUM) to
state its stance. It was, after small modifications, accepted by the working
group of the World Health Organization in the same year. The value of 1 kWm-2
expressed as SPTA was recommended as the limit of biologically effective
intensity in vivo and the value of 5-10° Jm-2 as the limit of biologically effective
exposition within 1-500 s. Both of these limit values were formulated on the
basis of appreciating all accessible data on biological effects of ultrasound
within 0.5-10 MHz frequencies. :

Comparison of average and peak intensity values emitted by wvarious
ultrasound diagnostic devices was performed from the angle of the recommen-

7 — Archives 1-2/84
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ded limits. This comparison is given in Table 1. The large intensity range found
results, on the one hand, from a wide choice of diagnostic devices manufactured
recently, on the other hand, it is conditioned by various measuring techniques
used and their unequal accuracy.

Table 1. Ultrasound intensities emitted by diagnostic systems

: Emitted intensity [Wm=2]
J fd
T a SATA SPTA
Static 4 — and B —mode
scanners, M —mode 4—200 100 —2000
instruments 35
Dynamic B —mode >
scanners, sector SV =90 S5 a0
Dynamic B—mode
scanners, linear 0.6—-100 1-120
25 D 1
pleed - DopRige 30 —320 300 —2900
systems i
Continuous wave Doppler
systems for obstetries M= 905350
Continuous wave Doppler
systems for angiology 380 — 8400 1100 —25000

The underlined values are higher than the recommended limit.

It follows from Table 1 that with the exception of fetal detectors and
devices using linear probes for dynamic scanning, there exist in all the other
groups devices whose SPTA intensity is higher than the recommended level

of SPTA (1000 Wm-2).

5. Relation of biological effectiveness and risk of ultrasound application

Intensive research of the biological effectiveness of very low ultrasound
intensities performed recently has, however, shown the possibility of influen-
cing sensitive biological objects at intensities lower than the recommended
level of biological safety. This was the matter of changes in some morphological
and funetional properties proved in isolated cells and tissue cultures. Direct
interpretation of these experimental findings is indisputably very difficult
for clinical diagnostic application, first of all because the term of biological
effectiveness is not a synonym for risk. On the other hand, up to now we have
not had sufficient knowledge on the possible cammulative effect of small doses
of ultrasound energy in biological systems generally and in man particularly.

Difficulties connected with the formulation of obligatory technical and phy- °
sical standards for the operation of ultrasound diagnostic devices from the
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view of their biological effectiveness follow from the statement mentioned
above. Ultrasound diagnosis is a complex of methods with dynamic develop-
ment, where the optimum level of emitted intensity is a compromise between
the effort for maximum differentiating abilities on the one hand and the maxi-
mum sensitivity of the deviee on the other hand.

Respecting the value of 1 kWm-~2 as the recommended peak limit of emit-
ted intensity for diagnostic systems, the manufacturers of these systems must
aim at achieving the best quality picture of tissue examined at acoustic perfor-
mance as low as possible. The examination itself must not exceed the time
necessary for obtaining required diagnostic information.
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The authors discuss the frequency dependent ultrasonic attenuation
coefficient for fresh liver and fresh gpleen from bovine, porcine and lamb, and
fresh pancreas from bovine and futher discuss the role of these attenuation
coefficients in terms of their collagen, actually hydroxyproline, concentration.
The technical procedures of specimen handling and data gathering are reprodu-
cible. A higher order fit appears to be necessary for describing the frequency
dependency of the attenuation coefficient. There dees not appear to be any
correlation between the attenuation coefficient and collagen concentration for
these tissues.

1. Introduction

It is yet difficult to evaluate properly the mechanisms responsible for
the propagation of ultrasound through tissue. This is due, in part, to the avai-
lable data base. There does not yet exist a well documented and reproducible
data basis which can be used to intercompare the ultrasonic propagation pro-
perties among various tissues.

If one considers the role collagen plays in terms of the ultrasonic attenua-
tion coefficient, it is possible to group biological tissues, save bone and lung,
into three general categories. The low attenuating materials consist of virtual-
ly no collagen, the high attenunating materials consist of high amounts of col-
lagen and the balance of materials fall between these two categories. This lat-
ter group generally involves the parenchymal tissues of brain, liver, spleen,
kidney, musele, heart, ete. This observation has been presented elsewhere [2]
and showed that while a general trend existed between ultrasonic attenuation
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and collagen concentration, it was not evident whether any such trends were
evident within this middle group.

This preliminary report discusses the frequency dependent ultrasonic atte-
nuation coefficient for fresh liver from bovine, porcine and lamb, fresh spleen
from bovine, porcine and lamb and fresh pancreas from bovine and further
discusses the role of these attenuation coefficients in terms of their collagen,
actually hydroxyproline, concentration. The unique features of this report are
that the same tissue handling procedure, the same ultrasonic attenuation coeffi-
cient technique and the same hydroxproline analysis procedure were employed
for all seven tissues, therefore providing a basis for comparison. The work repor-
ted herein is drawn from the thesis of Segal [4].

2. Methods

The tissue specimens were obtained from the University of Illinois slaug-
hter house and transported to the Bioacoustics Research Laboratory in normal
saline at room temperature. The specific specimen under investigation was then
prepared for the radiation force balance technique, a phase insensitive procedure
which determines the ultrasonic insertion loss of the specimen (of a known
thickness) at the ultrasonic frequencies of 1.39, 4.21, 7.02 and 9.82 MHz. The
specimen handling procedure and the radiation force balance technique are the
same as deseribed previously [3], in which fresh bovine liver tissue was studied.
All measurements were made in saline at a temperature of 22°C within three
and one halt hours of slaughter.

The ultrasonic attenuation coefficient was determined via a linear regres-
sion technique from the slope of the insertion loss versus specimen thickness
data at each frequency. At least six tissue measurements were made for each
thickness and there were at least six thicknesses which ranged from 5 to 18 mm
for each attenuation coefficient analysis.

A linear regression analysis procedure was then applied to the attenuation
coefficient versus ultrasonic frequency data to yield a, the amplitude value
at 1 MHz, and b, the frequency exponent in the expression

A = af®. (1)

Hydroxyproline concentration, a measure of the collagen concentration

in tissue, was determined by hydrolyzing the specimen and measuring the

amount of hydroxyproline in an automated amino acid analyzer by a techni-
que similar to that described by EpwARDS and O’Briex [1].

3. Results and discussion

The ultrasonic attenuation coefficient data obtained in this study for
fresh bovine liver compares favorably with that obtained from a previous
study [3] under identical experimental conditions but with different indivi-
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duals conducting the actual experimental work. Previously, a least squares
fit of the attenuation coefficient (Np/em) versus frequency (MHz) to the 1-100
MHz data base yielded

A = 0.043 27, (2)
whereas this study yielded (to the 1 —10 MHz data base)
A = 0.038 f136, (3)

This supports the view that the experimental procedure is reproducible.
In both of these studies, a straight line fit to the log-log data base was quite
sufficient to describe the results over the measured frequency range.

In addition to the bovine liver, a straight line adequately described the
- log-log relationship of the frequency dependent attenuation coefficient for
lamb spleen in which

A = 0.037 f-¥, (4)

No, for both bovine liver and lamb spleen, the amplitude value a and the
frequency exponent b are sufficient to describe these tissues’ attenuation coef-
ficient as a function of frequency.

However, for the other five tissues examined, the simple power relation-
ship of equation (1) does not appear to be adequate for describing the frequency
dependency of the attenuation coefficient. While it has not been done for this
preliminary report, an examination of the data suggests that a quadratic fit
to the log-log data base would be more adequate. For these five tissues (bovine
spleen and pancreas, porcine liver and spleen and lamb liver), the frequency
dependent nature of the attenuation coefficient suggests that as the frequency
inereases, the actual attenuation coefficient values increase at a much greater
rate than that of a linear fit. Thus, without this more complete analysis, it could
be misleading to provide only a linear power fit equation to describe these data.,

A brief examination of the attenuation coefficient data at 1.39 MHz and
9.82 MHz does not suggest any obvious trends between type of tissue or between
source of tissue. In increasing order of the attenuation coefficient (in Np/em)
at 1.39 MHz is lamb spleen (0.055), bovine liver (0.060), porcine spleen (0.084),
bovine spleen (0.11), porcine liver (0.12), lamb liver (0.12) and bovine pancreas
(0.17). The 9.82 MHz attenuation coefficient data in increasing values yields
porcine spleen (0.64), lamb spleen (0.69), lamb liver (0.76), bovine pancreas
(0.81), poreine liver (0.87), bovine liver (0.87) and bovine spleen (0.89). In both
cases the order is quite different.

An examination of the ultrasonic attenuation coefficient as a function
of the hydroxyproline concentration at each ultrasonic frequency did not
reveal any statistically significant trends. Only at 9.82 MHz was there even
the slightest hint that the attenuation coefficient decreased as the hydroxy-
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proline concentration increased, just opposite in trend to that of previous
observations [2]. It must be kept in mind, however, that all of these tissues had
approximately the same collagen concentration and thus this tissue property
may not (and indeed appears not to) be the best or even the proper one to cor-
relate with the ultrasonic attenuation coefficient. It must be obvious that
the comparison of the attenuation coefficient data to a single tissue property
is somewhat simplified. A more complete comparison to a combination of tissue
properties would appear to be more reasonable and is being done.

In conclusion, the following observations can be made from this prelimi-
nary data analysis. The technical procedures of specimen handling and data
gathering are reproducible and thus provide the basis for intercomparison.
The attenuation data for these seven tissues are each distinet in their own way.
Describing the frequency dependency of the attenuation coefficient by a single
number, usually the frequency exponent, may not be proper for many tissues.
A higher order power fit appears to be necessary. And finally, there does not
appear to be any correlation between the attenuation coefficient and collagen
concentration for these tissues.
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The effect of ultrasonic waves in the MHz range on the activity of immo-
bilized e-amylase and glucoamylase was investigated. Measurements of the
catalytic efficiency were carried out in a flow cell, in dependence on the concen-
tration, the flow rate, and the molecular weight of the substrate, as well as on
the size of the carrier particles (porous polystyrene). The results show that
the ultrasonic effect might be explained by the promotion of the diffusion proces-
ses predominately within the Nernst diffusion layer of the carrier beads.

1. Introduction

Ultrasonic effects on enzymes, hormones and other biological macromole-
cules are well described in the literature [1, 5]. An enhancement of the catalytie
activity of enzymes in solution, however, has not yet been established in any
case.

On the other hand, such ultrasonic effects could be demonstrated at im-
mobilized enzymes [2], i.e. enzymes which have been confined to insoluble
carriers either by chemical or physical attachment or entrapment [3].

Frequently the immobilization is accompanied by a loss of catalytic effi-
ciency. An additional diffusion limitation in the vicinity of the active mole-
cules, due to the presence of the carrier network, and an unstirred liquid layer
on the surface of the support are the reasons for this phenomenon [4,8].

The present paper reports on experimental investigations to improve
the catalytic efficiency of enzymes immobilized on a porous polystyrene car-
rier by means of ultrasonic waves.
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2. Diffusion controlled enzyme-carrier systems

The mass transport during the heterogeneous catalysis may be classified
into external and internal transportation. The former is limited to the substrate
as well as to the product molecules by an unstirred layer, the so-called Nernst
diffusion layer (Fig. 1). The mass transport rate per unit area of the substrate
may be denoted by the equation [8]

D(s—s")
R o
where D is the diffusion coefficient of the substrate in the unstirred layer;
d is the thickness of this layer; s and s’ are the substrate concentrations in the

(1)

Nernst Nernst
diffusion  carrier diffusion

bulk phase - layer
. . . : . ./- ,' . .

------

Fig. 1. Schematic representation of the mass transport during the heterogeneous catalysis

well mixed bulk phase and at the surface of the polymer matrix, respectively.
The concentration profile across the carrier is illustrated in Fig. 2. The mass
transport rate ¢, which decisively influences the total rate of the catalytic reac-
tion, may be accelerated by an increase in the concentration gradient (s —s’)/é
within the Nernst diffusion layer. The thickness 6 is dependent on the hydro-

s1d

[5]] I

\_/r;, ;E

-(Rs8) -R 0 R R+b

Fig. 2. Substrate concentration profile across the carrier matrix and the adjacent liquid
range (after [4])
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dynamic streaming around the carrier beads and cannot be reduced indefinitely
in this way. In a well stirred reactor ¢ is of the order of magnitude of 100 pm.
By means of ultrasonic waves, however, 4 can be reduced to the thickness of
the acoustic boundary layer
2
Oacoust. = s
5 @
o = 2=f,

where » is the kinematic viscosity and f is the sound frequency. E.g., d,00ust.
amounts to 0.1 pm in aqueous solutions at 5 MHz.

The substrate concentration 8’ on the surface of the porous support is
dependent on the rate of the internal mass transport (pore diffusion). Generally,
a sonnd effect on this part of the diffusion may be neglected, since the diameter of
the pores is small compared with the thickness of the acoustic boundary layer.

3. Material and method

The enzymes used were e-amylase (Novo A/S, Denmark) and glucoamylase
{Merck, Darmstadt) with Zulkowsky starch (Merck, Darmstadt) and maltose
(VEB Laborchemie, Apolda) as substrates. The enzymes were bound to porous
polystyrene (type Y58, VEB Chemiekombinat Bitterfeld), used in two frac-
tions (0.15-0.20 mm — charge 1; 0.63-0.80 mm — charge 2). The biochemi-
cal preparation and analysis procedures are deseribed elsewhere [6].

The measuring cell (Fig. 3) has a eylindrical shape with a volume of 1 ml
and is faced by two 30 pm thick plastic foils. The cell is placed in a thermo-

thermostat

T L substrate
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\
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ultrasound ' le

Fig. 3. Schematic representation of the reaction cell
L ]
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stat-equipped vessel at a distance of about 2 em from the transducer. The
experiments were carried out in a continuous, non-focused soundfield at a fre-
quency of 7 MHz. The maximum sound intensity, measured by a radiation force
float, was 10° W/m?.

4. Results and discussion

Immobilized e-amylase and starch as substrate were examined to demon-
strate the effect of the unltrasound irradiation on the enzymatic reaction. The
reaction is clearly accelerated in the presence of the soundfield, as répresent{‘d
in Fig. 4. The same result can be shown by the Lineweaver-Burk plot. The
change of the Michaelis-Menton constant can be interpreted by the promotion
of the substrate diffusion into the carrier matrix. The maximum reaction rate
is changed, too.

A further indication of the sonic influence on the diffusion processes is
the dependence of the activity increase in the sound field on the flow rate in
the cell and on the substrate concentration, respectively (Figs. 5 and 6). An ac-
celeration of the flow reduces the thickness of the unstirred layer around the
carrier beads due to the hydrodynamic mechanisms, and consequently the
gonic effect decreases. If the substrate concentration s is raised the concentra-
tion s’ changes in the same measure. This procedure can be continued until

~=?-£'PJ
us OLS‘-
o8 aref
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ref
Y, 551
02}
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(<] ? L
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0 25 50 {3[5; ] 2 3

Q Lml/min]
Fig. 4. The ultrasonic effect on the activity of a-amylase; dependence of the product concen-
tration on the substrate concentration
Fig. 5. Activity increase of immobilized a-amylase due to ultrasonic irradiation in dependence
on the substrate flow rate




REACTION OF IMMOBILIZED ENZYMES 109

the reaction is no longer controlled by the film diffusion. Obviously, the sonic
effect diminishes correspondingly.

If a-amylase is replaced by glucoamylase two substrates can be used and
the sound influence can be studied dependending on the molecular size. In Fig. 7
the activity increase is plotted versus the sound intensity for starch (MW ~
~ 15.000) and maltose (MW 348), respectively as substrates. The effect is pro-
portional to the sound intensity and, as expected from the results obtained hit-
herto, the effect is much smaller for the substrate with the lower molecular

weight.
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Fig. 6. Activity increase of immobilized a-amylase due to ultrasonic irradiation in dependence
on the substrate concentration

Fig. 7. Activity increase of immobilized a-amylase in dependence on the gound intensity
with starch and maltose as substrates

Finally the dependence of the sonic effect on the size of the carrier beads
were examined. In Fig. 8 the experimental results are shown by the Lineweaver-
Burk plot of immobilized glucoamylase. The corresponding values of K,
determined by extrapolating the linear part of the curve are given in Table 1.

Table 1. Values of K, of immobilized glucoamylase for
two different carrier fractions

Reference With ulfrasound
charge no
i b e
Knalghl | «0.6 | 491 | 103 ji~g8
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The reference value for the charge with the smaller beads is lower than that for
the bigger ones. Under ultrasound the two values agree within the limits of the
experimental conditions. This is an indication that in the presence of an ultra-
sonic field the mass transport is determined by the thickness of the acoustical

! ref

L 1 1 1 pon
0 05 10 15 20 11
g 151

Fig. 8. Lineweaver-Burk plot of immobilized glucoamylase and maltose for two different
carrier fractions (curve 7: charge 1; curve 2 — charge 2)

boundary layer and hence it is broadly independent of the diameter of the car-

, rier beads. The experimental results lead to the conclusion that the influence
of ultrasound on the activity of matrix bound enzymes is to be attributed to
the promotion of diffusion processes within the Nernst diffusion layer. Thereby,
temperature effects are to be neglected, as shown in another paper submitted
to this conference [7]. Thus the ultrasonic effect might be explained by pure
mechanical, non-cavitational interactions like acoustic streaming or microstrea-
ming.
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CAVITATION EFFECT IN SOME ERYTHROCYTE SUSPENSIONS

EVAVERESS

Ultrasonic Laboratory, Babes-Bovai University
3.400 Cluj-Napoca, 1 Kogalniceanu Street, Romania

The destructive effects of ultrasound on cell suspensions depend on the
parameters of the ultrasonic field and the experimental conditions. Erythro-
cytes of three origins were investigated: frog, chicken and rat. The frequency
of the ultrasound was 1 MHz, with the intensity ranging from 0.4 to 1.2 Wem-2,
The volume concentrations of the samples were in the range 0.5.-2 per cent,
The investigation determined the volume concentration limit at which, at a suf-
ficiently high field intensity, the destructive effect may be produced.

In well defined conditions (at sufficiently low concentration) cavitation
oceurs, which has destructive effects (haemolysis). Haemolysis is produced
at a well defined concentration in each case, depending on the physical, chemi-
cal and biological properties of the erythrocytes. The threshold concentration
varies for different erythrocytes; thus the following values were obtained at
0.4 Wem=2: chicken 0.5 per cent, frog 1 per cent, rat 2 per cent. At low inten-
sities (J = 0.4 Wem-2), high frequency, short duration and diluted suspens-
ions, cavitation plays a mayor role in the haemolysing action.

1. Introduction

Under well determined conditions, ultrasound produces destructive effects
in biological cells. The destructive effects in diluted suspensions of erythrocytes
are caused by cavitation [4]. The erythrocyte suspensions may be used as a model
system in the study of the cavitation effect of ultrasound, because the destrue-
tive effect (haemolysis) may readily be evaluated by measuring the haemo-
globin concentration in the supernatant obtained after exposure and centri-
fugation,

This paper presents a study of the parameters which determine the biolo-
gical, and expecially the destructive, effects of ultrasound, aimed at elucidating
the aspects of the ultrasound action mechanism on diluted erythrocyte suspen-
sions, in vitro,

8 — Archives 1-2/84
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2. Material and method

Diluted erythi'oeyte suspensions from frog, chicken and rat were used. In
the preparation of the suspension we needed a relatively considerable quantity
of blood. The blood was collected in different ways, adopting the method to
the species. The collected blood had to be very pure.

In order to prevent coagulation heparine was used. The fresh blood was
centrifugated 10 min. to 3000 rotations. Then the erythrocytes were separated
and washed three times in the eentrifuge [7]. The ultrasonic source was a pie-
zoelectric generator made by Tesla, operating in a continuous mode. Sonication
to traveling wave of the 1 ml erythrocyte suspensions was performed at ambi-
ent pressure and at 18°C, the temperature being controlled by a thermoco-
uple [2].

The parameters of the ultrasonic field were: frequency 1 MHz, intensity
varying between 0.4 and 1.2 Wem~2 The volume concentration of the samples
was varied between 0.5-2 %. The occurrence of cavitation was detected using che-
mical and luminiscence methods [1, 5, 6]. The intensity of the cavitation process
was assayed as the time necessary for haemolysis to oceur. The haemolysis
degree was determined photocolorimetrically using the standard Drabkin rea-
gent as the concentration of haemoglobin released in the supernatants.

3. Results and discussion

Threshold intensities and concentrations were determined, at which hae-
molysis is induced (Table 1, for chicken). At constant concentration, the time

Table 1. The sonication time (in 8) necessary to produce haemolysis in
erythrocyte suspensions (chicken, frog, rat) of different conecentrations at
three intensities of the ultrasonic field

| Volume concentration [ %]

Suspension Intrensil,;v 08 | o7 | Lo T | 20
[Wem-2) |__ el =
Sonication time [s]

forsogg > arien s L 2R RIEPII R X

Chicken T s T R T 2 P X X
IS DG 30 | 120 X %

04 | 850 | 60 | 100 R

Frog FERYT IRDS T g R 60 X %
gy 10 80 iR X

ZAETGEEE ST O T T 70 80 x
Rat R Y BT 10 20 30 | 100
7 et 5 10 | 60

% = no haemolysis occurs.
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required for haemolysis to oceur is shorter for higher intensities. The threshold
concentration for chicken erythroeytes is 1 per cent at 1.0 Wem-2. The correspon-
ding concentrations for other suspensions vary as shown in Table 2, indicating
the dependence on the biological properties of the cells membrane resistance,
structure and dimensions [8-9]. The chicken cells are the most resistant.

Table 2. The sonication time (in &) necessary to produce haemolysis in
chicken erythrocyte suspension of different concentrations at six inten-
sities of the ultrasonic field

Volume conecentration [ 9]
Intensity <
[Wem-2] 0.5 0.6 0. 08 | Do | 14
Sonication time [s]

0.4 60 X ¥ p s I ¥ X
0.5 g4 40 180 x X X X
0.6 20 70 180 % X X
0.8 10 30 T X P
1.0 L 5 10 30 70 | 100 b4
2.2 §a a0 o 120

* = no haemolysis occurs.

The correlation coefficients (r,,) were calculated between the concentra-
tion (¢) and the time necessary to obtain haemolysis (1), at different constant
values of intensity (J)

Similarly, the correlation coefficients (r;,) were calculated between the
intensity () and the exposure time (1) at different constant values of the con-
centration (e).

The values of correlation coefficient (r,,) at various intensities show a po-
sitive and very close correlation between the intensity and the time necessary
to obtain haemolysis.

The values of the correlation coefficient (r;,) show a negative correlation
between the intensity and the time necessary to obtain haemolysis. The values
are very significant.

Below the intensity threshold, the time becomes asymptotically longer,
provided the concentration is above the threshold by a certain amount.

The cavitation threshold is the limiting intensity under which cavitation
does not occur, while above which the formation of cavitation bubbles is possible.
It varies as a function of the experimental conditions and the properties of
a biological system. The intensity threshold increases with frequency [3].

The occurrence of cavitation is favoured in cell suspensions over that in
pure liquids. This is because one must overcome only the adhesion forces in
suspension s which are smaller than the cohesion one forces so that cavitation may
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occur at intensities as low as 0.5 Wem~2 (for given concentrations). The lethal
effect in cells caused by cavitation is produced according to the “all or nothing”
law, i.e. after the critical dose is exceeded haemolysis involves simultaneously
all the cells [10]. The process involves the transient cavitation type.

4. Conelusions

1. At high frequency (1 MHz) erythrocytes diluted in saline solutions are
haemolysed by cavitation, provided the concentration is below a critical value.

2. The cavitation threshold varies with the concentration and the type of
cells.

3. The resistance of erythrocytes to ultrasound decreases from chicken
to frog to rat.
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THE PASSIVE HAEMAGGLUTINATION REACTION WITH SONICATED T. PALLIDUM
(NICHOLS STRAIN) IN THE SERODIAGNOSIS OF SYPHILIS (TPHA)

VOICHITZA LAZAR, FLORICA KEVORKTAN,
IULIU CAPUSAN, DEZIDERIU AUSLANDER, EVA VERESS

Clinic of Dermatology, Institute of Medicine and Pharmacy

Babes-Bolyai University, Ultrasonic Laboratory, Cluj-Napoca, Romania

The preparation of the antigen for TPHA sonicated suspension of T. pal-
lidum (Nichols strain) being so far a “secret” of the procedures, we have attem-
pted to reproduce it by our own means of ultrasonic irradiation. The best results
in agreement with the standard reactions for syphilis were obtained by sonicating
T. pallidum suspensions for a duration of 20 min. by the following parameters
of the ultrasonic field: frequency 1 MHz, intensity 0.9 W/em?2, Using this method
we obtained microfragments of 1-1.3 microns. The most reliable dilution for
the antigen was 1/1000. The haemagglutination was performed in 30 patients
with different forms of late syphilis after treatment.

The results were in agreement with the eclinical diagnosis, being more
sensitive and consistent compared with the classical and standard reactions.

TPHA is highly useful in mass screenings, as an indicator of the thera-
peutical efficiency and in the evaluation of the persistent positive perological
reactions or in discordant serology.

TPHA was introduced in 1965 by RATHLEV [6, 7] for syphilis serodiag-
nosis, and it was completed in a standardized reaction by TomizAwA and KASA-
MATSU in 1966 [8], a laboratory standardized technique being realized by Cox
et al. in 1968 [2].

The first attempt to introduce this technique in Romania, using trepone-
mic antigens or standardized Japanese antigen (Fujikoki Pharm. Ltd.) was
made by BApANo1U et al. in 1976 [1] and GEorGESCU and ToNESCU in 1979 [3].

The advantages of TPHA include: simplicity, specificity by use of pathogen
Treponema strains, high sensitivity, fidelity in excess of 95 per cent over the
standard reaction, including the most specific reaction ags FTA and TPI, pre-
cocity and persistence, permitting also a retrospective serological diagnosis [1]
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The field in which TPHA is recommended is: mass syphilis screening to-
gether with a lipoidie reaction, serological diagnosis in the late syphilis replacing
other treponemic reactions as FTA-Abs and TPIL. TPHA can be used with a hig-
her specificity than FTA-Abs and TPI as a control serological test after the
treatment.

There are some geographical variations of TPHA, the test being used with
antigens from Japan (Fujikoki — 5), England and BRD (Cellagnost — 4).

The preparation of the antigen (sonicated suspension of T. pallidum (Nichols
strain)) being a “secret”™ of the above procedures, we have attempted to repro-
duce it by our own means of ultrasonic irradiation.

Using 1 ml of 7. pailidum (Nichols strain) liofilized antigen diluted in distil-
led water, exposed to ultrasonic irradiation in an ultrasonic TESLA type ap-
paratus with a 40 mm diameter quartz, we checked the fragmentation by an
ultramicroscopic procedure in dark field.

The best results agreeing with the standard reactions for syphilis were
obtained by sonicating 7'. pallidum suspensions for a period of 20 min., in several
intervals (30 s, 5, 4 and 10 min.), by the following parameters of the ultrasonic
field ; frequency 1 MHz, intensity 0.9 W/em?®. Using this method we obtained mi-
crofragments of 1-1.3 microns (Fig. 1).

100% |
10

50%
5

KGpLpig. Jeopeil &7 g og Sop R o oy
0 5! 0’ 15’ 20'
time of exposure to us [minl]

Fig. 1. T. pallidum fregmentation by ultrasound related to the time parameter. — fragmenta-
tion at 9% elements, — — number of fragments

A graduate disintegration of T'. pallidum after ultrasonic exposure, using
the same frequency and intensity of US and changing the time parameter,
is due to the quality of treponemic suspension. This is a mixture of different
susceptibilities of the microorganism varying with the length, age and biolo-
gical stage.
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The haemagglutination was performed with progressive dilutions of the
sonicated 7. pallidum antigen, the most reliable dilution being 1/100. The dilu-
tions of patient serum ranged from 1/2 to 1/256.

We used the serum of 30 patients with different forms of late (secondary,
latent) and congenital syphilis, the cases being after the treatment. The reference
case was a patient with psoriasis and no clinical nor serological signs of syphilis
(Table 1).

