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A series of experimental aninals were irradiated using high=-intensity
focused ultrasound in the frequency range from 1 to 7 MHz to produce irreversible
structural alterations in brain tissue (surgical focal lesions). A dose-effect
relationship was demonstrated to exist between the calculated absorbed energy
per unit volume, expressed as jou]es/mm3, and the volume of the produced lesions
as measured on histologically prepared tissue sections. |t was also shown that
equal size lesions, produced at a given dose-rate or intensity, were obtained at
two different ultrasound irradiation frequencies by equivalent values in absorbed
dose.

Another series of experiments were conducted to study the effects of the
superior brain meninges (dura mater, arachnoid membrane, and pia mater) on the
propagation of ultrasound to investigate the apparent frequency dependence, over
the range of 1 to 9 MHz, in the minimum irradiation exposure required for the
just discernable appearance of a brain lesion as evidenced by subsequent histo-
Iogicg] preparation and optical microscopy (an apparent threshold phenomenon).

A model of the meningeal layers involving different propagation properties due
to collagenous inclusions was found to fit the data of previous investigators
and was found to predict behavior which was subsequently tested by irradiations

at 7 MHz. This mathematical description provides a means to refine estimates



of intensities delivered to the irradiation sites in brain tissue.

Hysteresis associated with the non-linear stress-strain response of tissues
subjected to high levels of stress at ultrasonic frequencies was considered as an
ultrasound-tissue interaction mechanism for the production of the irreversible
structural biological effects. Thus, hysteresis was found capable of describing
accurately the previously observed "threshold' curve for this endpoint. This
mechanism was considered in itsrelationship to other proposed tissue interaction
mechanisms of ultrasound. Hysteresis predicted other observable ultrasonic effects
which were listed as possible areas of future research. Hysteresis effects in
tissues included non-linear or intensity dependent acoustical absorption co-
efficient, linearly increasing absorption coefficient with increasing frequency,
dispersion-free velocity, and harmonic production. Partial evidence for these

effects were cited from works of other experimenters.
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Chapter |
INTRODUCTION

With regard to biological systems, uitrasound may be somewhat unique among
the several various forms of radiant energy available for interaction. Biological
systems have evolved in the continued presence of natural forms of radiation such
as low levels of particulate ionizing radiation, as well as, electromagnetic forms
varying from gamma and X-rays to ultraviolet light. Even-non-ionizing radiation
due to microwave and radio frequency waves werecontinually present during evolu-
tionary periods but at what are considered biologfca11y insignificant levels for
affecting changes in biological structure and function. Many life forms developed
protective measures and repair mechanisms for these background level rédiation
exposures and the bioceffects they produced. However, ultrasound in the frequency
range of several hundred kilohertz to several hundred megahertz is a man made form
of mechanical energy which very likely had no previous environmental influence
on biological evolution. Since the benefits from the use of low level megahertz
ultrasound in medical diagnostics far outweigh any presently known risks, the
clinical use of ultrasound is proliferating at a rapid rate (Smith, 1976). Hence,
the study of ultrasound and its interactions with biological materials is deemed
essential for a complete understanding of the physical mechanisms of interaction
and also for the assessment of any possible risk which may be associated with
human exposure under these conditions.

The importance of this later goal is demonstrated by the rapid growth of
ultrasonic visualization techniques in medical diagnosis (0'Brien, 1978). In

obstetrics, for example, ultrasound has virtually replaced X-ray procedures as



the diagnostic modality of choice for in utero fetal assessment (Marx, 1974). In
some hospitals and clinics it has become standard procedure for the physician to
order some form of ultrasound examination in the course of a pregnancy even when
no indications exist for its need. It is possible that a fetus could undergo one
or all of the following procedures in the course of its development; multiple
ultrasound Doppler examinations during early pregnancy to detect fetal heart mo-
tion, scans for fetal cephalometry to determine gestational age or rate of growth,
ultrasound examinations for gross abnormalities such as spina bifida, hydro-
cephalus, or anencephaly, ultrasound scans for possible mutilple pregnancies,
ultrasound guided amneocentesis and placental localization, and fetal heart moni-
toring for long durations during labor (Brown, 1971). Since the rapidly develop-
ing and differentiating cells of a fetus may be the mostvulnerable to disturbances
in development due to exogenous influences, a prime area for research in ultra-
sound bioeffects has been fetal toxicity and teratology. No fetal toxic or ter-
atogenic effects have been observed except at intensity levels far above those

used diagnostically (Fry et al., 1977).

Ultrasound diagnostic procedures are used to examine virtually all organs of
the body in neonates and adults. The use of ultrasound for cardiovascular assess-
ments has proved to be an invaluable tool (Brown, 1971). Next to obstetrical
procedures, cardiovascular diagnostics has made the greatest use of the developing
ultrasound technologies. Time and motion studies of the dynamic action of the
heart walls, valves, and outflow characteristics as well as Doppler flow studies
on the peripheral vascular system have shown that the beneficial uses of ultra-
sound as a diagnostic and research tool are developing at a rate that far exceeds

research on possible bioleogical hazards of ultrasound as used at diagnostic



levels (Brown, 1971; Stratmeyer, 1977).

Above the ultrasound intensities used at diagnostic levels, and in the range
“of 1 to 10 W/cmz, ultrasound is used medically for its therapeutic effect, chiefly
as a diathermy modality on the extremities and on major muscle groups (Lehmann
and Guy, 1972). At these intensity levels, numerous biological effects have been
noted and physicians observe certain contraindications for its use. For example,
ultrasound diathermy is to be avoided where residual radiation may impinge on the
gravid uterus (Lehmann et al., 1978). Mostof the observed biological effects of
ultrasound at levels of 10-100 W/cm2 can be explained on the basis of the thermal
changes produced by absorption of ultrasound energy in the tissues involved.
However, some biological effects at these intensity levels which have been observed
cannot be explained in terms of only a thermal mechanism. For example, NyEorg
(1978) has cited the following experimental observations where non-thermal modes
may have had some part in the results; changes in the electrophoretic mobility
of irradiated Ehrlich cells migrating in an electric field, changes in transport
across membranes, destruction of lysosomes in irradiated liver tissue, alterations
of mitochandria in liver, muscle, and kidney, decreases in the number of glycogen
granules in exposed liver tissue, and changes in cell division processes.

At intensities of 50-1000 W/cm2 and above, ultrasound has been used as a
surgical tool on patients for the treatment of Meniere's disease (Kossoff et al.,
1966) and for neurosurgery to destroy specific brain sites for relief of hyper-
kinetic movement disorders (Meyers et al., 1959). It is at these very high in-
tensity levels that the greatest volume of data on reproducible biological effects
of ultrasound on animals and man exists for which likely mechanisms of interaction
have been identified. Having made suitable determinations for the threshold ex-

posure conditions for the observed cellular changes, it is possible to further



our understanding of existing modes of tissue interactions and it is possible
to establish dosage criteria for better specifying conditions of ultrasound
exposure.
1.1 Dosimetry

Inherent in the establishment of a dosimetric quantity, a quantity that is
descriptive and useful for dealing with an observed biological effect, is the
complete quantitative specification of the external physical exposure parameters
necessary to elicit the phenomenon. Then, in order to establish a dose-effect
relationship, it is necessary to show a graded tissue response as a function of
variations of the applied exposure dose. Then, knowledge of the mechanisms of
tissue interactions allows for dosage quantities to be specified in terms of
that portion of the total exposure dose responsible for the observed bioeffects,
which is usually expressed as an absorbed dose. Ultrasound radiation dosimetry
has followed a course similar to that taken by the field of ionizing radiation
biophysics, in the past, by specifying exposure parameters for biological effects
in terms of an externally applied ''exposure dose.'"' In the case of ultrasound,
this has traditionally been expressed in terms of an exposure dose-rate such as
watts per square centimeter. Later dosimetric refinements in ionizing radiatién
dosimetry have shown that bioeffects due to ionizing radiation are better speci-
fied in terms of ''dose equivalents' which combine the concept of absorbed dose
and a quality factor which represents the relative biclogical effectiveness of
the applied radiation in terms of its energy and composition. Also included are
other modifying factors due to energy density and mode of dose fractionation.
Such a dosimetric quantity allows a broad range of biological effects to be mean-

ingfully compared based on dose.



1.2 Statement of Thesis and Content

in order to investigate dosimetric relationships for high intensityultrasound
bioeffects, work was undertaken as described in Chapter 4, based on the experi-
mental procedures of Chapter 3, to study an approximation to absorbed dose, dose
rate, and their effect on the produced lesion volume in brain tissue irradiated
by focused ultrasound. Based on the dose-effect relationship of absorbed energy
per unit volume of irradiated tissue and produced lesion volume which was observ-
ed, a comparison of effects at 3 and 4 MHz was made. The work which was conducted
showed absorbed energy per unit volume, expressed as joules per cubic millimeter,
to be an appropriate dosimetric quantity for the observed bioceffect of produced
lesion volume for a given exposure dose rate. Chapter 5 describes‘experiments
conducted to investigate the frequency effects on observed threshold lesion be-
havior due to the ultrasonic propagation properties of the superior brainmeninges.
The results of this section allow for additional refinement in exposure dose param-
eters by correcting for tissue effects on the ultrasonic intensity delivered to
the irradiated site. Chapter 6 contains a discussion of mechanisms of ultrasound
bioeffects at surgical level intensities and sets forth a proposed additional
physical mechanism based on hysteresis loss due to the non-linear stress-strain
response of tissue. The proposed model is examined with regard to presently
accepted modes of tissue interactions at levels of irradiation intensities above
and below the range for which the model is proposed. Physically observable con-
sequences of the tissue non-linearities are examined and examples of their
possible observation by others are listed. Suggested areas for future research

are also offered.



Chapter 2

EXPERIMENTAL METHODS

2.1 Ultrasonic Irradiation Equipment and Calibration

The exposure instrumentation, calibration procedure, and its use in the
experimental animal irradiation has been extensively described elsewhere by Fry
et al. (1954, 1955), Barnard (1955, 1956), and Fry and Dunn (1962). The follow-
ing is a brief description of these procedures. A rectangular envelope pulse of
a chosen time duration and fixed rf frequency is amplified and supplied to a
series capacitor voltage divider which is capable of supplying the desired cali-
brated voltage to a focused ultrasound transducer. The ultrasound output of the
transducer is calibrated each day prior to the experimental animal preparation
and exposure by the use of a calibrated transfer standard consisting of a thermo-
couple enclosed in oil (Fry and Dunn, 1954a,b). The thermocouple standard is
itself calibrated for each frequency of interest with a known ultrasonic inten-
sity, plane-wave field in a calibration tank. Prior to calibrating the thermo-
couple, the ultrasonic intensity of the field in the calibration tank is determined
by a suspended sphere radiometer (Dunn and Fry, 1971) which measures the radiation
pressure of the traveling acoustic wave (Fox, 1940; Hasegawa and Yosioka, 1969).
As a primary standard, this technique allows for an accuracy of +3% in intensity
determination. Even though variations in the exposure calibration of the output
of the transducer used for experimental animal irradiations is less than 5% over
several months time, complete beam plots and thermocouple calibrations are per-
formed prior to each experiment to verify transducer irradiatijon output calibra-

tion and beam profile.



