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ULTRASONIC TOXICITY: A PRELIMINARY IXVESIISATIOH 

OF EFFECTS ON MURINE GONADS AND THE IN UTERO FETUS 

John Kissling Brady, Ph.O. 
Department of Electrical Engineering 

University cf Illinois at Urbana-Chanpaign, 1979 

This thesis reports the initial findings of a study de

signed to assess the possible effects of ultrasound on the oaa-

malian reporductive tract. The experimental study began as a 

result of estimates suggesting that appreciable portions of the 

population will have the opportunity for sultiple exposures to 

ultrasound during the developmental and growth periods of preg

nancy. In the design of the study the following objectives were 

to be realized from the animal experiments: 

1) guidance in the selection of parameters for huoan 

exposures to ultrasound, and 

2) the details necessary for improving observability 

for detecting ultrasonically related hazardous effects in the 

human. The fact that deleterious effects have not been reported 

after nearly a quarter century of clinical involvement is en

couraging, but may also be a false security should delayed 

effects be forthcoming. 

The study is divided into two major sections; the first 

deals with toxicity effects to the in-utero fetus as a function 

of the day of gestation, the acoustic intensity and the tine 
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of exposure to the acoustic field. The second section addresses 

the effects of ultrasound on the murine gonads, the testis and 

ovary, as a function of acoustic intensity, exposure time to the 

acoustic field and acoustic frequency. The variations in the 

frequency parameter were confined to the determination of the 

acoustic absorption coefficient of the testis which was deter

mined experimentally to help elucidate cause and effect of 

testicular damage. 

The exposure parameters for the in-utero Irradiations 

were a frequency of 1.0 MHZ, acoustic intensities in the range 
2 2 

of 1 w/cm to 10 w/cra and selected irradiation times of 1 sec 

to 100 sec. 

The exposures were performed using two quartz crystal 

transducers each having different, well-defined acoustic field 

©atterns. The use of two transducers was dictated by the ultra

sonic intensity and time of exposure constraints of the investi

gation. Calibrations, to determine the acoustic field distribu

tion and peak free-field intensity at the transverse plane 

occupied by the experimental animal, were carried out weekly. 

Checks of the entire RF generating system were performed monthly. 

The exposure regime for the In-utero insonations were 

carried out under computer control. The introduction of digital 

equipment to the procedure allowed all the experiments to be per

formed in a double-blind fashion, thus minimizing experimenter 

bias in the study. The computer also permitted a single investi

gator to carry out the irradiations with no sacrifice in uniform

ity or limits to experimental capacity. 
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The testicular and ovarian insonations were performed 

at a frequency of 1 MHZ (except the exposures performed to de

termine the acoustic absorption coefficient, which were done 

over a range of 1.0 - 9 MHZ, predetermined acoustic intensities 
2 2 

of 1.0 w/cra to 100 w/cm and exposure times of 1 to 10 sec. 

A third, focussed transducer was used for these experiments to 

both limit the tissue volume exposed to the acoustic field, and 

to obtain the higher acoustic Intensities Initially thought 

necessary to obtain testicular damage for characterizations. 

A reduction in the acoustic Intensity was possible after the 

characterization of the acoustic damage to the tissue. 

The calibration and exposure procedures for the testes 

and ovaries were similar to those for the in-utero fetus, with 

the exception of computer control, which was found to be 

unnecessary. 

The methods of analyzing the experimental results are 

unique to each experimental procedure. The observations and data 

collected' from the in-utero exposures have been subjected to a 

multiple regression analysis and the results are presented as 

regression equations showing the significant (P<.05) statistical 

relations between experimental variables. The results obtained 

from the testicular and ovarian exposures are photographic. The 

photographs are taken directly from the photomicrographs of his

tologically prepared tissue slides, and demonstrate the range of 

damage observed in the Irradiated tissue. 
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The results of the statistical analysis of the in-utero 

ultrasonic exposures are designed to point out any significant 

difference between the three groeps of experimental animals; 

the exposed group, the sham exposed grosp and the control group. 

Within each group of animals, multiple regression curves have 

been generated to elucidate any effects of acoustic intensity, 

time of exposure, number of exposares. age, gestation day, etc. 

The data obtained in this experimental series, and the 

statistical analysis of this dati nave shown that, currently, 

there is not a simple linear relationship between the acoustic 

field variables and the effects observable on in-utero irradiated 

mice. The analysis presented here shoald form a sound basis for 

further examination of the complex interaction of ultrasound and 

fetal development. The analytical nethods used in this thesis 

may also lend themselves to the use of extending the study to 

other mammalian species and eventually to human effects. 

The toxicity data collected on tne mouse testes and 

ovaries was an histological method, and is presented as a series 

of photomicrographs. Two acoustic intensities, which were used 

to generate a preponderance of the available data, were chosen 

to provide the acoustic damage findings froa this study. The 
7 2 

acoustic intensities chosen, 25 w/cn and 10 w/c« , each for a 

30 sec duration, produce observsble damage in the murine testes 

which ranges from gross destruction to quite subtle alteration. 

The amount of observed damage is a function of time. This 

damage Is observable at levels front the snbcellvlar to the 

whole organ level, and is characterized by cell disruption. 
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vacuolization, etc. The basic similarities, at the cellular 

level, among mammalian testicular tissue may permit cross-

species inferences as to the Interactions of acoustic field and 

non-murine reproductive tissues. Inferences of this kind would 

permit the knowledgeable use of clinical ultrasonic devices in 

diagnostic and therapeutic areas, viz., testicular tumor and 

cysts, with less risk of damage to the reproductive function. 