Table 1. The results of serological reactions for syphilis using TPHA with sonicated T pallidum

Type of serological reaction

(l)limca! Number RFC Floculation Reaction Treponemic
diagnosis of
of cases RBW Citochol Kanx VDRL TPHA
syphilis + & + +7 + ¥ 3 | $7a 3 i
Secondary | 5 OO S ik ok KR e A S Y R e
gyph. I |
Latent pyph. | 11 2 9 | 10 1 | 10 1 | 10 1 6 5
Seroresistent
syph. 2 2 — 2 - ] — 2 — 8 -
Congenital
syph. 1 1 - 1 - 1 — 1 - 1 -
Discordant
serology 4 — 4 2 2 2 2 2 2 2 2
Total cases 30 12 18 22 8 22 8 22 8 21 9
Al 100 40 60 | 73.3| 26.6 | 73.3 | 26.6 | 73.3 | 26.6 | T0 30

The results show the following aspects:

1. The TPHA test was in agreement with clinical diagnosis, being more
sensitive and consistent compared with the classical and standard reactions.

2. TPHA is more sensitive than RBW and with almost the same sensitivity
than floculation reactions.

3. Cases with positive floculation reactions and negative RBW and TPHA
were considered recovered, the floculation reactions being false because of
liver dysfunctions (4 cases).

4. After the treatment TPHA is the only test that indicates a real recovery.
The treatment will be continued when the TPHA test remains positive, even
in cases with negative lipoidic reactions (7 cases).

5. TPHA can be erroneously positive in patients with severe disglobuline-
mia (1 case).

6. In condition of discordant serological reactions TPHA will coroborate
with the floculation reactions, even when RBW gives different results (2 cases).

7. TPHA is highly useful when it is used together with VDRL in mass
screenings, as an indicator of the therapeutical efficiency, and in the evaluation
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of the persistent positive serological reactions or in discordant serology. Being
much simpler than other treponemic reactions (FTA — Abs, TPI), this test must
be introduced in all laboratories as a routine test for the diagnosis in syphilis.

8. Our method for antigen preparation by sonicating 7'. pallidum (Nichols
strain), changing the time parameter, is the first attempt in Romania to obta-
ined sonicated suspensions for TPHA.
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ECHOGRAPHIC SIGNAL PROCESSING
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The information received from the insonified tissues is strongly filtered
by the echograph. The acoustic probe technology and the simplified proces-
sing of the echoes are mainly responsible for this loss of information.

Two deconvolution methods have been designed to correct partly the
echograph characteristics. The first one, which is a sub-optimal Kalman filter,
is easy to implement and offers short caleulation time. It is consequently well
dedicated to quasi real time imaging. The second one is slower but extracts from
the processed signal some geometric information on the medium interfaces. This
information may be used to obtain a more precise estimation of the coefficients
of reflexion in the medium and thus to characterize the tissues by their acoustic
impedance.

The ability of the methods to process real echographic signals is demon-
strated on the rabbit eye and the human humeral artery.

1. Introduction

The performance of echographs has significantly been improved during
the last years. The storage of the image and the numerical processing of the
echoes have simplified the medicist’s work. However, the treatment of the
R—F gignals in the echograph is still very crude and a large amount of the
received information is lost. Deconvolution technies, however, are able to restore
partly this information by correction of the appliance’s characteristics. These
technics lead to the obtention of better defined images [2, 6]. In addition, if
the medium geometry may be taken into account during signal processing,
they allow the characterization of the tissues by their acoustic impedance

[, 5]
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Two deconvolution processes are presented, both of which use the principle
of “process-identification” and, have been designed to combine a good impro-
vement in the echograph discrimination with a convenient noise immunity in
order to fit echographic signal characteristics.

2. “0n line” deconvolution by sub-optimal Kalman filtering

The principle of the algorithm is explained in Fig. 1. The successive sam-
ples of the received signal S, are introduced into the algorithm. After a delay
of treatment, the different values ¥, of the deconvoluted signal are obtained
one by one at the input frequency.

Command Pivot —"

Model

s Yo sl

Fig. 1. “On-line” deconvolution : principle

2.1. Error estimalion

At instant n the signal EM, is a rough estimation of the deconvoluted
signal. The algorithm will try to forecast from its knowledge, that is to say
the echograph impulse response h and EM,, the value of the most probable in-
coming sample §,. For this purpose the convolution at the instant n between
the echograph impulse response and the estimated deconvoluted signal is
computed.

SM, = h'-EM,. : (1)
The received sample 8, is then compared with this value and an error
ER, is obtained.
ER, = 8,—8M,. (2)
2.2. Initialisation of newt EM,

From this error, a new estimation of the deconvoluted signal is calculated
as follows: ;

EM,,, = ¢ -EM,—i-ER,. (3)
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2.2.1. State transition matriz

The @ operator which corresponds to the state transition matrix of the
Kalman theory is used to initialise the first coordinate of the new vector EM,,
because this value has not been affected by the previous operations. @ has been
chosen to simple shift EM, and to duplicate its first coordinate:

(EM,) = (a,b,¢,...,m,0); (PEM,) = (a,a,b,c,...,n);

most probable value of the sample §, ., will be equal to §,. In other words,
it is implicitly considered that the received signal cannot change extremely
rapidly. This is effectively the case of the echographic signals which are collected
through the acoustic probe acting as a low-pass filter.

2.2.2. Correction vector

The vector 4 is chosen as the limit value of the Kalman gain vector [3].
This choice has been made in order to shorten the ealculation time and to sim-
plify the implementation of the method. The constant vector 4 is independant
of the received signal and can be calculated separately from the echograph
impulse response and an estimation of the noise variance.

2.3. Exiraction of the values B, of the deconvoluted signal

The different values E, of the deconvoluted signal are obtained by the
extraction of one coordinate of EM,. This operation is done after a certain
number of iterations of the loop in the algorithm so that the estimated EM,,
has become precise enough.

' this means that without new information, the algorithm will suppose that the
|
|

(5)
wed

#, = P-EM,, with P*=(P0,P1,...,P,,...,P,), where 1’1: OV

a large value p will improve the sharpness of the processed signal but will lead
to a more important delay between the input and the output of the system.

The algorithm is very fast because it needs no matrix inversion and because
the vector 2 may be calculated beforehand. The process is sub-optimal since this
gain vector is taken as constant: consequently edge-effects are neglected in the
deconvolution.

3. “Batch” deconvoelution

The second method [4] is schematised in Fig. 2. It is based on overall
comparison of the received signal, S, with a synthetized waveform, SM, gene-
rated by the computer. The construction of SM in the algorithm takes into
account the known characteristics of the echograph: the acoustic device impulse
response, h, and some unknown properties of the examined structures: position,

Y
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angulation and curvature of the interfaces, together with the value of their
coefficient of reflexion.

The test of comparison has been designed to work with noisy input signals,
and uses the properties of the correlation function.

Finally, the deconvoluted signal is reconstructed from the results of the
test and from the different parameters used to built SM.

I
S | SM s h H
: : Coaisan : : ynthetized

signal

v i

|
i
i
I i
i :
| I
| I
: Echograph / medium [
: parameters :
w :
I
i I
I I
| |
' :
: i

Impulse response C‘J_|

reconstruction <:————_——4

Fig. 2. “Batch” deconvolution : principle

3.1. Synthesis of SM

Two points have to be considered in the synthesis of the signal SM:

1. An increased number of parameters lead to a more sophisticated modeli-
sation of the tissue but lengthens computation time.

2. These parameters have to be defined such as two different sets of them
generate two different signals S M, in order to get a single solution to the identi-
fication of the insonified medium. Taking into account these two points, it
has been chosen to construct SM under the following form

F o
SM(p-AT) = vy - W*(pAT -0}, (6)
p=1
where p corresponds to the order of the digital sample, P represents the number
of samples in the signal and AT the sampling period.

h?* characterizes the echo shape and depends in quite a complex way on
the orientation and on the curvature of the interfaces. The analytical expres-
gion of A¥* from the parameter j and k is extremely difficult to establish. This
is the reason why we used, in the implementation of the algorithm, a matrix
of signals k¥ recorded on calibrated targets of known angulation and curvature
which has been stored in the computer memory.

3.2. Test of comparison

The correlation function Cg g, between § and SM is computed and its
symmetry with respect to a vertical axis is tested. Effectively, it can be demon-
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strated from the properties of the correlation function that if Cg g, posseses
a vertical symmetry, then S is related to § by a multiplying constant. To test
the symmetry, the ratio R is used:

$ _U_(_{fy?.u(’?)'Cs.sm{f—??)d??]r_:p_
U Cs,s0(7) Cg spr(7— ,u)dr]#,_o
R which represents the ratio of the value of the autoconvolution function

of (‘g gy at the origin to the energy of this function will approach the value
of one when the symmetry increases.

3.3. Reconstruction of the deconvoluted signal

When the maximum value of B has been determined, the corresponding
parameters used to buit SM indicate the angulation and the curvature of each
interface localised. This information allows correction of the apparent value of
the coefficient of reflexion distorted by the medium geometry.

4. Experimentation on the eye

The method is now applied to the treatment of a series of signals collected
on a rabbit eye. The eye was placed in a water tank, immediately after remo-
ving and insonified by a 5 MHz probe. The signals, collected within an angle
of 90°, have been converted into eight-bit words at a frequency of 50 MHz.

4.1. High definition imagery of the eye

Both algorithms have been used to deconvolute the recorded data. The
results have been presented in a erude four level greyscale on a variable persistan-
ce display. Fig. 3 presents for comparison an image obtained with a conventio-
nal echographie treatment of the signals for a 1 MHz bandwith detection and

Tig. 3. Echographic image of the
rabbit eye
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without depth compensation. The image processed by the first algorithm is
shown in Fig. 4 and the one obtained by the second method in Fig. 5. The four
dotted lines correspond to the front and rear faces of the cornea (not visible in
Fig. 3) and of the erystalline lens.

The higher definition of the deconvoluted image allows one 1) to distin-
guish interfaces masked in the echographic picture such as the two faces of
the cornea, and 2) to obtain a better estimation of the shape of the interfaces.

Fig. 4. “On line” deconvolution
of the image

Fig. 5. “Batch” deconvolution of
the image

4.2. Acoustic impedance of the eye

The signal recorded when the acoustic beam was centercd on the eye axis
has been used to ealculate the impedance profile of the eye after deconvolution
by the second method. It is shown in Fig. 6.
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From left to right, one can observe a first zone of unitary normalized im-
pedance which corresponds to the water in which the eye is submerged, then
the cornea characterized by a relative impedance of 1.29. The zone with a low
normalized impedance of 1.04 corresponds to the aqueous humour. The maximum

14

12

L Ry i1 AN Y e O S )
a5 5 10 % 20

Fig. 6. Impedance profile of the rabbit eye

impedance zone, Z/Zo = 1.41 indicates the crossing of the crystalline lens and
the last level corresponds to the vitreous humour whose relative impedance
was estimated equal to 1.14.

Comparison with the density and propagation speed data given in the
literature or measured in our laboratory indicates a good fitting between these
calculations and the actual impedance profile.

5. Experimentation on the humeral artery

5.1. Signal recording

The probe was laid on the arm and oriented towards the vessel. Sixteen
signals separated by 55 ms were recorded during a cardiac cycle. As for the eye,
a b MHz probe was used and the signals sampled on eight bits at a rate of 50 MHz.

5.2. Signal processing

The signals were then deconvoluted and the position of the two sides of
the second vessel wall was used to follow the wall displacement together with
its thickness variations.

The vessel wall thickness is plotted in Fig. 7a and the wall position with
respect to the probe in Fig. 7b. The variations in Fig. 7b, which are related in
a ratio of 1/2 to the vessel diameter, look very similar to a classical intra-arterial
pressure curve, in addition the amplitudes of the observed variations are in
full agreement with the ones indicated in the literature. The wall thickness
variations in Fig. 7a are very well correlated with the one of the previous curve:
during systole the enlargment of the diameter corresponds to a thinner vessel
wall. The amplitudes of these variations are again very close to the ones an-
nounced by the vessel mechanics,

L
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Fig. 7. Study of the humeral artery during one cardiae cycle: a) wall thickness variations,
b) second arterial wall position

6. Conclusion

Two methods for the treatment of echographic signals have been proposed.
The first process, derived from Kalman filtering, works “on line” and supplies
rapid results with few calculations, it appears consistently well dedicated to
the image processing. The second one which is able to take into account some
characteristics of the interfaces leads to a finer characterisation of the medium
and may be used for tissue characterisation. It is, however, longer and will
only be applied when a limited number of structures is to be studied. In vitro
experiments on the eye illustrate the performance of the methods and in vivo
applications on the vessel show the ability of the methods to process signals
recorded in vivo.
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Examination of the carotid artery stenosis is very important in the diag-
nosis of cerebrovascular diseases. New possibilities in the diagnosis of stenotie
lesions are provided by ultrasonic Doppler angiography. The aim of this paper
is to present a Doppler imaging system developed by the authors for the exami-
nation of blood flowing in carotid arteries. The system is based upon a 5 MHz
bi-directional e.w. Doppler flowmeter with a separate output for anterograde
and retrograde flows. A special bank of filters eonverts signals into various
levels of the gray-scale display which correspond to the value of the blood flow
velocity. The ultrasonic probe is held by the scanning arm. The position of
the probe on the skin of the patient is electronically sensed by the position-
sensing eireuity which causes the bright spot on the image display to move
according to the position of the probe. The Doppler image from the artery is
stored in a digital memory system. The clinical results obtained by means of
this system showed good agreement with X-ray arteriography for obstructions
occluding more than 50 per cent of the arterial diameter.

1. Introduction

The brain stroke is one of the most dangerous diseases which causes a large
number of deaths.

The diagnosis of brain diseases which result from ischaemia consists above
all in the examination of the carotid artery patency. !
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X-ray angiography used previously involves the considerable risk of cau-
sing complications in patients and is totally excluded in a large number of
cases. :

New diagnostic possibilities in this field have been provided by ulrasonie
Doppler angiography, permitting images of blood flow in vessels to be obtained.
In 1972, REID and SPENCER [8] were the first to describe an ultrasonic c.w.
system for imaging carotid arteries. In view of its similarity to vessel represen-
tation in X-ray angiography, this technique was called by its authors Doppler
angiography. CURRY and WHITE [2] used colour to code the blood flow velocity,
and Nowickr [7] introduced to this technique a pulse method permitting two-
plane imaging of vessels. In Poland the first model of an ultrasonic arterioscope
was developed in 1980 [3].

The ultrasonic Doppler method for blood flow imaging maps the blood
flow in a vessel, based on the scattering of ultrasonic waves by morphotic ele-
ments of blood flowing in the vessel. This permits estimation of the degree of
occlusion of vessels from the flow image obtained, localization of stenotic spots
and measurement of flow velocity in a given section.

Since 1979, the ultrasonic ¢.w. Doppler method has been used to investigate
flows in carotid vessels, at the Institute of Psychoneurology.

The investigations carried out to date on 400 patients, using a UDP ul-
trasonic flow detector (manufactured by “Techpan”) have made possible
the study of

1) the usefulness of ultrasonic investigations in the diagnosis of vascular
diseases, indicating a high percentage of agreement with the results of clinical
studies and X-ray angiography (76 per cent in the material studied); emphasi-
zing the fact that there are possibilities of multiple repetition of the investi-
gation, which permits the evaluation of sclerotic changes [4, 5];

2) the correlation of the results of ultrasonic investigations and X-ray
arteriography. Good agreement was found, particularly for occlusion or high
vascular stenosis. In the material studied the results agreed in 79 per cent of
cases [6]. It was found that it was particularly useful to use the ultrasonic
method in the evaluation of the results of operations to improve the patency
of extracranial brain-supplying arteries, on the basis of the examination of
25 patients. In those cases the use of X-ray arteriography is absolutely ex-
cluded [1].

The present ultrasonic Doppler method gives evidence of reliability, fully
justifying the need for the development of this technique, of which the angio-
sonograph presented here is a consistent example.

2. Instrumentation

Fig. 1 shows a general view of the ultrasonic arterioscope developed by
the authors. The system consists of the following units:
1. A mechanical unit, pantograph I fixed on a stand which permits the
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operation of the device at the bed of the patient in hospital. The pantograph
ensures translation of the motion of the probe over the surface of the patients
gkin at a constant angle of 60° with respect to the skin surface in the motion
of a bright spot (cursor) on the display screen.

Fig. 1. A general view of the ultrasonie arterioscope: I — pantograph, 2 — ultrasonic probe,

3 — two-directional ultrasonie Doppler flowmeter with a system of filters, comparators,

coding unit, amplifiers of the coordinate systems of the position of the probe, 4 — image
memory system, 5§ — TV monitor, 6 — cardiac monitor, ¥ — recorder

9. Ultrasonic probe 2 at a frequency of 5 MHz, focusing the ultrasonie
beam in the plane of the carotid vessels.

3. Two-directional ultrasonic Doppler flow detector 3, ensuring the sepa-
ration of Doppler signals in two channels corresponding to flow velocities in
opposite directions. It is possible to register on the external recorder 7 the in-
stantaneous value in the direction 4- (channel 4) or — (channel B) and the resul-
tant flow (channel A -+B). The Doppler detector is complemented with an
imaging signal processing unit. The unit includes filters, comparators and
a logical system processing an analog signal of different frequency levels (flow
velocities) into a 2-bit binary signal corresponding to a 4-degree grey scale on
the display screen.

4. Tmage memory unit 4, permitting the storing of arteriograms and their
display on the screen. The capacity of the memory is 32k bits (128 X128 x2).
The system generates a signal which ensures the achievement on the screen
of a two-part image field, with a possibility of an independent recording and
storing of the image in both. It also generates a grey-scale band and a flicke-
ring bright spot that shows the position of the probe.

5. Black and white or colour TV monitor 5.

This system can be connected to TTH (Time Interval Histograph) analyser
which permits histograms to be shown on the monitor screen.



134 T, POWALOWSKTI ET AL,

...\\M ﬁ’lkluh
: n N A n2 \ i
OM 'J‘ﬁ\f'\f“o mv\ \(GMI\”L 20 hﬁ_
l e
‘| 5
NEaEE h
ON\J“ i 0 lﬁl “ 0

Fig. 2. X-ray (a) and ultrasonic (b) arteriogram of the carotid arteries and recordings of

blood flow veloeities in the area of the bifurcation (¢). I — in the external carotid artery, before

the stenosis, 2 — in the external carotid artery, in the stenosis, 3 — in the external carotid

artery, after the stenosis, 4 — in the internal carotid artery, before the stenosis, 5§ — in the

internal carotid artery, in the stenosis, 6 — in the internal carotid artery, after the stenosis,

7 — in the common carotid artery. c.e. @ — common carotid artery, e.c.a — external carotid
artery, i.c.a — internal carotid artery
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3. Clinical experimental investigations

The present ultrasonic angiosonograph was used in eclinical investigations
aimed at the evaluation of the carotid artery patency. A group of 11 patients
were examined. The results of ultrasonic investigations were compared with
the results obtained using the method of X-ray angiography. As an example,
Fig. 2 shows an ultrasonic and X-ray arteriogram of a patient with a stenosis
of the external and internal carotid arteries just after the bifurcation, It also
shows recordings in a system of zero-crossings of blood flow velocities recorded
in the area of the bifurcation. The recordings show a distinet increase in blood
flow velocity in the stenotic spot compared with the blood flow velocities measu-
red before and after the stenosis.

In the patient group examined using X-ray angiography the stenosis of
the common carotid arteries was found in one case, of the internal carotid arteries
in eight cases and of the external carotid arteries in two cases. The degree of
all the stenosis cases exceeded 50 per cent. Moreover, in four patients complete
occlusion of the internal (three cases) and external (one case) carotid arteries
was found using the X-ray method.

The results of the investigations by ultrasonic Doppler angiography were
in agreement with those of X-ray examinations in all the cases under study,

4, Conclusions

Preliminary clinical investigations have confirmed the usefulness of ultra
sonic angiography in the evaluation of the patency of carotid arteries. The
device developed by the authors ensures the possibility of mapping blood flows
in blood vessels. The grey scale used by the authors permits the distinguishing
of stenotic sections of the vessel through which blood is flowing at increased
velocity bright and very bright fields on the monitor sereen and the localization
of oceluded spots in the vessel, which is signalled by the absence of flow (dark
field — background on the monitor screen).

Investigations performed on 11 patients have shown agreement between
the results obtained by the ultrasonic method and those of the X-ray method
in the localization of stenotic spots and occlusion in the carotid arteries.

Further investigations will attempt to determine to what extent the method
of ultrasonie angiography permits the degree of the stenosis of a blood vessel

10 be found.
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A measurement system was developed to measure the ultrasonic attenua-
tion of biological tissues in vitro. The apparatus works in transmission and pulse
echo technique. The use of broad band transducers and PVDF hydrophones
ensures a high sensitivity connected with a wide bandwidth. The ultrasonic at-
tenunation of different fixed and unfixed tissues was measured. A comparison
of ultragonic data and histopathology was made.

1. Introduction

Ultrasonic spectroscopy is a useful tool to provide insight into the interac-
~ tion of tissue with ultrasound. To apply this ultrasonic spectroscopy first for
I in vitro measurements and them to find a correlation between the clinical
~ statement and the frequency dependent ultrasonic attenuation we developed

a measuring system,

2. Measuring system

tronic spectrum analyzer (Fig. 1). The data of the spectrum were stored or

directly digitized. The computation of attenuation characteristics from the
~ digitized spectra is performed by a calculator. The system allowed measurements
i within the frequency range from 2 to 20 MHz. In vitro measurements were
~ carried out in transmission techniques with a transmitter and a receiver. A scan
I
I
I

I We used a modified A-scope device, followed by a linear gate and an elec-
|
|

technique was used and the frequency dependent attenumation was measured
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across a given scan line. The ultrasonic attenuation of each measuring point
was computed as a function of frequency and compared with the histological
statement.

scan direction
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transmitter _  receiver signal selection Fourier analysis
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Tig. 1. Measuring system

3. Transducer.

A broad band ceramic transducer acts as transmitter with a doublelayer
matching section made from glass and epoxy resin. The bandwidth of the
transducer is about 80 per cent of the center frequency. Transmitters with
center frequencies of 6 MHz and 8 MHz were used. The receiver is a PVDF
foil hydrophone of 12 pm thickness and an ordinary backing with a high acou-
stic impedance. Fig. 2 demonstrates the system in detail. The advantage of
the PVDF hydrophone is the flat frequeney response over a wide frequency
range, restricted by the frequency response of the amplifier.

backing  ceramic - double PVDF foit brass

transducer  matching / /b acking

7z7zz7a 1 B——

Fig. 2. Transmitter and receiver system
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4. Application

Measurements of formalin fixed and unfixed tissues were performed in
degassed water. Fig. 3 represents the attenuation of fixed human testes. The
normal testis showed a low value and high values were measured for different
carcinoma of testis. The chronical inflammation has an intermediate behaviour.
Figs. 4 and 5 represent unfixed specimens of rat liver and human brain respecti-
vely.

25

20

15

attenuation [ cm™]

10

05

frequency [MHz]

Fig. 3. Attenuation versus frequency: ¥/ helthy testis, x inflammation of testis, O carcino-
ma of testis

To provide more exact insight into the resulting attenuation of patholo-
gieal tissue changes the above mentioned scan technique was used. The computed
attenuation of 6 MHz is shown in a block diagram across a scan distance. Figs. 6
and 7 give the attenuation of healthy testis and a melanom metastasis of testis.
All pathologieal changes of testes showed a higher attenuation compared with
healthy specimens. The method allowed to distinguish between different tis-
sues and their pathological changes.
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All ultrasound pulse-echo imaging systems suffer from limitations of both
lateral and axial resolution due to beam-width and pulse-length respectively.
Therefore a point-target will always be depicted as a blurred dot.

In essence only deconvolution of the system’s impulse-response (or smear-
function or blurring) could provide further improvement. Earlier an optical
system was described potentially capable to process the echo-signals as recei-
ved by a phased-array pulse-echo system in real-time and in two dimensions.

A holographic method can be used to produce a complex spatial filter for
a particular reference-target which performs to some extent inverse filtering
or deconvolution. -

Both model-evaluations and experiments were carried ouf, showing
a reasonable agreement.

With the used amplitude transmission-characteristic of the photographic
emulsion complex spatial filters can be produced showing inverse-filter properties
for only a small dynamic range.

Further work should be devoted to increasing the filter’s dynamic range
and dynamic range compression methods prior to the filtering.

1. Introduction

Previous publications [2-6] have already described how an optical com-
puter can perform direct and quasi-inverse Fourier-transformation, and how.
filtering in the spatial frequency plane can be achieved.

Also, the conversion of the electrical signals, as received by the ultrasound
phased-array system, into optically modulatable signals, employing an Ultraso-
und Light Modulator (ULM) was described.

Therefore, here we confine ourselves only to a description of the holographic
proeedure to produce a complex spatial “inverse” — filter and its performance.
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2. The complex spatial filter

2.1. Holographic process

Already in 1964 VANDER LuGT published a method for producing a complex
filter by means of a holographic process [1]. A holographic plate is illuminated
by an object beam and a reference beam simultaneously, see Fig. 1. It is assumed
that both beams originate from the same laser source in order to ensure the light

reference beam

wavefrﬁ

object
beam
wavefronts

’/ holographic
/ plate

AE

~/
5 / o /"'"""' /J /
* S 7 //

s / / /
'
sin@ i ;f /

Fig. 1. Realization of a hologram

to be monochromatic and spatially and temporally coherent. Here, the object,
beam is the spectrum S, (f,, f,) of the reference-target, of which both amplitude
and phase are functions of f, and f,. The reference-target is a “point”-target,
serving as a spatial é-function input to the ultrasound system. At the surface
of the holographic plate the complex function can be expressed as

gr = 'Sr(f:c!fy) exp [J‘p{fz?fy)] A Srexp(qu)- (1)

We require the reference beam to have a constant amplitude and an angle 0

with the f, — coordinate only.
Tt can be found from Fig. 1 that on the plate its complex amplitude can

be deseribed as
4, = A,exp(—jaf,) = A,exp(—jy), (2)
where a = (2nsin0)/A.
The total amplitude at the plate is now
A, = 4,+8, = A,exp(—jy)+8,exp(jp). (3)

Since photographic emulsions respond to intensity, rather than to amplitude,

we calculate the intensity, which is
Ip = Ap- A7 = A2+ 81+ A,8,exp[j(y+e)]+4,8,.exp[—jly+e)]  (4)
= A7 +8;+24,8,cos(y+9). (5)
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Equation (5) shows that the interference intensity-pattern consists of
a “DO”-component (although 87 is a variable) on which a modulation is superim-
posed, being proportional in amplitude with the object-beam and having a phase
being the reference-beam phase which in its turn is modulated by the object-beam
phase, since always @ < y. This illustrates that here in an intensity-function
still both amplitude and phase are preserved, due to the use of a reference
beam.

If the photographic emulsion would respond to the impinging light-energy
such that the amplitude transmission of the developed plate would be a linear
function of this energy, the amplitude transmission would also be expressed
by equations ((4), (5)). An impinging reference-beam at zero angle would then
fall apart into three beams as follows: (A} -+ 8;) at zero angle, and two beams
proportional to 8, at angles + 0 and — 0, according to equation (2).

On the other hand, if in this special ease the object-beam would impinge
on the developed plate, the transmitted beams would be proportional to:

a. (A4 8% 8,exp(jp), being a distorted object beam at “zero” angle

b. Siexp [j(y+2¢)], being the squared amplitude object-beam with distor-
ted phase at an angle +0.

e. S*exp(—jy), being again the squared amplitude object-beam with
cancelled phase under an angle —0.

2.2. Holographic “inverse” filler
In [4, 5, 6] it was pointed out that the filter should have a transfer-func-
tion,

G = 1/8, = 1/(8,exp(jp) = (1/8,)exp(—j¢). (6)

In paragraph 2.1 it was found that in the (— 6)-diffraction component
of the hologram this negative phase is present (leading to the phase-cancellation
as in case ¢), so this aspect is correct. However, instead of 1/8,, the amplitude
transfer-function of the hologram in 2.1 is 8, so that to obtain an inverse filter
the amplitude transmission-function of the holographic plate as a function
of the exposure energy should definitely not be linear as was assumed-in 2.1.

Fig. 2 shows a realistic amplitude transmission curve T, as a function
of B = It, the exposure-energy, with ¢ = exposure-time. It also shows the
intensity-function according to equation (5). Here, 8, runs linearly from 0 to 1
and the ratio A,/8, . 18 less than 1. Due to the very non-linear T',-curve a high
modulation-amplitude causes a low transmission-modulation and reversed.