2.2 Organ Choice for lrradiations

The brain has been the organ of choice for ultrasound lesion threshold
experiments due to the virtual lack of dependence of the acoustic parameters
of absorption, velocity, and impedance, on such functional characteristics as
diet, animal weight, past and current health status, and possible drug therapy
effects on tissue physiology, etc. Such-considerations which can affect other
organs, such as liver and muscle, have no significant effect on the ultrasonic
properties of brain tissue (Quastel, 1961). This may be due to the post-mitotic
nature of C.N.S. tissue and to the relative impermeability of the blood-brain
barrier to commonly used antibiotic drugs. in addition, those disease states
which could affect the acoustic properties of the brain are usually pathologies
which tend to cause gross anatomical changes which wouid be evidenced by obvious
animal degeneration (Quastel, 1961). Animals displaying anomalous behavior such
as adipsia, ataxia, and aphagia Were.considered unsuitable for this study. Animals
which were found to be diseased at autopsy were so noted and the data discarded if
the subsequent histological examination of the brain tissue showed any pathological
effects such as cerebral wasting, anomalous blood or CSF extravasation, lesions
due to disease, or brain shape distortion.

2.3 Experimental Animal Species Selection

The animal of choice for stereotaxic neurosurgical procedures is the adult
female cat (Felis domesticus). This animal, which isareadily available, medium
sized mammal, exhibits the least variability with respect to skull bone thickness,
cranial vault dimensions, brain volume, and inter-breed differences. This negli-
gible amount of major anatomical variation allows for a high degree of reproduc-
ibility in sterotaxic localization of specific brain sites. The relative constancy

that exists between external skull landmarks and internal brain structures, in



addition to the uniform size and brain shape allows for anatomic localization to
within +0.5 mm at any desired irradiation site (Jasper and Ajmone-Marson, 1960).
The Siamese breed is excluded from these consideratiors as these cats exhibit
marked differences in brain anatomy in the areas of the corpus callosum and
optic pathways.

2.4 Stereotaxic Technique

The stereotaxic method employed is basically that introduced by Horsley and
Clark (1908). The subsequent elaboration and refinements of Clark (1920) and
Ingram, Hannett, and Ranson (1932) have been employed.

The head of the anesthetized animal is affixed to a rigid stereotaxic frame
by means of four locating bars which establish the three-dimensional sterotaxic
reference planes. Two ear bars, one in each external auditory meatus,establish a
vertical, or frontal, plane at what is defined as '‘ear-bar zero.''" Two notched
locating bars are positioned over the infra-obital ridges of the eyes. The infra-
orbital ridges, in conjunction with the ear-bar points, establish a horizontal,
transverse, or Frankfurt plane. However, more recent convention has established
that the zero plane of reference shall be the plane 1 cm above the horizontal
plane which Horsly and Clarke (1908) originally designated (Jasper and Ajmone-
Marson, 1960). The median plane is located at one-half the distance between the
ear-bars and coincides with the mid-sagittal planes of the animal.

The animal's trunk is supported ventrally in a semi-circular, copper jacketed,
water-heated belly-pan, which attaches to the stereotaxic frame. The heated pan
aids in controlling the animal's body temperature to eliminate the hypothermia

characteristic of deep anesthesia.



2.5 Surgical Preparation

2.5.1 Presurgical Procedures

At least 18 hours before surgery, food and water are withdrawn to
minimize the possibility of respiratory complications, should the anesthetized
animal aspirate regurgitated stomach contents. The experimental animal is wieghed
and the anesthetic dosage is determined at a rate of | ml per kg body weight
sodium pentobarbital (1 grain per ml) (Siegmund, 1961). The drug is injected
intraperitoneally. Due to the variability of individual animal response to
anesthetic agents, especially when given intraperitoneally, the depth of anes-
thesia is assessed by corneal reflex response or carpal-pedal response. If after
20-30 minutes, the depth of anesthesia is not sufficient, a second dose, half the
previous injection, is given. Animals displaying laryngeal, or bronchial spasms,
or copious salivation may require 1/150 grain of atropine sulfate.

After the animal has reached the required degree of anesthesia, the head is
shaved between the ears from the region above the frontal sinuses to the nape of
the neck. The auditory canals are cleansed and swabbed with mineral oil and the
animal is then placed in the stereotaxic frame. The ear-bars are inserted first.
The positioning of the ear-bars is of primary importance for successful use»of the
stereotaxic procedure and great care must be taken to insure precise placement.
The head must show rigid fixation for any movements against the ear-bars and free
movements about the axis of the ear-bars. The jaw should be capable of being moved
through its normal range of movement, indicating no mandibular obstruction by in-
correct placement of the ear-bars such as, into the mandibular notches. The head
is then centered by adjusting the ear-bars for equal displacement indicated by the
calibrated verniers on the frame.

The infra-orbital ridges are located and notched bars are affixed. An
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additional notched bar is fitted from below, to apply upward pressure against
the upper incissors, thus locating the head firmly against the infra-orbital

bars.

2.5.2 Surgical Procedure

A midline incision approximately 75 mm in length is made from the
area above the frontal sinus to the area above the cerebellum. The sub-scalp
membranous attachments to the skull are freed and the scalp is retracted laterally
by the weight of hemostats applied to the underside of the scalp in order to
avoid damage to the area of the incised tissue. The temporalis is cut along its
origin, and as close to the origin as possible to minimize bleeding, and scraped
laterally with a gauze wrapped blunt instrument.

The frontal sinuses are opened with a 1 cm trephine and further exposed with
bone cutters. The sinuses are cleared and packed with bone wax to minimize loss
of the physiological saline used for conducting the ultrasound to the brain dur-
ing the ultrasonic irradiation procedure.

A series of three 1 cm trephinations are made on each side of the skull.
Dural attachments to the skull are freed around the area of each opening and
Rongeur forceps are used to remove bone between the trephined holes. Bleeding
is controlled with bone wax. Great care is taken not to injure the dura-mater
in any way, which minimizes the chance of infection and preserves the uniformity
of the experimental animal preparation.

After sufficient bone removal around the periphery of the cut edge of the
skull, the superior portion of the calvarium may be removed by careful lifting
and separating of bone from the dura-mater below. Dural elevators or dental
spatulas may be used to free the dural attachments to the skull and to minimize

its tearing. Any bleeding is controlled by oxidized, regenerated cellulose and
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bone wax.

The surgical field is then cleared of bone fragments and any other extraneous
material which would interfere with the sound field propagation. The stereotaxic
frame is fitted on locating pins on the base of the irradiation platform and
locked into place.

The surface topography of the brain, over the selected irradiation sites, is
measured by just bringing into contact with the brain surface a stainless steel
pointer, attached to the transducer, which indicates the location of the center
of the focal volume of the transducer. These vertical position measurements are
used to calculate the depth of the selected irradiation site, which is then used
to make a first order correction on the ultrasonic exposure intensity in order to
compensate for the attenuation of the intervening brain tissue. A computer pro-
gram determines the settings for the rf generator output, based on the desired
intensity to be delivered to the site of interest, the depth of the site, the
attenuation of the tissue at the frequency being used, and the transducer output
calibration determined earlier that day.

The surgically prepared and stereotaxically mounted animal is further pre-
pared for irradiation by affixing a head-pan, of about nine 1jter capacity, to
the scalp. A water tight seal is made, between the scalp and the pan, by compres-
sing the scalp opening to the opening in the pan by means of a stainless steel
wire tourniquet. Approximately seven liters of degassed, sterile, physiological
saline at 37°C is used to fill the head pan, which couples the sound beam from
the transducer to the brain.

A needle thermistor is inserted near the medulla to monitor brain temperature
and to drive a temperature controller which heats the physiological saline in the

head pan. Body temperature is measured rectally and is maintained by circulation
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of heated water in the copper-clad belly support structure. Additional body heat,
when required, is supplied by an electrically heated pad placed over the animal.
About 15 to 20 minutes are allowed for temperature stabilization of the specimen

to become established, prior to ultrasonic exposure,.

2.5.3 lrradiation Procedure

Sites are irradiated in alternate cerebral hemispheres to allow ample
time for any induced temperature gradients to dissipate and to allow any altera-
tion of local blood flow to renormalize, before the next adjacent site is irradi-
ated. When numerous sites (up to 16) are to be exposed in a single specimen,
alternation of anterior and posterior sites is also employed. Body and brain
temperatures are recorded along with the ultrasonic irradiation parameters and
geometric locations for each exposure.

2.5.4 Site Selection

Sites are chosen with the aid of the stereotaxic altas of Jasper and
Ajmone-Marson (1960). Specific sites are identified by the nature of the experi-
mental objective, homogeniety of tissue type, size of the structures to be exposed,
distance from ventricles, depth in the brain, and with regard to the number of
sites to be exposed. For example, long-time exposures in superior brain struc-
tures often cause wide-spread destruction by heat conduction in adjacent tissue
which is less vascularized as in white matter brain tissue. Under such exposure
conditions, selected sites must be well within gray matter areas. Also, heat
conduction along fiber tracts and tissue degeneration along these tracts leads to
more widely dispersed lesion development (Fry, 1958) which requires ample spacing
between sites in fiber tracts. Additionally, exposures made below a large ven-
tricle are incorrectly compensated in intensity by the intensity depth correction

described above, since a significant portion of the path length would be in low
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attenuation cerebrospinal fluid. Therefore, lesion threshold sites should be
placed above large ventricles to ensure correct delivered intensity. Brain co-
ordinates for selected sites are then added or subtracted from the fiduciary
zero coordinates of the calibrated irradiation platform to establish irradiation
positions in the brain during the exposure. Sites typically chosen are in the
area of the lateral geniculate, superior colliculus, substantia reticularis
mesencephalica, lateral hypothalamus, caudate nucleus, and the region of the
globus palilidus.

2.5.6 Post-irradiation Procedure

After exposure, the head pan is drained and removed. The wound is clos-
ed by surgically approximating the temporalis muscle right to left with sutures
and closing the incision with interrupted sutures or wound clips, leaving a drain
opening. The animal is removed from the stereotaxic frame and kept warm during
recovery for 24 hours in a padded surgical recovery cage.

At 24 hours post-irradiation, the animal is injected i.p. at twice the
original anesthetic dose of sodium pentabarbitol to ensure rapid and deep anes~
thesia. The animal is positioned with the ventral side superior on a horizontal
autopsy frame and the extremities are extended and affixed to the frame. A mid-
line, ventral incision is made from mid-thorax to lower abdomen. The xiphoid
process is located and tissue is dissected away while elevating the cartilage.
Entry into the thoragic cavity is made under the xiphoid to minimize bleeding.
After the muscular and tendon attachments to the xiphoid are cleared, pneumothorax
will occur and an opening sufficient for Fib cutters will be obtained. The chest
is opened by cutting along the mid-line of the sternum to mid-thorax. The ribs
are spread apart and maintained in this open position with rib-spreaders to

facilitate operating within the chest cavity. The heart is freed of its pleural
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attachments and pericardial fat is excised. The pericardial sac is incised at
the apex of the heart and then cut from the apex to the area of the high aorta
with tissue scissors. The aorta is dissected from adjacent structures and a
ligature is passed under the aorta and a lose, first tie is made to secure sub-
sequent cannulation. The left ventricle is opened near the apex and a cannula
inserted, passed through the mitral valve high into the aorta, and secured by
the ligature. Perfusion is started with 900 ml of physiological saline pH 7.1
+ 0.1, The right atrium can be opened to speed the flow. Less than two minutes
should be required for the 900 ml to perfuse, in a typical preparation. Without
interruption, the 900 ml of saline is followed by one hour continuous perfusion
with 10% formalin in physiological saline. Visual examination of other organs
is performed during this period, in order to assess the state of health of the
animal. Any abnormalities, such as intra-peritoneal fluid contamination, liver
discoloration, gallbladder or speen enlargement; or developmental abnormalities
are noted on the sacrifice data sheets. After one hour of perfusion with 10%
formalin in physiological saline, perfusion is stopped, the head is removed, and
the brain is dissected free. The brain is stored in the 10% formalin perfusion
solution.

2.6 Tissue Examination

2.6.1 Histological Preparation

In preparing the tissue for embedding, a pin is inserted in the left
side of the brain parallel to the midline to eliminate mounting errors. The brain
is washed in distilled water and then dehydrated by immersion in increasing con-
centrations of ethanol. The organ is then cleared in methyl benzoate and imbedded
in paraffin after which serial coronal, whole brain sections are made at 10 um.