The current extensive use of ultrasonic devices, e.g., 

fetal heart monitors and labor monitors, on pregnant women lends 

Immediacy to the need for toxicity Information on the female 

organs of reproduction. During this study the murine ovaries 

were subjected to acoustic fields having a range of peak intensi-
2 2 

ties from 5 w/cm to over 100 w/cm . The exposures were per

formed both trans-skin and with only the peritoneum between the 

ovary and the ultrasonic transducers. The ovaries were collected 

from the animals at various times, post Irradiation, and histo

logically prepared for microscopic examination. No observable, 

acoustically induced, damage was found in any of the organs. 

A definitive reason for this seeming immunity to acoustic damage 

was not found, but speculation on a possible cause involves the 

physical dimensions relative to the acoustic wave length and 

the relative acoustic Impedance of the tissue. It 1s possible 

that exposures over a broad range of acoustic frequencies will 

resolve this anomaly. 
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I. INTRODUCTION 

Ultrasound has now been applied as a clinical aid, both 

dlagnostically and therapeutically, for over thirty years and 

as an experimental tool for an appreciably greater time (1). 

The areas of the body which have been Investigated with the aid 

of high-frequency sound include the brain, heart, breast, ear, 

eye and the 1n-utero fetus, to name only a few. 

The central nervous system has received appreciable at

tention for both the diagnostic and therapeutic application of 

ultrasound. Considerable work has been performed in establishing 

threshold dosage ranges for production of irreversible structural 

changes (2,3), and 1n studying the physical mechanisms of the 

interaction of ultrasound with the tissues of the mammalian 

central nervous system (4,5,6,7,8,9). These Investigations In

clude the generation of acoustic tomograms used as diagnostic 

aids (10), selective placement of deep lesions In the brain 

(2,3) and dosimetry studies (3,7). Concomitantly, ultrasound 

was being used therapeutically in the alleviation of the symp

toms of Parkinson's disease (11) and related disorders with an 

encouraging degree of success, and finds application currently In 

the excision of deep, Inoperable brain tumors (12). Diagnostic 

applications of ultrasound to the central nervous system In

clude the localization of neoplastic growth (12), midline 

shift from growths or fluid accumulations resulting from 
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traumatic injury and ventricular abnornalities from patho

logical processes (13,14). 

Examination of the heart and its function has received 

considerable attention in ultrasonic diagnosis. Among the 

cardio-vascular parameters measurable by ultrasound are the 

thickness, velocity and displacement of the cardiac wall 

(15,16).valvular stenosis and dysfunction (1,16,17), and 

ventricular and atrial volumes (1,16). 

An organ currently receivinq a great deal of attention 

is the human female breast. Due primarily to the large and 

varied number of abnormalities found in this structure, for 

example cysts, adenomas, carcinomas, and others, these various 

types of abnormalities are differentiated with at least the 

same degree of success as by other currently employed techniques 

such as palpation or mammography. Ultrasound is well suited to 

the examination of this organ since there are no intervening 

bony structures or coverings, and the spector of ionizing 

radiation is not present so that the efforts of several investi

gators (18,19,20) are being focussed on the diagnostic capa

bilities In this area. Among the difficulties encountered in 

the echographic examination of the mammary gland are the large 

variabilities found in any age group in the fat/glandular 

tissue distribution, the changes in tissue constituents as a 
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function of age and childbearing history and the extreme di

versity of pathologies which are common to the breast (19$. 

Meniere's syndrome is a disturbance of the labyrinth 

of the inner ear characterized by recurring attacks of deaf

ness, tinnitus, vertigo, nausea and vomiting, and, in soate 

cases nystagmus (21). There are a variety of chemical thera

peutics which constitute the first choice of treatment, and 

these succeed in about three quarters of the incidences and 

surgical intervention is indicated where these fail. Several 

surgical procedures have been developed to alleviate the symp

toms, among them electrocoagulation of the labyrinth, however, 

these have the disadvantage of possibly producing total loss 

of hearing, as the eighth cranial nerve must be avoided in 

these procedures. Two ultrasonic techniques (22) have been de

veloped which accomplish the necessary destruction of the laby

rinth without the accompanying destruction of the cochlea. The 

first of these Involves considerable surgery in requiring a 

mastoidectomy, whereas the second technique uses an approach 

through the round window and may be done under local anesthesia. 

These techniques (21,22) are becoming established procedures in 

the treatment of this type of inner ear dysfunction. 

The increasing use of doppler fetal monitoring and tomo

graphic scans (10,16,23,24,25,26) have raised the question of 

the safety of ultrasound, as employed diagnostically. 
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Detection of the fetal heartbeat (16), the Identification of 

multlpaHty (10,25), anatomical defects, and uterine and 

placental abnormalities (16) and fetal blparletal diameters 

(27) are among the aspects of obstetrical examination in cur

rent use. Thus, the current applications of diagnostic ultra

sound may provide continued opportunities for series of ultra

sonic exposures, beginning shortly after conception (25), ex

tending through infancy, childhood (28) and maturity. The 

male reproductive system is also being exposed to high fre

quency acoustic fields for diagnostic purposes (29,30). A 

proposal to use ultrasound as a male contraceptive has been 

suggested (31). 