Qualitatively this is just what we wish to achieve. However, to which
‘extent the obtained transmission-modulation function approximates the actually
wanted 1/8, (according to equation (6)), will be investigated further.

2.3. Bvaluation of a model
The result as shown in Fig. 2 suggests that, given a particular 7, —F func-
tion, the two possible parameters which can be varied are the beam-amplitude

10 — Archives 1-2/84
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ratio
'Ra iy Ara'lrSrmm: (7)

and the T,,.-value, being the transmission corresponding to the maximum
D(C-component value, see Fig. 2.

Alteration of R, causes considerable variation of the DC-component as
a function of §,. The T, p.-value can be adjusted by proper estimation of the
exposure-time 1.

f R £ T R TR T G T

modulation envelope

—— HF -‘carrier’
-—-="'DC'-component

(AR

Tig. 2. Realization of a complex spatial “inverse” filter

The process as shown in Fig. 2 can be investigated further by fitting the
measured T,-curve of a particular type of photographic material under parti-
cular development-conditions by a mathematical function T,(H).

The exposure-energy E can be found from equations (5) and (7), together
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with stating that S§,,.. = 1 (for convenience), as follows

B = It = {R2+82+2R,8,cos(p+¢)}t, (8)

where { = exposure-time.

In practice 0, the angle of the reference beam, is always taken large enough
to let vy = af, = (2=sin6-f,)/4 (see equation (2)) be much greater then ¢ (equa-
tion (1)). The modulation frequency, therefore, is mainly determined by y and
is very close to (sin 0)/Ap and in our case approximately 100 cycles per millimeter.

Sinee for this model the phase of the spectral function 8, is assumed to be
zero (again for convenience), we can write

| B = {B2+82+2R,8,cosy}t, (9)
with ' !
| v = 2z 100 f,, : (10)
where f, is measured in mm on the holographic plate.
Substitution of equation (9) into 7',(E) yields

To = Taly), , (11)

with the parameters R, as the beam-amplitude ratio, S, as the spectral ampli-
tude of the input-function to the system and ¢ as the exposure-time to obtain
the required T,p.-value. '

From Fig. 2 we will appreciate that the original cosine-function of equation
(9) is highly distorted by the non-linear T,—F characteristic, resulting in an
oscillating funetion with many harmonics y, 2y, 3y ete.

Illuminated by a beam this grating pattern will accordingly split it up
in diffractions at +6 and —0, 420 and —26, 4360 and —30, etc. In using
such a grating as a complex spatial filter only the first order diffraction at —6
is selected out.

In our mathematical model we assume that S, varies very slowly with the
co-ordinate f,, which means that at every position f, the spectral amplitude S,
can be considered to be constant over several grating-oscillations. This makes
T,(y), as represented by equation (11), a periodic funection with y as the only
variable and thus 7,(y) can be expressed as a Fourier-series

T,(y) = Ay+A,cosptA,00829p+ ...
A, e g A ; ) (12)
= Ao+ - (exp(jy) +exp(—jy)) + ?” (exp(j2y) +exp(—j2y))+ ...

As mentioned above, we are interested in the first order (—6)-diffraction
only so that we merely have to evaluate 4,.

.
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From Fourier-series theory we caleulate
1
4y =— [ T(p)cosypy (13)

for several values of 8,. Herewith we in fact obtain 4, and thus @ as a function
of the spectral amplitude 8,, still with R, and T,,, as parameters.

One should realize that we did not find the transfer-function G(f,) in the
spatial-frequency plane of the holographic complex spatial filter for a spectrum
S,, unless S.(f,) is defined,

If for all frequencies G(f,) = 1/8,(f,), which is required for an inverse
filter equation (6), then G(f,)8,(f,) = 1.

Accordingly, 4,8, should be constant for all §,. We can now determine
the product of spectral amplitude and filter-function as a funetion of the spectral
amplitude, in other words

4,8, = f(sr) . (14)

The range of S, over which 4,8, is “constant” (within certain limits) then
determines the maximum dynamic range of 8, for which the used 7, —F curve
can produce a suitable inverse filter.

In Fig. 3a, b, ¢ the model calculations are presented for R, = 2/3, 1/2
and 1/3 respectively. Four curves are given representing four different 7',,-va-
lues, according to Table 1. In Table 1 the dynamic ranges of S, are also given
for all cases (as far as applicable) within 3 dB and 6 dB limits respectively.
The first conclusion is that the dynamic ranges are very small and more depen-
dent on T,;, than on R,.

Further comments will be given in the next chapter.

2.4. Hrperiments

For confirmation of the model found, a number of experiments were car-
ried out. A grey-wedge with a continuously and logarithmically varying density
over a range of approximately 30 dB, was used for creating the function 8,(f,).

Holograms were made under conditions defined as well as possible with
respect to R,, T,pc and a high enough oscillating frequency of the grating-
pattern.

Each hologram was illuminated with the same spectral distribution 8,(f,)
as used for ereating the hologram with accurately co-inciding f -scales. Then
the (—0)-diffraction was recorded (corresponding with A, in the previous
chapter), together with the spectral distribution S,(f,) 1tself The data were
processed by a computer and f, was eliminated in order to obtam A,8, as a fune-
tion of §,, similarly to the model-evaluation in the prevmub chapter (equa-
tion (14)).

The results are given in Fig. 4 a, b, ¢ in combination with Table 2.
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Apparently, the curves show a number of artefacts, affecting the accuracy
of the results in Table 2. Nevertheless, there is a very satisfactory agreement
with the figures in Table 1.

Table 1

Dynamic range of 8, in [dB]

Curve Tuepo- 5
number value |Ba=2/3(a) | Ba=1/2() | Eg=1/3 ()

3dB |6dB |3aB |6dB |3aB | 6aB

s

1 0.01 A > - = 55 | 7.9
11 0.005 i 2 7.2 = 5.8 8.4
1 0.002 g 72 | 107 | 72 | 100
v 0.00135 | 67 | - 71 | 100 | 7.6 | 1.2
Table 2
Dynamie range of S, in [dB]
Curve Tanc-
number value, B,=2/3(a)| Ba=1/2(0) | Bag=1/3 ()
3dB | 64dB | 3dB | 6dB |3 dB | 64aB
I 0.5 = ~ 52 | 7.5 = =
1 0.2 74 | 112 | 68 92 | 53 7.3
111 0.1 75 | 11.4 | 75 | 103 | 5.4 8.0
v 0.05 80 (116 | 80 |'nel 61 | o2
¥ b 008 76 | 110 | 73 | 108 | 7.3 | 103

Since the T, —(E) curves were not the same, also the used T',5o-values were
chosen to be considerably different in order to distribute the T .pe-values in
both ecases in a similar way.

Conclusion: The agreement between the results, together with a clearly ob-
servable qualitatively similar behaviour of the curves of Figs. 3 and 4, suggest
that the model is basically correct and useful for further investigation as to
what kind of T, (E)-curve could provide a better inverse filter than we have
been able to realize so far.

3. Practical results

From the investigation of the holographic process in chapter 2 the conclu-
sion was drawn that the dynamic range of the spectrum should be small, e.g.
no more than approximately 10 dB. In order to show the consequences of this
limitation, two complex spatial filters (4) and (B) were realized for the same
point-target in the medium. In the first case (A) the laser-flash delay was made
such that the signal s,(z,y) appeared at a position before reflection against

L
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the paraboloid reflector, whereas the second case (B) was the normal situation
with the signal s,(2,y) shown after reflection.

Obviously the flattening of the wave-fronts at reflection against the para-
boloid reflector causes a considerable increase of power-concentration through
the Fourier-transformation.

Fig. 5 shows case (A) with respectively the obtained spectrum (a), the unfil-
tered signal supposed to be identical to s,(x, ) in the input plane (b) and zero
and first diffraction orders in the output plane (¢).

b) c)

Fig. 5. Practical results for non-reflected signals

As explained in 2.3, the filter-result appears as the (—0)-diffraction and
is indicated by an arrow in Fig. be.

Apparently, a very effective deconvolution has been obtained since this
very small spot is depicted at the same scale as s, (@, y) in (b).

Fig. 6 represents results obtained in case (B). In (a) five signals are shown
as they appeared unfiltered in the output plane, again supposed to be identical
to the input-signals. The scanned object consisted of five “point”-targets in
a rhombus-shaped configuration and the image shows clearly the position-
deformation caused by the paraboloid reflector. A filter was realized with only
the center-target present in the medium and after installing the filter the cor-
ner-targets were mounted at their positions. In Fig. 6b we see the filter-results,
being much less spectacular than in case (4). In Fig. 6¢ and d the signals are
shown as measured quantitatively.

It is clear that the gain in spatial invariance by using a paraboloid reflector
(as a proof showing the five filtered signals in Fig. 6b as being quite similar)
has been obtained at the expense of filter-performance because of the increased
dynamic range of the spectra. Everything is in good agreement with the results
of the model-investigation in chapter 2.
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a) b)

Fig. 6. Practical results for signals after reflection

8. Conclusions

With a complex spatial filter in the spatial frequency plane of an optical
computer filtering can be performed. A holographic method has been deseribed
to realize such a filter which acts as an inverse filter provided that the spectrum
to be processed has a small dynamic range.

Both inereasing dynamic range of the filter and compression of the spectr-
um’s dynamic range are the goals of further investigations.
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In conventional mechanical contact scanners the lateral resolution is
inferior to the axial one. Improving the lateral resolution over a wide range
of depth requires the use of a variable focusing system. We choose the phase
annular array system which may be used in obstetrics and gynaecology.

Caleulations of the acoustical pressure were performed assuming pulse ex-
cited transducers. For the transmission the range of examination was divided
into five focal zones. During reception the system permits dynamic focusing.
Measurements of the ultrasonic beam were carried out. These results are in
good agreement with calculations and indicate a considerable inerease in the
lateral resolution.

1. Introduction

In order to obtain the maximum amount of information about the tissues
under examination by the B-mode ultrasonograph, it is necessary to have as
good resolution of the ultrasonograph as possible.

In the present state of ultrasonic technology the most negative eifect on
the resolution is exerted by the lateral resolution of the ultrasonic system.
The lateral resolution is determined by the transmitted beam and receiver
directivity pattern. :

The aim of this work is to indicate the possibilities of decreasing the width
of the ultrasoniec beam, i.e. improvement in the lateral resolution.
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2. Method

The well known method to narrow the ultrasonic beam uses a transducer
with a superimposed lens or a transducer which has a special coneave aperture
[1]. This kind of focusing is efficient only in a short range.

It is possible to focus over the whole observation range when a multi-ele-
ment ultrasonic probe, controlled by an appropriate electronic system is used
[2,3,6]. A multi-element annular array consists of coaxial elements: a dise
and surrounding rings. The disc and the rings are excited to vibration. The mo-
ment of excitation of a successive element in the probe is related to the wave
front as required for focusing at a proper distance on the axis of the transducer.
At transmission the beams can be focused successively at discrete distances.
This corresponds to several foci over the investigated range.

During reception it is possible to achieve continuous focusing, by continu-
ous change of the delay of the signals received, with the velocity equal to the
ultrasonic wave propagation velocity. This is so-called dynamic focusing
(Fig. 1).

pulse tme || trans-
gener. del mitter
small | [Ttrans

4 Jg};j, [ | mitter
_!rq;ge || trans-

Gaiay mitter

sum.
ampl.

Fig. 1. Focusing during transmission and reception. T — transmission part, B — reception
part

In our case we expect such an ultrasonic beam focusing system to be used
in obstetrics and gynaecology, that is why 2.5 MHz frequency was chosen for
the transducer with depth of range 0-24 emj; the surface of the transducer is
in touch with the surface of the body. On the basis of theoretical analysis of
the lateral resolution for an annular array excited by continuous wave and
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short pulses, depending on the size, configuration and the excitation method,
the ultrasonic probe was built. This probe consists of seven coaxial elements
of piezoelectric ceramic: a disc and six rings [5]. The diameter of the dise is
about 10 mm and the external diameter of the outside ring is about 40 mm. All
the elements have the same surface area. This permitted the achievement of:

a) the same electric impedance of all elements, i.e. the same electric load-
ing of all transmitters,

b) practically the same distance of the transition point between the near
and far fields, for the disc and all the rings [6, 8].

The annular array works with an electronic system which was built with a
large application of the TTL integrated circuits and the PROM memories [8].
A block diagram of such electronic system is shown in Fig. 2. The seven trans-

pulse transm| | trans - receiv signal
ner. yr—driver [—\mitter 1 delay
gL delay ! 1 1
transm. trans- receiver signal L —
driver — mitter delay summing| |source ;
delay 2 m;;r 2 2 | amplifier follwer ] e
[]
| - I
= transm trans - receiver| | signal amplifier
driver mitter 7 delay
delay 7 7 7
ultrasonic probe
rd / p

additional
amplifier

piezoelectric /1'—__
- hydrophone | |

Fig. 2. Block diagram of the system for electronic focusing of the ultrasonic beam

mitter drivers in which the proper delays are programmed, steer the seven
transmitters. Bach transmitter excites the proper element of the annular array.
A hydrophone measures the ultrasonic pressure distribution. The hydrophone
can be replaced by a reflector and then the signals reflected after amplification
are delayed continuously in the signal delay circuits, and added in the summing
amplifier. On the basis of the earlier analysis and measurements [7], the whole
range 0--24 em was divided into five zones. .

Zone 1 : from 0 to 50 mm, with only the disc transmitting.

Zone 2 : from 50 to 70 mm, focal point 60 mm, three elements: the dise

and two internal rings transmit.



158 T, WASZOZUK ET AL.

Zone 3 : from 70 to 90 mm, focal point 80 mm.
Zone 4 : from 90 to 140 mm, focal point 110 mm.
Zone 5 : from 140 to 240 mm, focal point 180 mm.

In zones 3, 4, 5 all the seven elements of the probe transmit.

3. Results

The theoretical calculations and experimental measurements of the acoustie
pressure distribution were carried out only during transmission. In the caleula-
tions a pulse shape closest to one in practice was assumed. This pulse containg

five sinusoidal high frequency periods with the envelope sin? (-;f- t). The theo-

retical calculations of the acoustic field are based on analysis of transient fields
generated by piston surfaces. This analysis consists in the determination of
the pulse response of a radiating surface at a given point in space and subse-
quently in the convolution of this response with the exciting pulses [4].

The acoustic pressure distribution was measured by two different methods.
A hydrophone of piezoelectric PVDF foil, with a known directional characte-
ristic was used. The theoretical and experimental results obtained using the
two measurement methods are shown in Fig. 3a. The half beamwidth can be
seen as a function of the distance from the probe, with a decrease of the signal
level by 10 dB. In all the cases there are similar changes in the beamwidth
shape. For zones 2 and 3 good focusing at the focus and worse at the ends of
the zones occur. In zones 4 and 5 slightly worse focusing at focal points, at the
expense of more uniform focusing over the whole zone, can be seen. The results
of measurement of the ultrasonic beamwidth are very close for two measure-
ment methods.

The results caleulated are generally in agreement with the measured ones.
The plots also contain the response of a typical system used in an ultrasono-
graph for examination of the abdominal structures (frequency 2.5 MHz, diameter
of transducer 20 mm). The ultrasonic beam radiated by the annular array
gystem is narrower and much more regular over the whole range under study.

The distribution of the measured signal amplitudes over the whole range
is shown in Fig. 44. Greater amplitudes occur in zones 3, 4, b, it should be men-
tioned, however, that all the elements transmit to these zones. At the ends
of zones 2 and 3 there is a distinet effect of the side lobes. The amplitude distri-
bution is rather regular over the whole range under study.

The second part of measurements was made with focusing in zones during
transmission and dynamic focusing during reception. The hydrophone was
replaced by a small reflector (platinium ball with 0.3 mm diameter). In zone 1
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only the disk receives. In the zones 2, 3, 4, 5 all the elements receive. The results
of measurements are shown in Fig. 3B at three different levels with signal
decreases of 6 dB, 12 dB, 20 dB. In zone 1 where only the disk works half the
beamwidth is restricted. In zones 2, 3, 4, 20 dB the half beamwidth is less than
2mm and very regular in shape. At the boundaries of the zones there is no visible
broadening of the beamwidth as compared with Fig. 34. The results which
are shown in Fig. 3B also contain the response of a typical system for exami-
nation of the abdominal structures (frequency f = 2.5 MHz, diameter of trans-
ducer 20 mm) at the level decreasing in signal by 20 dB. The beamwidth of the
annular array system is much more narrowed and regular over the whole range
under study.

The distribution of the signal amplitude is shown in Fig. 4b. The beam
shape at every depth of investigation is without visible side lobes even at the
level decreasing in signal by 20 dB. The signal amplitude in zone 1 is smaller
compared to the signals in zones 3, 4, 5. This is so because in zone 1 only the
disc transmits and receives. In zones 3, 4, 5 all the seven elements transmit and
receive. The change in the amplitude of the signals received along the axis is
similar to a typical shape of the TGC (time gain control) signal. This is the reason
why we will not try to equalize level of the signals received in every zone.

4, Conclusions

Analysis of the theoretical and experimental results obtained permits the
following statements.

1. Over the greater part of the range during transmission there is agreem-
ent between the theoretical and experimental results.

2. When the conditions assumed are satisfied, i.e. there is direct contact
with the surface of the body, and with specific dimensions of the elements of
the probe, it is impossible to focus effectively over the range 0-50 mm and
therefore only the disc can work over this range.

3. The beam width of the annular array system is narrow and regular over
the whole range of investigation.

4. The beam shape at every depth of investigation is very narrow and
without visible side lobes even at a level of — 20 dB.

5. Focusing for some chosen foci at transmission and mainly dynamic
focusing at reception indicate a narrowing of the beam at all distances and it
gives an improvement in the lateral resolution of the ultrasonograph.
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The Authors present different experimental models performed in the at-
tempt to determine whether the alterations of brain circulation following an
increase in the intracranial impedance can be estimated by systolic and diastolic
common carotid artery (CCA) velocity Doppler signals recorded at 15-minute
intervals until 60 minutes and 10 hours. In model 1 both jugular veins (JV)
were ligated and Doppler gignals were recorded at 15-minute intervals until 60
minutes. In model 2 ipsilateral external carotid artery (ECA) ligation was ad-
ded to JV ocelusion. In model 3 recording of Doppler signals was performed
at 15-minute intervals until 60 minutes and 10 hours in the presence of ipsila-
teral ECA and bilateral JV occlusion. In model 4 Doppler signals were recorded
in the presence of ipsilateral ECA occlusion alone,

Statistically significant results confirming the well-known theoretical
relationship between increased encephalic impedance and flow velocity Doppler
signals were obtained in model 3. The results demonstrated that a sudden
increase in the encephalic impedance can affect both systolic and diastolic
flow velocities in afferent vessels.

Later (from 60 minutes to 10 hours), systolic values tend to increase and
at 10 hours are always higher than starting values. The diastolic values, however,
remain inferior to the starting values, although showing a slight tendency to
rige.

The Authors conclude that significative alterations of cerebrovascular
impedance can be obtained by elamping both JV. However, these alterations
can be recorded on the CCA only if the ipsilateral ECA is occluded, thus elimina-
ting the risk of run-off across it, or if recordings are taken from the internal caro-
tid artery.
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1. Introduction

RisBerG and SmiTH [12] demonstrated that Doppler carotid velocity
determination is highly correlated to hemispheric blood flow measurements
by the 133 Xenon inhalation method. A fairly accurate prediction of hemispheric
blood flow from Doppler internal carotid and diastolic velocity values is pos-
sible in patients without abnormalities in these arterial systems.

For some time now, contributions have been published illustrating the
possibility of measuring the variations of cerebrovascular impedance through
a valuation in the form of Doppler sound waves which record the blood flow
velocity in vascular sections above the cerebral circulation [1, 2, 4-11, 13-16].
There can be different causes for the alterations of impedance in the encephalic
flow. Vascular constriction, intravasal obstructions, vasal wall compression with
increasing transmural pressure, all contribute to the increase of impedance.
This is diminished by arteriovenous malformations, arteriovenous fistula and
by anastomosis and pathological shunts in tumoral tissues.

The first-mentioned condition is of great interest to the neurologist and
neurosurgeon being more frequently encountered.

2. The purpose of this research

On examination of the available literature, it can be assumed that enough
data have been collected to demonstrate the alterations of the blood flow in
cerebroafferent vessels compared with cerebrovascular impedance. However,
these data refer to two entirely unconnected situations. In fact, they lack mention
of phenomena which appear after a sudden alteration of the impedance linked
to the Pa02 and PaC02 of the brain and before the modifications of the flow
velocity linked with the states of intracranial persistent hypertension reported
on by the authors mentioned above.

We planned therefore an experimental model to check the alterations
in the blood flow rate in cerebroafferent vessels during massive variations of
the cerebrovascular impedance in order to follow their course covering a period
of from 15 min. to 10 hours from the start of the increased cerebrovascular
impedance.

The impedance increase in the rat is obtained by clamping both JV. The
advantages of this model are:

1) an inerease in the vasal resistance;

2) an harmonically-diffused increase in the intracranial pressure with no
unilateral gradient pressure or different pressure between the various intracra-
nial sectors.

The model thus obtained can be considered similar to the work of Cuvrrrs
et al. [3], who blocked the cerebral blood flow by placing an obstacle in the
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upper venus cava. They observed that increased venous pressure, which im-
plies increased capillary pressure, causes an enormous swelling of the brain.
When the venus cava was blocked the pressure at the Herophili torcular rose
from 5.2 to 35.0 mm Hg and the brain tissue pressure rose from 3.8 to 17.6 mm
Hg. After a few minutes Herophili torcular pressure began to fall and reached
a steady state of 15.50 mm Hg after about 45 min., while the brain tissue pres-
sure, which had risen initially after blocking the venus cava, fell to 4,0 mm Hg.
~ The mean arterial blood pressure abruptly fell 25 ( +-20) mm Hg below its initial
value, during a long lasting block, however, the mean arterial blood pressure
returns to normal in all animals. ‘ :

In our models, no change in the mean arterial blood pressure was observed.
This technique which we ereated, i.e. elamping JV has been defined as model 1.
The Doppler signals were recorded on the common carotid artery (CCA).

In model 2 in addition to the clamping of JV we associated the ocelusion
of the ipsilateral external earotid artery (ECA) to the CCA on which the recor-
dings were made in order to eliminate the interferences created by the run-off
through this vessel because of the technical impossibility of recording a signal
at the internal carotid artery (ICA) level in the rat.

Model 4 with the ipsilateral ECA occlusion without JV clamping was
planned to check if we are only measuring changes in CCA hemodynamics
gecondary to the removal of the ECA from the vascular system, rather than
a change in the cerebral hemispheric flow due to JV ligation.

3. Materials and methods

The experimental series consisted of 80 white Wistar rats weighing 300
to 400 g, divided in four groups.

Model 1 (20 rats)

The animals were anesthetized with pentobarbital i.p. (30 mg/kg). The left
CCA and both JV were exposed through a midline cervical incision. Then,
CCA flow velocity signals were recorded by using a 8 MHz directional Doppler
CW flowmeter (Angiodop 481, DMS). The distance between the tip of the ul-
trasonic transducer and the vessel (about 5 mm) was filled by a contact me-
dium for ultrasonic transmission (Aquasonic 100, Parker Laboratories Ine.).

Fast Fourier Transform (FIFT) real-time sound speectral analysis (Angios-
can, Unigon Industries, Mt Vernon, NY) was also performed. Systolic and dia-
stolic frequency values were obtained by recording sound spectral display in
which switching of the cursor up or down allowed the frequency position ef
the cursor line to be read in Hz at the bottom of the screen.

Immediately after recording Doppler signals, both JV were ligated. Sub-
sequently, CCA Doppler signals recording with spectrum analysis was perfor-
med at 15, 30, 45, and 60 min. from the time of initial occlusion.
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Model 2 (40 rats)
In this group left ECA ligation was added to bilateral JV occlusion.

:
{
|
|
:
:
" Model 3 (10 rats)
In this model the same circulation modifications were provoked as in
model 2, but the recording of the systolic and diastolic Doppler signals was
: made not only at 15, 30, 45, 60 min., but also at 10 hours after the occlusion
E of the vessels.
|

Model 4 (10 rats)
In this group only ECA was clamped and the systolic and diastolic values
measured every 15 min. up to 60 min.

4. Results

Model 1 (20 rats)
The mean systolic peak values and the mean diastolic peak values show
an inconsistent response to clamping both JV. In fact, 50 % of rats show a sig-
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7800

7400

7000

1 1 L o

0 5 30 45 time [min]

! 6600~

M: 76545 69695 71040 73530 74810
SD: 1279.7 13963 12706 12461 12625
SE: 2049 2236 2035 1995 2048

SD/M: 0.1672 02003 01789 01695 01688

Fi‘g. 1. Mean systolic peak values of model 2. In all figures: Ordinate-values of frequencies
[Hz], abscissae-time of the experiment [minutes], ¥ — mean values, D — standard devia-
tion, SE — standard error
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nificant decrease of the mean systolic peak values 15 min. after JV occlusion;
the other 509, of rats show a significant increase in the mean systolic peak
values 15 min. after JV occlusion. At 60 min. peak values were always higher
than the starting ones. The diastolic flow pattern parallels the systolic one.

In this model statistical analysis gave significant results (at 0.05 level).
Then, we cannot reject the “null hypothesis” and we concluded that there is
no significant difference between the series of data.

Model 2 (40 rats)

The mean systolic peak values and the mean diastolic peak values allowed
us to appreciate a difference in behaviour following the occlusion of JV and
ECA. 74 % of the mean systolic peak values show a significant decrease 15 min.

[Hz] 1

3600

32001

2800

| L 1 1 I
240 o 5 30 45  time[minl]

M: 3812 3120 3045 3136 3048.42
SD: 540.26 51846 558.79 583.04 603.33
SE: 12395 11894 12819 13376 142.21
SD/M: 01417 01662 01835 01859 01979
Fig. 2. Mean diastolic peak values of model 2

after JV and ECA clamping. The diastolic mean peak values also decrease at
15 min. in 89 9% of cases. At 60 min. the mean systolic peak values were lower
than the starting ones in 59% and the diastolic mean peak values in 899,
(Figs. 1-2).
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+ In this model the sign test was significant (p < 0.01) after 15 min. Then,
we can reject the “null hypothesis” and may conclude that it is unlikely that
the results are purely fortuitous.

‘ The eorrelation coefficient » used to compare the data of the mean systolic
peak values after 16 min. and 60 min, was computed to be 0.60 and differs
significantly from zero at 0.001 level. Therefore, the two series of data seem
to be positively correlated.

The sign test of the diastolic mean peak values is also significant after 15 min.
and 60 min. for p < 0.001. The correlation coefficient r = 0.82 computed bet-
ween the data after 15 min. and 60 min. differs significantly from zero at 0.001
level. This situation denotes a systematic stabilisation in the effects.

(Hz] highest mean systolic peak values
Te = recording of Doppler signals performed

immediately before bilateral JV and
ipsilateral ECA occlusion

80001

7000

6000

5400 L L 1 1 1 1 vy

0 i5’ 30’ 45’ 60 10( hours)

M: 7591 6362 6675 7022 6888 8720
SD: 1929 10965 14876 16505 14936  1406.2

SE: 397.6 3876 4958 550.2 497.9 468.7
SD/M: 00523 01723 0072 02350 02168 0.I612

Fig. 3. Mean systolic peak values of model 3

Model 3 (10 rats)
.~ In this group the alteérations of systolic values observed in the experiment
(JV and ECA occlusion = model 2) were similar to those observed in the group
of 40 rats treated in the same way. It is interesting to note that at the 10th
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hour of ECA and JV occlusion the systolic values were remarkably higher
(Fig. 3) compared with the starting values and with those recorded after one
hour from the beginning of the experiment. The diastolic values, however,
remain inferior to the starting values, although showing a slight tendeney to
rise (Fig. 4).