Every tenth section is mounted for staining, with other sections saved in case
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further histological procedures are required.

Differential stains for the demonstration of phospholipds, especially myelin,
are used, viz., Luxol fast blue stain, (Thompson, 1966), cresylecht violet counter
stain, and Wiel's myelin stain (Lillie, 1954), have been employed.

2.6.2 Slide Examination

The approximately 225 to 300 slides per brain are initially scanned
to locate the slide where the griseum centrale appears to divide in the region
of the nucleous habenularis medialis and to locate the slide where the optic
chiasma first appears. According to the stereotoxic altas, these landmarks occur
at frontal planes 7.25 and 13.25, respectively. The ratio of the difference in
slide numbers to the difference in the atlas coordinates determines a scaling
factor of each brain specimen after histological preparation. This scaling
factor varies from animal to animal due to slight differences in brain size and
to the variations introduced by dehvdration and rehvdration before the mountinag
of the sections. The ratio is then used to determine the slide number where the
irradiation site should appear, given the known atlas coordinates. (It must be
remembered that the vertical zero coordinate of most atlases is 1 cm above the
"ear-bar zero'' line of the animal.)

Additional landmarks are taken for the appearance of the anterior and pos-
terior sections of the mamillary bodies at frontal planes 9.5 and 8.0. These
deep brain landmarks, combined with the more superior landmarks taken previously,
are used to determine the vertical ang]é at which the brain was sectioned. Since
the brain is sectioned at very nearly a vertical angle (within i?o), subsequent
data correction due to noncoincidence of histological geometry with irradiation
geometry is not needed. That is, the vertical plane through any lesion to be

measured is parallel to the major axis of the lesion. The coplanar geometry
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facilitates the calculation of lesion volumes.

The slides for a particular lesion site are assembled and the slide
containing the maximum lesion dimensions is chosen for measurement. The major and
minor axes are measured with a transparent comparator scale under magnification,
with the smallest division on the scale being 0.1 mm. The major source of error
occurs due to the subjective determination of the exact location of the lesion
boundaries. The periphery of some lesions show diffuse areas of thermal damage
due to heat diffusion away from the central area (F}y,l958). This causes slight
changes in the myelin in the area and slight changes in the depth of histological
staining. The degree to which this occurs is dependent, to some extent, on the
irradiation parameters and to a greater extent on the staining procedure selected.
The typical error in the linear measurement of the lesions was found to be +0.1
mm and this has been verified by the remeasurement of randomly selected lesions.

There were two types of experiments conducted which used the experimental
techniques described. The firstwas a lesion volume study to correlate exposure
parameters with the observed magnitude of the produced lesion size. The second
study conducted was the determination of the level of the irradiation intensity
and time duration of exposure for the appearance of a lesion at a previously un-
examined frequency of 7 MHz. This is a threshold phenomenon and the determina-
tion of the threshold level is described below.

2.7 Threshold Level Determination

For those animals which were irradiated to determine threshold levels, slides
are examined for the presence or absence of lesions at the irradiated sites. Where
lesions have occurred at very near threshold levels, confusion may arise due to
the presence of other histological entities of similar size, shape, and abpear—

ance. If further examination under higher power magnification fails to show clear



evidence of cell degeneratioﬁ, it may be necessary to stain adjacent tissue
sections +10u. The use of different histological dyes often resolves border-
line cases where cell structure remains intact but where evidence of beginning
degeneration occurs such as,demyelination, swelling of nerve cell bodies and
disintegration of glial cells.

To determine the threshold level, the square-root of the product of the
highest intensity at a fixed exposure time, which does not produce a lesion,
times the lowest intensity, which does produce a lesion, is taken (Dunn et al.,
1975). Conversely, the intensity may be held fixed and irradiation durations
may be varied to find the threshold exposure time. The threshold level is then
refined by subsequent animal irradiations at levels much closer to previously
determined threshold intensities and times.

2.8 Lesion Volume Study

For the portion of the study undertaken to correlate absorbed dose, dose
rate, and lesion volume, lesions were selected which were well formed and wholly
within a site of a single tissue type, i.e., white or gray matter. A well-formed
lesion is. defined as one in which the cross-sectional shape is very nearly spheri-
cal or ellipsoidal with well defined and continuous boundaries exhibiting no
evidence of distortion due to hemorrhagic involvement or tissue mechanical fail-
ure due to structural weakness or any evfdence of cavitation having been present.

3

Lesions greater than 100 mm~ tend to show signs of hemorrhagic enlargement. Thus,

3

an upper limit of about 100 mm

3

was imposed for this study. Histological struc-
tures on the order of 0.01 mm” set a lower limit on the detectability of small
lesions in the background of numerous histological entities of similar size and

appearance.

Lesions may also be altered by heat flow along fiber tracts. Lesions near



fiber tracts or in areas which open into ventricular spaces are similarly
excluded due to anamalous behavior caused by extraneous physiological influences
on lesion formation (Fry, 1958).

During the course of the data aquisition, it was noted that inter-animal
variations occurred in lesion volumes for ostensibly indentical irradiation param-
eters, i.e., lesion volumes varied as much as 25% Though a portion of this varia-
tion can be attributed to the histological tissue processing, a significant
portion of these differences may now be ascribed to variation in the delivered
acoustic intensity due to the effects resulting from the presence of the brain
meninges, which will be discussed in detail. In order to lessen inter-animal
differences for data taken at various intensities, animals were subsequently
irradiated at multiple intensities instead of fixed intensities. Thesemultiple
levels and times produced better correlations bétween dose and effect (Johnston
and Dunn, 1976). Dose is approximated here as the product of the intensity (1)
delivered to the site, times the intensity absorption coefficient (u) of the
tissue, and the duration of the exposure (t). This product (ult) is then a first
order approximation of the total energy absorbed per unit volume by the tissue at
the focus of the transducer. Later work has shown an additional correction is
needed for the frequency dependent attenuation of the delivered intensity due to
the brain meninges. This introduces a constant factor by which the previously
obtained results can be multiplied for the 4 MHz and 3 MHz data. This correction
has little effect on the relative relationship between the results at the two
frequencies and serves mainly better to establish absolute levels of energy

absorbed.
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Chapter 3

RESULTS OF LESION VOLUME STUDY

In order to investigate the dose-effect relationship between absorbed energy
per unit volume and observed lesion dimensions a series of animals were irradi-
ated, as described in Chapter 2, at a wide range of exposure dosages to establish
a graded series of lesion volumes.

A total of 25 animals were irradiated for the lesion volume study; ten at
4 MHz and 15 at 3 MHz. Six to eight lesions per animal were produced, depending
upon lesion size and tissue space constraints. Of these, 140 lesions were mea-
sured on the slides which exhibited the maxima of linear lesion dimensions. The
following data were recorded for each measured lesion: cat number, slide number,
lesion length, lesion width, irradiation intensity, duration, irradiation
frequency, and any additional remarks concerning tissue type irradiated (gray or
white matter) or any anamolous behavior observed. Lesion placement was confirmed
by observing lesion depth below the brain surface and lateral distance from the
brain mid-line in order to correlate irradiation parameters with observed histo-
logical results and to verify the previously made depth corrections on the
delivered intensity due to path length attenuation. |In order to obtain a measure
of the degree to which reproducible size results could be realized for the esti-
mation of lesion linear dimensions, eight animals were selected randomiy for
reexamination. Forty lesions were remeasured and compared with the previously
measured results with the maximum error in any lesion dimension measurements

being +0.1 mm.
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3.1 Data Analysis

Analysis of the data was aided by computer computation. The data were
grouped by frequency and then by delivered intensity. The groups were then
analyzed by calculating a first approximation of the lesion volume. It was
assumed that the lesions were very nearly ellipsoids with circular cross-section
(prolate spheriods). This is an acceptable approximation for setereotaxic focal
lesions where the coincidence of the histological tissue sectioning process and
irradiation stereotaxic geometry can be closely controlled. Hence, all brain
sections measured on the microscope slides are closely parallel to the major
axis of the lesion, and thus, the measurement of height and width on the slide
with the maximum linear lesion dimensions constitutes an accurate measure of the

major and minor axes of the ellipsoid. The volume is then,

V = 4/31 ab?, (3-1)

where, a, is the semi-major axis or one-half the height, and, b is the semi-
minor axis or one-half of the width. Results obtained by this method are
equivalent to those obtained by using Simpson's Rule for the integration of
irregular areas (Hodgman, 1954).

A computer program was written which correlates, at each intensity, the
volumes and irradiation times by doing a linear regression for the logarithm of
the volume versus the logarithm of the time. A standard deviation of both the
slope and intercept is also calculated as an indication of the relative correla-
tion of lesion volume and irradiation times for each intensity.

The eccentricity of each ellipsoid was also calculated in order to compute
the surface area of each lesion. It was hypothesized that it might have been
possible to correlate the energy absorbed in the lesion volume with the thermal

flux through the surface area of the lesion boundary. However, there were



insufficient data points to obtain good statistical correlations between exposure
times and surface areas due to the scatter in the calculated areas.

3.2 Lesion Volume Results

Figure 3-1 shows the lesion volumes for various intensities at 4 MHz as a
function of irradiation duration. The error bars exhibit the maximum uncertainty
in the volume due to linear measurement errors. The maximum error occurs at
small lesion volumes where the +0.1 mm uncertainty is a significant proportion
of the total dimension. The slope of the lines increase with increasing intensity,
except for the 150 W/cm2 curve being a possible exception, at 150 W/cm2 the slope
is 2.8, decreasing to 1.8 at 300 W/cmz, and then increasing to 2.0 at 750 W/cmz,
and to 2.2 at 2500 W/cmz. The results displayed in this plot show the graded
tissue response of observed lesion volume as a function of the duration of the
applied irradiation and offer a basis for the development of a dose-effect rela-
tionship.

If it is assumed that only that portion of the ultrasound which is absorbed
in the region of the focus of the beam by the tissue during the time of the irra-
diation can affect the state of the tissue, the energy absorbed is chosen as the
dosimetric quantity. The intensity absorption coefficient (u), times the inten-
sity (1) gives the rate of energy absorption per unit volume per unit time. When
this is multiplied by the duration of the exposure (t) in seconds, the energy per
unit volume absorbed by the tissue in the region of the focus of the beam is ob-
tained (uit).

Some assumptions are required to obtain experimental verification of the
approximation for absorbed energy per unit volume and its relations to produced

lesion volume. First, the sound field distribution within the lesion volume may

be considered uniform. Consideration of the wavelengths employed (approximately
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0.4 mm), the linear dimensions dealt with in the lesion volumes (0.2 to & mm),
and the geometry of the focused ultrasonic field (approximately 1X) suggests
that the errors introduced are less than the anertainties associated with the
linear measurements. Second, it is assumed that the ultrasonic absorption co-
efficient of the tissue was constant during the period of the exposure though
this may not always be true (Dunn and Brady, 1973, 1974). However, the relatively
short path of sound through the focal volume-~the only portion of the path wherein
significantly high intensity values are developed--determines that even the
suggested tripling (Dunn and Brady, 1973, 1974) of the absorption coefficient
would not alter the intensity over the path length in the focus and contribute
errors as great as those of the microscopic linear measurements. With these con-
ditions, data, and previous methods (Fry et al., 1970; Dunn et al., 1975) the
ultrasonic intensity delivered to the lesion site and the ultrasonic energy
absorbed therein where determined.

