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CHAPTER 1

INTRODUCTION

1.1. INTRODUCTION

Ultrasauﬁd is oné of the most widely used techniques in
medicine today. Its primary use is in diagnosis, where it is
employed in virtually every region of thé body. Pulse echo and
continuods wave (cw) Doppler techniques are the most common types
of diagnosﬁic ultrasdund. Static and dynamic imaging of the soft
tissues of the body using pulse echo techniques helps detect
abnormalities such as cardiac disorders, £fetal anomalies, and
tumors. The popﬁlarity of pulse echo systems has increased with
the development of reél time capability and improved resolution.
Doppler techniques utilize information contained in the frequency
shift of signals reflected f£from moving particles to directly
measure blood flow velocities, and aré being applied to the
diagnosis of a wide range of clinical problems.

Surgical applications of ultrasﬁund employ intensities of
1¢ W/cm2 or greater to destroy tissues. Acousfic microscopes
using frequencies in the GHz range are uéed in medical research
when the acoustic propertieé of the specimen can provide more, or
different, informatioh than the optical properties.

Various biological effects due to continuous and pulsed
exposure to ultrasound have beeh reported. The reported
biological effects weré aétributéd to a combinafion of thermal,
stréss, and cavitation effects as definéd by Nyborg (1978).
Biological effects are most likely due to a combinatioﬁ of these

mechanisms. but are usually classified according to the primary



mechanism involved. Cavitétion is the probable mechanism when
the application of excess hydrostatic preésure eliminates or
redﬁées the biological effect, and when lower frequencies aré, in
genefél, more effective than higher fréquencies in prodﬁ&ing the
effects , Cavitéﬁion can affect bioclogical systems by virtue of
therﬁal, mechanical, or chemical mechanisms. Cavitétion bubbles
cause scattering and increésed heéting. If a bubble collapses,
as with tranéient cavitétioﬁ, a shock wave may be generated which '
can produée severe mechanical damage. The hich temperatures in
the minimum volume stéte during collapse can cause watér vapor in
the bubble to dissgciate intb highly reactive freé radicals
capable of produéing chemical changes in the medium and which can
resﬁlt in sonoluminescence,

Atteﬁﬁation, which includes absorption and scattering, is
the decrease in amplitude as the souhd trévels thfough the
tissue. The absorption of ultrasbnic energy resulting in heating
of tissues is a fairly well understood mechanism for damage.
Biological effects are classified as thefmal wheﬁ the effect can
be observed if the temperéture is elevated by the same amount
using othér means (NCRP, 1983). Thermal effects often have a
well- defined threshold wheré change occurs reproducibly above a
narﬁow critical range of temperétures.

Mechanically mediated biological effects can be correlated
to the spatiél and temporal distfibutiohs of Varioué paréﬁeters
descriptiﬁe of mechaﬁical stréss, strain, and motion (NCRP,
1983). These paréﬁeters include preééure, tension, shearing
strésé, expansion, compression, velocity, and acceleration.

Radiation force. radiation torque, and acoustic streaming are



nontﬁekﬁal second order mechanisms res?onsible for some of the
biological effects thét have been observed (NCRP, 1983).
Radiation force is the sﬁeady force exerted on objects in a souﬁd
field, which may cause translatioﬁal motion. A standing wave
field in a suspension of small particles can produée banding
according to radiation force theory. Also, pulsating bubbles
exert an attfactiﬁe force on particles in their vicinity. In
cell sué?ensioné, cells can be pulled int6 regions of high stress
where damage is likely to occﬁr. Rotary motion of objects in the
sound £field may be the resﬁlt of a steédy radiatioﬁ torque.
Radiation torque acts on the medium itself and, in fluid, gives
rise to stéady circulatory flow known as acouéfic streaming
(Nyborg, 1965). Oscillation of a bubble, especiallf if it exists
near a solid boundary, is likely to produce acoustic
microstreaming, i.e., streaming on a microscopic scale. The
expected velocity of near-boundary acouétic streaming and the
radiation force on smali particles are proportional to thé
gradient of the square of the first order velocity field (Nyborg,
1965). Bigh streaming velocity gradients in turn result in a
large time-independent viscous stress.

In order to avoid dangeroué X-ray expoéﬁre to the fetus,
obsteﬁrics has become the largest area of usage of ultrasbuna.
The fetus in its fluid cavity provides an ideal ultrascnic medium
for imaging. It is estiﬁated that 40% of pregnant women in the
United States are scanned at least once (Wells, 1984). Because
of this routine use, possible biological effects t6 the fetus are
of concern, though it is important to realize at the outset that

biological effects do not necessarily imply biological damage.



However, the potential for bioclogical effects must be determined
such that the informed physician can make a determination of
benefit versus some, as yet unidentified, risk for each patient.
To determine safe levels for ultrasound use during
pregnancy, investigators have concentrated on the possibility of
mammalian developmental biological effects. Shoji et al. (1972)
reported significant increases in fetal mortality and some fetal
abnornalities when pregnant mice were irradiated for 5 hours with
40 mW/cmz.r 2.25 MHz wultrasound on the ninth day of gestation.
This report has not been verified by other investigators, and a
thernal mechanism for damage is suspected (Lele., 1975).
Reduction in fetal weight in mice has been shown when pregnant
mice were exposed te 1 MHz ultrasound for 5 minutes at an average
intensity as low as 1 W/cm (O'Brien, 1976; O'Brienr 1983).
These results are most likely strain specific (O'Brien et al.,
1982). 1In extrapolating any animal experimental evidence to the
human <case, it is important to recognize that, except during the
earliest stages of development, in utero exposure to the human
fetus does not constitute whole body irradiation as it does in
many other animal systems. Proper movement of the transducer and
shorter exams limit the exposure of any one area on the human
fetus, Time averaged diagnostic intensities are low enough that
s1gn1f1cant heating of the human fetus is not expected. At the
present time there 1is no direct evidence that diagnostic
ultrasound produces any biological effect, harmful or otherw1se,
on the fetus (Carstensen and Gates, 1984). However, as more
sensitive methods for detection of biological dJdamage are

developed, we may f£ind that greater damage is occurring than



previously realized. As new clinical applications of ultrasound
develop and more patients are expoééd to this radiatioﬁ, it
becomes more important to detegmine all poésible biological
effecté, to identify the physical mechanisms resﬁonsible for
these effects and to find whether those processes are oﬁerétive
in body tissues.

The objective of this thesis is to discﬁss the modification,
characterization, and implementation of a commefciallf available
ultrasohic scanﬁer to detect ultrascnically induéed gas bubble
activity, in wvive, in the mouse neonate.

The remainder of this thesis is organized as follows.
Chapter 2 discusses cavitétioﬁ pheﬁomena in more detail. The
ultrasdnic exposure and imaging systems and relatéd hardware uéed
during the irradiation process are discussed in Chapter 3.
Chaptef 4 describes the experimental procedure employed, and
presents and discﬁsses the resﬁlts of imaging of the mouse
neoﬁates during expoéﬁre. Chapter 5 presehts the conélusions and

recommendations for future research.



CHAPTER 2

CAVITATION THEORY

2.1. Cavitation

Acouééic cavitééion is a complex, nonlinear physical
phenomenon 1in which the motions of bubbles generated by a sound
field bring about typical physical effects (Flynn, 1964). This
generél definition includes the generation of bubbles by the
sound field, the various motions of the bubbles, and the physical
effects brought about by these motions. Flynn characterizes
bubbles by theif motions as eithér a stable or a transient
cavity. Blake (1949) furthér charécterized the tfansient bubble
fields as either gasedﬁs or vaporous. In a gaseéﬁs cavity, the
relative ameunts of vapor and gas remain unchanged during a
pulsation. In a vaporous cavity, the vapor-gas composition may
change during a pulsation as evaporétioh and condensation

maintain the pressure of the vapor at its equilibrium value.

2.2. Nuclei apd Stabilization

Small inhomogenéities. called nuclei, are necessary for
cavitation events to occur at moderate sound pressure amplitudes
less than the tensile strength of the 1liquid (Flynn, 1964).
Laplace preséﬁres exertéd by surface tension cause smaller free
bubbles (less than 1 micron) to dissolve, and buoyancy causes
larger bubbles ¢to risé to the surface. A 10 micron bubble
dissolves in only 7 seconds, while a 1 micron bubble dissolves
1000 timeé faster, even in gas saturéted watér. A 100 micron
bubble takes 6300 seconds to dissélve, but rises through the

liquid with a terminal velocity of 2 cm/sec. To account for the



existence of nuclei in solution, varioué nuclei stabilization
models have beeﬁ propoéed, such as the crevice (Harvey, 1951),the
organic skin (Fox and Herzfeld, 1954), the ionic skin (Akulichev,
1966), and the varying perheability skin (Youﬁﬁ, 1979).