The applications of ultrasound outlined above consti

tute only a fraction of the current clinical uses (1). The 

abdominal organs, Including liver, kidney, spleen, bladder 

and lower gastro-intestinal tracts are also targets of acoustic 

investigation (24,32). 

Estimates suggest that very appreciable portions of the 

population (33) will have the opportunity for multiple ex

posures to ultrasound during developmental and growth per

iods (28). However, definitive Information providing guidance 

and allowing Intelligent, safe employment of this modality 1s 

generally lacking (26,27). Although some information regarding 
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possible damaging effects of ultrasound have been reported 

(34,35,36,37,38,39,40,41,42,43), complete systematic study 

has not yet been undertaken. Effects on the in-utero fetus 

of murine species have been examined for exposures to fre

quencies In the low (1 to 3) megahertz region (26,39,41,44,45). 

The acoustic Intensities and exposure times employed range 

from the low milliwatt region (26,41), to hundreds of watts 

per square centimeter (44) for times of minutes to hours 

(41,45). These exposures included both pulsed (39,44) and 

continuous wave regimes (26,41). The results from these 

studies have been generally negative (41,44). 

Experiments have been performed to elucidate tri*» 

effects on the ovary of the rat (46) with the results demon

strating no effect on gestational support In the pregnant 

animal. 

The testes of the rat have been used to explore the 

possibility of ultrasound as a male contraceptive (31). 

Damage to the organ of both a reversible and irreversible 

nature has been shown, but the information regarding the 

proposed site of interaction has not emerged. It was felt 

that Initiating such a study was essential and that results 

from animal experiments should provide: 
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1. guidance 1n the selection of parameters for human 

exposures to ultrasound, and 

2. details necessary for improving observability for 

detecting ultrasonlcally related hazardous effects In the 

human. The fact that deleterious effects have not been 

reported (nor have they specifically been looked for) 

after nearly a quarter century of clinical Involvement 1s 

encouraging, but may also be a false security should 

delayed effects be forthcoming. 

The present study was undertaken with these Ideas in mind. 

As the term toxicity 1s most often referred, 1n medicine, 

to agents administered in weight or volumetric form, Its employment 

with regard to a wave phenomenon may require definition. Ultra

sonic toxicity, as employed herein refers to any effect which 

proves deleterious or debilitating to the animal or the organ 

system under consideration, 1n response to exposure to ultra

sound of quantitatively descrlbable conditions. Thus, in the 

case of the female ovaries and the male testes, toxicity may 

imply sexual nonvlabillty, and with respect to the 1n-utero 

fetus, toxicity can denote fetal death, teratological mani

festations or a broad range of abnormalities of organ systems, 



7 

skeleton, musculature, etc. Though the usage say appear vague, 

selection of specific endpoints for observation of experimental

ly Induced effects removes doubts for specific investigation. 

This study deals with the toxic effects of ultrasound 

to the In-utero fetus, the male gonads (testes), and the fenale 

gonads (ovaries), of the mouse. The exposure of the developing 

embryo and fetus within the uterus is performed at two dif

ferent gestational periods, viz., at the beginning of organo

genesis (day 6/7 of the pregnancy); and prior to, and during, 

limb bud formation (day 10/11 of pregnancy). These periods were 

chosen to coincide with periods of liability to known terato

genic agents, such as drugs, ionizing radiation, foods, 

smoking, alcohol, nutrition, etc. The results tabulated from 

a post mortem necropsy of the dam are submitted to standard 

statistical procedures (47,48), chosen to establish and identify 

relationships between the experimental observations and the 

Irradiation parameters in order to delineate causative factors 

as opposed to group differences without cause-effect data. 

Testes of the mouse have been exposed to acoustic fields 

both 1n-v1vo and in-vitro In an effort to provide both toxicity 

Information and some Insight into the interaction nechanisns 

between ultrasound and germinal tissue. Preliminary data 

concerning propagation properties of ultrasound in this organ 
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has been reported (49), and is applied here to help eliminate 

some toxognomonic aspects of acoustic exposure. 

A range of acoustic intensities and exposure times, 
2 2 

1 w/cm - 100 w/cm and 1 sec to 60 sec, have been investi

gated in an effort to elicit a toxipathic reaction in the 

exposed organ. Animal death is an unacceptable result of 

ultrasonic exposure, and was a predominating occurrence at 
2 

acoustic intensities above 25 w/cm and exposure times greater 
2 

than 20 seconds. Exposures at 1 and 2 w/cm when applied as 

specific organ exposures, produced no observable histological 

results, contrary to results reported elsewhere (31) as pro

ducing irreversible sterility, and are not discussed with 

respect to organ exposures in this paper. The two testicular 
2 2 

exposure conditions, 25 w/cm and 10 w/cm for 30 sec, included 

in this thesis are designed to elucidate the temporal aspects 

of acoustic toxicity, the cellular involvement and site of 

action data as a basis for subsequent Investigation. 

The ovary, because of its anatomic placement, is liable 

to acoustic insult under many ultrasonic diagnostic procedures 

involving the abdominal contents 1n the female (10). Despite 

the obvious importance of toxlcologlcal data for this organ, 

very little work has been published on effects (46,50). The 

first of these papers discusses the effects of acoustic exposure 

of rat ovaries on the developing fetus; the second examines, in 
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a superficial manner, the gross reactions of the ovary in rats 

to ultrasonic exposures. Histological work was not done in 

either investigation. This study attempts to provide histo

logical data relating ovarian response to acoustic insult. 