Figure 3-2 shows a plot of the lesion volume as a function of the absorbed
energy per unit vo]umé of lesion and delivered intensity at 4 MHz. Here again
it is shown that the dose-effect relationship which exists between delivered
acoustic dose and the observed effect of lesion volume is monotonic. This graph
also shows that there is an additional factor to be considered in this dose-
effect response, that is, dose rate or intensity. Not only does the lesion vol-
ume produced depend upon the total energy absorbed at the focus, but also on the
rate at which that energy is delivered. Also, to produce a lesion of a given
volume, less energy per unit volume is required at higher dose rates (higher
intensities), for the range considered in this study. At intensities above 2500
W/cmz, discontinuities in the mechanical response of the tissue such as cavita-

tion may require modifications to the above dosimetric considerations. At very
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low intensities, viz., less than 100 W/cmz, thermal conduction and physiological
'reactions to hyperthermia may also involve additional considerations.

If dose rate is a prime consideration in the development of a dosimetric
quantity, it is useful to replot the above data as a function of intensity and
Figure 3-3 shows the absorbed ultrasonic energy per unit volume as a function‘of
delivered intensity at 4 MHz. The straight line is the threshold for lesion pro-
duction (Dunn et al., 1975). The curved lines above the threshold are isovol-

3, respectively. The dashed

umetric curves for lesions of 0.1, 1.0, and 10 mm
lines represent the curve for 0.1 mm3 in the region near threshold where no data
points were obtained. Figure 3-4 is a similar plot for the data available at

3 and 0.1

3 MHz, wherein the dashed lines rebresent estimated behavior at 10 mm
mm3 where few data points were obtainable at the low intensities.

The results of irradiations at 3 and 4 MHz are combined in Figure 3-5
showing the absorbed ultrasonic energy per unit volume as a function of delivered
intensity. Again, the straight lines represent threshold levels of 3 and 4 MHz.
The lesion volume results for 3 and 4 MHz overlap well even within those regions
where experimental errors are small. For example, results for lesions of volumes

3

1.0 mm” and above, and results for lesions produced at high intensities and short
durations, correspordwell for 3 and 4 MHz.

Presenting the data in this format shows that for the supra-threshold effect
of increasing lesion volume, as a function of delivered acoustic dose, can be
described in terms of the product of the tissue intensity absorption coefficient,
the intensity, and the irradiation duration. This is shown over two orders of
magnitude in the observed effect of iesion volume, two orders of magnitude in

delivered intensities, and four orders of magnitude in time duration of exposures.

The frequency dependent variation in the tissue intensity absorption coefficient
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and its contribution to the absorbed dose are here checked only at two
frequencies. Animals which were irradiatedat 1 and 9 MHz for other experiments

in this laboratory were found to be unsuitable for this work since each animal

was irradiated only at fixed intensities in an effort to establish threshold

times. It would require irradiation at multiple intensities and times within

each animal to eliminate variabilities as were described previously in the experi-
mental methods section.

The combined results of irradiations at 3 and 4 MHz for both white and gray
matter of the brain show good agreement and implicate absorbed energy per unit
volume as a good dosimetric parameter when data is plotted as a function of dose
rate. It is interesting to speculate that these results suggest that a similar
set of curves exist, for the energy absorbed per unit volume versus the delivered
intensity, for other tissues as well. Note that slight differences in thresholds,
as a function of frequency, will produce some differences in any such set of

curves.



30

Chapter &4

EFFECTS ON OBSERVED LESION THRESHOLDS DUE TO ANATOMICAL STRUCTURE

As good correlations between the supra-threshold effect of increasing
lesion volume with increasing absorbed dose were observed, the question is
raised why the threshold levels of absorbed energy were so different at each
frequency. Additionally, as frequency increases neither does the absorbed dose
nor does the intensity level for threshold behavior increase monotonically.
Figure 4-1 shows the delivered acoustic intensity required to produce a thres-
hold lesion as a function of the duration of exposure for 1, 3, 4, 4.5, and 9
MHz for a total of 62 animals and 634 irradiations as reported by Dunn et al.
(1975). Each line is describable by the relation in which the product of the
intensity times the square-root of the exposure duration equals a constant which
depends on the frequency. In order to determine this constant and a statistical
range, the mean slope of the line for each frequency in Figure 4-1 was determined
along with the standard deviation times a confidence factor inversely propor-
tional to the number of data points. The confidence factor is the student t
factor t . 5(N)for N degrees of freedom and P = 0.95, where N equals the number
of data points, used to calculate each slope, minus 2. Using the mean of the
slope and the standard deviation times t, the intercept of each line in Figure
b-1 at 1 second (where log t = 0) was evaluated and a range above and below this
threshold intercept constant was determined.

Figure 4-2 shows the values of this constant as a function of the irradiation
frequency. Alternatively, the values of intensity displayed in Figure 4-2 are the

threshold intensity levels in Watt per square centermeter required to produce a
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lesion at a 1 second exposure, shown as a function of frequency. Threshold
intensity values appear to decrease from 1 MHz to 4 MHz and then increase from
4 MHz up to 9 MHz.

4,1 Brain Anatomical Considerations

Certain brain anatomical structures which are unique to this organ may be
giving rise to acoustical inhomogeneities in density and sound velocity. All
organs of the body are encapsulated by a tough collagenous membrane which serves
in a struﬁtura] maiﬁtenance and supporting role. The brain has additional layers
of membranous protection plus a fibrous mesh of supporting collagen filaments
between layers.

The central nervous system i's enclosed by three membranes as shown for the
brain in Figure 4-3, a partial coronal section near the surface; the dura mater,
the arachnoid, and the pia mater which is closely adherent to the surface topd]ogy
of the brain and spinal cord. The outer membrane, the dura mater, is a tough
collagenous structure, but with very little acoustic attenuation as has been
shown by in vitro measurements (Basauri and Lele, 1962). This layer closely
overlies the second meningeal layer, the thin arachnoid membrane. This delicate
layer encloses the subarachnoid space which contains cerebrospinal fluid and the
web=1ike structure of connective collagen fibers (Lockhard et al., 1972) which
extend between the arachnoid above the third membranous layer, and the pia mater,
below (Ranson and Clark, 13959).

It is hypothesized that the structure responsible for the frequency dependent
variations in threshold lesion levels is the sub-arachnoid space and the network
of collagen fibers, the sub-arachnoid trabeculae, which lie in between., The Very
high, low-frequency bulk modulus of e]astiéity (Fields and Dunn, 1973) of the

collagen fibers is considered to give rise to a stratum differing in acoustic



34

Arachnoid frabecula. Arachnoid villus. Dura mater. PHYS IOLOGICAL SALINE
Subdural space Superior sagittal sinus. ACOUSTIC IMPEDANCE
Arachnoid membrane. Endotheli 7 A
Pia mater. ndornelium. 1

SUBARACHNOID SPACE
IMPEDANCE Z2

BRAIN PARENCHYMA
{IMPEDANCE 23

Subarachroid space  Falx cerebri  Corlex cerebri. Z] = 23

FIGURE 4-3. (After Ranson and Clark, 1959) Partial coronal
section of the brain showing meningael structures
and regions of differing acoustic impedance Zl’

ZZ’ and Z3.
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impedance from that beyond the two bounding surfaces.

An additional factor which implicates the meningeal structures as the
causative influence on the frequency variations in lesion threshold levels is
seen when the dura is surgically removed. Stripping the dura, which is often
attended by simultaneous disruption of the arachnoid integrity, can result in a
five fold increase in observed lesion volumes as compared with similar irradia~:
tion of an intact animal (Basuari and Lele, 1962). The increased lesion volume
is believed to result from the removal of some intensity attenuéting structure,
though attenuation measurements on the excised dura itself showed that only 5%
of the incident intensity is attenuated by the dura (Basauri and Lele, 1962).
This lends support to the view éhat the difference in observed lesion volume is
due to the intact tissue and to the physical organization of tissue macrostruc-
ture beneath the dura mater.

Further evidence for the meningeal influence on thresholds is seen in
ultrasound echographic scans of the brain. It is observed that the meningeal
structures transmit only half of the incident intensity at some frequencies,
which is caused by substantial reflection of incident energy due to a frequency
dependent acoustic mismatch. Indeed, some of the strongest reflecting structures
in the brain are those associated with the meninges (Kossoff, 1972). Signals
returned from the superior brain meninges, falx cerebri (brain mid-line), and
tentorium cerebelli are among the greatest in signal magnitude of any brain
structures.

4,2 Mathematical Description

During irradiation, ultrasound is conducted from the focused transducer to
the brain by a solution of physiological saline which has a characteristic

acoustic impedance of Z] (Figure L4-3). The sound then passes through the dura,
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arachnoid space, and pia membrane. Let the impedance of the sub-arachnoid
region be denoted by Z2 and let the brain parenchyma have an acoustic impedance

of Z

3"
As an ultrasonic wave passes through each region, a certain portion is
reflected at each impedance discontinuity. In the region of the sub-arachnoid

space, a partial standing wave is created which acts on the Z]--Z2 interface to
modify the transmission characteristics of that boundary. The effect of these
plane and parallel contiguous layers on the transmitted wave intensity is well
known for idealized media (Kinsler and Frey, 1962). In the present case, the
physiological saline is very nearly equal to the impedance of the brain, i.e.,
it can be assumed that Z] = Z,. The intensity transmission coefficient is

3
then

A
T T L 5 2 (-1
4 cos” (kI) + (== + =2 sin” (k1)
z Z
2 1
where k is the wave number (k = %3 where w is the angular frequency and c is the

velocity in the subarachnoid space),and 1 is the acoustic path length through

the sub-arachnoid space. For this relationship to be valid, the sound waves

must enter the brain at very nearly normal incidence and there must be no signifi-
cant reflections from within the brain back to the sub-arachnoid structures. The
first condition is met since the narrow beam width of the transducer (less than
30O half-angle) and the irradiation geometry ensure near normal incidence. The
second condition is also met since the absorption and scattering of the ultrasound
wave by the brain parenchyma would allow very little energy to be returned to

the meningeal lavers.

If the required tansmitted intensity to cause a lesion is lt’ it is possible
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to calculate the necessary incident intensity (li) which would be required to

be delivered in order to compensate for the attenuation of the brain meninges.

| £
| {(transmitted) “
| (incident) t?
Then
lt
b= e
t

from equation (4-1) with 2, = Z

]

. 2
Ii = It(l + A sin“kl),
where

2
= 1 -
A= 3(21/22 + ZZ/ZI) 1.

in terms of the frequency (f),

(1 +A sin? Zzﬂ),

. I
i t

3"

= 2 n 2 .2
=1, {cos K+ 32,72, + 2,/2))% sin k]} ,

Using the identity c052k1+ sin2k1=],

(4=2)

(4-3)

(4-1)

(4-5)

(4-6)

where c is the sound velocity in the sub-arachnoid space, which may be largely

due to the collagen fibers.

Figure 4-4 is a plot of the frequency dependence of the threshold intensity

which shows the curve for equation (4-6) and the data points at 1, 3, 4, 4.5, and

S MHz. By making suitable choices for the three constants in equation (4-6), a

good fit can be made to the five experimentally determined values.

constants are the required transmitted intensity (I )

t

ratios (A, in equation (4-5)), and the ratio of 1/c in the sine term.

The three
, the combined impedance

Since 1,

the average thickness of the sub-arachnoid space, is determined from anatomical
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measurement§ (Weed, 1534) to be approximately 200-250um and since c, the sound

velocity in the Co]lagen fibers of the sub-arachnoid space, should have a value

similar to other collagenous tissues, viz., 1600-2000 m/sec (Goss et al., 1978),

the combined ratio of 1/c is restricted by physical considerations. For equation

(4-6), as shown in Figure 4-4, 1 was chosen to be 2501m, c¢ 1850 m/sec, A was 1.35,
2

and It was chosen to be 210 W/em™.