Model 4 (10 rats)

[Hz]
mean diastolic peak values
40001
.3000F - i
Te = recording of Doppler signals

performed immediately before
bilateral JV and ipsilateral ECA
occlusion

2000_ L L A L 1 'Jl 1

0 15’ 30' 45 60’ 10 ( hours)

M: 4017 3247 3360 3475 3457 3502
S0: 704 327 4326 458 462.6 661.8
SE: 2346 1156 1442 152.6 154.2 2206
S0/M: 01752 01007 01287 01317 0.1338 01889

Fig. 4. Mean diastolic peak values of model 3

The mean systolic values remarkably decreased after 15 min. from the
start of the experiment (Fig. 5), whereas the mean diastolic values after 15 min.
did not decrease considerably (Fig. 6). No change in the heart rate was observed.
The mean arterial blood pressure did not change. The intracranial pressure was
not recorded to avoid trauma to the experimental model. However, brain swel-
ling was constantly observed at the end of the experiments with JV ligation.

5. Discussion

Our experiments have pointed out an alteration of the association rate/cere-
brovascular impedance linked to the time in which the examination is made
with respect to the beginning of the inereased cerebrovascular impedance
condition.
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A clear alteration is noted 15 min. after the beginning of the experiment,
when the occlusion of JV and ipsilateral ECA of the CCA, from which the Dop-
pler signals are taken, suddenly and in great measure abolish most of the drain-
ing vessels of the CCA (venous through JV and arterial through the ECA).
At this moment both the systolic and diastolic values alter. They decrease
considerably. Following this first phenomenon, a progressive increase in the
systolic values is registered, which at 60 min. regain their original values and
at 10 hours from the time of starting the experiment tend to continue increasing.

[Hz]
8000}
highest mean systolic peak values.
Te = recording. of Doppler signals performed
immediately before ipsilateral ECA occlusion

7000

6000+

5“00 L ! : L 1 1 -

i
0 5 30 45 60 time [min]

M: 6854 6160 6336 6744 6496

SD: 8083 10759 11343 9688 10381
SE: 2556 3402 3587 3063  328.2
SD/M: 01179 0146 01790 01436 01598

Fig. 5. Mean systolic peak values of model 4

The diastolic values, instead, behave differently at 60 min. Their values never
reach the initial ones even after 10 hours.

It can therefore be confirmed that in cerebroafferent vessels, when the
cerebrovascular impedance increases rapidly, there are immediate alterations
in both the systolic and diastolic values, but the reciprocal behaviour is very
different.

Our findings, therefore, answer the problem facing us when we planned
our experiment. From an examination of the flow velocity values, we can
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complete the pattern of the behaviour of the blood flow rate in cerebroafferent
vessels compared with the cerebrovascular impedance alterations.

From BEASLEY et al. [1] we learn that arterial constriction due to an in-
crease of Pa02 causes a decrease in the systolic and diastolic values of the Dop-
pler signals.

From this acute and transitory alteration of the cerebrovascular impedance,
as our model illustrates, we pass on to an equally acute but lasting alteration
that creates similar conditions to those due to lesions observed in human pat-
hology (edema, tumors, hemorrhages or circulation troubles). We have been able

{Hz]
4000
mean diastolic peak values
3000
Te =recording of Doppler signals performed
immediatély before ipsilateral ECA occlusion
m s L 1 1 L

1 —
0 5 30 45 60 timelmin]

M: 3456 3112 3072 3136 3048

SD: 266.1 316.5 2205 3035 214.8
SE's 84.1 100.1 69.7 96 679
SD/M: 0.0769 01017 00717 0.0967 0.0704

Fig. 6. Mean diastolic peak values of model 4

to follow the evolution of the alterations of the blood rate in the cerebroafferent
vessels during the period immediately following the start of the increase of
cerebrovascular impedance. From this acute period typical alterations of the
blood flow are created which precede and rapidly become similar within 10
hours to those observed by JONKMAN et al. [8] and STEIGER [14]: an increase
in the systolic values and a decrease in the diastolic ones in cases of expansive
intracranial lesions which are the cause of stable increased intracranial pressure.
The results observed by LINDEGAARD et al. [9] (very high systolic values and
reverse flow) in cases of the brain tamponade complete the range of the blood
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flow velocity alterations of cerebroafferent vessels in time and for different
grades of increase in the cerebrovascular impedance. We wish also to discuss
the problem of where the Doppler signal reading should be taken from. We
believe that the most reliable signals are those taken from the ICA. However,
because of lack of space, it is impossible to record signals from the ICA of the
rat. They were all therefore taken from the CCA. With regard to this, we should
discuss the role the ECA and its clamping play in the development of the pheno-
mena we reported and on the measures we effected.

According to the results obtained in model 1, it could be presumed that
the elamping of the JV alone is unable to create an alteration of the cerebro-
vascular impedance or is insufficient to produce appreciable variations in the
flow velocity values above the point where recording is made. From the in-
formation obtained by model 2, it could be agsumed that the significant flow
velocity alterations obtained on the CCA can only be linked to the occlusion of
the ipsilateral ECA (Figs. 1-2). In fact, even the clamping of only the ipsila-
teral ECA where the signals are taken (model 4) determines an alteration in
the systolic and diastolic values similar to the one obtained in the model with
JV and ECA clamping.

But the clamping of the ECA alone does not give statistically significant
results (Figs. 5-6). We therefore interpret them in view of what was observed
in model 1. In those cases no univocal result was given to the occlusion of JV
alone, whereas in model 2 the clamping of ECA (able to create an impedance
increase in the COCA territory, though with non-significant flow velocity values)
made more notable both systolic and diastolic flow velocity alterations obser-
ved on the ipsilateral CCA.

It can therefore be concluded that significant alterations of the cerebro-
vascular impedance can be obtained with the clamping of JV alone, but that
these alterations can be recorded on the CCA only, if ECA territory is closed,
whereby eliminating the risk of run-off across it or if, as pointed out by other
authors [1-2, 12, 16], readings are taken from the ICA. |

6. Conclusions

From our experiment we have been able to obtain the following informa-
tion about the reliability of ultrasound Doppler examination in cases of increased
cerebrovascular impedance:

1) With the Doppler examination of the cerebroafferent blood flow rate
carried out on the ICA or on the CCA with the exclusion of the ipsilateral ECA,
significant systolic and diastolic alteration values can be recorded.

2) The diastolic values are highly significant, due to their notably persi-
stent decrease observed from the moment the impedance alteration started
and up to 10 hours.

3) The systolic values only decreased notably during the first 15-30 min.
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'~ from the impedance increase start. During the interval between 1 hour and 10
hours from the beginning of the experiment the values rose significantly.

4) Remarkable evidence of altered impedance can be obtained within
the first hour only if the basic or normal data are known. Only the progressive
separating of the systolic values from the diastolic ones during the following
hours could let us know without doubt, possibly by employing pulsation indexes,
of the existence of an abnormal increase in the impedance.
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RESULTS OF DOPPLER INVESTIGATION OF BLOOD FLOW VELOCITY IN REDUCED
INFLOW OR INCREASED RESISTANCE IN THE BRACHIAL ARTERY

A.CHROSCICKI

Pediatric Institute, Medical Academy, Warsaw, Poland

W.SECOMSKI

Institute of Fundamental Technological Research, Polish Academy of Sciences, Warsaw

Recordings of the blood veloeity in the brachial artery were made in heal-
thy persons by means of Doppler ultrasound, ECG and phonocardiography
methods. The blood inflow to the brachial artery was reduced at first by a mecha-
nical occluding of the axillary artery, simulating conditions similar to the aortic
stenosis, low cardiac output and obstructive cardiomyopathy. In the second
stage, peripheral resistance was increased by compression of the forearm, clen-
ching fist or elevation of the upper extremity. In the last stage, respiration
influence of arterial and venous flows was evaluated.

Two hundred recordings of the blood velocity in the brachial artery were
made in healthy persons during the past fourteen months by means of Doppler
ultrasound, ECG and phonocardiography methods. Blood flow measurements
were made with a 7.5 MHz (. W. Doppler flowmeter applying a specially designed
flat probe (20 mm diameter, 5 mm thickness). After receiving an optimal signal
from the brachial artery without the vein disturbances, the probe was fixed
to the skin with adhesive tape.

The blood inflow to the brachial artery was reduced by mechanical com-
pression produced by the pressure cuff positioned on the arm above the ultra-
sonie transducer. The cuff was automatically inflated to the required pressure
(0-27 kPa or 0-200 mm Hg) in 1-30 s time period and released afterwards.
Fig. 1 shows the blood velocity changes in the brachial artery during 8 s occlu-
sion. The flow decreases towards a zero level and returns to normal immediately
(less than 1 second) after release.
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In the second set of experiments, peripheral resistance was increased by
the compression of the forearm, clenching the fist or by the elevation of the arm.
Fig. 2 shows influence of the fist clenching on the blood flow in the brachial
artery. Amplitude of the systolic flow was practically constant and reversed
diastolic component was observed. After release high amplitude of the diastolic
flow was recorded during about 10 8 or longer. Fig. 3 shows the blood flow during
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Fig. 1. Inflow reduced by mechanical occlusion
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Fig. 2. Influence of the fist clenching on the blood inflow
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the controlled compression of the forearm (50, 100, 150, 200 mm Hg) and after
release. Notice the increase of the reverse flow in early diastole, changes in the
shapes of the flow curve and increased flow after release.

In the last experiment, the influence of the normal respiration on the arte-
rial flow was evaluated. The increase in the diastolic component during aspi-
ration, simulated by changes of the left atrium filling, could be seen. The Val-
salva manoeuvre changes the heart rate and the flow shape was dificult to com-
pare with the normal pattern,

1. Resulis

The reduction of the inflow caused disappearance of the diastolic flow,
progressive decrease of the systolic component towards a zero level and a nearly
linear increase in the conduction time in a similar way to sphygmographie
investigations (Fig. 4b, Fig. 5).
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Tig. 4. a. (left) Increase in the resistance. b. (right) Decrease in the inflow

The increase in the peripheral resistance produced an instantaneous disap-
pearance of the diastolic flow, a reduction of the systolic component duration
and short-lived reverse blood flow, immediately after systole (Fig. 4a, Fig. 6).
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2. Conclusions

The investigations were limited to qualitative measurements rather than
quantitative ones. They proved, however, important practical usefulness of
the tests performed. Reduced inflow to the brachial artery was effected to simu-
late conditions similar to the aortic stenosis, low cardiac output and obstructive
cardiomyopathy.

This method of investigation should be useful in the functional screening
tests of the sick and healthy persons.

Respiration tests showed an influence on the venous flow, but recordings
were not repeatable and therefore difficult to study.

_ decrease of flow
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Fig. 5. Results — the reduction of the inflow. I — maximum systolic velocity (em/s), 2 —
gystolic flow duration (ms), 3 — conduction time (ms) — time interval between the S wave
of ECG and the beginning of the systolic flow, 4 — systolic flow acceleration time (ms),
§ — diastolic flow velocity (cm/s), a,d,Q, 8, U — additional waves in the diastolic component

(em/s)
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increase of resistance
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CARDIOVASCULAR DIAGNOSIS WITH FREQUENCY SPECTRAL ANALYSIS (FSA) AND
CONTINUOUS WAVE DOPPLER (CWD)

MERRILL P. SPENCER

Institute of Applied Physiology and Medicine, Seattle, USA

This report reviews how the combined use of continuous wave Doppler
ultrasound and frequency spectral analysis from the fast Fourier transform
provides a useful means of finding and analysing non invasively a wide range
of cardiovascular diagnostic information. Reliance is placed on the frequency
resolution capability of CWD to follow increased velocities in arteries produced
by arterial and ecardiac value stenosis, valve regurgitations, congenital heart
septal defects and arteriovenous shunts. The ability to detect turbulence ener-
gies simultaneously with high velocities “on line” with a video reproducable
format improves and hastens the diagnosis.

Quantitation of stenotic lesion is possible in terms of effective lumen
diameter and pressure drop produced by the blood flow. Cardiac output and
changes in stroke volume can also be computed.

As Doppler ultrasonic equipment and examination techniques improve
the range of Doppler detectable features of the circulatory system is expan-
ding. The frequencies generated by the Doppler effect represent the velocity
of blood streams in the heart, arteries and veins as well ag motions of the car-
diovasenlar structures. Blood velocity features from which diagnoses of abnor-
malities can be concluded include flow direction, acceleration, pulsatile wave-
form, as well as spectrum and spatial distribution of the flow streams. Ultra-
sonic frequencies from 2 to 10 MHz penetrate the body well and generate fre-
quencies conveniently falling in the aundible range allowing the use of the human
hearing system as an analytical tool. This arrangement, when used with an
understanding of hemodynamics, makes a remarkably cost-effective method
for diagnosis of many cardiovascular disorders.

We have exploited the unlimited frequency reso]utmn of CWD where the
spatial resolution of pulsed wave Doppler (PWD) was not needed in disease
diagnosis and quantitation. PWD is helpful where depth resolution is really
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important but works best with 2 dimensional echography and it thus becomes
less cost effective. OWD often provides more clear signals, safer power levels
and easier location of diagnostic signals.

For documentation and study analogue tracings of selected components
from the full spectrum of sounds generated has been widely used on available
polygraphs to follow estimations of mean or maximum frequencies. These
features, however, can be distorted by high energies produced by disease in
the low frequency ranges. Though high pass filtering can eliminate these distur-
bances much information in the complete spectrum is lost from future analysis.
The use of FSA from the fast Fourier transform (FEFT) in video format [1]
displays a much greater range of Doppler information than an analogue tracing
assisting at the time of the patient examination and in future analysis [2].
The directional A and B quadrature signals of the Doppler equipment in the
FFT analyses provides the equivalent of 256 band pass filters with a 10 ms up-
dating time. The energies produced in each frequency band are color coded on
a thermal scale with white representing the highest energies, red used for the
lowest and with oranges and yellows representing the middle ranges. Black
and white prints thus provide a gray scale with highest energies being darker.
The maximum edge of the spectrum (f,..) has the same clinical usefulness
desired of the analogue tracings to follow pulsatile contours, while preserving
the lower frequency information representing velocity distributions within the
vessel.

Normal laminar flow profiles in the internal and external carotid arteries
are shown in Figs. 1 and 2. The differences in f,,. contours are characteristic
of the internal and external carotids. Higher diastolic f,., contours, when
compared with the systolic peak fy.e reflects lower peripheral resistance in
the brain than in the external carotid.

Fig. 3 illustrates the ability of FSA to simultaneously follow the pulse
contours of f,,. and display severe turbulence phenomena. The high velocity
jet emerging from the stenotic arteries, represented by the high frequency
(8 KHz) Doppler signals, produces lateral excursions in flow both towards and
away from the probe resulting in high energy low frequency signals on either
side of the zero reference. The analogue tracings of the zero crossing meter out-
put are biased toward the lower frequencies and cannot follow the mean fre-
quency in this situation. FSA can assist CWD to increase spatial resolution by
displaying the superimposed spectra of two arteries lying in the ultrasonie
beam (Fig. 4). The use of the CWD imaging technique [3, 4] also assists in
specifying which branch at a bifurcatian is stenotic and which is nornal. CWD
imaging of the carotid bifurcation is achieved by holding the probe in a mechani-
cal arm fixing the angle of the ultrasound beam at 60° with the body axis,
If the same angle is assumed for an artery running parallel to the body axis
the frequency spectrum can be calibrated in m/s. For 5 MHz, in the case of Fig. 4,
one kHz is equivalent to 0.3 m/s.
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of the internal carotid artery. On the left the severe turbulence
strong dual directional energies in the lowest frequency ranges displayed on both
sides of the zero reference causing the ) erossing output to deecrease when, in fact, the
ing. On the right where turbulences are not as strong the meter
can follow the increas
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Fig. 4. FSA and 5 MHz CWD imaging technique for diagnosing stenosis at the origin of the
internal carotid artery at its origin from the common carotid. A CWD image of the carotid
bifurcation is seen in the lower right corner of the figure. The bright spot on the image repre-
sents the source of the spectrum displayed. The high frequency contour (> 12 kHz at peak
systole), with a typical internal carotid contour, indicates stenosis of this artery while the
superimposed external carotid spectrum, with only slightly elevated frequencies represents
collateral flow velocities. Turbulence, associated with stenosis, is represented by the high

systolic energies on both sides of the zero line
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The maximum CWD frequency sound within a stenotic segment of the inter-
nal carotid artery can be used to estimate the degree of stenosis in terms of
both stenosis diameter [5] (equivalent cross-sectional area) and the pressure
drop produced [6] by the stenosis. Fig. 5 illustrates the relationship between
peak systolic frequeney and minimum diameter found in arteriographic exami-
nations. The ability of CWD with FSA to predict the arteriographic diameter
of the carotid is very good in the middle velocity range from 1.5 to 3.5 m/s.

carotid stenosis
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Fig. 5. Relationship found by clinical experience between the CWD peak systolic fiax and

the angiographically determined diameter of 108 internal carotid arteries. One or both sides

were stenotic. The predictive values are for accuracy limits set at +0.7 mm and +1 kHz
(the limits of accuracy for both angiography and Doppler)

Mathematical modelling of the “orifice equation” is helpful in understanding
the hemodynamies of stenosis. The total pressure drop (4p) produced by a ste-
nosis can be caleulated by combining the three principle terms of Bernoulli,
boundary effects, and Poiseuille [7]. Fig, 6 provides a computer solution out-
put to such an equation for two cases of stenosis length showing how velocities
» increase with increasing degrees of stenosis, as in the clinical data of Fig. 5,
until the stenosis radius is less than 0.5 mm where velocities are diminishing
to zero. Though the relationship between radius and both Ap and » is affected
by stenosis length, the relationship between 4p and v is constant. For example,
at a velocity of 4 m/s, in both cases, 4p reaches 1/2 of its terminal value. Also
for all cases > 0.5 mm, where turbulence is quite apparent:

Adp[mm Hg] = 4v2[m/s].
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This simple relationship between Ap and » has been shown to hold for ste-
nosis of heart valves and probably is correct for carotid artery stenosis. CWD
combined with FSA provides a good method of applying these principles to
compute an important hemodynamic parameter.
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Fig. 6. Computer output of the “orifice equation” for the cases of internal carotid artery

stenosis. Note that at 4 m/s, in both cases of varying length, the pressure drop reaches one

half of its terminal value. — 1 mm length, — — — 10 mm length, p = 160 mm Hg, K, = 0.3
mm Hg/ml/min

Cardiac diagnoses, with combined CWD and FSA, include stenosis and
regurgitation of the valves, congenital septal defects as well as aortic coarcta-
tion and patent duetus arteriosus [8]. The diagnosis is made from the contour
and timing of f,.. which is increased above normal to follow elevated blood
veloeities through these orifices. Strong cardiae motion signals and severe tur-
bulence energies must be attenuated by means of a high pass filter. A few exam-
ples of CWD speectra that occeur in aquired valve lessions will illustrate the

usefulness of the technique. Fig. 7 demonstrates the high velocity signals of
aortic valve stenosis in a patient When directing a 2.5 MHz CW ultrasound beam
from the precordium apical region. Since this probe position produced the hig-
hest Doppler frequencies we can assume the beam was fto be in line with the
jet stream allowing the ordinate to be transposed to m/s. The pressure drop
aceross the stenotic orifice can the be caleulated from the equation previously
given.

OWD with FSA is especially sensitive to valve regurgitations and proba-
bly is more sensitive than standard contrast cineangiography. Slight aortie
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regurgitation is represented in Fig. 7 by the spectrum seen below the zero line
during diastole. Fig. 8 illustrates the regurgitant signals of mitral valve prolapse
where accentuation of the lower ranges of the spectrum oceurs in late systole.
The leak becomes large enough to produce strong turbulence signals displayed
both above to below the zero line. Normal mitral inflow signals are seen during
diastole below the zero line indicating no stenosis of the valve is present and also
the leak is not severe enough to noticably increase inflow velocities.
Changes in stroke volume of the left ventricle can also be followed from
the systolic velocity contours found in the ascending aorta and stroke volume
and cardiac output may be calculated when the diameter of the ascendin g aorta
is known from echocardiographic angiographically recorded sources [9] (Fig. 9).

-‘ﬁ-.u‘-—é‘i?.pl-.
LKD

Fig. 9. Microprocessor based method of calculating stroke volume and cardiac output from
CWD spectra of velocities found in the asecending aorta of a normal subject. The probe is
directed from the suprasternal notch and only the spectrum of veloeities directed towards
the probe (positive ones in this case) is analysed. The mean frequency is followed near the
upper edge, fiax. The diameter of the ascending aorta is set in each case. In the lower section
the trend of the cardiac output from heart rate and stroke volume is followed beat to beat

-
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In this study values of volumetric blood flow in the thigh, measured
using the impedance rheography, were compared with values of volumetrie
| flow in the common femoral artery, measured using the ultrasonic method.
Ii We examinated 32 healthy and 46 sick people with occlusion of the pelvie
limb arteries. More than 120 measurements were made on these subjects, We
ascertained diagnostic usefulness of both methods to simultaneous measure-
ment of blood flow in the peripheral vessels. It seems that association of both
of the methods — rheographic and ultrasonic — permits the collateral blood
flow to be calculated.

1. Introduction

One of the more significant hemodynamic parameters is the volu-
metric flow which permits quantitative evaluation of blood supply in the
area of tissue investigated. Studies concerning quantitative determination of
the volumetric flow have not so far been carried out to a large extent in
clinical practice because of lack of an appropriate measuring method.
Methods known for a long time and applied in physiological investigations are
not adequate for routine measurements. Only the introduction of the ultrasonic
and impedance methods makes possible quantitative appreciation of this im-
portant parameter. Both methods are non-invasive, harmless, painless for pa-
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tients. Besides that, their common feature is the use of the passive properties
of organism: in the case of impedance rheography this is change of impedance
for highly alternating current in the area of tissue examined, caused by a pul-
sating wave of blood [1]. In the case of the ultrasonic technique there is the
interaction of the ultrasonic wave with moving blood cells [3]. The purpose
of this work is a comparison between the volumetric intensity of a thigh blood
flow (determined by the rheographic method) and the volumetric intensity of
blood flow in the main vessel supplying the pelvie limb — the femoral common
artery (determined by the ultrasonic method).

2. Methods

Rheographic investigation consists in measuring and recording changes
of electric impedance of tissue and the rate of these changes i.e. the first deriva-
tive. The volumetric blood flow (in relation to the segment investigated)
can be qualified using this method on the basis of KusiceEk’s formula as
follows:

L2 dz

—— XTxHR [ml/min], (1)

O = ¢ ZF G

where p — resistance of blood, L — distance between the measuring electrodes,
Z — impedance, dz/dt,,. — amplitude of the first derivative of impedance
changes, T' — duration of blood flow, HR — heart rate.

In the pulse Doppler ultrasonic technique used in the hemodynamic in-
vestigations both echo and Doppler’s phenomena are combined. These pheno-
mena appear in the interaction of ultrasonic wave with moving blood cells
[3,4].

Adoption of the ultrasonic pulse technique and the triangulation head
permit the measurement of the diameter of a vessel and a distribution of velo-
cities in the cross-section of the vessel. The volumetric flow in the vessel exa-
mined was caleulated according to the following formula [8]

2

d
Qu = 0.67 X V oy max X7 X - X80 [ml/min], (2)

where d — diameter of the vessel, V. — mean flow velocity in the center
of the vessel.

Patients were examined in the supine position and then the ECG and
rheographic electrodes for limb off take were fixed. Previously the electrodes
were moistened or covered with special electrode-paste. For the rheographic
investigations the applique and striped receiving electrodes (made of alumi-
nium-foil and equipped with special fixing snaps) were used.

The distance I, for the receiving electrodes was on the average 10 em.
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The ultrasonic investigations were carried out using a special ultrasonie
triangulation head which was applied on the skin over the common femoral
artery. The position of the electrodes and the head is shown in Fig. 1.

Signals from both units were simultaneously recorded on a three-channel
recorder: the instantaneous flow velocity in the common femoral artery, ECG
and the first derivative — from changes in impedance in the tissue examined.

On the basis of the curves recorded and using the formulae given above
(eg. (1), (2)), the parameters @, and Q,, were calculated.

Fig. 1. Means of investigation UDP-30

of blood flow in the thigh using '

the rheographic and ultrasonic rheograph [_

methods., U — velocity of blood

flow in the common femoral arte- U AW Aen
ry (UDP-30), R — derivative of ECoAn

changes of impedance (rheograph) R NN ML

3. Materials

In the rheographic investigations a two-channel impedance rheograph

RJ — 2k (working in a four-electrode electric system) was used. This rheograph

~ was developed at the Institute of Precision and Biomedical Engineering, Tech-
| nical University, Warsaw, Poland. The device has a generator of rectangular
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Fig. 2. An example of blood flow
I I I recording from the healthy com-
| A At 2 mon femoral artery. I — instan-
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fgé:_ (UDP-30), 2 — ECG, 3 — velocity

of changes of impedance in the

Nﬂ_\“ l\_- N LA ﬁl; "-\.. 3 segment of the thigh, evoked
3 !T

by the pulsating wave of blood
e (dZ [dt)
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wave of 60 kHz and a two-channel detection system, permitting measurements
in two ranges of the basic resistance: 30 Q and 100 Q. Each channel of the
rheograph has an indicator of the basie resistance Z, and two outputs: for
the variable component of impedance A, and for the first derivative of ..
Sensitivity of the recording system was set on a level of 10 m Q/em for 4, and
0.1 Q/s/em for dz/dt [6, 7].

In the ultrasonic investigations a pulse Doppler ultrasonic flowmeter was
used. The flowmeter was built at the Institute of Fundamental Technological
Research, Polish Academy of Sciences. This device permits detection of flow
as deep as 4.5-5 ecm under the skin. Due to the application of an automatic
shift of the analysing gate across the vessel, it is possible to record directly on
paper time averaged velocity profiles in the vessel under examination.

T

— NGR4T | L

A

N Fig. 3. An example of blood flow recording from
J the common femoral artery by means of ultra-
1

= 2 sonic pulse Doppler flow-meter with automatic
ﬂ Vi shift of the analysing gate. 7 — distribution of
- . the instantaneous velocity, 2 — distribution

of mean velocity

:"ﬂ:

4. Results

Investigations were carried out on 32 healthy and 46 sick patients. Volume-
tric intensities of flow, @5 and @, were measured more than 120 times.

Sick patients were divided, according to the location of the occlusion (which
was qualified using the arteriographic methods), into three groups:

the aorto-femoral occlusion — 20 cases,

the femoral-popliteal occlusion — 18 cases,

the multi-level occlusion — 8 cases.

As a result of the investigations performed, we discovered correla-
tion of the volumetric flow in the thigh when measured using the rheo-
graphic method with the volumetric flow in the common femoral artery
measured using the ultrasonic method, both in the groups of healthy and sick
patients. In the group of healthy volunteers there was flow ranging from 120
to 600 ml/min., average 260 ml/min., while flow in the common femoral artery
was 110-300 ml/min., average 175 ml/min. In the group of sick patients with the
ocelusion of the pelvic limb arteries, the values of flow measured using both
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methods are lower than in the healthy subjects. There are also differences
in the level of the occlusion. The mean values of flow intensity in the thigh,
Qr, and in the common femoral artery, @, in the separate groups of patients,
along with the index of collateral circulation CCI (ratio of collateral blood flow
to the total thigh flow) are shown in Table 1.

Table 1
Occlusi on ty‘pe QR Qu CCI St aﬂdard dev’iation
a
aorto-femoral 110 50 0.55 0.12
femoral-popliteal 185 55 0.70 0.08
multi-level 60 25 0.58 0.08
normal 260 175 0.33 0.10

The results of the measurements are shown in Fig. 4. On the basis of ana-
lysis of regression and correlation (in case of small tests) linear interdependence
between the parameters @, and @, was found in all the groups. After the recon-
struction of the artery CCI decreased as a result of higher flow through the main
vessel (Figs. b, 6, 7).

Q,}
[ml/min]]

300

200

S —-— — et s et e

100 — e e it S S o — o e o

| 1 1
400 500 Qg [ml /min]

Fig. 4. Interdependence between the measurements of flow in the common femoral artery
Qu(UDP-30) and in the segment of the thigh @, (rheograph). O — healthy subjects (I) — Qy
=0.48 Qg+ 57, r = 0.78; 0 — aorto-femoral ocelusion (IT) — Q= 0.78 Q@ — 35, r = 0.95;
A — femoral-popliteal arterial ocelusion (III) — @, = 0.79 Qp+1, r = 0.62; @ — multi-
level arterial ocelusion (IV)— @, = 0.34 @ +4,5, r= 0.82; x — mean values. I (250, 175);
II (110, 50); III (180, 55); IV (60, 26)
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Fig. 6. Mean values of flow and CCI in femoral-popliteal occlusion before and after recon-
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5. Discussion

Taking advantage of the simultaneous measurement of flow in the whole
cross-section of the thigh and in the common femoral artery, both values were
calculated. In the case of the occlusion of the pelvic limb arteries the value of
the entire thigh flow and of flow in the main vessel supplying the pelvic limb
with blood permits estimation of collateral circulation. We also noticed that
the value of collateral blood flow in proportion to the total thigh flow changes,
depending on the level of the occlusion. We call it the “index of collateral
circulation”. In the group of healthy subjects the mean value of the index
of collateral circulation is 0.33. This value increases as flow in the main vessel
decreases. The mean values of ICC, depending on the level of the occlusion,
are also shown in Table 1.