The thesis comprises chapters on the Methods and 

Procedures; Instrumentation; Results; Discussion; and 

Conclusion. The Methods and Procedures section describes the 

calibration exposure, anesthetic, assay and histological 

methods used to perform the experiments and collect the data 

reported here. The equipment and instruments used in connec

tion with this study are described in the Instrumentation 

section. The section reporting the Results includes the 

statistical analysis of the in-utero assay procedures and 

the morphological findings of the testicular and ovarian 

exposures. The Discussion and Conclusion sections respectively 

contain a presentation of the findings and discussion of their 

meaning, for all three aspects of the study under a single 

heading. The implications and directions of this study are 

reviewed and discussed with respect to the objectives obtained 

and areas of future fruitful endeavor. 



10 

II. METHODS AND PROCEDURES 

A. CALIBRATION METHODS FOR ACOUSTIC FIELDS AND TRANSDUCERS 

This chapter Includes descriptions of the methods and 

procedures developed and adapted 

1. to perform the calibration of the acoustic fields, 

transducers and associated electronics, 

2. for the ultrasonic exposure procedures, Including 

the anesthesia techniques (and background), the 

animal constraint method and computer control of 

the Irradiation, and 

3. for the necropsy and assay procedures and the 

histological techniques. 

The calibration of acoustic Intensity and the determination 

of the field distribution of the ultrasonic transducers used 1n 

this study are performed in two stages, viz., the measurement of 

the acoustic field intensity at the peaks of the distribution 

using a primary standard, and the relative distribution in 

space as measured by a secondary standard, respectively. 

The primary method employs the radiation force acting on a 
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small stainless steel sphere (51) suspended 1n the acoustic 

field, and the secondary standard uses the transient thermo

electric technique (52,53). The two methods are necessary 

as the radiation force technique requires a special set-up, 

as employed 1n this laboratory, to reach acceptable accuracies, 

and cannot be moved about to all exposure systems (54). 

The transducer being calibrated is mounted in the end 

wall of the calibration tank opposite the castor oil absorbtion 

chamber, which fills the rear portion of the tank, and 1s 

separated from the coupling medium by a Rho-c window. The 

medium through which the acoustic wave propagates Is distilled, 

degassed water. The degassing 1s performed by autoclaving 

the distilled water for 30 minutes and subsequently sealing 

the completely filled containers with rubber stoppers to 

establish and maintain a vacuum as the water cools. The 

complete exclusion of air from the hot containers ensures an 

excellent vacuum upon cooling which allows for storage of 

the liquid for extended periods 1n a degassed state. A 

thermocouple probe, shown 1n Figure 1, 1s attached to a 

coordinate system used to plot the acoustic field In all 

three dimensions. 
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Fig. 1. Thermocouple Probe Calibrator 

The transducer 1s excited electrically to emit a short acoustic 

pulse of the order of 0.1 sec. The thermoelectric output of the 

1ron-constantan thermocouple junction Imbedded in the Dow Corning 

710 acoustic absorbing fluid, Is displayed on an oscilloscope 

screen. This pulse, representing a rapid heating at the thermo

couple junction, 1s the result of viscous forces between the 

thermocouple wire and the surrounding medium. The height of this 

pulse Is proportional to the acoustic 1ntens1ty(54,55). As the 

thermocouple probe Is moved In steps along one of the three axes 

1n the field, the varying heights of the peaks are plotted to 

arrive at the field cross section, or a longitudinal slice, of the 

acoustic field. Examples of the types of plots which may be 

generated are displayed 1n Figure 2. 
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Fig. 2. Representative Acoustic Field Geometries 

The field cross sections depicted 1n Figure 2 are desirable, from 

the consideration of spatial uniformity, as this will allow speci

mens of approximately 1 cm. In extent to be Irradiated with less 

than 10X variation 1n acoustic intensity. 

The Intensity at the peak of the spatial distribution 1s then 

determined by the radiation force method. Here a stainless steel 
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ball, supported by a blfllar monofilament nylon suspension, 1s 

placed In the acoustic field with Its geometric center at the 

position previously occupied by the thermocouple probe. In 

practice, the peak region of the field 1s calibrated by elec

trically exciting the transducer to emit a continuous wave (CW) 

signal and allowing the radiation force (51) to deflect the 

stainless steel ball a small distance, compared to the length of 

the suspension, along the axis. The coordinate system to which the 

ball 1s attached Is adjusted to return the sphere to the original 

point In the acoustic field, as observed with the aid of cross

hairs in a traveling microscope. Upon removing the acoustic 

field, the ball returns to an undeflected position, now some known 

axial distance from the position of Interest in the acoustic field 

being examined. The free-body diagram showing the forces Involved 

is shown in Figure 3, and the equation governing this relation 1n 

Equation 1. 

it/it/tUJUiJlti 

\ \ 
L \ \V 
\v / Stainless Steel Sphere 

9 

Fig. 3. Free-Body Diagram of Radiation Force 
Calibrator 
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EQUATIOH 1 

In the equation F is the force on the stainless steel sphere, 

Ax is the measured deflection; (ras-a) is the weight of the 

sphere in water, g is the gravitational constant, and L is the 

known length of the suspension system. All the quantities in this 

equation are known except ix. which may be readily measured to 

0.1 mm. 

Equation 2 relates the radiation force to the acoustic 

Intensity or energy density at the point of Interest 1n the 

field (54,55,56). 