4.3 7 MHz Threshold Determination

it is seen from Figure 4-4 that this theory predicts a series of minima
and maxima in lesion threshold intensity with a minimum near 7 MHz. In order
to test this theory, a series of irradiations were conducted at 7 MHz. The
irradiation exposure intensity was held constant at 200 W/cm2 and the exposure
durations were varied to establish a threshold time. A total of eight animals
were irradiated with eight exposure sites per animal and forty-six lesions were
produced. Threshold levels were established for each animal by the technique
described in Chapter 3. A broad range in the threshold intercept constant, the
product of the intensity times the squarercot of the exposure duration (lt%),
was obtained, ranging from 206 W/cmz/sec15 to 125 W/cmz/sec%, with the mean value
being 172 + 46 W/cmzsec% (+ one a).

Figure L-5 shows the point for the 7 MHz threshold determination with error
bars at the P = 0.5 level (1_20) combined with the experimental points previously
obtained and the theoretical curve from equation (L4-6). The mean threshold value
falls below the predicted value by only 14%, and is well within the error bars.

Combining the 7 MHz threshold with the previous five threshold values and
optimizing the fit of equation (4-6) by the method of least square error, modifies
the values of the constants used in equation (4-6) by only a small amount. The

value for 1, the average thickness of the sub-arachnoid space is 250 m. This



THRESHOLD INTENSITY (W/cmz/sec%)

4o

i

-]
=)
[xin]

P
L)

[wy]
-

[,

i
Paoind
(k-3
i
.

[ pu
k .
g .
P
el
.r".'
e v il .
SEE et

H
=
=

i
@ _
M 1 2 3 4 S £ B S 15

FIGURE 4-5

FREQUENCY (MHz)

Intensity versus frequency showing additional point
from the experimental threshold determination at

7 MHz and the continuous line indicating the theoretical
prediction.



closely approximates literature values for cat brain (Weed, 1934) and represents
the average value over the superior surface of the organ. In the regions of the
sulci, the furrows of the brain, this value may increase by two or three fold.
Since these regions constitute a small percentage of the total brain topography
when compared with surface area above the gyri, the elevated convolutions of the
brain, such localized variations can be ignored in the average anatomical dimen-
sions.

The value for é of 1850 m/sec is consistent with the velocity measured in
other collagenous tissues. Since the relative collagen content of the sub-
arachnoid trabeculae has not been measured, only a general comparison with
literature values can be made. Beef tendon which has a high collagen content
(30%) was measured by Dussik and Fritch (1956) with a velocity of 1750 m/sec.
Goss (1978) measured an average value of 1747 m/sec and a range of approximately
1700-1870 m/sec in mouse tail tendon perpendicular to the axis of the tendon
thread.

The value of the constant A in equation (4-6) is a function of the impedance
ratio of the sub-arachnoid space and the brain. The result of the least square
error fit to the data yielded a value of A of 1.4 yielding a calculated acoustic
impedance ratio of 2.3. Since the acoustic impedance is the product of the den-
sity and the sound velocity, comparison values may be calculated. For brain, the
density is 1,028 gm/cm3 and the velocity is 1550 m/sec (Robinson and Lele, 1972),
which gives the impedance of 1.6 x 105 gm/cmz-sec. For the sub-arachnoid fibers,
a density in coliagen of 1.33 gm/cm3 (Holmes et al., 1977) may be used and the
velocity of 1850 m/sec gives an acoustic impedance of 2.46 x 10 gm/cmz—sec. The
expected ratio is then 1.55 which is 28% less than predicted from equation (4-6).

The difference between the two values may be considered to be due to the composite
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nature of the sub-arachnoid space. Sound travels both in the solid-like phase
Acollagen fibers and in the liquid-like phase cerbrospinal fluid. The difference
in sound velocities is considered to give rise to a progressively increasing phase
difference between the waves traveling in each mode. This tends to enhance
slightly the apparent impedance effect of the sub-arachnoid fibers as calculated
in equation (4-6) due to the interference when the two waves in each mode are
summed at the pia mater interface.

The value of lt’ the intensity which must be delivered to the site in order
to cause a lesion at 1 second exposure duration, was determined to be 200 W/cmz.
From this theory, it is a frequency independent threshold value for the brain
parenchyma since it was assumed that the entire frequency dependent effecton the
threshold, as observed by the value of the externally applied exposure intensity,
was due to the acoustic impedance mismatch of the brain meninges. This independ-
ence of threshold intensity with frequency has been predicted for particular
instances. Lerner et al. (1973) found that when heat alone is considered to be
the cause of lesion production for exposure durations of 1 to 100 seconds, a
mathematical model for heat generation at the focus was sufficient to explain
observed threshold effects. |t was noted in their analysis that the increase in
absorption with frequency, combined with the decrease in focal volume, with in-
creasing frequency, yielded a nearly frequency independent increment in the pro-
duced temperature at the focus.

L. & Summary

The three layer model of the ultrasound trammission characteristics of the
brain meninges explains the previously observed frequency dependent variations
in the apparent lesion threshold intensity and predicts the behavior at an un-

tested frequency of 7 MHz. The theoretical fit to the six frequency data points



by suitable selection of three constants is not arbitrary or capricious. Firstly,
it is mathematically sufficient since this procedure involves the solution of

six simultaneous equations (equation (4-6) at each frequency) in only three
unknowrs (the constants of equation (4-6)). And secondly, the values of the con-
stants correspond to physically realizable values which can be compared with
independent sources.

The value of this result lies in its wutility in normalization of observed
exposure parameters as a function of frequency by correcting for tissue effects
on the ultrasonic intensity delivered to the irradiation site. Such refinements
of exposure values allows for a greater degree of confidence in defining dosi-
metric values. When external or exposure doses are well established, first
approximations to absorbed doses can be made and possible modes of tissue inter-

actions and mechanisms for observed bioceffects can be better postulated.
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Chapter 5

MECHANI SMS OF ULTRASOUND BIOLOGICAL EFFECTS

The physical mechanisms responsible for the observed biological effects of
ultrasound associated with the high intensities employed in producing irrevers-
ible structural changes in mammalian brain tissue have been postulated to be of
three main types depending upon the intensity at the site of interest and the
duration of exposure (Pond, 1969; Robinson and Lele, 1971; Fry and Dunn, 1972).
The thermal mechanism is involved at the relatively low intensities of less
than several hundred Watts per square centimeter and for expesure durations
greater than | second, and fis concerened with the conversion of absorbed energy
from the mechanical form to the thermal form. Mathematical models (Pond, 1969;
Lerner et al., 1973) have been developed which reasonably correlate experiment-
ally determined thresholds with the calculations. Additionally, Pond (1969)
was able to mimic the thermal transients produced by focused ultrasound by the
use of implanted electrically heated wires. The damage produced and the ob-
served threshold behavior as determined by the heat energy involved, are suffici-
ently similar in all regards to give credence to the view that heat alone is
sufficient to cause the observed effects.

A second mechanism of interaction of ultrasound and tissue is cavitation,
the onset of which occurs after only short durations of exposures (milli-seconds)

3. 2 X 1OLi W/cmz.

and for the high intensities employed herein, viz., 2 x 10
Here, clear histological evidence of the caprcious characteristics of this p henom-

enon exist (Pond, 1968; Fry et al., 1970) implicating cavitation as the primary
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cause of tissue destruction. Ultrasonic cavitation occurs when high negative
pressures causes cavities to be formed within the medium. When these inclusions
“collapse during high peak pressures, stored energy is released which causes the
observed tissue damage.

Large lesions with irregular boundaries often occur at sites in the tissue
which correspond to regions where tissue mechanical properties change abruptly,
such as exist near blood vessel-parenchymal tissue boundaries. Lesions often
occur at regions other than the expected (or anticipated) focal region of the
soundbeam even though the intensity at the site is originally thought to be less
than that at the focal region, indicating particular weakness in the mechanical
strength of certain tissue structures, or identifying a site where cavitation
nuclei may be more abundant. A nucleus for the initiation of a cavitation
event in tissue may be a site where dissolved gasses are easily forced from
solution under the high negative peak pressures produced by the high intensity
ultrasound irradiation. Little is knownof the actual form of cavitation events
in tissues. However, the gross mechanical disruption attending the presence of
cavitation is clearly shown by torn tissue structures, hemorrhagic involvement,
and blood-vessel disruption all of which are not seen in lesions of thermal
origin (Fry et al., 1970). Pond (1968) and Gavrilov (1974) have shown that
the temperature rise expected to be developed for these high intensities and
short exposure durations, from involvement of only the thermal mechanism, would
be less than a SOC rise at the focal region of the beam. This small temperature
rise, coupled with the shortduration of its presence at the site can eliminate
the thermal mechanism as responsible for the observed damage (Gavrilov, 1974).

A third interaction mechanism can be postulated to occur in the intermediate

intensity region below the cavitation region and above the thermal region, viz.,



in the region 2,000 to 200 W/cmz. Clearly cavitation can be ruled out in this
region by histological examination of the irradiated tissue and by monitoring
acoustically for evidence of the présence of cavitation, during exposure, by im-
planted acoustical sensors and by spectrum analysis of the observed signals, as
wide-band acoustical signal of noise-like characteristics are evidence of trans-
fent cavitation (Esche, 1952; Neppiras, 1969). The thermal mode for lesion
production may also be ruled out as calculations of temperature rise at these
intermediate ]eveis show that damaging temperature levels are not reached in the
time the energy is present. Gavrilov (1974) calculated a temperature rise of
only 4.5°C for 1000 W/cm2 at 0.1 second at 3 MHz., Additional evidence for
another mechanism to be operative in this intensity renge and as being non-
thermal in origin, has been provided by Fry et al. (1950) and Dunn (1958) who
demonstrated that in neural tissue at least, an irreversible alteration of a
functional endpoint is obtained in the absence of cavitation and without the
temperature rising beyond 380C,at which, damage can be induced by steady state
application. Barnard et al. (1955) made similar observations in the brain tissue
of cats at these intermediate intensities.

5.1 Non-thermal and Noncavitation Mechanisms of Ultrasound Biceffects

A number of non-thermal non-cavitation mechanisms of interaction of ultra-
sound with biological matter which have been identified (Dunn and Pond, 197§;
Nyborg, 1978) are considered to be sufficient to explain the observed ultrasound
bioeffects. Nyborg cites the viscous stress exerted on a}boundary, equal to the
product of the velocity gradient and the shear viscosity. Such viscous stresses
may be considered not only to exert forces on possible biological structures, but
may also initiate other phenomena, such as acoustic streaming of intracelliular

contents or microstreaming of blood inside vessels which may ultimately comprise
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the causative agent. These viscous stresses and hydrodynamically produced flows
may cause biological effects which may irreversibly alter physiological functions
of ultrasonically irradiated tissues. Dunn and Pond (1978) classify non-thermal
ultrasound mechanical disarrangement of tissue structures into three main groups,
viz., cyclic tissue effects, effects which sum over many cycles, and effects which
are structure-shape dependent. Examples of cyclic tissue stresses are those
forces produced by the bouyancy of structural inclusions which, by virture of
density differences, undergo cyclic stresses due to the large acceleration ex-
perienced under the applied acoustic field. Time-averaged effects include
radiation force due to the momentum of a traveling wave exerted on an absorbing
medium or exerted at partially reflecting interfaces. Also included here are
streaming effects and radiation torque due to the twisting action exerted on
elements suspended in the fluid medium under effects of an applied acoustic

field (Nyborg, 1978). The authors Qunn and Pond, 1978) give details for each
mechanism discussed and include numerical examples which indicate the possibility
that these mechanims could occur in biological tissues and fluids under specific
conditions. However, due to the complex nature of biological systems, clear
evidence for the presence and action of these mechanisms can't always be demon-
strated. For example, Gould and Coakley (1974) investigated the effects of
radiation force on blood cells and found simple theory did not account for all
observations. Thus, for sufficiently dilute solutions, the simple radiation
force theory adequately described the observed effects. But at near physiological
concentration levels, it appears that the theory must be modified completely to
account for interparticle interactions and sufficient details allowing for

accurate description of such events are lacking.