The organic skin model propbsed a rigid, gas impermeéble
skin preventing loss by diffusion and gi?ing mechaﬁical strength.
Strasbefg (1959) found a 1linear dependence on ’cavitafion
threshold with applied static pressure which led Herzfeld (1957)
to abandon the model. He reasbﬁéd thét a crushing preséﬁre
should eventually destroy the rigid skin and reéult in a sharp
discontinuity in the caviﬁétion threshold.

Free ions in a liquid can stabilize a pocket of dgas by
coulomb repulsion (Akulichev, 1966). However, teséé of the ionic
skin model indicate thét the cavitation stfength of water is
independen£ of the conductivity due to iong of dissblved
substances, even when it is varied by more thaﬁ two orders of
magnitude (Sirotyuk, 1970). This effectively discouﬁted the
ionic skin theory. Cavitation thrééhold, the critical sound
pressure amplitude necessary to give rise to cavitatioﬁ, is
influenced by the concentfétion of the salt KI, but there is not
a viable model detéiling the physical mechaﬁisms that thét lead
to nuclei stabilization (Crum, 1985).

The surface active agents model proposéd by Sirotyuk (1970)
and extended by Youht et al. (1979) is a modification of thé
organic skin model. Yoﬁnt's modification 1led to the varying
permeability (VP) model. Surface active molecules provide
mechanical compression strength but no teﬁsion stfeﬁgth. The

skins are effectively impermeable for compressions exceeding



eight atmospheres. Nuclei of widely different radii can be
stabilized at the same ambient pressure, and can be cycled and
reséébilized at different preséures, provided thét tﬁe thfeshold
for bubble formation is not exceeded (Yount et al., 1984). The
nuclei wili all héve the same internal pressure determined by
diffusion equilibrium with the surrounding medium. A detailed
review of the model is presented by Atchley (1985). Yount's
measuremehts in supersaturated gelatin indicate tha£ the skins
are initialiy permeable, but become impermeable and stabilize the
bubble at a critical radius. So far the model has only been used
to predict compression and decompression processes during which
diffusion can play a major role.

The most acceptable model for nucleatioﬁ in watér is the
crevice model. Gas 1is trapped in a conical crevice in a solid
hydrophobic inhomogeneity presént in a liquid. This model can
predict many aspects of nucleatioﬁ. Simple models for gas
stabilization in c¢revices have been considered by several
investigators (Harvey et al., 1944; Strasberg, 1959; Flynn,
1964; Apfel, 1970). In these studies, the influence of gas
saturation in the 1liguid, hydrostatic pressure, advancing and
receding contact angles, pretreatment of the sample, temperature,
frequency and size  of the crevice on the cavitétion threshold
have been investigated.

Various sites of cavitation nuclei have been proposed within
biological media. To detérmine the possibility of cavitétion in
living tissue, it is critical to know whefﬁer nuélei exist and
under what conditions they are present. Harvey (1951) found no

evidence for nuclei in normal quiescent blood. Using rat



thyrocytes suspenéioné, Docley et al. (1983) did not find nuélei
which respond to very shor£ pulses. Fulton (1951) found evidence
for nuclei genéfated by muscle activity during decompression
studies. Nucleation sites seem to be present in most living
organisms including man (Rubissow and Mackay, 1974). Gramiak and
Shah (1971) attributed echoés in human <cardiac chambers to
microscopic bubbles,

The stabilization mechanism in biological media is unknown
at this time. Crevices to stabilize gas pockets afe probably on
the order of tené of microné. The origins of bubbles in the
innef ears of monkeys may be the sharp crevices in the bony
tissﬁes (van Liew, 1968; Van Liew and Passke, 1967). For the
ionic skin or the VP models to be the sfabilization mechanism in
tissues, thefe must be preexisting dissblving gas bubbles.
Apparently stabilized gas bubbles less than 1 micron afe present
in water, but theif presence in blood is unknown. From
decompreséion studies, a process called tribonucleation where
free gas is introduced by relative movemenﬁ of tissﬁes is
descibed by Hemmingsen (1982). The pheﬁomenon is stili not well
defined.

A question exists as to whether nuclei of appropriate size
exist in tissues (ter Haar et al., 1981, 1982; Crum, 1982; Crum
and Hanseh,'1982). It will be very difficult to detérmine the
size and distribution of gaseaﬁs nuclei in mammalian tissues even
-assuming their existence c¢an be established, because these
guantities are most 1ike1y'time varying (Carstensen and Flynn,
1982). It has been suggested (Carstehseﬁ, 1985) that variability

in the presence of cavitation nuclei in subjects could be
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responsiblé for some of the conflicting «claims of biological

effects from the different laboratories.

2.3, Stable and Transient Cavitation

Bubbles that pulsate over relati#ely long intérvals of time
are defined as stable cavities, and bubbles thét collapse
violently after only a few c¢ycles are defined as transient
cavities. The critical pressure amplitude where the transition
between stable and trénsient cavitétion occurs is known as the
threshold preséﬁre for transieﬁt cavitation,

Transient cavitétion events can be defined by a variety of
critéfia. One commonly used criterioh is tha£ the velocity of
the coliapsing cavity approaches the velocity of sound in the
medium or that the maximum radius of the pulsating bubble reaches
twice the equilibrium radius. Neppifas and Noltingk (1951) show
that the velocity critefioh is met if thé bubble reaches a
maximum size of 2.3 times the initial size. PFlynn (1964) defines
two functions called the inertial acceleratioﬁ function and the
pressure acceleratioﬁ function to describe cavity motion. A
stable cavity is controlled by the pressure function when the
maximum radius is less than the c¢ritical value. A transient
cavity is contfolled by the ineitial funetion. Flynn (1982)
provides a quantitative basis for thé generation of transient
cavitation giéen appropriately sized nuclei. For frequencies in
the diagnosﬁic range (1-10 MHz), only nuclei below a few microns
(2-3) will grow explosi#ely. The maximum size of nuclei with a

well defined threshold decreases as frequency increases.
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When a bubble exists in a sound field, the bubble will start
to oscillate and act as a secondary source. The scattered and
ambient fields are superimposed. The scattered sound pressure
near the bubble., py, is given by Coakley and Nyborg (1978) as

= R jup R> £,/ 2.1

Pg e JWPLRS £/ (2.1)

where R, is the bubble radius, r is the radial distance from the

bubble center, and Z, is the bubble displacement. The complex

amplitude of the scattered pressure is given by

2.
. P .GTR .
B = —95——9 x(2,8) el

(2.2)

x(Q,8) = [(1 - 92)2 + 0° 2]"1/2

where 2 is the frequency relative to the resohant frequency, ¢ 1is
the damping consﬁant, and o is the phase angle between p., and the
ambient pressure,

The highly nonlinear oscillations of bubbles in an acoustic
field can result at very low pressure amplitudes. When a bubble
pulsatés, transverse waves are often set up on its surface. At
high pressure amplitudes, these surface waves become distorted
and unstable. During the collapse of a transient cavity, jets of
liquid project intb the bubble and microbubﬁles of air are formed
which may serve as new nuclei.