I . - f t f -
ra y 

EQUATION 2 

In this equation C 1s the velocity of sound in the Imbedding fluid 

medium, a Is the radius of a sphere and y is the radiation force 

per unit cross section and unit nean energy density. King (54) 

first considered the value of y assuming a perfectly rigid sphere. 
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The values obtained by Yosioka and Hasagawa (56) take into account 

the elasticity of the sphere by use of two material constants, as 

opposed to the compressibility alone. The degree of error between 

the two values 1s dependent upon the wave number ka, the 

sphere material, dimensions and the acoustic frequency employed. 

Examination of the Yosioka equations, over a wide range of ka 

values, has provided tabular values of y for ka of less than 0.5 

to greater than 40, and these values are used with Equation 2, to 

determine this doslmetrlcally fundamental quantity, viz., the 

acoustic Intensity 1n the field at the point where the specimens 

are positioned (57). 

The deflection of the stainless steel sphere 1s recorded 

for a number of different driving voltages applied to the acoustic 

transducer, enabling a plot of the acoustic Intensity versus the 

square of the transducer driving voltage to be constructed and to 

fit to a straight line by the least squares method. The data 

points are supplied to a program residing in the laboratory 

computer and are treated as follows: an Integral 1s performed 

over the surface of the sphere to provide the relationship of the 

peak Intensity, on the axis of the beam, to the average Intensity 

over the surface of the ball. The necessary physical data concern

ing the distribution of the acoustic field 1n the medium Is supplied 

from the field plotting obtained with the thermocouple probe. The 

computer program computes the "peak" acoustic Intensity at the 

site of the ball in the field. Computational assumptions are that 
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the field 1s symmetrical about the peak and that it decreases 

1n a smooth, continuous, monotonic fashion as the radial distance 

Increases away from the axis. For the field distribution chosen 

and the limited lateral extent Involved, the assumptions are good. 

The result of this calibration procedure is a quantitative 

relationship between the peak acoustic intensity at the point of 

Interest 1n the field and the rf voltage applied to the X-cut 

quartz crystal 1n the transducer assembly. This relationship and 

the knowledge that the acoustic Intensity is proportional to the 

square of the applied voltage (55) may be used to calibrate a 

secondary standard, the thermocouple probe, at any frequency and 

ambient temperature. The theory of the thermocouple probe 1s 

well documented elsewhere, (52 , 53). The calibration of this 

secondary standard 1s accomplished by connecting the output of 

the thermocouple probe to a sensitive recording galvanometer as 

shown 1n Figure 4, and placing the thermocouple junction at the 

previously calibrated point 1n the acoustic field. 

Thermocouple Probe 

H^P 
Recordlng 

Galvanometer 

F1g. 4. Connection Diagram of the Thermocouple Probe 
and Galvanometer 
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The fluid contained in the thermocouple probe, 1n which the 

thermocouple junction 1s embedded, 1s Dow Corning Fluid No. 710, 

which has a pressure absorption coefficient, a, of about 0.29 

n/cm at 1 MHz and 37° C. and an acoustic impedance closely 

approximating that of water. Thus, reflections occurring at the 

interface between the probe fluid and the coupling medium, 

usually degassed water, are minimal. Reflection or refraction 1s 

not a consideration if the probe is used as a secondary standard, 

calibrated by the radiation pressure method. 

As the acoustic field propagates through the fluid of the 

thermocouple probe, the fluid in the vicinity of the thermocouple 

junction is heated in proportion to the local intensity of the 

field. This heating is manifest by the concomitant change in 

output of the thermocouple and 1s recorded as the galvanometer 

deflection. The procedure 1s repeated for several different 

intensities at the junction and a plot of the galvanometer 

deflection versus the square of the transducer voltage 1s 

constructed. Assuming thermal conduction processes are negligible, 

linearity of the acoustic Intensity with respect to the square 

of the voltage across the faces of the quartz crystal, then 

accurate knowledge of the rf driving voltage provides an acceptable 

knowledge of the acoustic Intensity at the field point of interest. 

The necessary Information to relate the values of external 

controls to the rf voltage Impressed upon the quartz crystal is 



19 

provided by commercial rf voltage standards. A block diagram of 

the voltage calibration system is provided in Figure 5. 

Matching 
Network and 
Precision 
Capacitor 

rf Transfer 
Standard 

Keithly Precision 
Millivolt Source 

CSh 
Null 
Meter 

Fig. 5. Calibration Method for rf Voltage 

The transfer standards have a D.C. voltage output which 1s 

proportional to the RMS rf voltage input. To avoid electrical 

loading on the relatively low-power thermocouple output, the 

D.C.voltage 1s applied to a sensitive null-meter, which Is then 

balanced using an accurate (0.5X) Keithly millivolt D.C. source. 

Since the transfer ratio of the standards 1s known very accurately 

(1%), a close correlation may be established between the transducer 

driving voltage and the external controls used to vary the 

magnitude of the voltage applied to the acoustic transducer. 

Extremely accurate (.012) tabular data relating the value of a 

precision capacitor, located In a divider network, to the voltage 

applied to the acoustic transducer Is generated by a least-

squares linear fit program residing in the 1n-house computer. 
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Measurement of these values 1s made periodically to ensure the 

accuracy, within 5%, of the acoustic intensities applied to the 

experimental animals. This combination of calibration procedures 

and instrumentation, I.e., the radiation force method of absolute 

calibrations, the thermoelectlc, or thermocouple secondary 

standard, and accurate knowledge of the transducer driving 

voltage provides a system for determination of the acoustic 

field parameters (intensity), within 3%, necessary to this 

investigation. 