However, these mechanisms do not account for the results observed during
lesion production in brain tissue at intensities in the range intermediate be-
tween the cavitation and thermal regions, and are cited to show that thermal
lesion mechanismsbelow cavitation intensity levels do exist.

Other investigators (Lele and Pierce, 1972) argue that it is not necessary
to invoke such non-thermal mechanisms to explain the observed behavior and that
a '"thermal hypothesis'' may be extended by suitable models to describe such events.
Their model is extended by considering intracellular differences in absorption
.and by postulating the existance of hypothetical ''quasi-equilibrium states'
through which the irradiated tissue elements must pass during irradiation.

Lele and Pierce (1972) believe that by these modes of interaction, the thermal
hypothesis may be extended to intensities where cavitation becomes the predomi-
nate mechanism of interaction. Lele (1977) also disagreed with the evidence for
non-thermal effects as was shown bv Frv et al. (1950) and Dunn (1958) wherein
functional chanaes are produced at reduced temperatures and under conditions
where the temperature rise results in acknowledged damaging temperature levels
never being approached. Here, Lele (1977) believes that the rate of rise in
temperature produced may be affecting the animals ability to make rapid metabolic
accomodations to temperature, and leads to the observed irreversible functional
alteration.

In what follows, the theory and mathematical development of a mode of ultra-
sound tissue interaction are described to account for tissue interaction in the
intermediate intensity level range between the thermal and cavitation levels.

It is felt that those who favor strictly mechanical mechanisms and those who
favor a thermal hypothesis will find this mechanism acceptable and compatible

with existing theories. It will be argued that when tissues are subjected to
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strains beyond linear viscoelastic levels, the nonlinear stress response leads

to hysteresis type losses in response to the cyclic ultrasound stimulation. These
losses ultimately appear as heat resulting from an intensity dependent absorption
producing temperature rises greater than those calculated by linear extrapolation
from the absorption coefficients measured at low intensity levels. At ever higher
levels of ultrasound exposure, the nonlinear stress-strain response of the tissue
under cyclic loading could lead to tissue mechanical fatigue failure after a
number of cycles and may facilitate the initiation of cavitation events.

5.2 Finite Wave Effects

In order to facilitate finding solutions to the wave equation describing
acoustic propagation, certain assumptions are made which are valid only for waves
of small amplitudes. |t is assumed that the magnitude of the disturbance in
isotropic unbounded media is infinitesimal, e.g., the particle velocity is
assumed very much smaller than the phase velocity, and that the response of the
med ium supporting the traveling wave is linear such that the change in density
of the medium is directly proportional and in phase with the change in the
pressure (Fry and Dunn, 1962). It is also assumed that the relationship between
stress, strain, and their time derivatives is linear such that the material  dis-
plays behavior describable by Hooke's law and Newtonian flow. The assumptions
which are adequate at low intensities, and indeed correctly predict the speed
with which the wave process travels through the media, fail for high intensi-
ties, particularly as energy losses are not included or predicted. Evidence
exists that finite amplitude wave effects appear at relatively low levels. Fox
and Wallace (1954)'observed a five-fold increase in the ultrasonic absorption co-

efficient for water at a level of 4 W/cm2 over that measured at 0.1 W/cmz, due

to the transfer of energy from the fundamental to harmonics, as a function of
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propagation distance, and due to the consequent quadratic dependence of the
absorption on frequency. Later, Beyer and Narasimham (1957) showed close agree-
ment with Zarembo et al. (1956) and Narasimham and Beyer (1956) when oc/f2 was
plotted as a function of p/f (proportional to the partiale displacement amplitude)
where o is the absorption coefficient, f is the frequency (MHz) and p is the
ultrasound pressure amplitude (atm). This agreement among experimenters using a
wide range of intensities and frequencies implicates particle displacement as
the possible parameter for " nonlinear or intensity dependent absorption be-
havior.

For focused fields, as used in the lesion studies described herein, wave
distortions due to transfer of energy to harmonics may be of little importance
as the high intensities only.exist over the short distances of the focal region,
as was shown by calculations of Dunn and Pond (1978). However, no direct mea-
surements have been made which would preclude the possibility of such an occurance
at even higher intensities. However, when unfocused fields are employed for
lesion studies, absorption measurements, or biceffects irradiations, it should
be carefully noted that the delivered intensity and the harmonic content of the
wave at the site of interest may be considerably different than is usually sup-
posed from the low intensity theory.

5.3 Nonlinear Tissue Mechanical Response

It has long been known that the stress-strain behavior of tissues deviates
from the idealized Hooke's law reiationship at high stress. Wertheim (1847)
showed that the stress increases faster with increasing strain than predicted
by Hooke's law, for static situations. Yamada (1970) compiled a very complete
set of stress-strain curves for nearfy all organs and tissues of the human body

which showed that for static conditions, nearly all tissues exhibit a linear region
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beyond which nonlinear behavior prevails which can be described by a power curve
relationship o = K(g)", where ¢ is the stress, € is the strain, K is a constant,
and n is a positive number Similar results are obtained for dynamic conditions

up to several kilohertz (McElhaney et al., 1969; Estes and McElhaney, 1970).
Galford and McElhaney (1970) conducted a viscoelastic study on scalp, brain, and
dura mater which showed that nonlinear stress-strain behavior also occurs at low
megahertz frequency strain rates.

Figure 5-1 shows the stress-strain response typical for a wide range of
tissues exhibiting a region of Hookean elasticity describable by the stress be-
ing directly proportional to the strain, i.e., 0 =E + €, where E is the modulus
of elasticity, and the subsequent nonlinear region for which 0 = K(e)n, where

n is a positive number.

5.3.1 Energy Dissipation Due to Nonlinear Stress-strain

For that portion of the stress-strain curve which is linear, energy
which is stored under compression or tension is completely returned into the
system upon the relaxation of the imposed strain. Energy is not dissipated and
the system is conservative. For an applied stress amplitude exceeding the
linear region, ~only a partial recovery of the potential energy stored by the
system is returned upon removal of the external stress, with the energy loss
dissipated as heat. During cyclic strain of high amplitude, hysteresis loss
of energy occurs following the removal of positive and negative pressure.
Hysteresis losses are characterized by a constant loss per cycle of the applied
force, which may also be thought of as a loss which increases linearly with the
frequency of the cyclic strain. Such an energy dissipation mechanfsm also yields
losses which increase directly with increasing applied stress amplitude.

Such nonlinear stress-strain relationship and hysteresis loss mechanisms
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have been investigated for a wide range of materials. Litovitz and Lyon (1954)
made extensive measurements in the viscous liquids glycerol and pentachlorobi-~
.phenol and found that the existing theoretical mechanisms for absorption could
not describe the results obtained. Their data at high viscosities showed a
frequency independent absorption loss per wavelength which they concluded could
be due to the presence of a type of hysteresis. Litovitz and Lyon (1954) sug-
gested that there may be a common origin for the hysteresis mechanism in liquids
and solids. The work of Landau and Rumer (1937) showed a close correlation be-
tween ultrasonic and dielectric relaxation, wherein above the main relaxation
frequencies for dipole rotational relaxation, hysteresis effects were noted.
Landau and Rumer (1937) postulated that the dielectric and acoustic hysteresis
in solids and liquids have a related origin in the coupling of acoustic or
electric wave energy into heat energy in the solid or liquid due to anhar-
monicities in the lattice structure. -

Hysteresis has been studied with biological material in connection with
fatigue failure of bone. Gaynor-Evans (1973) has shown that several investi-
gators obtain nonlinear stress response curves for various bones from several
species. Based on quantitative stress-strain relations, fatigue life, expressed
as the number of cycles of applied cyclic strain until failure, may be predicted
empirically. For example, a plot of the logarithm of the applied strain ampli-
tude vs the logarithm of the numbér of cycles to fatigue fracture gives a straight
line over several orders of magnitude (Sereg and Kempke, 1969) and is found for
a great variety of solid materials. |

Basquin (1910) developed a mathematical description, based on empirical
observations, known as the Exponential Law of endurance tests,and subsequent

elaboration and refinements have given a broader scope and firmer mathematical
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foundation (Morrow, 1965; Feltner and Beardmore, 1970). Basquin's empirical
approximation was ¢ = ﬁ(N)b, where o is the stress amplitude required to cause
fatigue failure when applied for N cycles, K,is the stress amplitude intercept
at one cycle, and b is the best fit exponent.

5.3.2 Mathematical Description

In order to correlate observed experimental results with basic
physical mechanisms, it is useful to establish a more complete mathematical de-
velopment than that which was used for previous empirical observations. Begin-
ning with a generalized stress-strain relationship, integrating the energy dis-
sipated per cycle, and assuming an energy-dependent criterion for fatigue
failure, it is possible to derive a mathematical description useful for describ-
ing tissue mechanical fatigue and which may be useful for describing ultrasonic
lesion threshold behavior as well.

Consider a volume of tissue subjected to a cyclic mechanical strain, as,
for example, in the presence of an acoustic wave disturbance. The energy dis-
sipated per cycle (W), is the integral of the area under the stress-strain curve
since the elemental energy per unit volume is dW = ¢ - de, by definition. The
total area under the stress-strain curve for first quarter-cycle represents
the potential energy stored during that period. During the next quarter-cycle,
as the stress is removed, the path taken by the stress-strain curve fqr the
material is assumed to be linear and parallel to the Hooke's law linear region.
The area under this path represents the energy returned to the system. Thus,
when the strain amplitude does not exceed the linear region, the paths are the
same and no energy is dissipated by system nonlinearities.

Figure 5-2 shows a generalized stress-strain plot and the resultant

hysteresis loop which would occur when the tissue sample is driven into the
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nonlinear region by a cyclic external applied force. The -arrows show the paths
taken by the strain as the applied stress varies. Path (1) shows the first
quarter-cycle and path (2) the subsequent path taken as the tissue is forcibly
relaxed by the negative-going applied stress. The paths (2) and (3) show the
paths taken by tﬁe subsequent positive and negative cyclic variations, assuming
no alterations in stress-strain behavior due to cyclic fatigue. The area enclosed
by the hysteresis loop represents the energy dissipated by system stress-strain
nonlinearities for one complete cycle.

[t is convenient mathematically to consider only the nonlinear region when
computing the energy loss per cycle. The nonlinear region can be approximated

by a power function as

e = K(CI) (5‘])
The maximum energy dissipated per cycle is then
~( -
a
W=2 o+ de . (5-2)
o

where o, is the maximum cyclic stress amplitude and the factor of 2 results from
the symmetry of the negative half-cycle,which is assumed to be a replica of the
of the positive cvcle, and from the choice of limits of integration. It is con-
venient to consider the maximum loss case since the energy returned to the
system upon relaxation of the applied stress could be any 1inear function of the
applied force and as such can be included in the constants of integration. Dif-

ferentiating equation (5-1) and substituting into the integral gives
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I

W =-§—!S g do . (5-3)

o
Integration yields the energy dissipated per cycle and for N identical cycles
the total energy dissipated WN is

_ 2KN
N n + | (Oa)

W n , (5~4)

This assumes no structural changes occurring and Egq. 5-1 continues to remain
valid (Feltner and Morrow, 1959). If it is assumed that fatigue failure occurs

after a total energy U accumulates after Nfcycles, then

2KN ! e \
U = — (ga) ) . (5_5)
Rearranging gives,
I +n
U{n + 1) _ n -
g = Nf(ga) (5-6)
Taking the - : 7 root and adapting the logarithmic form gives,
log a_ = K] - —2 _jog N (5-7)
‘a n+ 1 f :
1 _ n U(n + 1)
where K' = T+ n 109 —-Z—K-—— B

A log-log plot of maximum stress vs number of cycles to failure gives a straight

line of slope - 7 : - and an intercept at one cycle of log o, = K] (Figure

5-3).