Recently, the poéential for transient cavitétioﬁ from
diagnos£ic ultrasbund hags been investigatéd (Plynn, 1982; Apfel,

1982; Apfel. 1986). Flynn reported that violently collapsing
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transient cavities produced by microsecond pulses can generate
maximum: preséﬁres of 1000-7000 bars and temperétures of
1000~20000° X, In comparison, the maximum preséure in stable
cavities approaches 100 bars at its minimum radius., Transient
cavitéfion is expected if temporal peak inténsities aré above
thresholds on thé order of 190 W/cmz. Strong shock waves thét can
result in biological damage can be produced when a bubble
collapses. The initial strength of the wave depends on the
maximum pressure in the cavity. Apfel (1986) includes viscosity
and surface tension effects as well as the inertial effects
presented in the earlier calculatioﬁs (Apfel, 1982). Depending
upoﬁ carrier frequency and the existence of appropriate nuélei,
peak intensities exceeding 2-50 W/cm2 are required for transient
cavitation with microsecond pulses of ultrasbund (Carsténsen and

Gates, 1984).,

2.4, Rectified Diffusion

Rectified diffusion is a relatively slow growth process of a
pulsating bubble due to an averége flow of mass intb the bubble
over an acoustic cycle. This phenomenbn was fitst suggested by
Harvey et al. (1944). Subsequently, a first order theory of a
pressure threshold, above which rectified diffusion can occﬁr,
was worked out by Blake (1949). Whatever the stabilization
mechanism, thebretical cavitation thresholds aré uéually based on
the model of a freé nuclei in a liquid. Thresholds depend on
such paraﬁeters as nu&lei size, ambient equilibrium preséure.
dissolved air conténtlr temperature, vapor pressure, surface

tension, viscosity. fredquency, and exposure time, and, if pulsed,



13

the duty cycle of the sound field. For bubbles of one micron
diameter, this threshold exceeds 1 bar (Crum, 1984}.

A bubble oscillating about an equilibrium radius can grow in
size due to the area effect and the shell effect. The area
effect is asseciated with the increased concentration of gas
(moles/1) in the interior of the bubble when it contracts, which
causes gas to diffuse from the bubble into the surrounding
liquid. Similarlf, wheh the bubble expands, its agas
cohcentration decreases, and gas diffuses into the bubble. Since
the diffueion rate 1is proportional to the surface area of the
bubble, more gas wili enter during expansion than will leave
during the contractlon of the bubble. Therefore, over a complete
cycle, there will be a net increase in the amount of gas in the
bubble,

The dlffu510n rate of gas in a 11quld is proport10na1 to the
gradient of the concentration of dlSSOlved gas. The variation in
the gas concentration in the liguid adjacent to the bubble, the
shell effect, modifies the gas diffusion and must also be
considered for an adeguate description of rectified diffusion
phenomenon (Hsieh and Pleseet, 1961;: Strasberg, 1961l)., Bubble
growth rates are also influenced by thermodynamic effects (Crum.
1980), inertiel effects (Eller and Flynn, 1965), and enhenced by
surface oscillatiohs which indece acoustic microstreaming (Gould,
1974),

In conclusion, Crum (1985) defines thtee possible behaviors
of an acoustically stimulated bubble: {i) it can remain
unchanged in time—averege volume, but pulsate violently, (ii) it

can grow explosively in one or two cycles, or (iii) it can grow
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slowly by rectified diffusion to a point where {a) it breaks up
due to surface wave formatioﬁ, or (b) it grows explosively as in
(ii).

This discuésion on the physics of acoustic cavitétion is
meant as a brief overview. A more complete discuésion is
presented in review papers by Apfel (1981), Flynn (1964), and
Neppiras (1980), and in books by Dunn and O'Brien (1976), and Fry
(1978).

2.5. Bioeffects

When the application of sonar resulted in marine deaths,
Wood and Loomis (1927) initiaéed the first extensive bioeffect
study. They investigated the killing of small fish and frogs
exposed to 300 kHz ultrasound for several minutes, but did not
determine the cause of death. A number of physical, chemical and
biological phenomena may occur including fragmentation of
structures, acceleratioﬁ of chemical reactions, and damage to
biological cells and tissues due to activity set up in or near
small gaseoﬁs bodies (Coakley and Nyborg, 1978). Over 50 vyears
ago it was shown that the disruptive effects of ultrasound on
single cellular organisms are often associated with cavitétion
(Schmitt and Uhlemeyer, 1930).

The most destfuctive biological effects associated with
stable bubbles are due to the large amplitude osciliatioﬁs of
resonant size bubﬁles. Usuall& nuclei must grow to resonant size
so pulse 1length is an important exposure factof. Longer pulses
are biologicallf more effective at a given expoSﬁre, yet pulse

length must be kept short so that time average intensities are
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low enough to rule out heating as a factor in the biological
damage.

Much of the work concerning biological effects has
concehtrated on idenéifying specific effects and detérmining
threshold levels for selected tissues using various pulsed and
continuous wave regimes (Dunn, 1982)., Current evidence for thé
occurrence of cavitétion in vivo is based largely on microscopic
observations of highly localized tissﬁe damage, which Iis
sometiﬁes attributed to the high temperatures and pressures
associated with the unétable collapse of a bubble (ter Haaf et
al., 1979). Lesions dﬁe to very high intéﬁsity ultrasduﬂd are
hlstologlcally different from 1e51ons at lesser dosages. Lesions
at high intensities are attributed to cav1tat10n activity., while
lesser 1nten51t1es at longer duratlons result in thermally
induced 1lesions. Several investigators have determined the
thréshold relationship to produée lesions in the brain to be
1£1/2=200 for single pulse irrédiations whefe T is in W/cm2 and t
is in seconds (Pry et al., 1970; Pond, 1970; Robinson and Lele,
1972). Lele (1977, 1978) irradiated cat brains in vive at peak
intensities of 1500 W/cm2 in 10 us pulses (1 kHz repetition réte
for 1800 sec) and found no histological damage. Increésing the
pulse length to 20 us resulted in threshold lesions in 20% of the
cases. Subharmonic emission, used as an indicator of steady
cavitation, had no distinct thréshold intensity. Subharmonic
emission increased with incréasing intensity between 100 W/cm?2
and 1500 W/cm2 and showed a sharp rise in activity above this
level. Anharmonic (wide-band) signals typical of transient

cavitation activity had a threshold at 1000 W/cmz. Histological
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damage could be <correlated with anhafmonic emiséion above
1500 W/cm? with 2.7 MHz ultraséund.

Chan and Frizzell (1977), using 3 MHz ultrasound, found the
lesion thgeshold in liver to be twice that for brain.
Differences in the threshold lesions at 550 W/cm? and 3000 W/cm?2
suggested a difference in the mechanisms responsible for the
damage.

Cavitation is probably responsible for frégmentation and
denaturafion of DNA in solution by mechanical means (Gooberman,
1960), althoﬁgh chemical effects may also contribute (Alexander
and PFox, 1954). The low absofption coefficient of the solution
minimizes any thermal mechanism of damage. However, there is
disagreement on the levels required to produée effects.
Threshold values less thaﬁ 1 W/em? (Hill et al., 1969; McKee et
al.. 1977) have been determined, yet damage using 300 W/cm? was
attiibuted to noﬁcavitation phenomena (Coakley and Dunn, 1971).
The destfuction of amoebae has been associated with the specific
number of discrete cavitation events (Coakley et al.. 1971).

To describe the biological effects of a form of cavitétion
on Elodea leaves, Miller (1977) invented thé new phrase 'gas body
activation (GBA).' A reasoﬁable definition of GBA is: the
induction and maintehanée of oscillation by the interaction of an
ultrasonic field with oﬁe or more structurally stébilized volumes
of gas in a liquid (Miller, 1984). This phrése is now applicable
to a variety of situations wheré preexisting gas bodies seem
reséonsible for the observed effects of ultrasound. Several
physical mechanisms for biological effects in the vicinity of

activated gas bodies were given by Nyborg et al. (1976). The
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biological effects observed were atEributed to 1local heating,
large sonically generated radiation forces, acoustic
microstreaming at the boundaries, and shear sﬁresses within the
cell, Recently developed 1ineér theoretical models for the
oscillation of plant-tissue gas bodies (Miller, 197%a) and for
gas filied micropbres (Miller and Nvborg, 1983) generally agree
with experimentél evidence.

Elodea leaves weré used in one of the first detailed reports
of wultrasonic bioceffects (Harvey and Loomis, 1928). Elodea
leaves conﬁéin naturally occuring gas bodies suéh that the
spatial relatioﬁship between the sound beam and the tissue can be
determined. Millef (1979b) determined that most gas bodies in
Elodea are most strongly activated in thé frequency range 3-7 MHz
as is predicted by resonance theory. Continﬁous irfadiation for
1 second and pulsed exposure with pulse dﬁrations of 1-10 msec
resulted in simiiar thresholds. Cell death thresheld (CDT) was
about 180-350 mW/cm? at 5.25 MHz (Miller, 1979b;Miller, 1983a).
For 100 sec cw irradiations at 1 MHz, CDT was approximately
180-500 mW/cmz, but increased to 2.4 W/cm2 for 1 sec irfadiations
(Millef, 1977 Milleir 1979b}. Threshold differences were
attributed to wvariations in the size of the gas bodies in the
leaves.