The disadvantages of these calibration methods lie in the 

lack of phase and harmonic information. The suspended sphere 

and thermocouple probe both respond to total incident energy and 

provide no Information regarding either the relative phase or 

spectral content of the field. An Interesting and informative 

comparison of several calibration methods may be found 1n the 

literature (58). 
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B. ANESTHESIA TECHNIQUES 

The field of anesthesiology may be considered more art 

than science. In order to comprehend Its intricacies, to utilize 

Its technology, or simply to put an animal to sleep with reasonable 

expectation of its awakening, it 1s necessary to appreciate the 

art as well as understand the science. The history associated 

with the final selection of the anesthesia used 1n this study is 

considered Informative to the understanding of the action and 

interaction of these agents with other pertinent variables of 

this investigation. General anesthetics may be divided into two 

broad categories, viz., inhalation anesthetics and parenteral 

(Including Injectable) anesthetics. Each has advantages and 

disadvantages which may be species dependent, as, for example, 

administration to the adult human and the cat. The former will 

usually tolerate an intramuscular or intravenous injection and 

the latter must be restrained for the intramuscular and the intra

venous 1s virtually impossible 1n the awake animal. For obvious 

simplicity, the discussion of anesthetics will be confined to 

the mouse, the subject of the experiments described herein. 

The advantages to the use of an Injectable anesthetic 1n 

the mouse H e 1n the relative ease of administration, the ability 

to maintain a given anesthetic level for long periods of time 

(on the order of hours if necessary), and the lack of exposure 

of the experimenter to the anesthetic agent, assuming reasonable 
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dexterity. A primary disadvantage of parenteral anesthesia for 

the small rodent 1s the single practical route of administration, 

viz., intraperitoneally, which 1s very Imprecise due to the 

physiological variabilities associated with body cavity Injection 

such as membrane transport rates, metabolic rates, etc., and the 

inability to decrease the dose following administration (59). 

The barbiturate anesthetics have been used extensively, 

but it has been demonstrated that sodium pentabarbital (trade 

name Diabutal or Nembutal), 1f administered intraperitoneally to 

pregnant rats early in pregnancy, induces a significant Increase 

in the number of teratologies in the offspring (59). As the 

physiology of the rat and the mouse are sufficiently similar, 

the use of this drug was considered Inappropriate 1n a study 

having a teratological endpolnt. Further, the barbiturate 

anesthetics may cause tissue sloughing if brought Into contact 

with mucus membranes, muscle or facia outside the vascular 

system. The Introduction of a needle into a body cavity, the 

contents of which are the object of study, combined with the 

Injection of a possibly tissue damaging agent Into this cavity, 

provides unacceptable chemical and mechanical risks. 

The alternative to parenterally administered anesthetics 

are the inhalation anesthetics and analgesics. The advantages 

to the inhalation anesthetics are the ease with which one may 
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regulate the anesthetic depth, the non-invasive method of 

administration, the non-accumulation of high concentrations in 

any single organ or locale in the body, and the large range of 

solubilities allowing for individual selection of the rapidity of 

induction, depth of final anesthesia stage and speed of recovery. 

Disadvantages to gaseous anesthetic agents H e mainly in the 

delivery systecs, which may be classified as closed systems, 

semi-open systecs or open systems (60). The closed system 1s 

designed such that the gases occupying the system may not escape 

freely into the surrounding atmosphere, and when properly used, 

provides excellent control of anesthetic depth and pulmonary 

ventilation while permitting only minimal quantitites of anesthetic 

gases to escape to the atmosphere. Unfortunately, this system does 

not lend itself readily to use on animals having small tidal 

volume, such as the mouse, due to the inherent system dead-

space. The semi-open system is designed such that a small 

amount of the gas mixture escapes into the atmosphere and 1s 

constantly replaced, the remainder being recirculated as 1n the 

closed system. The open system employs no recirculation and in 

its simplest form nay be a piece of cotton or gauze soaked 1n 

the anesthetic liquid and placed on, or in the the vicinity of, 

the specimen's nose and mouth. The open anesthetic system is 

usually provided with a primitive air mover and a mask to fit 

over the air passages with anesthetic soaked material at some 

location between the air (or gas) source and the mask (60). 
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A distinct disadvantage of the latter two systems 1s that consider

able amounts of the anesthetic gas mixture may escape Into the 

atmosphere and, under certain circumstances, could prove hazardous 

to the laboratory personnel. Additionally, some Inhalation 

anesthetics are potentially explosive in nature, such as ether, 

there is difficulty in quantitatively determining the delivered 

dose, and the effect upon material used in close proximity to 

the escaping vapors, such as Interaction with some plastics which 

are soluble in some anesthetic liquids, are also disadvantages. 

At the outset of this investigation serious consideration 

was given to choosing the appropriate anesthetic agent for 

effect and efficacy for the mouse. The experimental series 

began with the readily available Injectable drugs, such as 

sodium pentabarbital (tradename - Diabutal, 60 mg. per ml), 

which was considered undiluted and diluted with Injectable, 

sterile saline. Undiluted administrations were found to be 

unacceptable due to the extremely small volumes, on the order of 

0.03cc, needed to kill virtually 100% of the animals. 