If this analysis can be applied to biological materials, and if it can be
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assumed that energy dissipated as heat by nonlinear stress-strain hysteresis
contributes to the heat dissipated by other viscoeleastic absorption mechanisms
during high intensity ultrasonic irradiation, then equation (5-7) may describe
the kinds of events occurring during ultrasound exposures leading to irreversible
structural changes. |f the stress amplitude is assumed to be proportional to the
ultrasonic pressure amplitude, the lesion threshold curves can be expressed as a
function of the square-root of the delivered acoustic intensity. As time duration
and number of cycles are linearly related by multiplying exposure duration by the
frequency, the slope of the original intensity-time plot for lesion threshold
(Figure 4-=1) which was -1/2, on the new plot of pressure versus number of cycles
to threshold would be -1/hk. Setting this equal to the n/(n + 1) in equation
(5-7) gives a n = 1/3, which is consistent with the form onthe stress-strain
curves found for most biological tissues (Yamada, 1970).

Additional support for a hysteresis hypothesis may be obtained from consid-
eration of the frequency dependence of the ultrasound absorption coefficient.
For the case where no absorption is taking place, it would seem that a threshold
time inversely proportional to frequency, for a given intensity, would result.
For example, if 106 cycles were required for a lesion just to appear, at 10 MHz,
it would take 10 times longer for irradiation under the same conditions at 1 MHz,
for a lesion to appear. However, since y, the intensity absorption coefficient,
is nearly directly proportional to frequency, the energy absorbed at 10 MHz is
ten times greater than that at 1 MHz for the same time duration. This has the
effect of making the threshold curves for each frequency coincide, as was shown
in Chapter 4 by the frequency correction due to the presence of brain meninges

and the introduction of an impedance mismatch due to structure.
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It is yet to be determined at what level of intensity such nonlinear effects
become significant. Dunn (1962) measured the absorption in vivo in mouse spinal
cord up to 175 W/cm2 at 2°C and found no variation in absorption with intensity.
The highest temperature reported was 28°C where the maximum intensity used was
75 W/cmz. Lerner et al. (1973) gave a detailed mathematical analysis of the
temperature transients produced under focused ultrasonic irradiation and found
that a constant value for the absorption yielded a consistent fit to the data
for lesion threshold irradiations from 1 second to over 100 seconds. On the
lesion threshold curve, this would correspond to intensities of 200 W/cm2 to less
than 10 W/cn?. Lele (1977) found an increase in absorption, as measured by the
transient thermoelectric technique in in vitro liver (20°C), when the intensity
was increased above 400-500 W/cmz. There was approximately a doubling in the
absorption coefficient in the region of 1000 W/cm2 compared to the value measured
.at low intensities. Fry (1977) has measured total temperature rise for 20
second irradiations of live mouse testicle, under cw and pulsed high intensity
regimes. When the data are plotted as temperature rise vs.time-averaged inten-
sity delivered, there appears to be a significant increase in heat dissipation
for high intensity pulsed irradiations over that obtained for an equivalent (time-
averaged intensity) cw case. Significant differences (+ I/ZOC) occur from about
400 W/cm® and above. Fry (1977) also measured the intensity absorption coeffici-
ent as a function of average intensity in live mouse testicle. For c.w. irradia-
tions up to 120 W/cmz, the value measured for § was constant at about 0.04 cm_].
For high intensity 50 us bursts at 1 kHz pulse repetition rate, noticable non-
linearities were observed when intensities greater than 200 W/cm2 were used, viz.,
the c.w. intensity absorption coefficient was doubled for the pulsed case at

levels of about 250 W/cm2 and reached a level of five times the low level
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absorption coefficient in the neighborhood of 800 W/cmz. All of these findings,
viz., those of Dunn (1962), Lerner et al. (1973), Lele (1977), and Fry (1977)
indicate thatnonlinear losses of the postulated hysteresis type appear to become
important in the region of 200-1000 W/cm2 and above.

How would the nonlinear absorption, predicted by hysteresis and observed
in the above experiments, affect the proposed dosimetric quantity of absorbed
dose per unit volume as approximated by the product ult? |If it is assumed that
the intensity absorption coefficient increases as a function of the infensity,
it could be approximated by a constant Ho times the intensity |. The absorbed
dose per unit volume would then be uOIZF. In the intensity region between cavi-
tational damage and thermal behavior, if a constant absorbed energy per unit
volume (C) is required for the initation of a threshold lesion, then uolzt = C.
Taking the square-root and combining constants Mo and Co, gives It'12 = C', which
is the empirical equation describing the set of threshold curves originally
obtained and as shown in Figure 4-1.

As an additional check on the validity of a hysteresis model for nonlinear
ultrasound absorption, a comparison can be made of the expected levels of strain
amplitudes under ultrasonic irradiation and of the strain amplitude required for
the nonlinear stress response observed in a wide range of materials. Since no
data are available for the measured stress-strain response for brain tissue at
ultrasonic strain rates, only an order of magnitude comparison is possible. Non-
linear strain occurs at levels of micro-inches per inch in metals and ceramics

-3

(Feltner and Morrow, 1959), 10 ° to 10-2 in/in for bone and soft tissues (Yamada,
1970); Gaynor-Evans, 1973), and 0.1 in/in for elastometers (Eirich and Smith,
1972) are common. Particle displacement amplitudes for a 1000 W/cmz, 1 MHz wave

in a water-like medium are approximately + 60 x 10-8 meters. Since a peak of
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positive particle displacement occurs one-half wavelength away from the negative
extreme, the ratio of the total displacement magnitude to the distance over which
it is applied corresponds toastrain ratio of 10-3 meters/meter. Hence, displace-
ment amplitudes in the intermediate intensity range for ultrasound irradiation
are commensurate with strain magnitudes as observed under measured static con-
ditions.

The hysteresis model also predicts a linearly increasing absorption versus
increasing frequency, or a constant loss per cycle. Hysteresis was discarded as
a model for absorption by previous investigators of absorption mechanisms
(Hueter, 1958) since early attenuation measurements had shown that the logarithm
of attenuation versus the longarithm of frequency had a slope of 1.5 instead of
1.0. More recent measurements of absorption by the transient thermoelectric
technique have shown the slope to be very nearly unity, viz., 1.0 to 1.18
(Goss et al., 1973) for a variety of tissues including brain.

5.3.3 Hysteresis at Very High Intensities

Although the hysteresis model is proposed as a mechanism to explain
lesion threshold behavior at what is considered to be sub-cavitation intensities,
it is pertinent to discuss its applicability at very high intensities where cavi-
tation can occur. The model predicts straight-line behavior of the threshold
curve on a plot of the logarithm of intensity versus the logarithm of exposure
duration for intensities and times well up into the cavitation region. The
hysteresis model at intermediate level intensities was proposed as a mechanism
whereby energy was dissipated at a rate in excess of what would be predicted by
lTinear extrapolation from an acoustic absorption coefficient measured at tow
intensities. Hence, the primary lesion cause was thermal. At very high intensi-
ties, actual tissue mechanical fatigue failure may occur as a prelude to the

initiation of subsequent cavitation, though no direct evidence for this is
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available. However, it can be argued that the time delay between the beginning

of high intensity ultrasonic exposure and the onset of cavitation, as measured

by implanted acoustic sensors and which can be several milliseconds at 3,000

W/cm2 (Gavrilov, 1974), could be due to the time required for a sufficient

number of cycles (several thousand at MHz frequencies) to accumulate for mechan-
ical fatigue failure to occur assuming the stress-strain behavior is similar at
these higher intensities. Such modes of failure for the viscoelastic rupture

of elastomers (in the absence of cavitation) have been studied extensively

(Eirich and Smith, 1972), which have shown that the summation of cyclic hysteresis
energy can account for such fatigue failures.

5.3.4 Hysteresis Model at Low Intensities

The model presented for hysteresis behavior is compatable with the
thermal model of Pond (1968), Lerner et al. (1973), and Lele (1977) at low in-
tensities. Indeed, the hysteresis contribution to heat production at intensities
beyond which the Lerner et al. (1973) model diverges from experimental behavior
(approximately 200 W/cmz) could be used to extend the thermal models'usefulness
at higher intensities. |If the intensity dependent absorption predicted by the
hysteresis model were used in conjunction with the thermal model, the original
predicted slope of -1.0 for the threshold curves above 200 \»I/cm2 would be reduced
to a value much closer to the experimentally observed value of -1/2. This
follows from the fact that the rate of heat production (dq/dt) due to absorption,
assumed by the thermal model, which is equal to 2ual, where a is the amplitude
absorption coefficient and | is the intensity of the irradiation, would "e in-
creased at higher intensities when the constant for o is replaced by a(l), an
intensity dependent function for a. |If a(l) is assumed to be of the form

o + all, dq/dt becomes equal to Zaol + Zallz. Such intensity dependent rates
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of heat production have been observed experimentally in im vivo mouse testicular

tissue by Fry (1977), where a

; would be ao/ZOO for the 50 us bursts.

An extension of the Lerner et al. (1973) thermal model was proposed by
Carstensen et al. (1974) in which the calculated temperature transients of the
previous Lerner et al. (1973) model were incorporated into an arbitary damage
factor which was dependent upon the temperature, the activation energy for a
thermal damage process, and the time duration of exposure. When this damage
factor was integrated over the duration of the thermal transient, and reached
an arbitrary value of 1.0, the intensity versus time for lesion production could
be predicted by a suitable choice of the energy of activation used in the model.
Physically realizable values for the activation energy were obtained.

However, an extension to this model is required to predict behavior for
threshold lesion production in brain tissue at intensities less than 10 W/cmz.
The model predicts that a suitably long time duration of exposure at below 10
W/cm2 would produce a lesion, which is not always the case, as Lele (1977) has
shown that elevation of local brain temperature below 42.5°C does not produce
morphological damage even after eight hours of exposure. Observations of similar
behavior, that is, an endurance limit below which continuous application of a
certain level of temperature, cyclic stress, or ultrasonic exposure does not re-
sult in damage, have been made in a wide range of materials (Eirich and Smith,
1972; Liebowitz, 1976).

5.4 Observations on Low Intensity Effects

Extended endurance or the absence of lesion production under low intensity
long duration ultrasound irradiation of cat brain has been observed experimentally.
Focused, low-intensity, long duration, ultrasonic exposure of the adult female

cat brain has shown a marked departure from the threshold behavior which would be



65

predicted using the well established high intensity-time duration relationship
(Dunn et al., 1975) lt% = (¢, where | is the intensity required to produce a
lesion, t is the time duration of irradiation, and C is a constant which is
weakly dependent on the frequency (Johnston and Dunn, 1976).

A total of 45 animals were irradiated at fixed intensities of 20, 15, 10,
7.5, and 5 W/cm2 for times in the range of 20 to 1500 seconds, for a total of
160 exposures. Lesion threshold values for 20 and 15 W/cm2 were well defined
at 100 seconds and 500 seconds, respectively. However, no lesions were found
for 10, 7.5, and 5 W/cm2 irradiations for times between 250 to1500 seconds.

All lesions observed were in the white matter of the brain only. Even though
multiple gray matter sites were irradiated, no gray matter lesions occurred
even at times 170% that of the lesion threshold time for 20 and 15 W/cmz. The
slope of the line joining the 20 and 15 W/cm2 thresholds on a log-log plot of
intensity versus time is approximately -1/4 as compared to the value of -1/2
which holds for over five orders of magnitude in times below 10 seconds, e.g.,
10 seconds to 10—4 seconds.