Pea roots provide small diameter, highly organized tissue
structures for ultrasonic studies. Direct measﬁrement of
temperatures in exposed roots indicateé tha£ the primary
mechanism of action of ultrasound is nonthermal (Eames et al..
1975). Cavitation is the likely mechanism for damage since more

damage is seen in the elongating zone of the root (Miller et al.,
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1974) where more gas is present (Carstessen et al.. 1981).
Irradiation is 1less effective at frequen01es above 2 MHz, under
conditions of excess hydrostatic pressure (Carstensen et al.,
1978), and for short (30-100 s) pulses (Child et al.., 1975)
indicating a cavitation mechaﬁism. The threshold inteﬁsity for
an effect on growth appears to be of the order of 1 W/cm2,
although no simple dose—respouse relationship is apparent. A
complete survey of the effect of ultrasound on plant tissues has
been presented by Miller (1983b).

Gas bubbles trapped in nucleopore membrahes have produced
effects by GBA. Oscillation of the gas bodies probably causes
indirect effects through nonthermal mechanisms such as
microstreaming and radiatioﬁ force (Miller, 1984). Bubbles
trapped in membranes and included within a suspension of human
erythrocytes during exposure to ultrasound resulted in ATP
release by lysed cells. Clumping of platelets using a diagnostic
Doppler device at low ultrasonic 1ntens1t1es can be observed
(Miller et al., 1978). Continuous wave exposure of 1.6 MHz at
spatial peak intensities of 20-30 W/ cm? using 4 m diameter pores
resulted in ATP release (Williams and Miller, 1980). Results for
pulsed mode exposures with 1-100 s pulses and a 1:10 duty factor
are comparable to continuous exposures with the same SPTA
intensity without regard for variations in pulse duration (Miller
and Williams, 1983). The frequency or magnitude of clumping of
platelets and cell 1ys1s in yiyg at diagnostic frequenC1es would
most likely be below the natural occurrence of these processes,
and would would be accommodated by the body's homeostatic

processes (Carstensen, 1985}).
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Fruit flies may provide the needed bridge between plaﬁﬁ and
animal studies (Child et al., 1980). Drosbphila larvae provide a
good animal model for GBA, since gas bodies of less thén 1
micron, which can serve as transient cavitation nuélei, are
stabilized in the tubules of their respiratory apparatus just
priot to hatching. Diffusion from the highly absorptive eggs
preventé large increases in temperature a£ the lethal expoéures.
The frequency dependence of absofption suggesté eitﬁer a wide
distribution of bubble sizes and resonant frequencies (Carstensen
et al., 1983) or an aggregate resﬁonse of closely packed channels
(Miller, 1980). Sensitivity to the pﬁlsed ultrasound increéses
markedly afteg air is taken ints the respiratory system (Child
and Carsténseﬁ, 1982). Microsecond pulses of 2 MHz ultrasound of
spatiél peak temporal peak (SPTP) intensities of 10-20 W/cm2 for
30 seconds resﬁlted in death. Temporal average intensities in
diagnoétic ultrasound are one to three orders of magnitude
smaller than this value. Decreased sﬁrvival raées were observed
for spatiél average temporal averége {SATA) intensities of
3 mW/cm?, indicating the importance of peak inténsities in
deterﬁining possible biological effects and average intensities
as an indicator of tissue heating (Child et al., 1981). The
killing of larvae using microsecond pulses of ultrasound showed a
frequency dependence consisteht with a transient cavitétion
-mechanism (Berg et al., 1983). . Continuous wave ultrasonic
intensity levels of 1 W/cm2 are required to produée observable
biological effects (Fritz-Niggli and Boni, 1950; Selman and
Counce, 1953; Counce and Selman, 1955; Pay et al., 1978; Child

et al.. 1980). For 30 second 1 MHz c¢cw exposures, intensities
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above 2 W/cm2 resulted in progressively greater 1likelihood of
death (Carstéﬁsen and Child, 1980). Thresholds for effects of cw
ultrasbuﬁd on Drosaphila and plant roots are both in the r;nge of
1-2 W/cmz. Pulsed exposﬁres in Elodea and Drosophila show
similar dependence on temporal peak inténsities for the observed
biological effects.

Though model studies including insects and plant tissues are
vital in developing an understénding of cavitation phenomeﬁa, in
vivoe studies involving mamﬁals are necessary to determine
possible biological effects of ultrasonic expoéure to humans.
Using a commefcial therapy unit with a focused 0.75 MHz
transducer, ter Haar and Daniels (198l) reported that acoustic
cavitaéion, leading to stable bubﬁle prodﬁétion, occurs in yive
in mamﬁalian tissue as a result of irradiaﬁion with ultrasound
above 80 mW/cm2 spatial average intensity in the leg of a pig.
They detected bubbles using an imaging system which was capable
of detecting gas bubbles with diameters greater than or equal to
ten microné, although no accﬁrate measurements of bubble diameter
could be made (Daniels et al., 1979). Signals derived from
multiple bubbles whose separation was less than the resolution of
the system could not be differentiated from those from single
scattering centers of the same crosé section. The observed
production of stable cavitation bubbles in tissues, at the
frequency and intéﬁsities used by ter Haar and Daniels, can be
predicted on the basis of currently available theory conce?ning
the growth of bubbles by rectified diffusion {(Beck et al., 1978).
Under the specific experimental conditions, Crum and Bansen

(1282) conclude that cavitation nuclei would grow above the four
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micron resbnance size by rectified diffusion to sizes great
enough to 'be observed. During decompression studies using the
system, two types of events were defined (Daniels et al., 1980).
Single frame events are believed to represeﬁt intfavascular
bubbles passing through the plane of the scan. Persistént
eventé, echoes recorded on two or more consecuti%e frames, may
represeht either intré- or extravascular gas bubbles. 1In studies
not involving decompression, no clear distinction between single
frahe and persisteht events can be made. Possibly a single frame
event may represent an extrévascﬁlar bubBle oséillating in size
about the detection thréshold of the recording system. The
bubbles are probably largely extravascular, since ECG recordings
did not show modificatiohs usually associated with intfavascular
bubbles (ter Haar and Daniels, 1981). The number of sites of
appeérance and number of new echoes are proportional to the
intensity and time of irradiation with the 0.75 MHz ultrasound.

In 1982, ter Haar et al. sugéested multiple sites for
cavitation with each having a different activatioh enérgy.
Events observed at and below 300 m.W/cm2 were predominantly on the
incident side of the leg and associated with tissue interfaces
and subcdtaneous fat. At the highesf intensity used, 680 mw/cmz,
sites occﬁrred throughout the entire cross section, with many
located intramuscularly. The proportion of single frame events
decreased at the highest intensity level.

In pioneer studies condﬁcted in this laboratory on the
effects of high intehsity ultrasbund on nervous tissue, Fry et
al. (1951) concluded that hind limb parélysis of frogs was not

due to cavitation. Their study broadened to include mammalian



22

systems, specifically the mouse neonate, wheré they continﬁed to
use a functiohal, ratﬁer than a histological., endpoint for
biologic effect (Dunn, 19%56; Dunn and PFry, 1957). The third
lumbar region, contéining a rich supply of motor neurons,
resulted in hind limb paralysis at sufficient ultrasonic doses.
The neonates provide almoét an ideal animal preparétion, because
they are small, poikilothérmic animéls, capable of large
temperéture changes without adverse effect, which have yet to
undergo complete ossification of the spinal column. Threshold
levels for paral&sis of mice was approximately one eighth of that
for human brain (Dunn, 1958; Dunn and Fry, 1971).