6. Conclusions

1. The volumetric flow in a segment of the thigh measured using the
rheographic method reveals higher values than the volumetric flow in the
common femoral artery measured using the ultrasonic method.

2. The values of flow through the thigh and in the common femoral artery
are lower in the group of patients suffering from the occlusion of the pelvie
limb arteries. Both values depend on the level of the oecclusion.

3. The rheographic and ultrasonic methods complement each other because
the result of the total thigh flow and flow of the common femoral artery (mea-
sured selectively) can be a measure of collateral blood flow.

4. The rheographic and ultrasonic methods are non-invasive, harmless
for patients and can be applied many times before and after an operation, as
well as during a control examination.

b. Calculations of velocity of flow using both methods are not complex
but still laborious. So, for clinical adoption, it would be advisable to antomatize
the process of obtaining data in numerical form,
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The eclinical evaluation of the Doppler diagnosis was performed at the
level of inferior vena cava for quantification of tricuspid insufficiency (TT)
and in the aortie areh for evaluation of aortic insufficiency (AI). The ratios
were calculated between systolic and diastolic components: 1. for Al, between
peak systolic and end diastolic components, 2. for TI between peak systolic and
peak diastolic components. The results showed that: 1. the compliance of the
vessels may prevent the propagation of moderate modifications of velocity
curves; 2. associated valvular stenosis may disturb curves even far down-
stream; 3. systolodiastolic variations of vessel diameter may modify the rela-
tionship between angiographic grades and ratios: 0.890 for TI (61 patients)
and 0.86 for pure AI (65 patients); for both lesions, the differences between
the groups, defined according to the angiographic grade, were significant.

1. Introduction

Doppler velocimeters display spectral distributions or velocity curves
which depend on both the accuracy of the signal processing, the signal-to-noise
ratio, the occurrence of turbulences and the angle between the ultrasonic beam
and the axis of displacement of blood cells [2]. This angle has to be assessed
in three dimensions and, mainly at the level of cardiac chambers, the orientation
of stream lines with respect to walls is not well defined; thus the angle cannot
be measured in many instances. These problems, usually, prevent a quantita-
tive measurement of velocity. The purpose of this paper is to study the theore-
tical and clinical value of a method for overcoming this limitation.
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2. Principle

The principle of this method is to analyse velocity with a high signal-to-
noise ratio, in a region where the shape of velocity profile does not vary along
the cardiac cycle and where there is no turbulence, Provided those conditions,
the different components of a velocity curve along the cardiac eycle are consi-
dered as corresponding to stream lines analysed with the same angle with respect
to the ultrasonic beam. Therefore, the calculation of a ratio between two com-
ponents of a curve cancells out the angle factor, since it is the same for numera-
tor and denominator. In order to achieve these conditions, it is necessary to
perform the measurements within straight vessels, at some distance from the
lesions, instead of within the heart, at the level of the valves.

3. Evaluation of the apparatus

3.1. Apparatus

Commercially available spectrum analysers provide a visual presentation
of the distribution of Doppler frequencies; some systems allow calculation of
mean velocity which have an accuracy limited in many instances. Moreover,
a comparison of the zero-crossing counter output with the data obtained using
a spectrum analyser has demonstrated that the zero-crossing counter is accurate
in all the cases where the spectral presentation demonstrates the presence
of a rather narrow velocity distribution within the sample volume. For this
reason, we decided to use the output of a zero-crossing counter and a small
sample volume [5]. Some potential sources of limitation were studied: signal-to-
noise ratio, low frequencies due to wall motion, high-pass filters, occurrence
of aliasing.

3.2. Signal-to-noise ratio

1n order to test the influence of the signal-to-noise ratio, the bandwidth
of the apparatus was screened using single frequencies mixed with electronically
generated noise. The input frequency was compared with the output of the
velocimeter for different levels of noise. The results show that the relationship
between the two latter parameters is a straight line over a range which increases
with the signal-to-noise ratio. For the values encountered in practice, the upper
limit of this range corresponds approximatively to one third of the pulse repeti-
tion rate [4].

3.3. Wall motion

The artifacts related to wall motion were studied by adding a low frequency
with increasing amplitude to a Doppler signal. The results show that low fre-
quency introduces errors in the assessment of the direction of velocity. It em-
phasizes the importance of high-pass filters, in spite of the limitations that
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they introduce in the vicinity of the zero velocity: low frequencies are ignored
and measurements are no longer accurate over a range that depends on the
cut-off frequency of the filter,

3.4. Aliasing

Aliasing may ocecur in pathological or, even, in physiological conditions.
It can be detected and avoided by increasing the pulse repetition rate and/or
the angle between the ultrasonic beam and the axis of the flow.

4. Clinical evaluation

The clinical value of the method was evaluated with the purpose of a quan-
titative evaluation of aortic and tricuspid insufficiency.

4.1. Aortic insufficiency

4.1.1. Method

The modifications of flow due to aortic incompetence were studied at the
level of the aortic arch, at the beginning of its descending part: this position
was selected in order to avoid asymetries of velocity profile occurring in the ascen-
ding and the horizontal part of the aortic arch [6]. The recording was perfor-
med using a transducer positioned in the suprasternal notch and orientating
the ultrasonic beam posteriorly and to the left; the descending part of the
aorta is recognized by its echo landmark and its flow running away from the
transducer during systole. It can be analyzed using a 2D echo transducer but,
in order to set a high signal-to-noise ratio, it is often necessary to use a single
crystal probe.

4.1.2. Velocily curves

If the aortic valve is normal, the velocity has a negative U shaped com-
ponent during systole, a brief and small reversal component during the begin-
ning of diastole and is equal to zero during the end diastolic phase. In case
of significant aortic insufficiency there appears a positive reversal velocity
throughout diastole. The ratio was calculated between the peak systolic and
the end diastolic amplitude of the velocity curve.

4.1.3. Results y

The calculated ratio was compared to a four-stage semi-quantification
obtaine using selective supravalvular aortography on a series of 93 patients [3].
The correlation coefficient was 0.81; it increased up to 0.86 when considering
only patients without associated aortic stenosis (pressure drop of less than 10 mm
Hg at the level of the aortic orifice). All the differences between the groups
were highly significant.

4.1.4. Comments

Some sources of limitation appeared clearly, some moderate regurgitation
did not produce any end diastolic flow reversal at the level of the descending
aorta; it may be due to the high-pass filters and/or to the compliance of the
upstream part of the aortic arch.
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Usually, for clinical needs, an evaluation of regurgitant flow is considered
as more useful than the measurement of velocity ; therefore the systolo-diastolic
variations of diameter may be misleading; fortunately, the more severe the in-
sufficiency is, the more variations are important.

4.2. Tricuspid insufficiency

4.2.1. Method

Tricuspid insufficiency was studied using velocity curves recorded within
the inferior vena cava: the transducer was located in the epigastric area on the
patient lying in a supine position, in order to display the inferior vena cava
behind the liver; it is recognized according to its echo landmarks and its flow
pattern regulated both by the heart and respiration. Recordings were made
during the expiratory apnea in order to prevent any Valsalva manoeuver.

4.2.2. Velocity curves

The normal flow pattern was studied on 10 healthy subjects: there is
a predominent negative systolic component, the diastolic negative component
has a smaller amplitude and it ends at the onset of the atrial contraction that
may produce a brief reversal flow. In the case of atrial fibrillation, the amplitude
of the systolic component is smaller and the end diastolic flow reversal disappears.

In case of mild regurgitation, the amplitude of the systolic component
decreases; if the regurgitation is moderate or severe, a positive systolic flow
reversal appears.

The Doppler index of tricuspid regurgitation was caleulated between the
systolic velocity amplitude (measured at the top of the T' wave of the ECG)
and the peak diastolic anterograde velocity.

4.2.3. Results

The Doppler index was compared with a 5 grade semiquantification obta-
ined using selective right ventricular angiography [1]. On a series of 62 patients,
the correlation between angio and Doppler parameters is highly significant
(r = 0.89), all the differences between the groups are significant; and using
a variance analysis, we found an F value of 47.84.

4.2.4. Comments

At the level of the vena cava, variations of vessel diameter appeared to
be small. The limitations due to high-pass filters were not important because
a low cut-off frequency was used, according to limited wall motion. Otherwise,
in some instances the index could not be calculated owing to atrial arrhythmias
such as atrial flutter.

5. Conclusions

In order to obtain accurate relative velocity measurements using Doppler
echocardiography, it is necessary:

— to have an appropriate setting of the pulse repetition rate and of the
highpass filters,
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— to have a good position of the sample volume with respect to velocity
profiles,

— to have a high signal-to-noise ratio.

Provided those conditions, it is worthwhile to caleulate the ratios between
the parameters of the velocity curves, namely at the level of the great vessel.
This procedure allows an accurate evaluation of tricuspid or aortic insuf-
ficiencies.
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PULSED AND CONTINUOUS WAVE DOPPLER IN HEART LESIONS

LIVHATLE

Regional Hospital, Trondheim, Norway

Valvular obstructions and regurgitations can be diagnosed with either
pulsed or CW Doppler. By recording the maximum velocities with CW Doppler
the pressure drop across obstructions and across regurgitant valves can be obta-
ined, permitting assessment of the severity of obstructions and providing in-
formation on the right heart pressures. Congenital lesions can be diagnosed,
obstructions assessed and shunt size indicated.

1. Blood flow velocities

Flow velocity across the various valves in the heart can be recorded with
Doppler when a small angle is obtained between ultrasound beam and velocity.
With larger angles the velocity will be underestimated (at 25° the underestima-
tion will be 9 per cent). With pulsed Doppler the velocities are recorded in a small
area at a certain variable depth. The advantage is that a flow signal can be
localized in depth, the drawback that there is a limit to the wvelocities that
can be recorded. With continuous wave (CW) Doppler velocities are recorded
all along the beam, a flow signal cannot be localized in depth, but there is no
limit to the velocities that can be recorded.

The audio signal from the Doppler contains the frequency shifts from the
blood flow that is recorded. The higher the velocities the larger the frequency
shift will be and the higher frequency will be characteristic of the audio signal.
The audio signal will also be of the higher frequency the smaller the angle to
the velocity. The signal can therefore be used to find high velocities and the
positions and beam directions with the smallest angle to flow.

Obstructions to flow cause an increase in the flow velocity across an ob-
struction. This increase in velocity is related to the pressure drop across the ob-
struction, and the relationship is described by the Bernoulli equation. By in-
serting the mass density for blood and conversion to mm Hg a simple formula
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is obtained where the pressure drop is calenlated from 4 times the maximum
velocity squared. From the maximum veloeity recorded across obstructions,
the pressure drop has been obtained in valve stenoses, across prosthetic valves
and regurgitant valves [1—11]. In ventricular septal defects it can be used
to obtain the pressure difference between the two ventricles [12].

In most cases the velocity prior to an obstruction is so low that it can
be ignored in the calculation. But if it increases it should be considered, and
the pressure drop is then obtained by subtracting the squared velocity prior
to the obstruction from the velocity recorded past the obstruction squared.

When good Doppler signals with mostly high frequencies are obtained,
the maximum velocity can be recorded either with a maximum frequency esti-
mator or with spectral analysis. With the estimator the maximum velocity
during systole or diastole is seen as a single line, with spectral display the various
frequencies present in the Doppler signal at one time are shown. With weak
Doppler signals or signals which contain only few high frequencies, these are
more easily recorded with spectral analysis. Less than optimal Doppler signals
can occur from large depths or when a high velocity jet is only partly recorded
or in mild regurgitations. It is then more likely that the maximum velocity
present will be recorded using a spectral display and underestimation of the
maximum velocity and pressure drop less likely. The use of the audio signal
to obtain a small angle to flow is therefore likely to cause less error than an
attempt to correct for an assumed angle from the image.

The combination of Doppler with two-dimensional echo usually helps
to make the examination quicker, and in some patients abnormal flow signals
are more easily found. But the opposite also occurs, that these can be easier
to find with a separate Doppler without imaging. This can partly be due to
improved concentration and movement of the transducer when there is no ima-
ge, and partly to better access and higher sensitivity with the smaller separate
Doppler transducer,

2, Valvular obstructions

In mitral stenosis the increased flow velocity into the left ventricle in dia-
stole is recorded toward the transducer at the apex, or flow direction may be
slightly more medial. The velocity is highest in early diastole, it decreases more
slowly than normal, and in sinus rhythm there is a second peak following the
atrial contraction. The pressure drop can be calculated for 3-6 points during
diastole, the course of the pressure drop can then be drawn and the mean pres-
sure drop obtained. Fig. 1 shows mitral stenosis and mitral regurgitation in
two patients, one in sinus rhythm and one in atrial fibrillation. The great va-
riation in the mean pressure drop caleulated with varying diastolic length
can be seen, and this also illustrates the great variation in the pressure drop
in mitral stenosis with changes in the heart rate.
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When ultrasound and pressure measurements are carried out simultaneously,
there is good correlation between the two methods [1, 2]. When optimum Doppler
signals with a concentrated band of the highest frequencies are recorded, the
calculated pressure drop can be almost identical to that recorded with pressure.
In sinus rhythm the increase in velocity and pressure drop with atrial contrac-
tion may be more clearly seen in the velocity recording than in the pressure tra-
cing, unless the left atrial, and not the pulmonary capillary venous pressure,
is recorded [13].

CW Doppler apex

o Sl

Fig. 1. When recording with CW Doppler from the apex the high velocity through the mitrak
orifice is recorded toward the transducer in diastole and mitral regurgitation away from
the transducer in systole. In sinus rhythm there is a second peak following atrial contraction
(4). In the patient with atrial fibrillation (B) there is still a pressure difference between the
left atrinm and ventricle even in a long diastole, indicating significant obstruction. The
calculated mean pressure drop in A is 22 mm Hg, in B it varies with diastolic length, early
diastolic pressure difference is 256 mm Hg and at end diastole it is 2 and 13 mm Hg for the
two beats shown. Regurgitation is seen to start at mitral valve closure and it continues past
aortic closure, lasting until the mitral valve opens again

The degree of obstruction at the mitral orifice also influences the course
of the pressure difference during diastole. With more severe obstructions equal-
ization of pressures occurs more slowly and this is seen as a slower decrease
in velocity. The time it takes«<or the initial pressure drop to be reduced to half
that value is easily measured directly from the velocity curve. Half the initial
pressure drop will be where the maximum velocity is reduced to 'v/l/g or v/l.4.
The pressure half-time increases with an increase in obstruction, it is less in-
fluenced by flow than the pressure drop is, and can therefore be used to assess
the severity of obstruction, also when there is associated regurgitation [14].
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The pressure half-time in normal subjects is less than 60 ms, in mild to modera
mitral stenosis from 100-200, and from 200 up to 5-600 with increasing sev
rity of obstruetion. It is especially helpful in patients with low pressure d
due to low cardiac output where a long pressure half-time will help to avei
underestimation of severity. Tricuspid stenosis can be diagnosed and assesse
in the same way as mitral stenosis.
In aortic stenosis the best direction to the high velocity jet through th
orifice can be from the suprasternal notch, the upper right sternal border ¢
from the apex. The maximum velocity in the ascending aorta in normal subjeet
usually ranges from 1-1.7 m/s. In Fig. 2 the recordings from two patients wit]
aortic stenosis and regurgitation are shown, one with severe and one with ins
gnificant obstruction. The spectral curve in A4 shows a concentrated band o
the highest frequencies from the aortic stenosis indicating a good recordin;
from the aortic jet. This is not so clearly seen in B and possible underestimatio
-of the velocity might be questioned. But the shape of the velocity curve witl
an early peak and low velocities in the last part of systole also indicates insigni
ficant obstruction with practically no late systolic pressure difference.
The peak velocity gives the instantaneous peak pressure drop during systole
By calculating the pressure difference for some points during systole, the mean
pressure drop can be obtained. In earlier studies good correlation with recorded
pressure drops were found in children and young adults where good Dopple
-signals are easily obtained [4]. In older patients there was only moderate unde
estimation with good Doppler signals while with few high frequencies in the
signal velocity and pressure drop was significally underestimated. This was
a study using a maximum frequency estimator [15]. In a more recent study
with the use of spectral display, correlation with recorded pressures was good
also in older patients, there was a slight underestimation of the peak pressure
drop and a moderate underestimation of the mean pressure drop [16]. The
aortic jet could be reached in all, and the severity of obstruction was correctly
assessed in all.
The shape of the velocity curve reflects the course of the pressure drop
during systole and gives additional information about the severity of obstrue-
tion. In a study of more than 100 patients with aortic stenosis the time of the
peak velocity in systole was early in all patients with mild obstruction, and when
the time of the peak velocity was related to the left ventricular c]ectwn time
(LVET) a ratio of more than 0.54 was found in patients where surgery was
indicated [15]. This was done using a maximum frequency estimator, with
-spectral display the peak velocity will be showh earlier in systole, due to less
delay in the spectral recording. The severity of obstruction can therefore be
assessed also if there are significant changes in flow acecross the valve. With
increased flow, as with associated regurgitation, there will be a relatively high
velocity early in systole followed by a marked decrease, with severe obstruction
and reduced flow the velocity may not be so high, but with less decrease dur-
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ing systole. The LVET is another useful indicator of the severity of aortic
valve disease and it is easily measured from the amplitude of the Doppler signal
(Fig. 2). By combining the pressure drop, the time of the peak velocity and
the LVET a good assessment of the severity of aortic stenosis can be obta-
ined [15].

CW Doppler
apex

Fig. 2. Aortic stenosis and regurgitation recorded with C'W Doppler from the apex, aortie
flow is away from and regurgitation is toward the transducer. In A the obstruction is severe
with a calculated peak pressure drop of 125 mm Hg, and the velocity stays high during
most of systole. In B obstruction is insignificant, the caleulated peak pressure drop is 34 mm
Hg, but the velocity decreases rapidly and is low in late systole showing almost equalization
of left ventricular and aortic pressures. Note difference in scale from A to B. Velocity in
aortic regurgitation is high due to the pressure difference between the aorta and the left
ventricle in diastole, and velocity decreases as aortie pressure falls, The amplitude curve
below the phonocardiogram in B shows aortic valve opening and closure. Forward and regur-
gitant flows are continuous. Note the coneentrated band of the high frequencies in the aortic
stenosis in A which indicates that the jet is well recorded

3. Regurgitations

Doppler is a very sensitive method to diagnose regurgitations and this
has clearly shown the lower sensitivity of the clinical diagnosis. Mild regurgi-
tations cannot often be diagnosed clinically and even significant regurgita-
tions ean occasionally be present in the absence of a systolic or diastolic murmur.

14 — Archives 1-2/84
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The clinical diagnosis of mitral and tricuspid regurgitation can also be difficult
when there is a systolic murmur due to another lesion.

Aortic regurgitation can be diagnosed by recording with CW Doppler
toward the aortic valve, as shown in Fig. 2. With pulsed Doppler the high velo-
cities in the regurgitation will not be recorded, there will be aliasing with the
Doppler signal shown on both sides of the zero line [6], but the pulsed mode
can be used to record how far down in the left ventricle the regurgitation ex-
tends. This has been used to assess the severity [17]. Another way to diagnose
and assess severity of aortic regurgitation is by recording the reverse diastolie
flow on the descending aorta or the subelavian arteries [18]. It can also be
diagnosed by recording in the ascending aorta, but this is not a useful location
for assessing the severity since the amount of reverse flow velocities here varies
too much across the lumen. '

Mitral regurgitation can be diagnosed by pulsed or CW Doppler from the
apex (Fig. 1). With CW Doppler the high velocities in the regurgitation can
be recorded, with pulsed Doppler it can be shown that the reverse flow originates
at the orifice and the extension in the left atrium can indicate the severity
[19,20]. In the mitral valve prolapse or flail mitral leaflet the direction of
the regurgitant jet may vary more and a parasternal transducer position may
in some cases give a smaller angle to the regurgitation. '

Tricuspid regurgitation is frequently present both in patients with conge-
nital and with aquired heart lesions. It can be diagnosed and assessed in a simi-
lar way as mitral regurgitation [9,21]. Other useful information is obtain ed
by recording the maximum velocity in the regurgitation. Using the same for
mulae as in obstructions the pressure difference between the right ventricle
and atrium in systole can be calculated and the right ventricular systolic press
sure can then be obtained noninvasively [9]. If the right atrial pressure increases
the elevation of pressure as judged from the neck veins should be added. Good
correlation with pressure recording has been obtained [9,10], and in the ab-
sence of the right ventricular outflow obstruction this gives the systolic pressu S
in the pulmonary artery. ;

Pulmonary regurgitation can also be more frequently recorded with Doppler
than suspected from clinical findings, it is frequently present in patients with
some degree of pulmonary hypertension, but also seen without this [22]. When
there is no increase in diastolic pressure in the pulmonary artery velocity in
the regurgitation is low, but it becomes higher when the pressure increases.
From the maximum velocity in the regurgitation the pressure difference bet-
ween the pulmonary artery and the right ventricle during diastole can be e
culated and this is a sensitive method to detect increases in diastolic pressure
in the pulmonary artery. In mild regurgitations the Doppler signal ean be wes k,
and in mild tricuspid and pulmonary regurgitation the maximum veloeities
are far easier to record using spectral analysis than with a frequency estim ato
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4. Prosthetic valves

Prosthetic valves usually cause some obstruction and Doppler can be used
to assess this in the same way as for valvular obstruetions. For both mitral
and aortic valve prostheses both the course of the pressure difference and the
mean pressure drop are useful to diagnose increased obstruction. Significant
obstructions are easily shown, but to diagnose moderate increases valve type
and size as well as patient size and cardiac output have to be considered. Regur-
gitation in aortic valve prostheses is easily diagnosed, in mitral prostheses
a more careful search may be necessary and the combined use of Doppler and
imaging can be of help.

5. Congenital lesions

The increased velocities in pulmonary stenosis can be recorded with CW
Doppler from a low parasternal position in some cases, a higher one in others
and in some from an apical or subcostal position. Calculated pressure drops
correlate well with pressures recorded at catheterization [5,6]. With pulsed
Doppler the level of obstruction can be shown; if it is subvalvular the increase
in velocity will be recorded below the valve.

In ventricular septal defects the maximum velocity can be used to calculate
the pressure difference between the two ventricles. When a high velocity is
recorded, there will be a large pressure difference. If a low velocity is recorded
this may be due to a low pressure difference, but also to underestimation of
the velocity. In ventricular septal defects the high velocities are easier to record
with spectral analysis.

The velocity across atrial septal defects is quite low and is best recorded
with simultaneous imaging. The size of the shunt may be estimated from the
increase in flow velocity across the tricuspid and pulmonary valves, compared
to mitral and aortic flow velocities,

The patent ductus arteriosus can be diagnosed either by recording flow
into the pulmonary artery from a parasternal position, or reverse diastolic
flow in the descending aorta below the level of the duct. When recording with
CW Doppler up through the main pulmonary artery high velocities toward the
transducer ean be recorded throughout systole and diastole when there is no
pulmonary hypertension. With pulmonary hypertension the velocity will be
low and flow through the duct may be found only during part of the cardiac
cycle.

In coarctations of the aorta increased velocity can be recorded with CW
Doppler toward the descending aorta. The pressure drop can be obtained and
is useful especially in the assessment following surgery.
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A new technique in the scope of cardiac ultrasound — “contrast Doppler
echocardiography” — is introduced and its first clinical applications are presen-
ted. The presence of contrast material within the right heart cavities following
{he peripheral vein injection is easily recognized by characteristic Doppler signal
changes. This knowledge was used to detect a small amount of contrast passing
through atrial (ASD) or ventricular septal defect (VSD) towards the left heart
cavities despite the dominant left-to-right shunting. The high sensitivity of
contrast Doppler in those conditions was presented by correct diagnosis of
10 ASD and 3 VSD. Besides that, the other application of this technique is
in selected cases of tricuspid regurgitation.

Therefore, the combination of both pulsed Doppler and contrast echo-in-
vestigation seems to be advantageous in the diagnosis of the mentioned diseases.
However, further research in this very specialized method is required.

1. Imtroduction

| Both pulsed Doppler and contrast echocardiography are well established
methods evaluating the character of blood flow within the heart and the great
vessels. Recently, it has been shown that microbubbles are very good for Dop-
pler studies [4], however, the clinical value of this technique still remains to
be defined.

Contrast Doppler echocardiography (CDE) has been used in our laboratory
since 1982 and here the first clinical experiences with the application of the
method in some heart diseases are presented.

2. Material and methods

For the examination by CDE we selected the following groups of patients:

Group 1, atrial septal defect — ASD -

10 patients with ASD proved by heart catheterization were studied. A cat-
heter introduced into the right atrium passed through the defect to the left
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atrium in all of them. Then, using a standard dye-dilution technique a left-
to-right (L—R) shunt was demonstrated ranging between 20-80 per cent of
total pulmonary blood flow (TPBF).

Group 2, tricuspid regurgitation — TR

The group comprised 11 patients — 9 with rheumatic mitral valve disease
and relative tricuspid insufficiency, 1 with Ebstein’s anomaly and 1 with ad-
vanced coronary heart disease with mitral and tricuspid regurgitation due
to dilation of both ventricles. TR was positive on right ventriculograms in 4
patients, in the other 7 subjects clinical and pulsed Doppler findings suggested
the presence of TR.

Group 3, venitricular septal defect — VSD

Only 3 patients were included in this group: 2 with congenital VSD proved
by catheterization with existing L —R shunt of 69 and 17 per cent of TPBF,
respectively, and 1 patient with acquired ASD due to the musecular septum
rupture in acute myocardial infarction. The last diagnosis was confirmed at
autopsy.

3. Contrast Doppler echocardiography — CDE

A one-dimensional ATL 500 A Pulsed Doppler system was used to detect
the passage of contrast material within the heart cavities or the great vessels.
Contrast echocardiography was performed according to the recommendations
of ROELANDT [7]. As the contrast we used 5 —15 ml of aereated saline or 5 per
cent dextrose injected via a teflon cannula introduced into the antecubital
vein of the left arm. The Doppler measurement and recording started simulta-
neously with the injection of the contrast medium.

In agreement with the recent report of GOLDBERG et al. [4], we observed
the characteristic changes of Doppler output due to the passage of microbubbles
through the sample volume. An audible flow signal was altered to a very typi-
cal high-pitched erackling sound whenever the microbubbles acted as ultraso-
nic reflectors. The character of this sound is so specific that according to our
experience it cannot be mistaken for Doppler reflections from red blood cells
or heart structures. Another pattern seen on the graphical Doppler display was
a marked rise in the signal strength indicator followed by an obvious dispersion
of the time interval histogram (TTH) dots indicating the turbulent flow. Howe-
ver, both of the latter events following the rapid injection are partly due to
the actual and temporary flow increase. Therefore, we consider only the presence
of all the mentioned Doppler abnormalities necessary for true microbubble
detection.

The simultaneously recorded M-mode tracing allowed us to observe the
presence of the contrast within the heart cavities, correct localization of Dop-
pler sample volume and timing of Doppler signal changes.
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4. Results and discussion

Atrial septal defect — ASD

The alterations of the Doppler signal as described above were distinetly
observed in all of the 10 patients investigated. Doppler sampling performed
within the left atrial outflow tract, i.e. under the echo of the anterior mitral
leaflet, indicated an abnormal passage of isolated microbubbles (Fig. 1). Our

' u; i ka Mk ﬁ}é:'
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Fig. 1. Atrial septal defect. After the contrast injection the contrast appears within the

right ventricle and some isolated mierobubbles passing through the mitral orifice caunse

the turbulence pattern on TIH (the dispersion of the dots along the mean velocity eurve)

and a marked rise in the signal strength indicator (bottom). The sample volume (a solid line
in M-mode tracing) is inserted into the mitral orifice (MV)

results support some previous studies dealing with contrast echocardiography
in cases with dominant L —R atrial shunts [1-3, 5, 6, 8]. However, single
contrast echocardiography detected some isolated mierobubbles only in 7
of our 10 patients (Fig. 2). Therefore, we believe that the CDE findings yield
more impressive and convineing results than a single one dimensional echoeardio-
graphy. The enhanced sensitivity of CDE makes it a method of the first choice
in direct non-invasive ASD detection. The other advantage of CDE seems to be
the possibility of reducing the number of contrast injections to obtain the
positive result.
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To evaluate the specificity of CDE in ASD, we examined another group
of 10 patients with various rheumatic valve diseases but without any evidence
of ASD. The only observed abnormality following the contrast injection in 6
of them was a temporary increase in the Doppler flow signal within the left hearfi
cavities, with no audible signal indicating the presence of microbubbles. We are
convinced that there exists no possibility of false positive findings for an ex-
perienced Doppler investigator excluding the occurrence of spontaneous con-
trast.