These preliminary results of decreasing slope on the intensity-duration plot
for lesion threshold, absence of gray matter lesions at 20 W/cm2 and below, and
the absence of lesions for long duration exposures at 10 W/cm2 and below, suggest
that irradiation levels may be asymptotical approaching the intensity below which
no lesions can be produced for any time duration exposures. This could reflect
the brain's ability to conduct heat away from the irradiation site as fast as
the heat is produced by the ultrasonic irradiation. Also, during long duration
exposures, there is sufficient time for additional physiological factors to in-
fluence threshold levels. Homeostatic mechanisms such as increased capillary

blood flow in response to heating causes increased heat conduction away from the
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irradiation site. The greater vascularity of brain gray matter coupled with its
lower ultrasonic absorption coefficient explains why gray matter lesions are
more difficult to produce than white matter lesions.

Empirical observations of fatigue failure in metals (Feltner and Beardmore,
1970), ceramics, elastomers (Eirich and Smith, 1972), soft tissues, and bones
(Herrmann and Liebowitz, 1972) reveal a region of low amplitude strain below
which failure does not occur for essentially an infinite number of cyclic
stresses, e.g., in excess of 108 cycles. For some materials, this is due to re-
pair mechanisms which require long times to become effective. In other systems,
the dissipation of heat can account for the extended endurance since temperatures
never rise above low levels. In biological systems, both may occur, but heat
dissipation which holds temperature to a low level is a sufficient explanation
for histologically observed lesion behavior at low intensities. Biological
systems in vivo have additional heat dissipation capabilities which require long
times to become effective for low level increases in temperature, due to blood
flow and physiological accommodation. Such mechanisms which are operable only
from seconds to minutes after the initiation of a heat transient, are easily ex-
cluded from consideration during high intensity, shortduration exposures. The
assumption that the energy absorbed at threshold is constant, which was used in
the analysis at higher intensities, must be modified during long exposures at
low intensities to account for energy losses due to heat convection. Similarly,
the Carstensen et al. (1974) thermal model may be modified if heat losses due to

blood flow perfusion of the irradiated area are included at long-time exposures.
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5.5 Harmonic Production Due to Nonlinear Stress-strain

When a system is driven into a region of nonlinear behavior, harmonics are
produced at integer multiples of the fundamental driving frequency. However,
the generation of sub-harmonics in the acousticcase in particular at one-half
the fundamental driving frequency, has been shown to be the resuit/§;a11 bubbles
in a fluid medium being driven at twice their resonant frequency (Eller and
Flynn, 1969). They showed that this phenomenon had a definite intensity thres-
hold.and could be used as a monitor for the detection of cavitation threshold.
Lele (1977) performed similar measurements at megahertz frequencies in water,
brain, and liver and found the presence of half harmonic signals at levels well
below the threshold for collapse cavitation down to levels of a few tenths of
a Watt per square centimeter. There appeared to be a transition region at the
level of collapse cavitation at about 1500 W/cm2 where the strength of the sub-
harmonic increased rapidly. But no threshold for the half-harmonic was seen at
low intensities. Neppiras (1969) noted that it had been observed that half-
hamonicsignals could occur in the absence of bubbles and cited the work of
Tucker (1965) and Dunn, G. J. et al. (1965). These investigators had found that
strong half-harmonic signals might be generated due to the nonlinear compliance
of the medium and the presence of bubbles was not always necessary for the ob-
servation of half-harmonic signals. They stated additionally, that the nonlinear
compliance of the system would explain only the half-harmonic signals. 1t is
postulated here, with additional evidence, that the half-harmonic signal levels
measured by Lele (1977) could be explained by the work of Friedel (1964) and
Peguin et al. (1967) wherein it is shown that the strain velocity (time rate of
change of the strain) in a nonlinear system increases with the hyperbolic-sine of

the applied stress. |f the measurements of Lele (1977) were to be repeated as a



function of temperature, the half-harmonic signal strengths observed may be
predicted on the basis of the strain velocities and their dependence on tempera-'
ture as shown by Friedel (1964). The experimental measurements of half-harmonic
signals at orders of magnitude below transient collapse cavitation intensities

is offered not only as possible evidence of behavior which is a predictable con-
sequence of the nonlinear stess-strain hysteresis model, but also as a source

of future investigation of nonlinear tissue mechanical behavior, as was cited

above.

5.6 Hysteresis and Ultrasound Absorption and-Velocity Dispersion

It is instructive to compare the frequency dependences of absorption and
velocity as predicted by a hysteresis mechanism with those predicted by shear
viscosity and relaxational mechanisms. The absorption per unit path length is
directly and linearly proportional to frequency for the hysteresis model since
there is a constant loss per cycle of the applied stress. The frequency de-
pendence of absorption predicted by shear viscosity (Fry and Dunn, 1962)
indicates that the absorption should increase as the square of the fregquency with
a transition at frequencies in excess of 108 Hz (predicted for soft tissues) where
there should occur a transition to square-root dependence on frequency. At
those frequencies, the velocity dependence on frequency should aiso go through a
transition from no dependence upon frequency (no dispersion) to a dependence
directly porportional to the square root of the frequency. For a relaxation
mechanism low frequency absorption is predicted to be directly proportional to
the square of the frequency. Above the relaxation frequency, absorption becomes
constant. Velocity is predicted to be constant below the relaxation frequency
(no dispersion), then goes through a transition region at the relaxation fre-

quency (displays some dispersion), and above the characteristic relaxation
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frequency assumes a fixed value (no dispersion) at a velocity which is greater
than the low frequency value.

Hysteresis, as was proposed by Mason and McSkimmin (1947) for metals and
glasses, and the mathematical development for it proposed by Mason (1350),
yielded a frequency independent value for velocity. Although Mason and McSkimmin
(1947) and Litovitz and Lyon (1954) conducted hysteresis absorption studies in
metal, glass, and viscous liquids, no velocity data was obtained. No mea-
surable dispersion has been observed in homogeneous biological tissues. Dis-
persion in  non-homogeneous tissues such as lung (Dunn, 1974) and bone (Yoon
and Katz, 1976) has been observed

Care must be taken in dispersion measurements in tissues to exclude group-
velocity dispersion due to frequency-dependent boundary impedances which may
interfere with velocity measurements as demonstrated by Lange (1966). Further,
the measurement of a frequency dependent variation in velocity which would con--
tradict the dispersion-free velocity prediction of the hysteresis model may
have to be conducted at intensity levels where hysteresis is proposed to pre-

dominate as a nonlinear effect (several hundred Watts per square centimeter).
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Chapter 6

SUMMARY

In Chapter 3, a dose-effect relationship was demonstrated téngist between
the absorbed energy per unit volume and the produced lesion volume. The units
of the proposed dosimetric quantity are joules per cubic millimeter and is
approximated by the product of the intensity absorption coefficient (w), the
delivered intensity (i) at the lesion site, and the duration of the exposure
(t). The dose-effect relationship was obtained for various combinations of
the involved exposure parameters (u, |, and t) and it emerged that the observed
biclogical effect, viz., a given lesion volume at any given dose-rate, could be
obtained by equivalent absorbed doses at two different irradiation frequencies.
It was suggested that a universal set of such curves, as were presented for
brain tissue, could be obtained by other investigators using other tissues.

It was shown in Chapter 4 that the frequency dependent attenuation of the
collagenous brain meninges could account for the frequency variations, in the
threshold for lesion production in the brain parenchyma, observed earlier. An
additional minimum in attenuation was predicted at 7 MHz by a three layered
model of the brain meninges, and subsequent lesion threshold experiments yielded
results compatible with the presence of such a minimum. The results of the sec-
tion showed that the lesion threshoid in the brain tissue itself is frequency
independent at about 200 w/cm2 for a 1 second duration exposure. These results
are useful in the dosimetry, since it resolves frequency differences for lesion

threshold and helps to refine values for delivered intensities by correcting for
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reflections and attenuation at the brain meninges.

In Chapter 5 mechanisms for ultrasound bioeffects were considered and the
mechanism of hysteresis was proposed for high intensity level ultrasound bio-
effects. Starting with the known nonlinearities of tissues subjected to high
levels of stress and integrating the energy dissipated over many cycles of the
alternating applied stress, it was possible to arrive at a description of the
hysteresis losses so generated. When the model of the hysteresis losses was
applied to ultrasonic lesion production in brain tissue, the required value used
by the model for the description of the tissue nonlinearity corresponded to
values which had been measured for brain tissue, thus lending support to the
view that hysteresis must be considered seriously as a mechanism for the

observed biological effect.
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Chapter 7

CONCLUDING REMARKS

If radiation protection guidelines are to be established for human exposures
to ultrasound as used in medical diagnostics, therapy, and surgery, dosimetric
quantities must be established which are adequately déscriptive of the exposure
levels reponsible for the biological effects. The dosimetric quantity must show
a predictive behavior by indicating the expected threshold for the appearance of
the biological effect and above threshold must show a quantitative behavior by a
definite covariance with the magnitude of the observed bioefféct., The results
of Chapter 3 demonstrate that absorbed energy per unit volume satisfies these
criteria for continuous wave irradiations at levels typical of therapeutic and
surgical intensities. Additional research is required for the pulsed regimes
and low intensities which are used at diagnostic levels to determine what addi-
tional dosimetric considerations are necessary.

In addition to the effects: of ultrasound on tissues, consideration must be
given for research on the effects of tissues on the propagation of ultrasound.
Chapter L4 showed that refinements in dose determination could be made when
corrections for the attenuation and reflection of ultrasound by biological tissues
were considered. It is necessary to determine closely the intensity delivered
to the site of interest.

Even though the hysteresis model was presented as a mode of heat production
in excess of that calculated by extrapolation from an acoustic absorption coeffic-
ient measured at low intensities, the model may also hold at intensities where

cavitation is likely to occur. Future research should consider that the time
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required for the onset of cavitation may be a reflection of the number of cycles
required for hysteresis energy to accumulate to a level of which tissue mechani-
cal fatigue failure occurs.

It was also shown that the hysteresis model was consistent with existing
thermal models for lesion production at low intensities. |t may be possible that
the hysteresis losses may be used to extend the region for which the thermal
models closely follow experimental observations by inclusion of the predicted
intensity dependent absorétion. Also, the existence of an intensity dependent
absorption is important for comparing bioeffects data, with differing exposure
conditions, on the basis of time-averaged and spatial-averaged intensities. As
demonstrated by the results for temperatures produced in live mouse reproductive
organs (Fry, 1977), pulsed high intensity irradiation produced temperatures which
far exceeded c.w. exposures even though time-averaged intensities were equivalent.
Future bioeffects data should report spatial-peak and temporal-peak intensities if
meaningful intercomparisons of biological effects experiments are to be made.
Many of the consequences of hysteresis behavior may have already been observed.
Nonlinear or intensity dependent absorption has been seen in brain and mouse
testicle. The linear increase in absorption with frequency has also been noted
in a wide variety of tissues. Harmonic and subharmonic production of an intensity
dependent nature has also been noted at low levels. Another consequence of
hysteresis, frequency independent ultrasonic velocity, has been observed in all
tissues measured, except for lung and bone. Further velocity measurements as a
function of frequency are needed. |

It is hoped that nonlinear tissue mechanical response and hysteresis loss
mechanisms at ultrasonic frequencies will be of benefit in supplying future

impetus for research into the consequences of these mechanisms in ultrasonic
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biophysics. It is also hoped that the dose-effect relationships presented and
their quantitative description in terms of absorbed energy per unit volume will

form the basis of future dosimetric work.
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APPENDIX

DATA TABULATION

FOR 7 MHz THRESHOLD

1 1
1t? (W/cmz/seci)

206
191
179
178
171
170
156

125

MEAN

i

172.0

STANDARD DEVIATION ke.2
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