More recentl&, Frizzell et al. (1983) determined the
exposﬁre conditions for 10%, 50%, and 90% reversible hind limb
paralysis at 1 MHz, 10° C, and 1 and 16 atm exposﬁres for the
intensity range 86-289 W/cmz. A shift in the threshold and a
decrease in half-harmonic emission were reported to occur at the
highest intensity level when excess hydrostatic pressure was
applied. The threshold was virtually unchanged with
pressurization for intensities at and below 144 W/cm2°

Various cavitation detection schemes were employed
throughout the course of the néonate expoéure project including
sub- and superharmonic detectioh (Aschenbach, 1982). An
ultras;nic pulse echo bubble detector conéisting of an
oscilloscope, pulser-receiver electronics, and an imaging
transduéer was developed (Morimots, 1984). Transducers of eithér
10 or 15 MHz center frequency were used to produée A-scans within

the spinal cord of the neonate. This scanning technigue will
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be discussed in a later chapter. The most recent method to
detect in wvivo cavitation activity utilizes a commercial

opthalmic scanner.
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CHAPTER 3

ULTRASONIC IRRADIATION AND IMAGING SYSTEMS

A block diagram of the irradiatioﬁ system is given in
Fig. 1. An unfocuééd 3.18 cm diameter X-cut quartz disk resonant
at 1 MHz generates the ultrasbnic field. The source 1is mounﬁed
at one end of a cylindrical stainless steel chamber housed in a
deep freeze unit. The unit is filied with propylene glycol and
equipped with heating and refrigerétion elemehts to allow for
irrédiations at varioﬁs temperatures. The temperature of the
glycol is maintained a few degreés below the irfadiation
temperature and a ¥SI propbrtional controlier with a thetmistor
sensor controls a 300 W heating element within the chamber to
regulate the temperature of the degassed Ringer's acousﬁical
coupling solution. Opposite the transducer is a large volume of
highly absorbing castor oil. The presénce of o0il; held by a thin
rubber retéining wall mouhted at 45 degrees, assﬁres that the
neonate 1is exposed to essentially a travelling wave £field. A
coordinaté system with thrée orthogonal axes provides an accurate
positioning system for the mousé néonate within the sound field.
The chamber can be sealed and pressurized up to 20 atmospheres.

The 1 MHz RF signal is generated by a Waveték model 3006
signal generator, then gated using a minilabs SRAl-H RF mixer
controlled by a CMC model 786C dual preset counter, and amplified
by an ENI A-500 RF power amplifier. The c¢ounter can be
programﬁed for the desired dﬁration, and the amplifier is capable

of generating 500 W over the frequency range of 0.3-35 MHz. An



25

33 sAS
uoT3eTPRIIT @snouw Tejeuodu 9yl 3Jo weiberp Yo0Tg T 2InbTg
d31NNOD
AWI
LNdNI
AOULNQD
muu:mmﬂAm» ammﬁmm<Hm JOIVHIANID[ . [ HIAXIN
ALYNIGHO0D 1NOy
A ANV L H3Q10H
h HIIdNY
NOILVH3I01Y43Y \ ISNONW , 43IMod
WNALA .
RN N 1] IL . ,
< 11NJoY1d
ONIHIOLYIN 01
.
d3IGNVYHD
ONIGY0SaY | R[————HLVE 3INITVS
L _ /.I.I:Em_ 102419
///(Il. ANIV1ALOUd
4IENVYHD
NOILVI vyl
. ANTIVS
LINA || annSrida 404 10 ¥INOD
1443 JINLVYIINIL | HNLIVEIdWIL




26

LC matching network between the amplifiek aﬁd the transducer, and
the stabilizing network which assures a coﬁétant ultrésonic
intehsity are described in detéil elsewhere (Lee, 1982),

The trénsient reséonse of a thefmocouple embedded in
absorbing o¢il and calibrated against a suspended stéel ball
radiometef is used to calibréte_the ultrésonic field. A complete

description of the calibration technique is given in Lee (1%82).

3.2. Ultrasgonic Imaging System

A commefcial opﬁhalmic scanner {Ocuscan 400, Sonometrics
Inc.) eguipped with a 10 MHz ceréﬁic trénsducer is used to detect
bubbles in wivo (Fig. 2). Visualization of internal body tissues
and structures in Amplitﬁde—mode {A-mode) operation involves
sending short pulses of ultrasoﬁﬁd into the body and using the
amplitude, direction, and arrival time of refiectioné received
from various tissueg with different acoustic impedance (the
product of denéity and velocity within the tissue) to produce a
real time image. Ultrésonic pulse echo imaging utilizes signals
typically in the 1-10 MHz range generéted by a piezoelectric
transducer which converté an applied electrical pulse signal into
an acousﬁic pulse of &a few cycles. Received refiectiohs afe
converted into voltage pulses by the same trénsducer acting as a
receiver. The amplitude of the displayed signal is determined by
the amplification, compensation, compreésion, and rejection of
the receiéer. Emittéd pulses aré scanned acroés a plane in
Brightness-~mode (B-mode) operétion and echoes are displayed in
two dimensions to prodﬁce a bistéble (on or off) cross sectional

image. A biometry unit. included with the scanner, determines



Fiqure 2.

Commercial scanner used to image neonatal mice.
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the distance betweeﬁ aﬁy two chosén reflections above a minimum
amplitude wheﬁ programﬁed with the ultrésonic speed in the
tissue. The distaﬁce along the line of sight of the transducer
is calculat;d from the arrival time of thé réflectioﬁs and then
diplayed on the séreeﬁ. The poéitioﬁ of thé line of sight mus£
be corféctly identified to assure thét the corréct disténce is
being measﬁred. Since different tissues have different
velocities, the distaﬁces are only approximate for nonhomogeneous
samples, All calculatioﬁs and biometfy measﬁrements assﬁme an
average tissue velocity of 1540 m/s.

The imaging transducer (Fig. 3), modified £for submergence
(Fig. 4), has a 3.5 cm focal length and a 4 mm diameﬁer. Since
stroﬁger focuéing provides a very fine resolution over a small
range near the focal point, and weaker focusing provides a
sémewhat coafser resolution over a broéder range, the focal point
of the tranéducer is choséh to provide good résolution over a
moderate range.

The focal volume of the transducer is detérmined from the
transverse diameter and the axial length of the field at tﬁe
focal region (Fig. 5). For a focuéed transducer, beam width at
the focué depends on the aperture and the focal length. The half
power transverse diameter (D)} which is the distance across the
focal region perpendicular to the direction of propagation where
the intensity is reduced to oné—half thé peak value, can be

approximated as,

D=k, =— (3.1)



Figure 3.

Imaging transducer.
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transducer unit.

imaging

Modified

Figure 4.
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where F is the focal length, ) is the wavelength in the medium, D
is the diameter of the transducer, and ke is depeﬁdent on the
half aperture angle. To permit calculation within 20% accuracy,

ki can be taken to have a value of one (Fry and Dunn, 1962). The

axial length of the focus (D;) is approximated as

D =%k D (3.2)

whefe ka is dependent oh the half aperture angle (y) (Fry and
Dunn, 1962).

The beam profiie was detérmined using a pulse echo (A-mode)
technique and a needle refiectSr (Fig. 6) mounted in a tank
attached to an autométed miiibase capable of movemeht. in three
directions. The needle was specially conétructed with tépers of
45 degrees té minimize reflection§ from those interfaces. A
B-scan of the needle at 2X magnificatioh is giveh in Fig. 7.
The traﬁsducer focué, measured from the front plané of the
transducer to the focal point, is reported to be 3.5 cm.
However, with the membrané attached to the ngsepiece surrounding
the transducer, the working range of thé unit is confined between
the membrane and thé focal point. The A-scan was displayed on an
oscilliscope, and the peak voltage amplitude of the réceived
reflection from the needle, relative to the baseline, was
recorded. The voltage amplitude was attenuated (30 dB) tb aveid
saturatioﬁ of the signal at the focal point. Starting at the
membrane of the statioﬁéry trénsducer, the needle was scanned in
.the axial difection to determiné the focal distance. The needle

was then moved along the vertical and horizontal directions in
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Figure 6. Needle used to plot the beam profile of the imaging

transducer,



Figure 7. Ultrasonic image of needle.
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the focal plane and the results plotted. The working range and
the 95% beamwidth at this distéhce was detérmined to be 2,65 and
0.34 mm, respectively. The noéepiece of the trénsducer unit
which was designed so that watér could be placed inside and used
as a coupling medium, was noé necessary wheﬁ the unit was
submerged. The beamﬁidth of the téaﬁsducer was not affected by
the removal of the membrané, but the amplitude of the received
signal increaséd due to decreases in attenuatioﬁ and reflection
from the membrane during transmission and reception. The focal
distance was found to be 2.5 cm, which is shorter than réported
by the manufacturer., The 3 dB beamwidth, which corresponds to
the 6 dB beamﬁidth when pulse echo technigues aré uéed, was
determined to be 1.1 mm in the focal plané. Using the
experimeﬁfally detérmined focal 1length and 1et£ing D, equal
1.1 nm, Equatioﬁ 3.1 indicates that the operating frequency of
the tranéducer méy be below thét reported by the manufacturer.
Pulsed ultrasound is chafacterized by the expoéure
parameters of pulse duration (PD), pulse repetition frequency
(PRF), or pulse repetitioﬁ period (PRP}, and the examination
period (Fig. 8). The imaging system used in_this study had

parameters of

D = 5 cycles = 0.5 usec

107 cycles/sec

PRF = 1880 Hz (3.3)

12

PR? 0.56 msec

and a duty factor less than 1/1000. Transducers are designed to

optimize resolution by limiting the pulse duration while
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maintaining adequate sensitivity.