Fig. 2. The image of isolated microbubbles within the left atrial outflow region in M-mode
recording (arrow indicates the microbubbles)

Besides the patients with ASD, one subject with patent foramen ovale
(PFO) and haemodynamically insignificant I —R shunt of 9 per cent of TPBF
showed a negative CDE finding. Nevertheless, we must stress that we did
not use the Valsalva maneuver to increase the right atrial pressure and thus rever-
se the direction of the shunt flow. Perhaps, in such cases this provocation is
valuable and should be recommended [5].

Tricuspid regurgitation — TR

In our study we used two different positions of the Doppler sample volume
to detect regurgitant microbubbles in tricuspid insufficiency.

The first sampling was performed within the right atrial outflow tract,
i.e. under the echo of the anterior tricuspid leaflet. This approach yielded truly
positive results in all of the 11 successive patients. After the contrast injection
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a very strong and typically modified Doppler signal was detected in this region
during systole (Fig. 3). In fact, the finding resembles closely the conventional
Doppler abnormality in this condition, but it is much more pronounced and
convineing.

The other Doppler sampling was done within the inferior vena cava (VCI).
Using only M-mode echocardiography in the subcostal approach, successful

=

imaging of the VOI was possible in 5 of 11 cases. Every successful positive

Pig. 3. Tricuspid regurgitation (VTI). The typical Doppler changes due to the regurgitant
microbubbles towards the right atrial outflow tract-RA (sample volume under the echo
of anterior tricuspid leaflet VT)

finding presented itself as Doppler signal change during several successive
systoles (Fig. 4). Although the microbubbles were recorded in M-mode recor-
ding in all positive investigations, the Doppler signals of the present contrast
lasted markedly longer than its visualization. Sometimes the Doppler samp-
ling helped us to recognize the VCI more easily than M-mode echocardiography
did.

With respect to the high sensitivity of CDE in TR, we would recommend
this technique as a selective procedure only in cases with non-convincing Dop-
pler or contrast findings.

Ventricular septal defect — VSD

Our experience with VSD to data is limited to a very small number of
examined patients — 2 with congenital VSD and 1 subject with muscular septum
rupture due to an acute myocardial infarction. In all the three cases the CDE
investigation revealed the abnormal passage of isolated microbubbles from



Fig. 4. Tricuspid regurgitation. The diastolie-systoliec turbulence pattern due to the regur-
gitant microbubbles into the inferior vena cava (VCI). The arrows indicate the moment
of Doppler changes

Fig. 5. Ventricular septal defect. The Doppler tracing changes due to the microbubbles

entering the left venfricular outflow tract (see arrow). Doppler sampling performed in the

left ventricular outflow tract, close to the left septal border. (IVS... septum, asterisk indi-
cates the contrast within the right ventricle)
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the right ventricle towards the left ventricular outflow tract that cannot be
observed in healthy persons (Fig. 5). Despite a dominant L —R shunt our
results indicate the presence of a small interventricular & —L shunt that might
probably be facilitated by the turbulence of shunt flow.

The diagnosis of VSD by M-mode echocardiography is extremely difficult,
if ever possible, and completion of the examination by pulsed Doppler increases
the sensitivity to approximately 50 per cent, according to our experience in
adults. Therefore, any other non-invasive approach to deteet this condition
is valuable. From this point of view, our results would be promising; neverthe-
less, they would need further verification.

In conclusion we dare say that the CDE combines the advantages of both
pulsed Doppler and contrast echoecardiography with encouraging results in
the detection of atrial and ventricular L —R shunts and tricuspid regurgitation.
We believe that this completely new application of cardiac ultrasound will
become a selective procedure in every well established echo-laboratory.

References

[1] P. D. V. BourpiLLoN, R. A. FoaLe, A. F. RicKARDS, Assessment of atrial septal
defects by cross-sectional echocardiography, in: Echoeardiology, C. T. LANCEE (ed.), Martinus
Nijhoff Publ.,, Hague-Boston-London, 1979, 61-65.

[2] T. D. FRAKER, S. MyERs, J. A. Kissro, Delection and exclusion of interatrial shunis
by contrast two-dimensional echo, Cireulation, 58, suppl. II, 187 (1978).

[3] B. W. GiLeeRT, M. DrROBAC, H. RAKOWSKI, Contrast twodimensional echocardiograp-
hy in inter-atrial shunts, Amer. J. Cardiol., 45, 2, 402 (1980).

[4] 8. J. GOLDBERG, L. M. VALDES-CRUZ, Y. CARNAHAN, H. HorNEckE, H. D. ALLEN,
D. J. Sanx, Comparison of microbubble detection by M-mode echocardiography and two-dimen-
sional echo/Doppler technique, in: Echocardiology, H. RussterBorcH (ed.), Martinus Nijhoff
Publ., Hague-Boston-London, 1981, 263-267.

[6] G. Kronik, Contrast M-mode echocardiography in patients with interatrial communi-
eations, Ultrasound in Med. Biol., 8, 5, 501-508 (1982).

[6] P. NiepERLE, P. FripL, E. KoUDELKOVA, P. JEBAVY, M. HACO, Oonirast echocar-
diography (in Czech, summary in English), Vnitini Lék, 29, 8, 791-801 (1983).

[7] J. RoevanpT, Contrast echocardiography, Ultrasound in Med. Biol., 8, 5, 471-492
(1982).

[8] P. W. BerrUYS, M. vaN dEN Branp, P. G. HueeNuOLTZ, J. ROBLANDT, Intracar-
diac right-to-left shunts demonstrated by twodimensional echocardiography after peripheral
vein injection, Brit. Heart J., 42, 5, 429-437 (1979).




ARCHIVES OF ACOUSTICS
9, 1-2, 223-232 (1984)

METHOD OF CHECKING THE FUNCTION OF IMPLANTED ARTIFICIAL VALVE BY
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The usefulness of pulsed Doppler echocardiography for verifying the
function of implanted Bjork-Shiley tilting dise valve prosthesis was checked
experimentally in vitro. The valve was built into a physical model of central
blood circulation. This arrangement permitted simulating examination of the
implanted valve by a pulsed Doppler device with the advantage of simplified
and well defined hydrodynamic conditions.

Detection of valvular insufficiency is very sensitive and specific in contrast
to valvular obstruetion. This is due to the masking of the hydrodynamic signs
of obstruction by flow disturbances downstream the valve despite its normal
fanetion.

The same experience was made following the clinical application of pulsed
Doppler echocardiography in our Institute. The examination technigque has
become a routine part of the periodic postoperative follow-up of patients with
implanted artificial valves.

1. Introduction

The diagnostic criteria for a routine evaluation of the function of a na-
tural valve by pulsed Doppler echocardiography (PDE) have already been
established [1, 3]. However, they cannot readily be applied to artificial valves
because of some of their hydrodynamic peculiarities. Such special properties
are also inherent to the Bjork-Shiley (B —S8) tilting dise valve prosthesis, which
is most commonly implanted in our institute.
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In order to define the role of PDE in the postoperative follow-up of patients
with implanted B —8 valves, we used two parallel approaches: the direct clini-
cal experiment and the experiment in vitro on a hydrodynamic model of the
heart. The latter approach, which has the advantage of defined circulatory
conditions, is the object of this paper.

2. Method and instrumentation

The study was performed under three basic conditions:
1. normal valve function, 2. regurgitation, 3. obstruction.

The circulation model schematically represented in Fig. 1 was filled with
a liquid, resembling blood in density, viscosity, electric conduectivity and cor-
puscular character [2]. It is composed of distilled water, glyecerine, sodium
chloride and stabile copolymeric spherical particles averaging 10 pm in diameter,

Valve obstruction was achieved by reducing the valve dise opening angle,
while regurgitation was simulated by mechanical prevention of the disc closure.

gl
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Fig. 1. Scheme of the circulation model. 4 — suspension container, B — valve allowing

the suspension to flow only from the contained to the pump, € — electromagnetically driven

piston pump, D — ultrasonie probe holders (movable along the tube H and rotatable around

it), B — tube 23 mmi.d., F — tested B—§ valve, @ — windkessel substituting the compliance

(capacity) of the arterial system, H — probe of the electromagnetic flowmeter, I — fittings
for pressure transducers, J — clamp for the control of peripheral resistance
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For the PDE examination we used the module 500 A (Advanced Techno-
logy Lab., USA) together with the standard Echocardiovisor (Organon Teknika,
Holland).

3. Results

Normal valve function

Local flow was sensed by placing the ultrasonic sample volume (8V) at
various sites close to the B —S valve (up to 25 mm down — as well as upstream
with respect to the valve dise).

In general, the flow downstream the valve is disturbed by the dise anb
displays a turbulent character. The scheme in Fig. 2 explains the nomenclature
used in further text. It also shows two basie (among many others used during
the study) rotation angles § of the ultrasonic probe on the downstream side
of the valve.

disc e

\ channel :
/

forward flow

ring

valve

major
channe!

probe
\ \ B=180°
\

Fig. 2. Scheme of B —8 valve (opened disc). The ultrasonic probe is drawn in two specific

downstream positions defined by the angles of rotation f = 0° and 180°. The ultrasonic

beam is always directed under the angle a = 60° against the valve regardless whether the
probe is on the up- or downstream side of the valye

Fig. 3 shows the experimental results with SV placed above the disc in
the minor channel for f# = 0° (see the legend for curve identification). During
the pump systole the flow was turbulent (abnormally scattered dots along
the wave of the spatial average velocity). A negative wave during the first third
of diastole mimicks regurgitation, which is, however, not confirmed by the elec-

15 — Archives 1-2/84
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Tig. 3. Normal valve function. 8V in the minor channel approximately 3 mm downstream
the valve ring and 5 mm from the tube wall (i.e. f = 0°). 1 — flow sensed electromagnetically,
2 — “gystemic” pressure, i.e. downstream the valve, 3 — pressure in the pump ventricle,
i.e. upstream the valve, 4 — M-mode record of the valve disce action (with numerous rever-
berations), 5 — pump control pulses, 6 — local flow velocity sensed by the PDE system
(solid line = wave of spatial average velocity within 8V, dots: their scattering gives a quali-
tative knowledge about the width of Doppler signal frequency spectrum — this facilitates
identification of the turbulence induced spectral broadening), 7 — instantaneous power
of the Doppler signal (used mostly only for optimal setting of the pulsed Doppler device)
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L

tromagnetic flowmeter. This phenomenon may be explained by flow reflection

due to dise closure.
A recirculation zone with zero forward net velocity was found close to

the disc [0] (Fig. 4).
In contrast to Figs. 3 and 4, Fig. 5 illustrates the situation when the ultra-
sonic beam was directed almost parallel to the stream in the major channel

.20
kPa. l/mi

Fig. 4. Normal valve function. 8V in the recirculation zone — above and close to the dise

B =09

. o
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(B = 180°). SV was located beneath the disc. The Doppler shift exceeded the
Nyquist limit with respect to the repetition frequency of ultrasonic bursts so
that higher Doppler frequencies could not be unambiguously detected. Conse-
quently, the average velocity wave changes sharply its polarity.

Further downstream, approximately 100 mm from the valve ring, flow dist-
urbances fade out and the flow profile becomes axisy mmetrical and rather flat.

-20
kPa~ |/min
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Fig. 5. Normal valve function. 8V in the major channel beneath the disc (§ = 180°). Nyquist
limit is exceeded
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As expected, the flow on the upstream side of the valve is laminar.
Obstruction

The presence of distal flow disturbances seen on examination of natural
valves is a reliable sign of valvular stenosis. However, this criterion does not
hold for the B—8 valve because, as shown above, turbulence in the distal

.20
kPa . |/mj

ey s TR L

Fig. 6. Regurgitation (10 per cent). 8V is placed in the near vicinity of the valve on its up-
stream side. Regurgitation is objectivized by electromagnetic flowmeter and also shown

on velocity record by PDE
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vicinity of the valve is normal. Therefore, 8V should be placed further down-
stream where the valve dise no longer affects flow. On the other hand, the thus
located SV fails to reflect sensitively and reliably even a meaningfull valve
obstruction — for instance, a mean pressure gradient of 5.3 kPa in our experi-
ment.

Regurgitation

Unlike obstruction, regurgitation can easily be evaluated qualitatively.
Provided SV was located upstream close to the valve, elinically insignificant
insufficiency quantified by regurgitation fraction of 10 per cent was reliably
recognized. (It should be noted that in a normal valve function the closing re-
gurgitation is 3-5 per cent [4]). Fig. 6 shows 10 per cent regurgitation.

We also tried to quantify valve insufficiency by evaluating the regurgita-
tion fraction. The axial veloeity of flow was sensed 100 mm downstream the
valve, i.e. in the region of undisturbed flow, and the regurgitation fraction
was evaluated as the ratio of areas under the diastolic and systolic parts of
velocity curve. This estimate was compared with the regurgitation fraction
objectively determined from electromagnetically measured flow (Fig. 7).
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Tig. 7. Comparison of the regurgitation fraction estimated by PDE and objectively evaluated
from electromagnetically measured flow

4. Discussion

Our findings related to the near downstream region correspond to the
results of YOGANATHAN [5], who performed a complex flow measurement using
a laser-Doppler anemometer. The valve dise induces major flow disturbances
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which may thus mask obstruction. Moreover, PDE flow patterns strictly depend
on SV location and ultrasonie beam direction. In clinical praxis, these topolo-
gical relations cannot, however, be reliably defined, especially because of the
unknown position of the valve dise plane with respect to the chest surface.
On the other hand, in a more distal region, where the hydrodynamie situation
becomes clear, the sensitivity of PDE to valve obstruction decreases.

The diagnosis of valve regurgitation relies on upstream flow inspection.
Any turbulence in the proximal region of the valve is an obvious PDE symptom
of regurgitation.

The relation between a true regurgitation fraction and its Doppler esti-
mate is nonlinear. The correlation coefficient of the regression is not too high,
as one might expect from a very simplified cireulatory model. This is probably
due to the fact that local velocity sensed by PDE cannot in general be a good
representation of the volume flow. A more detailed analysis showed both the
true and by PDE measured systolic volumes to correlate well, while in contrast,
the regurgitation volume is underestimated by Doppler measurement.

5. Conclusion

This experimental approach enhanced the reliability of periodic PDE
examination of patients with implanted Bjork-Shiley valve prostheses. Our
results obtained in vitro correspond to those made since the clinical application
of PDE.
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Imaging pulse cardiac Doppler was used to investigate congenital heart
conditions in children. Preliminary investigations were carried out in a group
of 15 healthy children and in 23 children with congenital heart diseases. The recor-
dings in normal children and in children with ventricular septal defect (VSD),
atrial septal defect (ASD), patent ductus arteriosus (PDA) and with coarctation
of aorta (CoA) will be shown.

1. Introduction

Encouraged by the excellent work and results of HATLE and ANGELSEN [1]
we modified the previously described 4 MHz Imaging Gated Pulse Doppler
(IGPD) [3] to investigate congenital heart conditions in childrens. Important
modifications were made to increase the workable Doppler frequency range
(maximum velocity). Double repetation frequency rate was introduced; 6.7
kHz for the whole penetration range of about 12 em corresponds to V.= 63
em/s (0°) and 126 ¢m/s (60°), 13.4 kHz (6 cm) corresponds to V.= 126 em/s
(0°) and 252 em/s (60°).

A set of variable high-pass Doppler filters was used to prevent the output
signals of the artifacts due to the movements of the heart walls and valves.
The low cut off frequency was adjustable at 200 Hz, 600 Hz or 1200 Hz. The
last one was in fact the most preferable in our investigation.

The upper range of the maximum velocity 2.5 m/s at 6 ecm depth was
often too low for estimation of the jet velocity in VSD and CoA. In order to
minimize the aliaging problems due to the range — velocity ambiguity, in pulse

B
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Doppler systems, a new type of alias tracking technique was implemented
on the basis of the HARTLEY approach [2]. The tracking unit extends the wor-
kable range of Doppler frequencies from — 1/2 PRF to PRF. In terms of velo-
city it is equal to 1.2 m/s and 2.5 m/s (0°) for PRF, 6.7 kHz and 13.4 kHz res-
pectively. With some additional limitation the frequency range can be extended
even up to 11/2 PRF.

PRF.

aliases resolving - 3. L+ PRF:
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Tig. 1. Alias resolving trucker simulation for PRF (a) and 1 1/2 PRF (b)

The sample volume was 3 X6 mm — transmision duration of 4 us corres-
ponds to ~ 3 mm in the tissue and the diameter of the ultrasonic beam in the
zone of weak focusing does not exceed 5 mm.

The advantage of IGPD with its A scan Doppler in examination for con-
genital heart conditions results from the ability to visualize landmark signals
in front or behind the region of interest and thus facilitate the localization of
diagnostic signals.
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Fig. 2. Resolving of aliasing in the ascending aorta
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- Fig. 3. Velocity recording in the descending aorta with low (6.5 kHz) and high (13 kHz)
PRF. Obvious aliasing seen for low PRF
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2. Results

Preliminary investigations of the intracardiac flow were carried out in
a group of 15 healthy children and in 23 children (age 3 to 14 years) with con-
genital heart diseases.

The patients were examined in supine or lateral position. No medicine
was adminstered prior to examination. ECG and phono (from left clavicle site)
were recorded simultaneously with Doppler. In each case we tried to follow
the examination sequence: aorta, pulmonary artery, mitral and tricuspid
valves areas. Flow velocities in the ascending and descending aorta were record-
ed from the suprasternal notech.

Angling the transducer to align the ultrasonic beam and the velocity vee-
tors, the best sound and the highest Doppler frequency (highest velocity peak)
in the sample volume were obtained.

Aiming the probe forward and little to the right for the flow in the ascen-
ding aorta and backward to the left for the reverse (slightly smaller) flow in
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Fig. 4. Flow velocity paterns in the normal descending aorta A, recorded from the supraster-
nal noteh and in the pulmonary artery PA recorded from the second intercostal space
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the descending aorta these two flows were recorded. Velocity curves in the pul-
monary artery were recorded under the left clavicle aiming the probe down-
ward and medially or from the first or second intercostal space. The curve
shape. and characteristic “click” sound of the valves are usually good guides.
Compared with the flow in the both great vessels the flow in the aorta is faster
and reaches its maximum value sooner than it does in the pulmonary artery,
where the flow curve is often triangle-like with rounded peaks.

To record the flow in the left ventricle the probe should be located medically
to the apex and upward, with the patient in supine or lateral position,
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Tig. 5. Flow velocity patterns (normal) at the level of the tricuspid TV and mitral MY valves

Again, the characteristic sounds of the mitral value opening and closure
clicks are primary in proper location. Flow curves are then recorded in the left
ventricle at various depths toward the mitral valve and in the left atrium.
Mitral flow usually shows two peaks (M shape) with the second peak slightly
smaller — the first one in the early diastolic filling and the second in the atrial
contraction.
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Fig. 6. Coarctation of aorta disturbed flow proximal (3.5 em depth) to the coarctation and
increased systolic flow with continuous diastolic component within the coarctation (4.5 em
depth) were recorded
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Fig. 7. Velocity patterns in the descending aorta at 4 em, 5 em, and 6 cm depth at patent
ductus arteriosus (PDA) level (5 em); disturbed flow was recorded in one channel and reverse
flow in diastole in the second channel was recorded
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Fig. 8. For atrial septal defect (ASD) almost double abnormal velocity was recorded through

the tricuspid valve from the apex position. At the depth of 8.5 cm in the right atrium for-
ward flow in mid systole and diastole was recorded

i\ Ve T

e

a5

05

IS, ENTE SN TSN I-j

10

V

v

WL

PA

MM 7 VSD

A\
\

vsD

Fig. 9. Velocity recordings for ventricular septal defect (VSD). Increased velocity with irre-
gular and prolonged descending arm in diastole in the pulmonary artery PA is noticed. High
velocity (jets) through VSD exceeds veloeity range (2.5 m/s) resolved with aliasing trucker
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Directing the probe to the right and closer to the sternum border the
tricuspid flow can be located. In healthy children the peak flow through the
tricuspid valve is smaller than that through the mitral valve and the M shape
is not always elearly distinet.

Some variation in recordings due to the respiration occur.

The most significant recordings were obtained in VSD [5], PDA [5], CoA
[4] and ASD [4].

With the ventricular septal defect (VSD) the probe was located in the second
or third intercostal space and the sample volume varied its depth from 2 to 4 em.
At this site the flow velocity in the right ventricle could be recorded starting
early in systole with a very high distributed velocity in systole and early diastole
exceding 2.5 m/s (limit for the alias tracking circuitry at 0°). With the patent
ductus arterious (PDA) at depth of 5-6 ecm from the suprasternal notch, distur-
bed flow in the descending aorta was registered in systole and reverse flow in
early diastole. With the coarctation of the aorta (CoA) a distinet increase in
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Fig. 10. Child with tetralogy of Fallot. Flow velocity through ticuspid valve is slightly in-
creased. High velocity (over 2.5 m/s) through VSD
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velocity was observed with a prolonged descending arm of the velocity curve.
In general, next to the coarctation, a continuous component of flow can be
seen. With the atrial septal defect (ASD), the probe was placed in the medial
apex position and to the right. At a depth of 8.5-9 cm the flow velocity was
recorded in systole with a secondary rise in atrial contraction.
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Fig. 11. An example of IGPD ability to detect the main coronary flow in a healthy child.
Diastolic (two peaks: coronary flow-upper trace and pulmonary flow-lower trace)

3. Conclusions

A new type of imaging pulse Doppler was used for the examination of
cardiac flow. In particular, its imaging possibilities are of great assistance in
the proper positioning of the sample volume within the region of the heart
chamber under investigation. Recordings of the coronary flow are good exam-
ples of this ability. -

Recordings of the aortic flow from the suprasternal notech were easy to
obtain in all eases (for asecending and descending aorta), giving us the important
diagnostic information on the coarctation of aorta and patent ductus arteriosus.

16 — Archives 1-2/84
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The examination of the flow through the tricuspid and mitral valves
require more experience, especially in the left and right atrium.

Location of VSD and its high jet velocities was easily performed after
proper positioning of the sample volume, however, we could not estimate the
peak velocity due to the maximum Doppler frequency limit of 2.5 m/s.
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A new version of an analog multi-channel serial processing imaging gated
pulse Doppler (IGPD) was developed. By combining double I/Q fixed echo
cancellers with a phase detector and a double-loop recirculating delay line
integrator (all made from C.C.D. delay lines), we obtained the degree of cancel-
lation better than 60 dB. The penetration range of the device was 12 em permit-
ting the investigation of the intracardiac flow. The results of the preliminary
application of IGPD to the detection of patency of coronary bypass grafts will
be shown.

1. Introduction

Some existing ultrasonic instrumentation has shown great promise in being
effective in examination of the coronary circulation [2, 7]. The left main coro-
nary artery has been reliably detected and stenosis at this site has been dia gnosed.
The technique has not had a wide use, perhaps because of difficulty in use and
restriction to only some vessels.

Our work seeks to improve ease of use and ability to detect the coronary
vessels by imaging the flow in the vessels. This mapping requires the rejection
of echoes from the strongly reflecting but slower moving structures of the heart
tissues, while retaining the weak echoes scattered by the blood. Ideally the
output A mode trace amplitude should be proportional to Doppler frequency.
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The first successful efforts towards practical digital realisation of such
system were made by GRANDCHAMP [3], BRANDESTINI [1], and recently by
Hoxrks [4]. An analog solution was sought for simplicity and to provide a large
dynamic range, since the strong fixed echoes from the heart could surpass the
range of available “flash” A —to—D converters.

We developed an economical and workable system which combines can-
cellation and phase detection to achieve a fixed-echo cancellation ratio of
greater than 50 dB, thus allowing application of this technique in vivo. The first
task was to build an improved pulse Doppler with a greater penetration depth
than the original IGPD, developed at our Institutes [5]. The first prototype de-
vice developed in 1977 to 1978 had a penetration depth limited to about 4.5 cm,
which was much too short for cardiac measurements in adults. Because of the
quartz delay lines used in the stationary canceller, that system had to be ope-
rated with a frequency of 4.3 MHz. A new approach to the IGPD was developed
using a stationary canceller, directonal phase detector and sweep integrator, all
based on charge-coupled delay lines which have been manufactured by Reticon.
The schematic diagram in Fig. 1 shows the double canceller which uses two of
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Fig. 1. A schematic diagram of the current IGPD

the OCD shift registers. The output of the double canceller consists of moving
echoes only since the fixed echoes are suppressed by more than 60 dB. The only
trade-off of this design, compared to the one based on quartz analog delay lines,
is that the continuous delay available with quartz delay lines allowing an
“infinite” number of gates has been replaced by CCD delay lines allowing 295
receiver gates of 0.5 ps duration overlapping due to 1 MHz bandwidth (along

S ————— T
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11.5 em penetration depth). The canceled I/Q signal after phase defection and
sweep integration is applied to the diastolic gate producing the output only
in diastolic gate producing the output only in diastole, when most of the coro-
nary LAD flow ocecurs.

The D.C. Fourier transform of the output signal is equal to

Jlexp(jAwaT) —1]*[exp(—jdw,T) —11*exp(jdw,T)
T 277 [lexp(jdwgd) — 11 [exp(—jdw,T)— 1]

S(Amd)dﬁwd
8(dwgz)dda;

F(4dwg)p.c.= X

(1)

where 8(dw,) is the spectral density of the input signal f(1), dw; — Doppler
frequencies, I' — delay time.

The term [exp(-+jdw,T)—1]* stands for double cancelation function,
exp(jdwgT) is due to the convolution in the phase detector.

For one scatterer or ensemble of particles moving with the same velocity
the received signal is A sinw,;t. The resulting output signal (real part of (1))
is given by 1/2 sinw,T.

The interpretation of the first formula is a little more troublesome. Taking
the new function,

E(o) = [exp(joT)—1]*[exp(—joT)—1]*8(w), (2)

we can consider it as the spectral density superimposed on periodic function.
Then we obtain a very similar expression to the one for the average frequency

[exp (joT)K(w)do
F(w)p.c.= —55‘ £ [E(w)dw . (3)

According to the Taylor series, it is equal to the sum of the first, third
and higher moments of the Doppler spectrum.

The signal-to-noise ratio of the IGPD was significantly increased by the
addition of a sweep integrator. Due to the nature of the flow and variations
in scattering intensity in the arteries, the resulting output from the canceller
varies from pulse to pulse. For that reason a double-loop recirculating delay
line integrator was added [6]. The effective number of integrated profilies
corresponds to (1 —k)-*, where 1 —k is the positive feedback loop gain. We achie-
ved a k = 0.97 in our implementation. This integrator exibits no unwanted
oscillation even for such a high value of k. Approximately 30 successive profiles
are added, thereby increasing the signal-to-noise ratio by the square root 30.
The principle of sweep integration is illustrated in Fig. 2. The lower trace repre-
sents a signal from the double canceller at the input to the sweep integrator.
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The middle trace represents the train of succeeding pulses at the output of the
sweep integrator when the delay time of the analog shift register is set purposely
to be smaller than the repetition rate. The upper trace is the final output from
the integrator when the delay time is equal to the repetition rate.

The actual performance of this system is illustrated in Fig. 3. The upper
trace represents the flow profiles in the common carotid artery during a 500

Fig. 2. The principle of sweep integration

millisecond period, this being a superposition over 100 signals from the inte-
grator. The bottom trace represents the RF signal at the input to the canceller.
In this case the degree of cancellation is better than 60 dB.