A 1:3 dilution with Injectable sodium chloride using a 

dose of 0.3 to 0.45 cc for Induction followed by a 0.1 cc 

maintenance dose 1f the procedure required anesthesia for 

greater than 30-45 minutes was found acceptable. 
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Chloral hydrate was considered a desirable anesthetic as 1t 

could be prepared in a variety of concentrations, boiled for ster

ility, and provided a broadened dividing line between deep stage III 

surgical anesthesia, as determined from respiratory function, and 

terminal stage IV. However, a disadvantage was the instability of 

the prepared solution, even with refrigeration, rendering it un

usable in less than 3 weeks. The variability of response from 

specimen to specimen was only slightly less than that with the 

barbiturate drugs, induction was slower, but the recovery period 

faster, with greater excitability. Chloral hydrate is, in general, 

a good, low toxicity, reasonably safe general injectable anesthetic 

for the mouse. 

The relatively new analgesic-anesthetic Innovar-Vet (a 

phenlanyldehydrobenz peridol mixture) was examined because of 

reported (personal communication: Dr. R.H. Bubar) successful use 

with some small rodents, notably guinea pigs. Diluted and undiluted 

at a variety of strengths ranging from 1:1 to 1:20 resulted in the 

animals either being lightly narcotized or killed, and the dividing 

line between these two unacceptable states was consistently narrow. 

Since neither light analgesia nor a moribund state were suitable for 

the proposed work, this agent was discarded. 

Among the Inhalation anesthetics reviewed were chloroform, 

diethyl ether, nitrous oxide, ethylene, cyclopropane, Halothane and 

Metofane. The first five were rejected because of their explosive 
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nature or undesirable side effects to rodents. As an example, 

though chloroform is a very good general anesthetic for most mam

mals, it is highly toxic to mice. Metofane was selected as the 

anesthetic to be used for the following reasons: 1t is not flam

mable with all mixtures of air and oxygen; there is no confirmed 

record of hepatic damage, no sensitization of the cardiac conducting 

muscles with repeated exposure, use of 1t does not effect uterine 

contractibility, its saturation concentration in dry air 1s only 3%, 

and it is lipid soluble, thereby providing analgesic action for a 

long period after the administration of the agent ceases. Though 

Halothane is an equally efficacious anesthetic, it has a few dis

advantages for this particular study. Anesthetic induction is 

slightly longer as compared to Metofane, as 1t is not lipid soluble 

there is virtually no analgesic action, and 1t is slightly more 

difficult and expensive to administer since it is about twice as 

volatile a liquid as Metofane. 

The use of a gaseous anesthetic required the design and 

construction of a special instrument for administration, which 1s 

described in detail 1n the Instrumentation section. 

The anesthetic procedures are Identical for males and females 

and are Independent of the organ system studied. Induction of 

anesthesia 1s accomplished using the semi-cyl1ndr1ca1 Induction 

chamber shown 1n Section III. The animal 1s presented to the semi

circular opening of the chamber with the experimenter maintaining a 



27 

firm grip on the animal's tail and exerting a slight backward 

tension, which causes the vast majority of animals to move forward 

into the chamber, whereupon the gate 1s inserted into the appropri-

mate slot. The stainless steel container holding anesthetic soaked 

cotton is then moved to connect the chamber holding the mouse to 

that holding the anesthetic. The partition between these two 

compartments is a perforated wall backed by copper screen wire to 

prevent the animal from coming Into physical contact with the 

soaked cotton. 

A stage III surgical anesthesia will usually be obtained in 

two to four minutes depending upon Individual weight, age, sex and 

inclination to hold breath. This anesthesia depth is usually 

obvious, from observable respiratory function; but, since the 

excitability phase of Metofane Induction is so mild and short-lived, 

a problem of distinguishing a mouse under deep stage II or early 

stage III from one which is merely quiescent for a moment may occur. 

This is easily resolved by attempting to proceed to the next step of 

the routine, short-term maintenance anesthesia of the animal. This 

involves removing the animal from the Induction chamber and placing 

the head, from the ears forward, Into the small cylinder shown in 

the equipment section. The cotton pads at the end farthest from the 

opening are wetted with approximately 0.2 cc of Metofane and the 

Intervening space between these pads and the nose of the animal 

provides a reservoir of breathable air-anesthetic mixture. Although 

this is referred to as an intermediate, or short-term anesthetic 
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device, any depth of anesthesia may be maintained for hours, if 

necessary, by adjusting the amount of room air allowed to flow 

between the rim of the cylinder and the animal's head. 

The intermediate anesthetic procedures were used in this 

study for the clipping, shaving, and depilating the animal, and 

for mounting in a constraint. Two anesthetic procedures were 

used in administering maintenance anesthesia. A semi-open method 

was used for the vast majority of specimens requiring anesthesia 

for varying periods of less than one hour. Procedures requiring 

over one hour of continuous anesthesia required an open system 

incorporating oxygen delivery capabilities and variable oxygen-gas 

ratio mixtures. 

Methods discussed above have provided an extremely simple, 

non-traumatic and effective anesthetic procedure for the mice used 

in this study. The deleterious effects which some anesthetic 

agents produce appear to be absent or minimal, and recovery and 

continued health of the subjects has been excellent, as virtually 

no loss of animals occurred due to anesthetic procedures. Areas 

of improvement may lie in the long-term maintenance anesthetic 

equipment and procedures. The two delivery systems could be 

combined to improve flexibility necessary in the regulating 

arrangements of a semi-open system for the anesthesia of small 

rodents. 
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C. HISTOLOGICAL PROCEDURES 

1. Staining Techniques 

The preparation of the tissues for histological examination 

begins with the excision of the organ, diffusion fixation in a 10% 

formalin in Ringers Solution and embedding in paraffin. The paraffin 

embedded organ was sectioned at 10 p for ovarian tissue and 6 >i for 

testicular tissue. 