Latefal resolutioh is defined by the 1atéra1 exteﬁt of the
focal region and axial resﬁlutioﬂ by the sﬁatial pulse length.
The resblution cell of thé transducer is roughly an ellipsoid of
revelution. Axial resolution is normallf better than lateral
resolution in diagnoétic units so tﬁét the major axis is in the
transverse direction. Axial resolution (along the direction of
sound travel) determines the minimum separation between
reflectors along the direction of propagation thét will produée
separate echoes. Bubbles separéted by less than hélf the spatial
pulse length (SPL) are no£ resolved (Fig. 9), but bubbles
separated by more thah half the SPL are resol#ed (Fig, 10). The

3 dB axial resolution is given by

(5 cycles/pulse) (0.15 mm/cycle) 3.4)

Mo

AxialfResolutibn = % SPL =

0.375 mm

Lateral resolution is the minimum separation, in the
direction perpendicular to the direction of propagation, between
two reflectofs such thaﬁ wheﬁ the beam is scanned across them two
separate reflectioné are produced. If 1atefa1 separation is
greater than the beam diameter. two separate refiections are
produced (Fig, 11). The axial and 1atéral reéolutions define the
iower limit on separation betweeﬁ bubbles if théy are to be
cbserved individuallf. A group of bubbles would be obsefved as a
single bubble witﬁ a diameter equivalent tb the combined cross
sections plus the spacing if the bubbles weré within the minimum
separétion.

Mechanical scanning by rotating the transducer back and
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forth through a sector angle produces rapid, repeétable, and
sequential scanning of the beah through the object. The real
time capability of the scanner allows for two—dimensionél imaging
of the motion of moving structures. Real time processing
requires a high fraﬁe rate (FR) and line density (LD) to produce
a flicker free, high density imége. A frame is the displayed
image produced by one completé scan of thé sbund beam through the
37° sector angle. Each frame is compoéed of many scan lines (one
for each time thé transducer is pulsed). The 97 scan 1lines and
the sector angle for this uﬁit are visible when the brightness is
increaséd sufficiently (Fig. 12).

The use of a reél time Buscannér for detection of cavitation
activity has several advantages over sﬁbhérmonic monitoring. The
imaging system helps to identify the anatomical sites of the
onset of cavitétion and possibly thé sites of cavitétioﬁ nﬁclei.
Any movement of the neonate due to radiaﬁion forces as a resﬁlt
of the 1 MHz ultrasound can be observed. This movemeht may force
the neonaﬁe out of the focal region and thereby decrease lateral
resolution, unless the position of the scanner can be changed to
compenéate for this movement as suggested by Morimoto (1984).

Problems have beeh encountered using the imaging system.
Nonlineaf propagation of the 1 MHz irradiaﬁion wave and thé
resulting generation of harmonics is a problem wheﬁ the broadband
10 MHz imaging transducer is operating simultaneously. Harmonics
of the wave decrease in amplitude with frequency, but increase
with inténsity. The £frequency spectrum at varioué inteﬁsities
from a metal cylinder, used to emulate the spinal cord, was

examined by Morimoto (1984). It is clear that although the



Figure 12.

A B-scan image showing scan lines and sector angle.
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imaging transducer has a frequency response centered around
10 MHz, the hafmonic genération at thé high inténsities used in
this study are significant at 10 MHz and highér. Decreésing the
bandwidth by using a bandpass filter tb elimina£e harmonics other
than 10 MHz would result in increased ringing and decreésed
resolution. Highpass filtéring can be effective at Ilower
intensities where higher hérmonics do not contfibute appreciably
to the noise spectrum but is largely ineffective at the
intensities necessary to observe cavitation (above 144 W/cm?) .
Thus, interference from the hafmonics associated with the
irradiation beam continues to be a problem.

Since the transducer assembly was designed for ocular
scanning, the use of the 10 Miz scannér is 1imited to aémosphefic
pressure.

The two main types of artifacts in pulse echo imaging aré a
result of latetal and axial resolution properties. The finite
beam width tends to elongate térgets trénsverse to the beam so
that a point target appears as a liné perpedicular to the beam
axis. This phenomenbn is evident in the B-~scan of the needle
reflector (Fig. 7). Reverberation (multiple reflection) is
another commoﬁ artifact which appears when large impedance
mismatches aré preseﬁt. For two internal intérfaces, appafent
reflectors appeér on the display behind the second real refiecto£
at separation intervals equal to the separation between the first
and the second real refiectérs (Fig. 13). Reverberation from the
froht surface of an object to be imaged, although common, is
easily identified and can be minimized by use of impendance

matching.
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3.3. Acoustic Detection in wvive

Pulse echo imaging, and specifically the iﬁaging of Dbubbles
in yivo, relies on the part of the scattered field that is
reflected back téward the transducer to produée an image. The
backscattered inténsity varies with fréquency and scaﬁterer size.
Specular reflections occﬁr wheﬁ the intérface is large comparéd
to the sound beam. An extended intérface between air (z=4x103
kg/sec m2) and Watef (z=1.53x106 kg/sec m2) wili reflect about
99.9% of the incident sound. If boundary dimensions are
comparable to or small comparéd to the wavelength, or the
boundary is not smooﬁh, the inciden£ sound is scattered. In
general, intehsities backscatéered from a single scatterer are
much less than those from a specﬁlar refiector. Scatﬁered
intensity decreases as reflector size, relatiﬁe to thé inciden£
wavelength, decreasés. However, a bubble with a circumference
less than twice the wavelength of incident sound is a much more
effective scatterer +than a similar size rigid sphere (Fig. 14).
For 10 MHz ultrasbdnd, this size corresponds to any bubble less
than 4.% microns in tissﬁe. Scatfering from bubbles this small
is relatively indepehdent of the direction of the incident sound
and is, therefore, more characteristic of the scaﬁterers.
Although the 10 MHz signal has a half intensity depth of
approximately 3mm in soft tissﬁe and is reduced by %0% in 1 cm,
imaging within the shaliow depth surrounding the s?inal cord- of
the neonaté does not present a problem.

The detection of bubbles and tﬁe determinafion of théir size
in vivo present some special problems. Doppler techniques to

identify moving bubbles have been used extensively in the study
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of bubble formation in decompression sickness. However,
stationary bubbles could not be detected, so that other iﬁaging
techniques have been developéd. Chapelon et al. (1985)
insonified bubbles simultaneously with a "pumping field," which
is swept throﬁgh the resonant fréquenciés, and an “"imaging field"
having spatiél resclution to ultrasénically estiﬁate the size
distribution of bubbles in thé fluid. A similar technique uses
multiple frequencies to determine the frequency of maximal
scattefing. Maximal scattering will occﬁr at the resonant
frequency where the scattering cross section may be ten times the
geometric cross section. For bubbles much larger thén resonance,
the cross section approaches the actual cross éectioh. The
resonant frequency of a gas bubﬁle in a liquid increases as the
bubble sgize decreéses and the hydrostatic pressure increases.
The expressions for the resonant frequency and the scattering

cross section in water for frequencies of 1 MHz or higher as

given by Coakley and Nyborg (1978) are

2 3R
w =

0 R2

ooRo
291 _ 2
I T T TR (3.5)
20(3y = 1)

] —

Py = Poll + 3/R_p )
P OT 0

where v is the ratio of specific heat, P, is the static pressure,
d is the gas-liquid surface tension, and R, is the resonant
radius. The resonant radius at 1 MHz was found experimentally to

be 3.5 microns, which corresponds to v=1,2,
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The complex amplitude of the scattered preséure, B, at thé
surface from a resonant 3.5 microh bubble in fresh water wheﬁ
irradiated by a 10 MHz signal with a SATA inteﬁsity of
0.2 mW/cm?, a SP/SA ratio of 13 (determined roughly as the areé
of the transducer divided by the half power aréa of the focal

region), a damping constant of 0.145, and a duty factor of 1/1000

is
sprp = SATRISP/SA) _ 5660 mw/cm® = & 2~
duty factor 2 p©
- 3 2
P = 195 kPa = 1950(107) dynes/cm