Improved penetration depth was achieved through a variety of impro-
vements to the system. The addition of the sweep integrator, the lowering
of the ultrasonic frequency to 4 MHz, and the use of low insertion loss, high
sensitivity transducers obtained from Precision Acoustic Devices all contri-
buted to this increased penetration depth. Flow signals were obtained from
depth of 7-8 em and large signals from valve motions were observed as deep
as 11 em. These improvements in the dynamic range and penetration depth
of the IGPD have allowed us to progress to preliminary clinical evalnation
of this system for detection of patency of coronary bypass grafts.

Future directions are the development of a wider range Doppler frequency
determination, and the development of a true mapping display system to allow
the full advantages of the instrument to be realised.



AORTOCORONARY BYPASS GRAFT PATENCY 247

Fig. 3. The performance of the IGPD

2. Clinical results

At present we are completing the first stage of the validation of the ap-
plication of the TPGD to detection of the patency of coronary bypass grafts.
We concentrated mainly on grafts to the left anterior descending coronary
artery LAD, because this graft is the most easily attainable via pulse Doppler.
Patients were examined in the left lateral position with the probe lceated in
the second or third intercostal space. The signal from the patent graft is expee-
ted to be found in the vicinity of the right ventricular outflow tract. The eriteria
of diastolic flow in eclose approximation to the right ventricular outflow tract
was chosen to determine the patency of LAD bypass grafts. To avoid possible
errors the Valsalva maneuver was often performed to eliminate signals coming
from the mammary vein which may be located close to the graft. Once the graft
had been located by displaying the whole penetrated range covered by the 295
gates from the IGPD, the single gate was located to provide a ZCC output
for the signal corresponding to the bypass graft. An example recording of this
zero-crossing output is shown in Fig. 4. Both ECG and zero-crossing outpub
are shown in this figure. Diastolie flow is clearly evident. Separation of bypass
graft signal from mammary vein signal by Valsalva maneuver is illustrated
by Fig. 5. As can be seen, two diastolic signals were present before the Valsalva
maneuver was performed.
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Fig. 4. A sample zero-crossing output of an LAD bypass graft signal measured transcutaneou-
gly with the IGPD. (a) is a left later oblique angiogram of the bypass graft done post-opera-
tively; (b) is the electromagnetic flowmeter tracing of the bypass graft done inter-operatively,
the middle trace being the average output for calibration and the lower trace illustrates
the pulsatile waveform exhibiting the diastolic waveform when compared with the ECG;
(¢) is the zero-crossing output of the IGPD when the signale-gate is located in depth in the

LAD bypass graft
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After, or during the Valsalva maneuver, the diastolic flow component
from the mammary vein is removed and only a diastolic flow component from
the LAD bypass graft is present in the zero-crossing output.

To date this study has included examination of 15 patients with saphe-
nous vein bypass grafts. These 15 patients were studied blind after the state
of patency of their LAD bypass graft was determined by angiography. Of the
15 patients studied, 10 had patent LAD bypass grafts, and 5 had occluded
LAD bypass grafts. No appropriate diastolic signal was found in the five patients

LAD bypass graft + mammary vein
valsalva maneuver

A

before after

ECG A r

d IMHWL | /F74]
fuadidduidsSuzsuTy

Fig. 5. Superposition of LAD bypass graft and mammary vein signals separated by the
Valsalva maneuver

with occluded LAD grafts, which could be interpreted as a flow signal in such
a graft. Of the ten patients determined to have a patent graft by angiography,
six were found to have patent grafts via examination using the IGPD. Of those
four patients with patent grafts that were not detected through our examination,
three were patients examined very early in the study. This indicates a signi-
ficant learning curve may be present with the use of the IGPD in its current
signale A-mode output state.
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CHARACTERISTICS OF FLUID DYNAMICS IN TUBES AND THE OUTFLOW TRACT
OF AN ARTIFICIAL HEART, MEASURED WITH PULSED US DOPPLER TECHNIQUE

M. POHL, M;7O. WENDT, G. PARDEMANN, D. LERCHE

Institut of Medical Physies and Biophysics, Humboldt — University Berlin, GDR

Velocity profiles and turbulence intensities of steady flow in tubes were
measured with a pulsed ultrasonic-Doppler instrument UDP 30. These results
were compared with those of other flow measurement methods.

In a similar way such measurements were performed to study pulsatile
flow in the inflow- and the outflow-tract of an artificial heart, developed by
the Hospital of Internal Medicine, Wilhelm-Pieck-University, Rostock, The
principles of signal acquisition and first results are presented.

1. Introduction

Interest in flow characteristics of artificial hearts — inside the ventricle
and in the inflow and the outflow tract — is stimulated by the development
of these implantable organs.

The knowledge of distributions of velocities in flowing blood and of the
existence of so-called dead zones and regions with high degree turbulences is
important. If the shear stresses exceed upper and lower borderline-values,
blood cells and vessel walls may be damaged. Perhaps, these effects may contri-
bute to thrombosis.

In vitro measurements of flow characteristics are made with laser Doppler
anemometers, hot film anemometers and pulsed ultrasonic Doppler techniques.
Furthermore, the flow behaviour can be watched by photographic or cinemato-
graphic methods. Flow patterns were studied in a model of circulation outside
of artificial hearts by STEVENSON [1], REUL [2], CHANDRAN [3] and PELISSIER
[4]. Their results are transferable to our system only with restric ions, because
the flow characteristics are influenced strongly by the geometric forms of the
ventricle and valves. Therefore, it is our aim to study the flow patterns inside
and outside of the artificial heart.
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2. Experimental methods and results

We used for flow velocity measurements the range-gated (ultrasonic)
Doppler ingtrument, UDP 30, produced by Techpan, Warsaw. In order to test
the aptitude of the Doppler unit to our purposes, the steady flow in tubes was
studied by a simple set up, presented in Fig. 1.
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Fig. 1. Set up for steady flow measurements

We used as backscattering particles Calloeryl in water, diameter 100 to
150 pm. Doppler measurements in circular tubes were compared with hot film
flow measurements using a Disa electronic instrument (with physical parame-
ters: entry length of 2 m; Reynolds numbers of 800 to 6000).

The results, shown in Fig. 2, demonstrate that UDP 30 is suitable for mea-
surements of velocity profiles in such tubes, also in cases with non-laminar
flow. The root mean square-values of velocity fluctuations are a useful measure
of turbulence intensities, obtained with the UDP 30 and the hot film anemo-
meter. The results of the measurements differ considerably near the wall
probably due to the limited resolution in depth of the UDP 30 instrumen
(1 to 2 mm).
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The limited time resolution of the zero-crossing detector built in the UDP
30 is another reason for the observed differences. Furthermore, it should be
stressed that from these measurements it is not possible to calculate the Rey-
nolds shear-stresses. But these values would be very important in the sense of
mechanical damage of blood cells (RBC and platelets) and vessel walls.
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Fig. 2. Comparison between UDP 30 and hot film flow measurements: a. flow velocity maxi-
mum as & function of pressure, b. velocity profile and turbulence intensity for Re = 4300

In order to measure the inflow and outflow characteristics of the artificial
heart, the ventricle is connected with a model of the circulation system, consisting
of two pressure chambers, as depicted in Fig. 3. The high pressure chamber
with a variable windkessel is connected with a low pressure chamber by an ad-
justable gap, simulating peripheral resistance. A pneumatic device drives the
membrane of the ventricle. The beat frequency and systolic flow time can be
adjusted. There are also shown the data processing, off-line registration on
Thermionic magnetic tape and averaging in a DEC LINC 8 computer. An exact
triggering signal was derived from the steepest ascent of the pressure curve.

Aortic flow curves are shown in Fig. 4, measured at a distance of 9 ¢cm from
the valve of Bjork-Shiley type (R-flow near the wall, Z-central flow). These
curves are not averaged. Here are clearly demonstrated the strong velocity
fluctuations after the systolic flow period due to turbulent flow conditions.

The flow conditions in the inflow tract are similar, also measured at a di-
stance of 9 em from the mitral valve. -

Fig. 5 presents pressure and flow as a function of time, measured in a selected
volume element of the aorta. The curves are averaged over 32 cycles.
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Velocity profiles are constructed from such curves for different times in
the cardiac cycle (Fig. 6). From these, it is obvious that the velocity maximum
depends on the time and radial position in the aorta. It should be noted that the
flow behaviour in the aorta, especially the backflow after the systolic time,
corresponds to theoretical predictions, given by WOMERSLEY [5].
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Fig. 5. Averaged pressure and flow as a function of time
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Fig. 6. Velocity profiles for different times in the cardiac cycle

3. Conclusions

The pulsed US Doppler technique is useful for measurement of velocity
distributions in steady and pulsatile flow, results for turbulence intensities
and shear stresses from zero-crossing signals are possible only to a limited
extent. :

Further measurements with combined B-mode/pulsed Doppler technique
and FFT-spectral analysis in real time are in preparation.
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ECHOCARDIOGRAPHY IN PULMONARY HYPERTENSION
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Echocardiographic and haemodynamic examinations were performed
on 31 patients with mitral stenosis and on 49 patients with regarrent pulmonary
embolism. The echocardiographic examination of the pulmonary valve was
successful in 71 per cent and the measurement of right ventricular wall thickness
in 95 per cent of patients. In patients with established pulmonary hypertension
(mean pulmonary artery pressure 20 or more mm Hg) we observed a tendency
to increased right ventricular wall thickness (r = 0.47, p < 0.001), the flattening
of the e—f slope (r = 0.47, p < 0.001) and a diminished a dip (r = 0.36, p <
< 0.001) on pulmonary valve echocardiograms. The higher correlation with
mean pulmonary artery pressure (PAP) was found for the RPEP/RVET ratio
(r = 0.55, p < 0.001) and for the right ventricular internal dimension (r = 0.65,
p < 0.001). The most reliable indicator of pulmonary hypertension is the ratio
of the right to the left ventricular dimension (r = 0.68, p < 0.001). Echocardio-
graphic parameters were compared with ECG parameters of the right ventricle
hypertrophy.

1. Introduction

The degree of pulmonary hypertension (PH) is one of the most important
prognostic factors in chronic pulmonary diseases. Moderate PH (mean pul-
monary artery pressure 20-30 mm Hg) cannot be reliably deteeted by clinical
methods — it can be only confirmed by direct pulmonary artery pressure mea-
surements. Bchocardiography is a modern non-invasive method, which makes
possible the detection of the pulmonary valve (PV) and the measurement of the
right ventricle (RV). The aim of our study is the critical reassessment of the
diagnostic value of echocardiography in the detection of PH.

17 — Archives 1-2/84




258 P. FRIDL ET AL.

2. Methods

We studied two groups of patients: one group with reccurent pulmonary
embolism (PE), who underwent heart catheterization and pulmonary angio-
graphy and another group with mitral stenosis (MS), also confirmed by haemo-
dynamic examination. Echocardiographic examination was carried out by the
one-dimensional M-mode technique with the Echo-cardio-Visor 03 (Organon
Teknika, Holland). A 2.25 MHz transducer placed in the standard left para-
sternal position was used. We paid special attention to the echocardiogram of
PV and RV. The interval between the invasive and non-invasive examinations
ranged from 2 to 4 days.

The PV was examined in 49 patients with PE and in 31 patients with MS
(average age 45.5 years). In the echocardiogram of the PV we evaluated diastolic
¢ —f slope, systolic opening b —e¢ slope and the maximum amplitude of the a dip.
Using simultaneously recorded ECG we determined the right ventricular pre-
ejection period (RPEP) — as the interval between @-wave and the onset of
the valve opening, and the right ventricular ejection time (RVET) — as the
interval between the valve opening and its closure. We used the RPEP/RVET
ratio in our study.

RV examination was performed in 36 patients with PE and in 31 subjects
with MS (average age 44.2 years). The right ventricular internal dimension
(RVID) and right ventricular wall thickness (RVWT) were estimated at the
peak of the R-wave of ECG. In cases when the endocardium could not be reliably
identified, we suggest the RVD estimation 5 mm behind the anterior chest
wall, as recommended by MATSUKUBO el al. [13]. The examined echoparameters
of the PV and the RV were compared with the mean pulmonary artery pressure
(PAP).

We decided to prove the possibility of the combination of echocardio-
graphic and electrocardiographic examinations in the detection of PH. We con-
sidered the echocardiographic examination to be positive when the right ventri-
cular diameter was above 30 mm and /or the ratio of the right to the left ventri-
cular diameter was higher than 0.5. In the case when the right ventricular wall
was above 5 mm we considered the echofinding as positive only when at least
one abnormal pulmonary valve parameter was present (i.e. the e —f slope above
15 mm/s, the a dip 2 mm or less, and the RPEP/RVET ratio 0.5 or more).
The electrocardiographic criteria of PH established by WiniMsgyY [25] were
evaluated in our study. For positive diagnosis of PH in combination of both
methods, either the positive echocardiography or the positive ECG was consi-
dered sufficient.

3. Results and discussion

The PV echogram of good quality was obtained for 57 patients, i.e. in 71
per cent. Echocardiographic detection of the PV is very difficult due to the
anatomic position of the PV with respect to the anterior chest wall and its ten-
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dency to be overlapped by pulmonary tissue during at least a part of the respi-
ratory cyecle [23]. Successful imaging of the PV is reported to range between
19.6 and 80 per cent [1,2,9,11, 14, 15,19] and this percentage seems to be
higher in PH, when the PV echo becomes stronger and more easily detectable
[6,19]. The success rate is rather low in patients with chronic obstructive
lung disease. =t 6

We observed only loose correlation between PAP and the pulmonary
valve ¢ —f slope flattening (Fig. 1) with correlation coefficient 0.47 ,and no corre-
lation was found between the mean pulmonary artery pressure and the pul-
monary b—c slope. )

We found an inverse but also loose linear correlation between PAP and
the depth of the a dip (correlation coefficient was 0,36 — Fig. 2). All of these
parameters may vary with respiration and, therefore, regular breathing should
be maintained during echocardiographic examination [6,23]. The depth of
the a dip is caused by the contraction of the right atrium and it depends signifi-
cantly on the pressure gradient between the pulmonary artery and the right
ventricle in the end diastole [14]. In patients with severe PH (PAP over 40 mm
Hg) it is completely absent, but in the presence of RV failure the a dip occurs
again, or its depth increases [1, 2, 7, 10, 12, 14, 24]. It may also be influenced
by the contraction of the enlarged left atrium in patients with MS [16]. We think
therefore that the e —f slope and the a dip yield only complementary informa-
tion in patients with existing PH.

The highest correlation coefficient in PV examination was found between
the RPEP/RVET ratio and PAP: r = 0.55 (Fig. 3). This ratio is the most fre-
quently used parameter for detection of the present PH, because it does not vary
with respiration and age [8]. As the difficulties with the accurate determination
of the end of the RVET are well known (we were successful in 46 subjects), it
was recommended to record the echocardiogram and the phonocardiogram
together [17, 20].

The evaluation of the RVID and especially the determination of the RVWT
are also associated with a number of technical problems (the precise identifi-
cation of the endocardium and the epicardium of RY). The successful rate of
good quality of the RVWT echogram depends on the site of visualisation, the
position of the patients, the position, angulation and type of transducer [22].
In our study the successful estimation of this parameter was possible in 95 per
cent of patients. LN,

The RVWT exhibited a loose correlation with PAP: » = 0.47 (Fig. 4),
the specificity of this seems to be limited as well, probably due to technical
problems with precise measurement. '

A various degree of RV dilatation was demonstrated in patients with PH
(5,11, 15,18, 21]. DEVEREUX et al. [4] demonstrated a significant relation
between the RVID and the RV mass at autopsy. We found a significant correla-

tion between this parameter and PAP: » = 0.65 (Fig. 5). The increase of this

Y
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parameter without any coexisting PH above 30 mm was observed only in one
patient. On the contrary, false negative results were relatively frequent.
The best correlation was found between PAP and a very simple parameter
that was the ratio of the right to the left ventricular diameter (R/L), Fig. 6.
We consider the increase of this ratio above 0.5 a reliable indicator of severe PH.
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We also believe that only this ratio is useful for individual evaluation. Its value
can be influenced adversely by diminished size or by altered shape of the left
ventricle and also by the presence of the right ventricular volume overload. Using
twodimensional echocardiography there is an easier and more precise direction-
ing of the ultrasonic beam traversing the RV,
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Fig. 6. The correlation between the R/L ratio and PAP

In Table 1 the number of patients with positivity or negativity of ECG,
ECHO and their combination is presented. ECG was never false positive, but
it was false negative in 10 patients (i.e. 38 per cent). In echocardiographic exam-
ination we found 2 false positive and 8 false negative findings. The combination
of both methods yields more reliable results. Table 2 shows specificity and

Table 1. The number of patients with positive or negative ECG, ECHO or their

combination
PAP ECG ECHO ECG+ECHO
0 =S
(mm Hg] pos. neg. pos. neg. pos. | neg.
19 33 0 33 2 31 | 2 | 31
20 —29 16 7 9 8 oy o e T
30 10 R O mn dellt TR W’ S g | 0

Table 2. Specificity and sensitivity of ECG,
ECHO and their combination

Specification | ECG | ECHO ECG+ECHO
sens. [%] ‘ 61.5 | 69.2 ] 80.8
spee. [ %] | 1000 | 939 | 939
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sensitivity of both methods. As the ECG was never false positive, the specificity
in combination remained high and the sensitivity raised. The results indicate
that both methods should be used together.
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ECHOCARDIOGRAPHY IN THE FOLLO W-UP OF PATIENTS WITH PROSTHETIC HEART
VALVES

E. KOUDELKOVA A GROSPIC,
P. NIEDERLE

Institute for Clinical and Experimental Medicine, Prague, Czechoslovakia

In 26 patients with aortic and in 25 with mitral valve disease changes
in the size, hypertrophy and function of the left ventricle (LV) within 2 years
of aortic or mitral valve replacement were evaluated and compared with the
preoperative echocardiographic findings.

LV size decreased significantly within the first month after aortic valve
replacement as well as after operation for pure or predominant mitral insuffi-
ciency. LV hypertrophy regressed in both groups of aortic valve disease. Howe-
ver, in patients with maximum LV dilatation and hypertrophy valve replace-
ment failed to effect complete normalization of LV size and mass. Postoperative
evaluation of LV funetion showed a distinet improvement in patients operated
for aortie stenosis. In the groups of patients with mitral stenosis and pure aortic
or mitral insufficiencies no significant change of LV function after surgery was
demonstrated.

Preoperative echocardiographic measurements of the LV end gystolic dimen-
sion and the end systolic wall stress proved to be very useful noninvasive predic-
tors of long-term postoperative changes of the LV function after surgical correc-
tion of the aortic or mitral valve disease.

1. Introduction

The noninvasive evaluation of postoperative changes of the left ventricular
size, hypertrophy and function in patients after heart valve replacement pro-
vides useful data about the reversibility of morphological and functional ab-
normalities of the left ventricle after surgical correction of the valvular disease.
In this study, the patients after successful aortic and mitral valve replacement
were followed-up up to 2 years after operation and preoperative echocardio-

_graphic findings of the patients with reversible left ventricular dilatation,
hypertrophy and dysfunction were compared with those of patients with ir-
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reversible left ventricular impairment. We tried to answer the question if any
of the preoperative echocardiographic parameters can be valuable in predicting
the long-term postoperative course and in detecting the patients at high risk
of irreversible dysfunction of the left ventricle.

2. Methods

Using M-mode echocardiography, we examined 26 patients with aortic
and 25 patients with mitral valve disease within a month before and after
implantation of the Bjork-Shiley prosthetic valve. Fifteen patients under-
went valve replacement for predominant aortic stenosis, 11 patients for aortie
insufficiency. In the mitral valve disease group, 15 patients had pure or predo-
minant mitral stenosis with calcification or advanced fibrosis of the mitral
valve, 10 patients had pure mitral insufficiency. Echocardiography was perfor-
med with an Echocardio-Visor 03 system (Organon Teknika — Holland),
using a standard technique of left ventricular measurements. Echocardiographic
parameters of the left ventricle that were evaluated in half-year intervals
up to 2 years after operation, are summarized in Table I. From the measurem-

Table 1. Echocardiography — LV

measurement

Dd - end-diastolic left ventricular dimension,
Size Hypel’trophy Funetion Dg — end-systolic dimension, Tpw — left ventricula
posterior wall thickness at end-diastole, TTys — interven-
Dy Tpw FS8 tricular septal thickness at end-diastole, LVM ~— left ven-
Ds TIVS EF tricular mass, R/Th — end-systolic radius to wall thickness
ratio, FS — fractional shortening, EF — ejection fraction,
LVM Vor VoF — mean velocity of circumferential fiber shortening,

R|Th ESS ESS — end-systolic left ventricular wall stress.

ents of the end-diastolic diameter and wall thickness, the left ventricular mass
was calculated according to the formula recommended by Teichholz. The index
R|Th represents the end-diastolic (or end-systolic) radins to the wall thickness
ratio and provides important information about the character of hypertrophy.
The wall thickness was calculated as the average of the posterior wall and the
septal thicknesses.

The end-systolic stress, the recently developed noninvasive index of the
left ventricular peak circumferential wall stress, was derived in the groups of
patients with pure aortic or mitral insufficiency from the product of peak systo-
lic arterial blood pressure, measured by a cuff manometer, and echocardiograp-
hic end-systolic radius to the wall thickness ratio, using the formula recom-
mended by Quinones [4].
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3. Results

Examination after aortic valve replacement demonstrated normalization
of the left ventricular size in most patients within the first month after surgery
(Fig. 1). However, in patients with maximum dilatation of the left ventricle
before operation, despite a significant decrease in the end-diastolic dimension
in the first month after replacement, the left ventricular size failed to normalize
completely in the following postoperative period.

Dd
fmmi fmm]
80 80 |
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Fig. 1. Postoperative changes of the left ventricular end diastolic dimension (Dg) after aortic
and mitral valve replacement. AT — aortic insufficiency, AS — aortic stenosis, MI — mitral
insufficiency, M8 — mitral stenosis

The left ventricular hypertrophy regressed significantly after aortic valve
replacement, both for predominant aortic stenosis and predominant or pure
aortic insufficiency (Fig. 2). However, echocardiographic as well as electro-
cardiographic signs of left ventricular hypertrophy normalized only in patients
with a lesser degree of left ventricular hypertrophy before operation.

In a group of patients operated for aortic stenosis, the postoperative follow-
up showed a distinet improvement of the echocardiographic parameters of
the left ventricular funetion (Fig. 3). On the other hand, in the group of patients
with aortic insufficiency no significant change in left ventricular functional
parameters was demonstrated both 1 and 2 years after operation in comparison
with the preoperative values.

In mitral stenoses, the size of the left ventricle did not change after opera-
tion. In the group of patients with predominant mitral insufficiency, mitral
valve replacement was followed by a significant diminution of left ventricular
dimensions (Fig. 1). This notwithstanding, the left ventricle remained enlarged
in more than a half of those patients. Moreover, no significant improvement
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Fig. 2. Postoperative changes of the left ventricular mass after valve replacement for predo-
minant aortic stenosis (AS) and aortic insufficiency (AI)
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of the left ventricular function was found after operation for predominant
mitral insufficiency in the patients with the evidence of left ventricular dysfunc-
tion before operation (Fig. 3).

Comparison of the preoperative echocardiographic parameters of the
left ventricle in patients with reversible left ventricular dilatation and dysfunc-
tion with those with irreversible left ventricular impairment showed that the
combination of a marked end-systolic dilatation of the left ventricle with inap-
propriate hypertrophy, which resulted in an increase in the wall stress, was the
most sensitive and specific index determining patients at high risk for persistent
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Tig. 3. Postoperative changes of echocardiographic parameters of the left ventricular systolic
funetion after aortic and mitral valve replacement (FS — fractional shortening)

left ventricular dilatation and dysfunction. All patients with preoperative
end-systolic dimension greater than 50 mm and simultaneously increased
end-systolic left ventricular wall stress above the value of 250 mm Hg, had
a marked and progressive left ventricular dysfunction after surgery, when
evaluating postoperative echocardiographic parameters of the systolic ejection
function of the left ventricle (fractional shortening and ejection fraction), as
well as parameters of left ventricular contractility (especially the mean rate
of circumferential fiber shortening). Five of the 8 patients in this high risk group
failed to improve after surgery and had symptoms of chronic cardiac decom-
pensation (III-IV class of the NYHA), 2 patients died due to congestive heart
failure. Figs. 4 and 5 show a significant postoperative difference in the left
ventricular size and parameters of function in two groups of patients with good
and bad prognosis that can be separated using the above mentioned preoperati-
g Ve echocardiographic indexes. :

Only a marked end-systolic dilatation of the left ventricle before operation,
§ even with a simultaneous decrease in the left ventricular wall stress can be

|
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reversible and the left ventricular function can improve after operation even
in these cases. We found that the long-term improvement of the left ventricular
function after operation depends on the early change of the end-systolic dimen-
sion of the left ventricle within the first month after surgery. This change when
evaluated simultaneously with preoperative parameters of the left ventricular
function, seems to be useful in prediction of the long-term postoperative course
and in identifying the patients, in whom we can expect an improvement of the
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Fig. 4. Comparison of postoperative left ventricular size in two groups of patients at low and

high risk for irreversible left ventricular dysfunction predicted before operation by echo-

cardiography (D — left ventricular end systolic dimension, ESS — end-systolic left ventri-
cular wall stress)
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Fig. 5. Comparison of postoperative values of echocardiographic functional parameters in

two groups of patients at low and high risk for irreversible left ventricular dysfunction predi-

cted before operation by echocardiography. FS — fractional shortening, Vgp — mean

velocity of cireumferencial fiber shortening of left ventricle, D; — end-systolic left ventri-
cular dimension, ESS — end-systolic left ventricular wall stress
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left ventricular function from those with persistent or progressive impairment
of the left ventricular function (Table 2).

Table 2. Prediction of postoperative changes of LV funetion

Pre-op. D, 4D, ALYV function
1 month after op. | 1—2 years after op.

> 50 mm $> 10 mm AFS, tVop
(Ds < 50 mm)

> 50 mm } < 10 mm JFS, |Vor
(Dg> 50 mm)

< 50 mm | < 10 mm TS, {Ver
(Dg < 50 mm)

<. v> 10 mm VFS, |¥or
(Dg> 50 mm)

Dg — end-systolic left ventricular dimension, FS — fractional
ghortening, Vo — mean velocity of circumferential fiber shortening

To conclude, echocardiography proved to be very useful not only in the as-
sessment of postoperative morphological and functional changes of the left
ventricle after heart valve replacement, but it also seems to be helpful in predic-
tion of the irreversible left ventricular dilatation and dysfunction from noninva-
sive preoperative data. Combination of the preoperative end-systolic dimension
measurement, with echocardiographic estimation of the end-systolic left ventri-
cular wall stress was superior to the end-diastolic dimension measurement or
caleulation of echoecardiographic indexes of the left ventricular systolic fune-
tion in identifying patients at high risk for persistent or progressive left ventri-
cular impairment. If both end-systolic left ventricular dimension and end-systo-
lic wall stress were increased above the cut off values, more accurate prediction
could be made. If only end-systolic dilatation of the left ventricle was present
before operation, it was helpful to assess the early change in the parameter
simultaneously with preoperative values of dilatation and the function of the
left ventricle that correlated well with long-term postoperative changes in the
left ventricular funetion and was valuable in prediction of normalization versus
persistence of the preoperative left ventricular dysfunction. Our preliminary
results were promising, but the groups of patients operated for pure aortic
and mitral insufficiencies are still small. Therefore further studies will be neces-
sary to verify the results on a greater number of patients.

References
[1] B. A. CaraBeLro, N. P. Stanrow, L. B. McQuUIRE, Assessment of preoperative left
ventricular function in patients with mitral requrgitation. Value of the end systolic wall stres-

send-systolic volume ratio, Circulation, 64, 6, 1212-1217 (1981).

18 — Archives 1-2/84



274 . KOUDELKOVA ET AL.

[2] W. H. Gaasc et al., Chronic aortic regurgilation. Prognostic value of left ventricular
end-systolic dimension and end-diastolic radius thickness ratio, J. Am. Coll. Cardiol, 1, 3,

775-782 (1983). :

[3] A. G. Kumruris el al., Importance of preoperative hypertrophy, wall slress and end-
systolic dimension as echocardiographic predictors of normalization of left ventricular dilatation
after valve replacement in chronie aortic insufficiency, Amer. J. Cardiol, 49, 5, 1091-1100 (1982).