R . .
> 2 x(@,6)e7% = 1970(20%)eI® (3.6)

: E b

x(Q,¢8) = 0.0101
¢ = =-0.014 radians

This scattered pressure is not much greater thén the incident
pressure, since the irradiatioﬁ frequency is ten times the
resonant fréquency_of the bubble. The very large resonant peak
of the scattered signal <from a bubble in watér may be highly
damped in a biological fluid so thét monitoring several
frequencies for maximal scatfering may be ineffecti%e for
deterﬁining size in wivo. The response falls off rapidly, as r4,
where r is the radius of the bubble, so there is little prosﬁect
of detecting bubbles smaller than resonance size (Evans, 1977).
The depeﬁdence of scattered inteﬁsity (norﬁalized by the inciden£
intensity) at 1 cm from the bubble on freguency is shown in
Fig. 15,

Since first sugéested by Mackay (1963}, the implementation

and characterization of a pulse echo imaging system for the study
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Figure 15. Scattering as a function of bubble size at 1 and 10

MHz (Nishi).
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of bubbles has met with skepticism. Rubissow and Mackay (1974)
reported that pulse echo ultrasound of wavelength 200 microné
could detect bubﬁles as smali as 0.5 microné. Evans (1877) and
Nishi (1977) challenged this claim. The smallest single bubble
detected by Hills and Grulke (1975) were 150 microns in diaﬁeter.
Nishi argues that it is impéséible to detéfmine bﬁbble size from
the amplitude since a refefence value for the scattered signal
produced by a bubble of known size cannot be obtained in an in
vivo situation. Calculation of absolute size is almost
impossible because it is necessary to know the attenuation by thé
different tissues, the disténce of the bubble from the
transducer, and the coupling loss at the trénsducerwtissue
interface. Comparisons with in wvitro experimeﬁts cannot be made
unless all conditioné are idenfical to thoée in vivo.

The use of two methods to determine the detéction threshold
for single gas bubbles for the pulse echo system uséd by ter Haar
and Daniels have beeh reported (Beck et al., 1978; Daniels et
al.., 1979). In the firsf method, the minimum bubble diameter
detected was plottéd againét receiver gain while the transducer
- wWas stationary. The second method employed simultaneous
ultrasbnic and microséopic observatioh of the decay of a gas
bubble under a gelatin block. The relationship between iﬁage

size and bubble size could not be determined using these methods.

- 3.4. -Calibration of the Imaging System
The imaging system resolution is normally not as good as
transducer (acoustic) resolution, since electronics and the

display can degrade resolution. Isolated bubbles were used to



51

determine the resolution of the system. Acoustic coupling gel
(Aquasonic 100, Peter Laboratories, Inc.) was placed in a mold
constructed with two plexiglass supportlng rings (inside diameter
= 1 in,) and plastic membrane (Sealwrap, Borden, Inc.) secured to
the supporting rings using o-rings flttEd to the grooves etched
around the circumference. Glass rods were inserted into the gel
so that any air trap@ed in the gel as the rings are clamped
together can be eliminated. The ring asseﬁbly was waterproofed
using connector sealant tape, and kept at 10°C for several days
to aliow bubbles to coalesce and congregate at the tips of the
glass rods, leaving the remainder of the ring bubble free to the
unaided eye (Fig. 16). The ring assembly was scanﬁed under an
Olympus microscope at 10X magnification to identify relatirely
isolated bubbles betweeﬁ 10 and 50 microﬁe. The bubble location
was marked and the exact size was determined using a calibrated
microscope micrometer {one division equaled 0.704 microne). The
ring assembly was placed in degassed water at rocm tempereture
and positioned at the focal point of the transducer. The
attenuation of the ultrasonic pulse echo unit was adjusted so
that only highly reflecting interfaces were visible. The ring
assembly was moved about during scanning using a three axis
linear translator, and refiectione from the gel were observed.

The +tilt and rotate controls were ad]usted to obtaln the best
view of the bubble. These controls allow the sonoqrapher to tilt
the image about the line of sight and to rotate the image about
the vertical axis. When a refiection could be attributed to the
marked bubble. the sample was retained. The stebility of the

system over time was investigated by repeating the calibration



Figure

16. Ring assembly used to calibrate imaging systém.
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pProcedure several days later. The system was able to repeatedly
resolve bubbles of 17 microhs and larger. To reeolve bubbles
below this size, the ateenuation of the uﬁit hed to be reduced to
a level (less than.lo dB) which reeﬁlted in a low signal-to-noise
ratio. Bubbles below the resolution of the sYstem are described
as silent.

A comparison of the specificatiohs of the ter Haar and
Daniels system and the newly developed system is given in
Table 1. Although simiiarities between the two systems are
evident, the differences in the irradiation frequency and
intensity are worth noting. Since, in general, the cavitation
threshold increeses with increased frequency, the higher
frequency employed in the cﬁrrent stuay is accompanied by higher
intensities., Though the imaging systems have guite similar axial
resolution, the 10 MHz imaging transducer has better lateral
resolution as would be expected. However, if the radius of a
focused acoustic beam in the focal plane, Leocugr 18 used to
estimate the beamwidth, the lower frequeﬁcy transducer seems to
have better latefal resolution. The expression for Lfocus as

given by Gooberman (1968) is

r = 0.61 —= (3.7)

where £ 1is the focal 1length and R is the radius of the

transducer.

3.5. Data Aguisition System
Two wideband, high-speed amplifiers (Fig. 17), each with

gains of 32 dB, have been developed to eliminate noise problems



TABLE 1

Comparison of Experimental Hardware

ter Haar/Daniels

——— T — ey e B B S e it

Irradiation Transducer

et e s B v e ———— o (o S o . . P S Sl

frequency 0.75 MHz
diameter - 2.5 cm
distance to specimen 4.0 cm

intensity range
temperature

Imaging Transducer

e e ——— Tt et e S —— —- E o o f—

80~680 mW/cm>
37°¢

frequency 8 MHz
diameter 5 mm
focal distance 1.8 cm
PRF 2 kHz
scan rate 1 Hz
SA/SP . 1/3
display magnification 1x, 2%, 4x
radius of focal plane 0.82
pulse duration 0.5 us
SPL 0.75 mm
experimental beam

width (3 4&B) 1.6 mm

54

11.8 cm
89-289 W/cm?
379¢, 10°cC

10 MH=z
4 mm
2.5 cm
1.8 kHz
1805 Hz
~ 1/13
1x, 2%, 4x
1.14 mm
0.5 us
0.75 mm

1.1 mm
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Figure 17. Pulse amplifier.
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associated with the Hewlett-Packard model 461A wideband amplifier
used previously in the data acquisition system developed by

Morimoto (1984}, The gain of the amplifier depends on the value

of Rg when the internal 1500 Q internal feedback resistor, Rf is

used, and is given by

v R_ (3.8)

The maximum voltage into the amplifier is given by

v - 2.5

_ cc
Vin(max)— Gain

il
o
-
<

{3.9)

When designed for a gain of 30 dB, the amplifier (model CLC220AI,
Comlinear Corporétion) is repdrted to have a ~3 dB bandwidth of
200 MHz, a 0.02% settling time of 10 ns, a 7000 V/us slew rate,
and a 2 ns rise and fall time for a 5 volt stép. To assﬁre
optimum performance, lead lengths weré kept to a minimum and a
s01id, unbroken ground plane was used.

Along with the amplifiers, a symmetrical ;7 attenuator was
built to optimize the gain (Fig. 18). The optimum gain is below
the +/- 500 mv saturatioﬁ level of the A/D convertér. The A/D
converﬁer has a 50 MHz digitizing rate utilizing two TRW 25 MHz
A/D's in paréliel (Foster, 1984). The atfenuation is variable
from 1-21 dB, and is impedance matched to the coaxial cables
(Z=500) to prevent refiectioﬁs. The values of Ry and R3 shown in
Fig. 12 are chosen so that attenuationé of 1, 2, 3, 6, and 2 dB
and combinations thereof can be programﬁed by the opefator.
These values are selected to include the 1/2, 1/4, and 1/8 power

attenuations. The design equations are
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dB attenuation = 20 log Nv = 10 log N

Il

R

, =zl - n/2mt? (3.10)

N2+ 1/ % - 1y

Ry

where N, and N are the voltage and power ratios, respectively.
The measﬁred atfenuations using a Fluke 8920A True RMS Voltmeter
and a Wavetek (Model 145, 20 MHz) Pulse/Functioﬁ generaﬁor are
given in Table 2. The attenﬁation which varies with frequehcy
has a maximum attenuatioh at 10 MH=z. The difference in
attenuation is 0.34 and 1.64 dB for 1 and 21 dB attenuation

settings, respectively, between 10 and 20 MHz.