[4] M. A. QuiNoNES et al., Noninvasive quantification of left ventricular wall siress.
Validation of method and application lo assessment of chronic pressure overload, Amer. J. Car-
diol, 45, 4, 782-790 (1980).

[5] G. ScuvLER el al., Temporal response of left ventricular performance to mitral valve
surgery, Circulation, 59, 6, 1218-1230 (1979).

’




ARCHIVES OF ACOUSTICS
9, 1-2, 275-284 (1984)

STROKE VOLUME ESTIMATION BY RHEO-ECHOCARDIOGRAPHY DURING ATRIAL
FIBRILLATION CONVERTED TO SINUS RHYTHM

TADEUSZ P ALK O, LEONARD KOMPIE L,
KRYSTYNAILMURZYNSKA

Postgraduate Medical Cenfre, Goszezyniskiego 1, 02-616 Warsaw, Poland

The impedance rheographic and echocardiographic methods were used
to investigate changes in the stroke volume (SV) and the cardiac output (CO)
in the course of atrial fibrillation and after electroversion. 12 patients were
examined. CO inereased on average by 11 per cent and 9 per cent after electro-
version using respectively rheographic and echocaidiographic methods.

1. Intreduction

Afrial fibrillation is characterized by arrhytmia, e.g. big fluctuation in
time of the cardiac cycle (over 20 per cent) and by the lack of atrial contraction.
Atrial fibrillation causes cardiac performance worsening which is manifested
in decreasing stroke volume, cardiac output, atrial pressure and time of blood
circulation and in increasing central venous pressure, right atrial pressure
and arterio-venous difference in the oxygen saturation of blood [1].

Many authors report that lack of sinus rhythm causes a decrease in the
cardiae output from 7 do 25 per cent [2, 10]. First of all, it is the result of a loss
of effective pumping action of the atrial, but also loss of the rhythm as well
as speed up of the cardiac function. A decrease in CO may intensify symptoms,
for example, the appearance of latent circulation insufficiency (heart failure)
or chest pain of stenocardial effect. Restoration of sinus rhythm improves hemo-
dynamics of the heart.

Thus, it is reasonable to assume that the consequences of sinus rhythm
loss depend on the degree of hemodynamie disorders.

The purpose of the study was to investigate changes in stroke volume (SV)
and cardiac output (CO) in the course of atrial fibrillation and after electrical
cardioversion.
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2. Materials and methods

Twelve patients with atrial fibrillation were investigated. The group con-
sisted of 9 males and 4 females, aged from 28 to 52, 47 years on average. Atrial
fibrillation persisted from 3 days to 6 months, 44 days on average.

The group investigated (Table I) consisted of:

- 1 patient with heart failure in course of mitral insufficiency (case 11);

2. 4 patients after commissurotomy (cases 1, 3, 5, 10);

3. 2 patients with double valve replacement (cases 9 and 12);

4. 3 patients with coronary disease and arterial hypertension (cases 7, 8, 9);

5. 2 patients with paroxyzmal atrial flutter (cases 2 and 4).

Before the sinus rhythm was restored, all medicines with possible influence
on heart contractility were discontinued (especially digitalis). Two hours prior
to cardioversion chinodine (0.4 g) was administered orally to all patients.

Both echographic and rheographic measurements were conducted before and
immediately after electrical treatment. Energy applied to the patients was in
range of 50 to 300 W, dependmg on the weight as well as condition of patient,

Echographic measurements were made by the 7'M technique, using a UKG-
10 device, produced by TECHPAN.

The left ventricular stroke volume (SV) was calculated using the Teichholz
formula where:

The end diastolic volume

[ary

-

i

PR ] T e B ST
L ki 2.44+DD’

The end systolic volume

7
¥, = (8D) ————
s = (8D) 948D
where DD and SD respectively: the diastolic and systolic diameter of the left
ventricle (Fig. 1).
The stroke volume

8V = V;—7V,.

Rheocardiographic study was performed by the tetrapolar current im-
pedance method developed by T. PALko [6, 7], which is generally based on the
Kubicek method.

In that method (Fig. 2), two band electrodes feeding the current are located
around the neck and the waist. Through the electrodes there flows the alterna-
ting current with a frequency of 60 kHz at the constant amplitude of 1 mA.
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The changes in the impedance AZ and first derivative dZ/dt are detected by
2 disc electrodes (instead of band electrodes in the Kubicek method) located
above and below the sternum.

The investigation used the impedance rheograph designed by one of us
(LR

Fig. 1. Measuring method of systole and diastole diameter of the left ventricle by the echo-
cardiographic — 1M technique

| :
current Il ¥ amplifiers |-ECG, "J’\—
generator | and
Az
! /\ detectors i /\-\I
. z
——-—ﬂ.o

Fig. 2. Principle of the tetrapolar current method for determination of stroke volume
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The stroke volume (SV) was calculated using the Kubicek formula:

8V = y

I* | az
°7Z |

where p — resistivity of blood dependent mainly on hematocrite, L — distance
between inner electrodes, Z — basis impedance, |dZ/di| — amplitude of first
derivative of impedance change (Fig. 3), T — left ventricle ejection time
(Fig. 3).

Jdo

,_zero
“line

Fig. 3. Prineiple of dZ [d! amplitude and 7' - ejection time assessment from rheocardiographie
dZ [dt signal

The reliability of this method for computing SV was verified [8] by com-
parison with the invasive computerized termodilution method. For healthy
subjects the results obtained by the two methods differ less than 15 per cent.
The impedance method proved to be very useful for change trend observation.

3. Results

Examples of rheocardiographie recordings and the calculated stroke volume
(SV) and the cardiac output (CO) for 2 patients with atrial fibrillation (FA)
(Figs. 4 and 5) and a patient with atrial flutter (VA) (Fig. 6) are shown
in Figs. 4-6. s
] The results indicate that SV during atrial fibrillation in rest changes very
distinetly. It depends not only on the ventricular filling time. We suggest that
the influence of the atrial activation conducted to the ventricular activation
changing electromechanical effect should be considered. In this situation the
€0, measured during over 1 min. is almost constant in spite of the very large beat-
: to-beat SV changes. Immediately after synchronized electrical atrial defibril-
] lation SV and CO appeared virtually stable. The CO value after cardioversion
is usually distinetly higher than that during atrial fibrillation.

The results of SV and CO obtained by the methods from the examination
of patients with atrial fibrillation (FA) are shown in Table I and a diagram
(Fig. 7).
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Fig. 4. Rheocardiographic recordings for patient with atrial fibrillation with fast ventricle
rate and after electroversion. Signs of mitral insufficiency evident (big F wave)
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Fig. 5. Rheocardiographic recordings for patient with atrial fibrillation with slow ventricle
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Fig. 7. Diagrams of SV and CO changes before and after electroversion

4. Discussion

Atrial fibrillation causes different degrees of hemodynamic disorders.
In some cases they are very heavy and lead to edema or acute brain ischemia
and the MAS syndrom. In other cases, clinical symptoms are so insignificant
that they are hardly noticable by the patients. This dépends on the origin of
the disease, changes in the heart and all the eirculatory system.

The maximum effort to restore the sinus rhythm and its consolidation
should be taken in the cases where the results of atrial fibrillation are heavy
and permanent. The question arises: to what degree of atrial hypertrophy is
the maintaining of sinus rhythm possible ? Thus, it i necessary to investigate
the hemodynamics of the heart first. In clinical practice there are several hemo-
dynamic indexes. SV and CO reflect best the cardiac performance. Thus, these
parameters were used in this investigation to evaluate hemodynamic disorders
in eases of atrial fibrillation (FA) and after sinus rhythm (SR) was restored.
Only noninvasive methods were taken into account.

The rheocardiographic method was chosen because from previous verifi-
cation in comparison to the thermodilution method (as mentioned above),
it is evident that, although the method does not give very accurate absolute
values of SV and CO, it is most sensitive among the known methods to determine
relative changes in these parameters. It is very important, in view of the purpose
of this study.

The echocardiographic method was chosen to verify the Teichholz formula
and to compare the two methods in clinical situation where FA occurs.

The results show that the two methods give ‘comparable results in our
group of 12 patients, but there are significant differences in particular cases.

Analyses of the changes in SV and CO obtained by the impedance method
prove that this reflects better the clinical condition of the patient. In all cases
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hemodynamic improvement was seen when the rheocardiographic method was
used, whereas 3 cases with decreasing CO after electrical treatment were observed
when the ultrasound method was analysed. Discrepancy may be explained by the
different principles of the two methods: the echocardiographic method takes
into aceount the change in the diameter of the left ventricle only in systole
and diastole, whereas the rheographic method reflects the volume of the blood
that is expelled from the heart to the aorta during ejection.

Thus, the rheocardiographic method seems to be more adequate.

Nevertheless, the measurement of the left chamber diameter in the echo-
cardiographic method may be a very important parameter in the evaluation
of the patients with atrial fibrillation.

The results also show that atrial fibrillation with the slow ventricle contrac-
tion rate is more advantageous than atrial fibrillation with the fast ventricle
action (Table I — compare cases 4, 6 and 10 and Figs, 4 and 5).

Surprisingly, atrial flutter with high ventricle rate reaching 180 b/min.
does not change significantly the cardiac output (Fig. 6).

Analysis of the findings leads us into 2 additional resolutions, essentially
not connected with the purpose of this work, namely:

1. During atrial fibrilation and atrial flutter with high ventricle rate, alter-
nating phenomena may oceur and it can be recognized by the rheocardiograp-
hic method (Figs. 4 and 6).

2. Signs of mitral insufficiency (big F wave) were noted sometimes on the
heocardiographic waveform of atrial fibrillation, especially with fast ventricle
contraction (Fig. 4).

5. Conclusions

Analysis of the S8V and CO obtained for the patients with atrial fibrillation
converted to sinus rhythm leads to the conclusions:

1. Restoration of the sinus rhythm from the atrial fibrillation increases
stroke volume by 46 per cent and 40 per cent, but CO by 11 per cent and 9 per
cent using respectively the rheographic and echographic methods; the results
are consistent with the permissible error and consistent with the literature
[1,10].

2. Atrial fibrillation with slow ventricle rate is advantageous to fibrillation
with more frequent contraction of the heart.

3. Atrial flutter, even with rate reaching 180 b/min., practically does
not diminish the cardiac output compared to one after cardioversion.

4. In case of atrial flutter with high ventricle rate, a.lternatlnrr pulse-recog-
nized by the rheographic method may oceur.

5. Signs of mitral insufficiency were noted sometimes on the rheographic
waveform of atrial fibrillation case, especially with fast ventricle contraction.
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6. Final conclusion

Sinus rhythm should be restored in the consideration of the hemodynamic
improvement, especially for patients with a long history of heart failure, as
well as fatal thrombogenesis. It has to be taken into account that restoration
of sinus rhythm may cause embolism, as a result of moving thrombus produced
earlier during long-term atrial fibrillation.
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Recent advances of echocardiography have made it possible to study car-
diac anatomy and circulatory physiology of fetus.

We studied the foetal cardiae structures and physiology by cross-sectional
and M-mode echocardiography in 200 fetuses at 32-40 weeks of gestation. Fetus-
es were reexamined within 2-5 days after birth to provide comparative data for
assessment of circulatory changes at birth.

In these echocardiographie studies, we examined three cases with congeni-
tal cardiac malformations (DORV, TGA, and VSD). We diagnosed DORV
before birth, when two great arteries rising from one single ventricle were ob-
served. But TGA and VSD were only diagnosed after birth. Therefore, we con-
cluded that this technique is useful to diagnose malformations of the cardiac
chambers or correlations between the cardiac chambers and the two great
arteries.

We also examined mitral valve diastolic descent rate (MVDDR), mitral
valve excursion (MVE), tricuspid valve diastolic descent rate (TVDDR), tricu-
gpid valve excursion (I'VE) and aortic dimension (AOD).

In conclusion, fetal echocardiography may be applicable to diagnose
cardiac malformations and also to evaluate cardiac functions before birth.
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1. Introduction

Ultrasound technique has made it possible to analyse the physiological
states of the various organs of the human body. In the field of cardiology,
many new approaches have been tried, and nowadays the ultrasound technique
is believed to be an indispensable method for the diagnosis of heart and the
great vessels.

Especially, the recent advances in the cross-sectional echocardiography
and Doppler method enabled us to record the states of the fetal heart and to
analyse the fetal cardiac anatomy and physiology.

The present study explains the technique to record fetal echocardiogram
and its elinical applications based on our experiences over the past 3 years.

2. Method

Three-hundred and twenty-five fetuses of healthy mothers, varying 30
to 40 weeks of gestation were selected for this study.

Cross-sectional and M-mode echocardiography were used for recording in
all cases. In our first attempt, we failed to obtain good tracings in 1/3 of the
cases, but we tried again within the same week on the failed cases. Finally,
from 85 per cent of all the cases, we could get enough information to evaluate
the foetal heart.

Ten cases from which clear four chamber view tracings could be obtained,
went to Doppler study.

Fetuses were re-examined within 4 to 7 days after birth, to provide com-
parative data for the assessment of circulatory changes at birth,

A Toshiba SSH 11 real-time, phased-array ultrasonic sector scanner with
a hand-controlled 2.4 MHz transducer, was used to perform cross-sectional
and M-mode echocardiography.

Pulsed Doppler examinations were performed with a Doppler flowmeter
combined with the echocardiograph systems.

The most important thing to get a good fetal echocardiograms is the trans-
ducer positions.

When the fetus is in the right occipito-anterior position or left occipito-
anterior position, echocardiograms can be obtained from maternal right or
left flank, respectively (position A4 in Fig. 1).

From this position, the ultrasonic beam passes through the fetal heart
via the fetal spine and fetal lung. Therefore, the sector images of te fetal
heart along its mirror imaged long axis view can be obtained (Fig. 2). It is espe-
cially easy to estimate the orientation of the fetus and fetal heart in this position.

A long axis view tracing, a short axis view tracing and a four chamber
view tracing can be obtained, when the transducer is placed on the maternal
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naval region, as shown in position B in Fig. 1. But it is rather difficult to deter-
mine the transducer position to get stable tracings.

We proceeded with Doppler examinations as soon as a clear four chamber
view tracing had been obtained. The sampling site of the left side of the heart
was the left ventricular outflow tract just below the mitral valve, and the right
side of the heart, it was the right ventricular outflow tract just below the tricus-
pid valve.

Tig. 1. Two standard transducer posi- Tig. 2. Long-axis view: obtained with the trans-
tions: 1 — transducer is placed in ma- ducer placing on position A.
ternal flank: B — transducer is placed

in maternal navel region.

The flow velocity was caleulated by using the formula as follows.

f:C

F‘omsfj :

where » — maximum velocity, f, — frequency shift, f, — transducer fre-
quency, § — angle between ultrasound beam and velocity.

3. Results

1. Normal eross-sectional echocardiogram of the fetus

Fig. 2 shows a long axis view tracing obtained from the material flank
(position A in Fig. 1). Instead of the usnal long axis view pattern obtained from
the chest wall, a mirror imaged pattern was detected through the echocardio-
gram.
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Fig. 3 shows a long axis view tracing obtained from the material naval
region (position B in Fig. 1). The pattern is quite similar to that of the one
obtained from the chest wall.

Fig. 4 is a short axis view tracing and Fig. 5 is a four chamber view tracing.
These echocardiogram patterns are quite similar to those obtained from the
chest wall.

Fig. 3. Long-axis view: obtained with the Fig. 4. Short-axis view: obtained with the
transducer placing on position B_:E transducer placing on position B

By utilizing these echocardiograms, it is possible to analyse the cardiac
anatomy to a certain extent. We already experienced 3 cases of cardiac mal-

-

formations among 325 cases.

2. Abnormal cross-sectional echocardiogram of fetus

As mentioned above, we experienced 3 cases of cardiac malformations.
These are DORV, VSD and TGA. We diagnosed DORY before birth, but we
could not make diagnosis of VSD and TGA before birth.

Fig. 5. Four-chamber view: obtained with Fig. 6. Double outlet right ventricle. The
the transucer placing on position B view obtained with transducer placing on
position B. Two great arteries which arise
from the single ventricle are displayed to

the left of the image
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Fig. 6 is the cross-sectional echocardiogram of the fetus with DORY.
It shows a quite abnormal findings, i.e. two great arteries arise from the single
ventricle which has coase trabeculations.

This finding suggests a case of either DORV or single ventricle.

The fetus was born at 40 weeks as a girl weighing 3040 grams, but eyanosis
was not observed at birth. At one month of age, the girl began to experience
cyanosis by erying. At this point catheterization and angiography were perfor-
med and DORV was diagnosed. Cyanosis and dyspnea developed gradually
and she died at the age of 2 months. Autopsy revealed DORYV, polysplenia
and dextrocardia,

3. Normal M-mode echocardiogram of the fetus

M-mode echocardiograms are also recordable from various places in fetal
heart.

Fig. 7 is a mitral valve echocardiogram pattern obtained from the image
in Fig. 2. The mitral valve pattern shows a mirror image from the pattern obta-
ined from the chest wall, i.e. as shown in the figure, the anterior leaflet of the
mitral valve moves posteriorly during the diastolic phase.

Fig. 7. A mitral valve echocardiogram pattern obtained from the image in Fig. 2

Fig. 8 is an aortic valve pattern obtained from the same image. The top
of the panel is the left atrium and the bottom is the right ventricle, and the
middle part is the aorta. The aortic valve moves posteriorly during the systolic
phase.

19 — Archives 1-2/84
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Fig. 9. Echocardiogram patterns of mitral valve and tricuspid valve
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Fig. 9 shows echocardiogram patterns of the mitral valve and the tricus-
pid valve. These are quite similar to the pattern obtained from the chest wall.

Fig. 10 shows the echocardiogram pattern of the aortic and pulmonary
valves. The aortic valve pattern here is quite similar to that of the usual pat-
tern, but the pulmonary valve pattern is lacking an a dip, probably due to
pulmonary hypertension.

AOQ PA

Fig. 10. An echocardiogram pattern of the aortic and pulmonary valves

4. Normal values of the M-mode echocardiogram of the fetus

The normal values of the fetal M-mode echocardiograms were calculated
from the above mentioned figures. :

The normal data of the fetuses are described in Table 1.5§ ¥37] _ |

Table 1

Specification | Before birth [mm] | After birth [mm]

43.14+12.4 ‘ 54.3 £7.7

MVDDR 1

MVE i 7.3+0.9 9.5+1.1
TVDDR | 49.7+12.8 57.9+9.1
TVE l 8.1+1.1 1k1.C11
AOD [ 8.8:0.9 11.5+1.0

5. Flow wvelocity patterns of fetal heart
Doppler spectrum of the mitral and tricuspid valves is shown in Fig. 11.
The tricuspid valve flow shows much higher spectrum than that of the mitral

.«
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TRICUSPID FLOW

MITRAL FLOW
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Fig. 11. Doppler spectrum
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Fig. 12. Comparison between mitral flow velocity and tricuspid flow velocity in fetus
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valve flow. On the bases of these patterns, the flow velocity of the mitral and
tricuspid valves was calculated. Fig. 12 shows the result. The flow velocity ratio
between the mitral and tricuspid valves is 1.0 to 1.3 (mean value is 1.12).

4. Discussion

Only a few studies have been reported in the field of the fetal echocardio-
graphy [2].

We have already reported several times about the fetal echocardiography
and we have deviced “standard” transducer positions [3], i.e. the maternal
flank and maternal naval positions. Using these “standard” transducer positions,
a long axis view tracing, a short axis view tracing and a four chamber view
tracing can be obtained, and it is possible to analyse cardiac anatomies to a
certain extent.

We experimented on cases of DORV, VSD and TGA, but we could only
diagnose DORV before birth. This fact may suggest that this technique is
useful to diagnose the extreme cardiac malformations of chambers and the
correlation between the cardiac chambers and the great arteries.

We have also tried to analyse the physiology of fetuses.

At the fetal stage, since lungs do not work, pulmonary circulation cannot
be detected. Therefore, the blood stream through the foramen ovale supplies
the mitral valve flow, and the blood stream through the ductus arteriosus is sup-
plied by the tricuspid valve flow.

Since the mitral valve and tricuspid valve DDR and excursion are strongly
affected by the mitral and tricuspid valve flow, respectively, it is possible to
estimate the circulatory changes at birth, when the mitral valve and tricuspid
valve DDR and excursion of the fetus are compared with those of a new born
baby.

As shown in Table 1, the increased ratio of the mitral valve DDR and
excursion is almost equal to that of tricuspid DDR and excursion. These facts
may suggest that the blood flow through the foramen ovale and through the
ductus arteriosus is nearly equal.

In order to confirm the hypotesis, Doppler method was performed.

The blood flow ejected from the left ventricle can be detected by measur-
ing the aortic flow. Similarly, the blood flow ejected from the right ventricle
can be detected by measuring the pulmonary flow. But it is very difficult to
determine the sampling site of the aorta and pulmonary arteries by the Doppler
flow meter, on the fetal echocardiogram.

We used the left ventriclar outflow tract just below the mitral valve and
the right ventricular outflow tract just below the tricuspid valve as a sampling
site for the Doppler flow meter. As mentioned above, mitral valve flow is nearly
equal to the blood flow through the foramen ovale, and the tricuspid flow is
nearly equal to that of the ductus arteriosus.
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As shown in Fig, 12, the flow velocity ratio between the mitral and tricuspid
valves was 1.12 (mean). Therefore, when the left ventricle ejects 1, the right
ventricle ejects 1.12.

There has been no report about the fetal cardiac circulations in the human
heart. The only report by Ruporra and HEYMANN [1], based on animal ex-
periments, describes that the left ventricle ejects only 1/3 of the total cardiae
output. But our data suggest that about 1/2 of the total cardiac output is
ejected from the left ventricle before birth.

5. Cenclusions

The technique to record the fetal echocardiograms and its results have
been explained. The fetal echocardiography may be applicable to diagnose
cardiac malformations and also to evaluate cardiac functions before birth.
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DIAGNOSTIC ULTRASOUND IN SURGERY CLINICS
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The author presents a short survey of ultrasonic applications in diagnosis
of various heart diseases, peripheral blood vessel disorders and abdominal patho-
logies before the operation and intraoperatively and in the treatment of various
kinds of disorders. In the author’s opinion ultrasound renders nowadays a great
help to the surgeon and will become even more useful in the coming years.

The second half of the 20th century and especially the last 20 years have
witnessed the coming of the ultrasound era in medicine. With each passing
year ultrasound has been used more widely as a diagnostic tool and as a physical
agent for treatment of various pathologic conditions.

The present paper deals with ultrasound usage experience which has been
acquired within 10 years in the USSR, in National Research Center of Surgery
(USSR Academy of Medical Science, Moscow). We have used ultrasound in
diagnosis of various heart diseases, peripheral blood vessel disorders and ab-
dominal organ pathology (Table 1). All the cases presented were treated sur-
gically.

Table 1. The use of diagnostic ultrasound Table 2. Echocardiography
| Number Number
0 e Nutiber of Echocardiography techniques | of exami-
rgans examine ?f oo el nations
patients tions
—— Omnedimensional echocardio-
graphy 7956
Heart 5211 14852 Twodimensional echocardio-
Peripheral vessels 2298 6894 graphy : 5014
Abdominal organs J 4166 4704 Doppler echocardiography | 1720
[ | Contrast echocardiography 162
Total number | 11678 | 26450 Total number 14852
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The fact that most of our cases were diagnosed before the surgery made it
possible to establish critically the diagnostic value of ultrasound.

Echocardiography is used diagnostically when dealing with heart troubles.
Table 2 shows four basic techniques of echocardiography applied in our Center.

The techniques listed in Table 2 were used according to the diagnostic
information needed. One dimensional echocardiography is a well established mode
for the detection of the prolapsed mitral valve, atrial tumours (myxoma),
complete atrioventricular canal, tetralogy of Fallot and hypertrophic subaortic
stenosis which had been diagnosed earlier only in autopsy.

Twodimensial echocardiography is in many cases a supplement to the one-
dimensional ultrasound technique. It enables one to get a better spatial location
of various components inside the heart and makes it possible to determine the
type and degree of mitral and aortic orifice stenosis, the degree of insufficiency
of these two valves and their mobility. Bacterial endocarditis vegetations are
usually very well seen on the twodimensional echocardiograms of the mitral
and aortic valves.

Doppler echocardiography is rather a good technique for detecting intra-
cardiac turbulent blood flows — the phenomenon which is always present in
such heart pathology as various septal defects, valve incompetance and aortic
and pulmonic valve stenosis. Doppler ultrasound makes the diagnosis of these
heart abnormalities more precise and more reliable.

The contrast echocardiography makes it possible to visnalise the intracardiac
blood flows, to detect and measure various intracardiac shunts and blood flow
direction and to diagnose the heart valve insufficiency. It helps to verify the
dubious structures inside the heart chambers.

Table 3. Doppler echoangiography Table 4. Ultrasound scanning of abdominal
cavity organs
Number
Doppler techniques of exami- Number
nations Techniques of scanning of exami-
nations
Ultrasound pulse detection 5619
Blood vessels scanning and Manual scanning 4086
echoflowmetry 12756 Computerised automatic
Total number 6894 scanning ok 618
Total number | 4704

The systemic approach to these echocardiographic techniques is a valuable
source of information for heart surgeons. They usually find it useful while deter-
mining the nature of heart pathology and how risky the operation could be.
This significantly lessens the number of invasive diagnostic techniques per-
formed.
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Peripheral blood vessels are investigated with the use of various Doppler
ultrasound pulse detectors and Doppler flowmeters (Table 3).

Ultrasound pulse detectors are applied when determining the blood flow
in regions where simple pulpation does not bring satisfactory results. Those
regions are the popliteal space, the region around the malleolus and the patients
with hypotony and edema. The Doppler instruments give the sound and grap-
hical information, helping to determine the direction of blood flow and its linear
velocity.

Doppler twodimensional flowmeters have the ability not only to produce
sound signal and blood flow characteristic curve, but make it possible to give
detailed information about the blood vessel walls, their internal surface in longi-
tudinal and cross-sectional views. Besides the linear and volume blood flow can
be determined too.

The latest generation of Doppler flowmeters with colour image of the probed
vessels possesses the possibility to differentiate between the arterial and venous
blood flow.

Thus, nowadays the ultrasound has become a tool for “listening” to the
blood flow; it permits determination of its direction and veloecity, and what
is very important, it gives an opportunity to visualize the blood vessel lumen
and to detect various hindrances to the blood flow. The Doppler ultrasound
techniques help to diagnose the pathological changes in the brachio-cephalic
vessels of the aortic arch and the vessels of the upper and lower extremities.
This kind of information is very important when Raynaud, Takaysu and Leriche
syndromes are suspected. Its importance is also obvious when dealing with
patients suffering from arterior-venous shunts and aneurysms of arteries.

In our Center the ultrasound is also extensively used for detecting patho-
logical changes in such organs of abdominal cavity as liver, gall-bladder, pan-
creas and kidneys. Usually the contact manual ultrasound scanning and compu-
terized ultrasound tomography are used for that purpose (Table 4).

With the help of these ultrasound scanning techniques we detect stones
in the lumen of the gall-bladder and in the bile ducts. Besides we diagnose
various abnormal volume tissue formations in the parenchymal organs of the
abdominal cavity — the liver, pancreas, kidneys and some other organs. The
information we get has become more precise and enabled us to reduce the
number of unnecessary diagnostic operations.

Computerized ultrasound tomography gives the possibility not only of
seeing the abdominal cavity organ anatomy but also of characterising the micro-
structure and the level of local blood circulation.

We use ultrasound not only for diagnosis before the operation but intra-
operatively as well. The tiny gall stones in the bile ducts, large vessels and
peripheral blood flow in kidneys, liver and other abdominal organs are also
determined during the operations.

We widely use ultrasound for the treatment of various kinds of disorders.
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In the Center it is common to apply the ultrasound in the following procedures:

1

!.0

R

cutting the ribs, sternum and wvarious soft tissues

trachea, bronchi and oesophagus endoscopic surgical manipulations
endarterectomy -

hemostasis during the operations

surgeon’s hands cleaning

surgical tools sterilisation

cleansing of purulent wounds and cavities

. phonophoresis of medicines and drugs (antibiotics, hormons etc.).

The present short survey helps to draw the conclusion that ultrasound
renders a great help to the surgeons nowadays. And this kind of help will become
more useful as with each passing year the ultrasound technique is modernised
and so is the clinical experience.