Design
Attenuation

s oy Sy Sl At

1+2
1+3
1+6
1+9

2+3
2+6
2+9

3+6
3+9

6+9

3+6+9
2+3+6+9
1+243+6+9

TABLE 2

Measured Attenuation

Measured
1 MH=z 10 MHz
1.00 1.00
2.29 2.29
3.34 3.40
6.57 6.68
9.66 9,85
3.24 3.26
4,29 4,35
7.47 7.59
10.54 10.76
5.51 5.57
8.64 8.77
11.71 11.92
9,66 9,77
12.70 12.91
15.71 15.96
18.72 18,92
20,74 20,95
21.67 21.88
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CHAPTER 4

PROCEDURE AND RESULTS

A preliminary examination was made of thé iﬁages within the
mouse neoﬁaéé prodﬁéed during and immediately after ifradiation
with high inteﬁsity 1 MHz ultrasound. The neonatal mice were
acquired within 20 hours of birtﬁ from a large colony maintained
within the Bioacouséics Research Laboratory. The neonates, whose
average weight and length were 1.6 grams and 2.5 cm,
respectively, were anesthetized by intfémuscular injectioﬁ of
both Ketamine HCl1 and inazine aE a dosage of 25-30 mg/kg. After
anesthetization, the neonate was placed in a plexiglass holder
equipped with air 1lines for breéthing. The skin covering thé
dorsal was removed, and the holder was adjusted so thaﬁ, wheh
mounted .in the tank, the third lumbar region of the neonate was
centered on the 1MHz irrédiatioﬁ beam. In order for the imaging
transducer unit to fit in thé tank, the axial disténce from thé
transducer to thé neonate was increased by 2 om relative to
previous studies. Increasing the axial distance decreased the
intensity by less than 2%. The imaging transducer unit was
positioned such thét its ultrasound beam was at 452 to the 1MHz
irradiation beaﬁ, and its focal region was centered on the sﬁinal
column {(Fig. 19).

Results repbrted previously by Frizzell et al. (1983)
suggest that cavitation begins to coﬁﬁribute significantly to
hind limb parélysis of the neoﬁate in the intensity raﬁge between
144 and 289 W/cm2 at 109C, At 289 W/cm2 the exposure dﬁration

for paralysis in 50% of the animals exposed was nearly doubled
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irradiation,
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when the hydrostatic pressure was raised from - 1 to 16
atmospheres, whereas no sueh chaﬁge with pressure was observed at
144 W/cm? and lower (see the data from Frizzell et al. (1983) in
Table 3). At elevated temperatures the cavitation threshold is
lower se that cavitation might be expected to contribute at
lesser intensity levels (Fry and Duna, 1962). Thus, this initial
imaging study was conducted at atmospheric pressure and 37°C to
provide a lower threshold conditioﬁ for the onset of cavitation.
The tg, values, the exposure time at each intensity where 90% of
the neonates developed hind limb para1y51s. at 10°C were used to
prov1de a guide for an irradiation time at each intensity to
assure that cavitation activity w111 cccur if it is g01ng to.

A total of nine neonates were irradiated and examlned using
the imaging system discussed in Chapter 3, three each at
intensities of 144, 192, and 230 W/cm? for 1.2, 0.6, and 0.5
seconds, reseectively. It was necessary to examine the iﬁages
immediately after the irradiation field was turned off to avoid
picking up the harmonics associated with the irradiatioh field.
Therefore, it was difficult to observe any changes and even more
difficult to document them with the Polar01d oscilloscope camera
{(Model C-5C) used to make a permanent record. Of the nine
animals examined, additioﬁal echoes surrounding the séinal cord
were observed in only one animal exposed to 192 W/cmz. Figures
20a and 20b (2X magnification) show the images of the mouse
neonate produced by the ihaging system and recorded by the camera
without and with the additional echoes, respectivel?. These
images were taken with the nosepiece removed from the imaging

transducer, so that an attenuation of 40 dB could be employed,



TABLE 3

Exposure durations for hind limb paralysis‘in
10%6 50%, and 90% of specimens at
C

1 MHz, 10%C, and the indicated intensities
I(w/cem2) P(atm) tyo(s) tgg(s) tgq(s)
86 1 3.44 5.04 9.40
86 16 2.59 4,50 18.70
105 1 2.01 2.56 3.53
122 1 1.37 1.53 1.72
144 1 0.84 0.97 1.14
144 16 0.85 0.97 1.12
192 1l 0.36 0.44 0.58
256 1 0.23 0.30 0.45
289 1 0.20 0.26 0.37
289 16 0.30 0.50 1.54
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- Figure 20. Ultrasonic image of mouse neonate without (A) and

with (B) echoes in spinal cord region.
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thereby minimizing noise and harmonic interference. The echoes
are ”éIéarly vigible surrouhding the spinal cord, as indicatéd in
the figure. These initiél resﬁlts suggest that thefe may have
been bubbles produced at 192 W/cmz. However, the fact that
similaﬁ changes weré not observed in the ofher animals expoéed at
192 W/cm?  and thoée expoéed at 230 W/cm? raise questioﬁé about
the reproducibility of this phenomenbﬁ and/or the recording
technique employed. It is also possible that the additional
echoes observed were associated with changes in temperature and
differentiél change in impedance in the structures within thé
region of the spinal cord. Thus it is c¢lear that many more
animals need to be examined, and thaf tﬁe recording techniques

need to be improved, as discussed in Chapter 5.
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CHAPTER 5

RECOMMENDATIONS AND CONCLUSIONS

5.1. Recommedations for Future Research

The work by Frizzell et al. (1983) was important in that it
demonsﬁrated a shift in threshold witﬁ a chaﬁge in hydrostatic
pressure at 289 W/cmz, which indicatéd involvemeﬁt of a
cavitation mechahism of damage. However, studies of the effect
of pressure at 10°C at intensities between 144 and 289 W/cm2 are
needed to betﬁer detefmine thé lowest intensity at which the
shift seems to occﬁr. A similar study should also be perforﬁed
at 37°C in order to determine the effect of temperaturé oh tﬁe
cavitation threshold. The temperature rise in the spinal cord
should be monitored during the 37°C irradiations so that any
thermal mechanism of damage can be ruled out. The effect of
increased absorption, and therefore teﬁperature, ‘due to the
bubbles, should be investigated during irradiations under
pressurized and atmospheric conditioné.

The imaging system could be improved by the addition of high
quality video equipment with slow motion capability. The
irradiation procedure could then be docﬁmenfed and reviewed for
the presénce of cavitétion activity in thé form of "visible"
bubbles. Currently this activity is determined in a fraction of
a second by the subjective judgemenﬁ of the sonographer dﬁring
real time viewing. The Polardid camefa is inadequate in that
there is a low probability that the hard copy will be initiated
at the instant thé irradiaﬁion field is turned off. A higher

resolution 15 MHz transducer is available if need is established
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from the recommended studies. However, the increased complexity
of the signal processing hardware at the higher frequency

prohibits its use for anything but qualitative evaluation.

5.2, Conclugions

A 10 MHz commercial optﬁalmic ultrasound scanner was
modified and calibrated for imaging the mouéé neonate to
determine if bubbles are produéed during irradiatioh with high
intensity 1 MHz ultrasbund. A preliminafy study using this
bubble imaging system showed echoes in one séecimen that may have
been associated with bubble activity in the mouéé neonate.
However, more studies are réquired to determine if thé echoes
were associated with bubbles as opposed to other pheﬁomena. As
with the ter Haar and Daniels study, the résolution of the system
is above the resonant size bubble, so that any bubbles visualized
‘must have grown conéiderébly by rectified diffuéion.
Interference £from the harmonics assbciated with the irradiation
beam was found to be the largest obstacle to visualizing bubbles
during irradiation.

The acquisition of a video camefa should aid substéntially
the visualization of any bubble activity in thé mouse neonate

produced by the 1 MHz ultrasonic irradiation.
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