Three separate stain techniques were used in studying the 

morphology of testes and ovaries, viz., Trichrome (62) for the 

connective tissues, hematoxylin and eosin (H&E) (61) for nuclear 

and cytological details, and periodic-acid-Schiff (PAS) for acro

somal details 1n the seminiferous tubules of the testes (62). The 

Trichrome was found redundant, since the H&E gave sufficient con

nective tissue detail, and was later abandoned. The H&E makes 

visible the nuclear and the cytoplasmic structures, and a reason

able degree of detail is visible in connective tissue components of 

the testes. This same stain is used alone to prepare the ovaries 

for examination, since this stain-counter-stain technique delineates 

all structures of Interest therein. Thus, the strongly anionic 

structures, such as nuclear material, stain a deep blue while the 

cytoplasmic organelles vary from pink to red. 

The PAS stain 1s used on a second testicular sample to 

enable the experimenter to count, or otherwise determine the 
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presence of, all the stages of spermiogenesis. PAS strongly stains 

polysaccharides, cartilage, some mucins and DNA (62) and since the 

acrosomal head cap is high in carbohydrates (63), it is exhibited 

clearly. The counter stain is Metanil yellow, giving all the 

background a faint yellow to yellow-orange tint, further high

lighting the deeply stained acrosome. 

A third histological procedure used in the laboratory is an 

alizarin-Red-S technique for cartilaginous structure examination. 

This technique follows a standard routine of ethyl alcohol hardening, 

1% KOH clearing, alizarin-Red-S staining of cartilage and the subse

quent infiltration with glycerin (61). This provides a whole-body 

specimen of relative clarity having the cartilaginous bony precursors 

appearing as bright red structures. This technique is used to ex

amine post mortem fetuses for skeletal structural anomalies induced 

by exposure to ultrasound. 

2. The Testis 

a. A Brief Description of Testicular Tissue 

The sequence of events in the mouse testicle, at any single 

location in a seminiferous tubule, requires approximately 35 days 

for completion (64). This cycle begins with the first maturation 

division of a spermatogonium, or stem cell, and ends with the 

release of a spermatozoon Into the lumen of the tubule. The entire 

process is divided Into three distinct phases; the maturation of the 

spermatocytes during which thejnitotic activity occurs; the meiotic 
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phase which produces the haploid germ cells, and the spermiogenic 

phase in which the spermatid progresses to an immature spermatozoon. 

The final maturation of spermatozoa is completed during the journey 

through the epididymus and vas deferens prior to expulsion during 

ejaculation. 

The first phase of spermatogenesis is a construct of several 

mitotic activities (65,66) initiated by the first division of a 

dormant spermatogonial cell, and continues for 5 subsequent divi

sion. Duringthis process one of the daughter cells does not 

continue to divide, but becomes a resting stem cell, thus replacing 

the stem cell and maintaining the original spermotogonial population. 

The end point of this mitotic activity is the production of primary 

spermatocytes and the beginning of the second phase of spermato

genesis. This phase is the meiotic stage of germ cell production. 

During this stage of spermatogenesis, the future spermatozoon 

acquires its haploid complement of chromosomes and its sex deter

mination through the possession of an X or Y sex chromosome. The 

post-meiotic germ cells, spermatids, undergo an 8.5 day maturation 

process called spermiogenesis. 

The development of the spermatid may be divided into four 

sections; the Golgi, the cap, the acrosomal, and the maturation 

phase. The Golgi phase begins with the formation of the pro-

acromsomal granules in the Golgi apparatus of the cytoplasm. 
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The coalescence of the proacrosomic granules to form the 

acrosomic cap is the transition from the Golgi to the cap phase of 

spermiogenesis. During this phase the single proacrosomic granule 

applies itself closely to what will become the anterior pole of the 

nuecleus, and begins to spread, resembling a bowler hat perched 

on the nuclear "head". The cap phase of spermiogenesis persists 

through spermatid stage 8. As the acrosome is forming in close 

association with the nuclear membrane, the entire nucleus is mi

grating from a central position 1n the cell to the periphery. 

Stage 9 of the maturation of the spermatid demonstrates the 

transition from the cap phase to the acrosomal phase. During this 

phase the spermatid completes the rotation to orient the developing 

flagellum toward the tubule lumen and the nucleus completes the 

motion to abut itself against the cell membrane nearest the basement 

membrane. The nucleus and the acrosomal cap are now undergoing a 

transformation as shown in Figure 6. The nucleus flattens and 

becomes elongated, with the developing acrosome providing a close 

fitting cap surrounding it. A concomitant change 1s taking place at 

the opposite pole of the spermatid as the flagellum develops. The 

details of this development are not visible in the Histological 

preparations used in the study. 
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F1g. 6. Maturation Process of the Mouse Spermatid 

(from Oakberg, 1956) (63) 
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The flagella of the late spermatid is visible as it emerges 

from the wall of the tubule into the lumen. The diffuse fimbriated 

mass visible in the center of the tubule lumen in Figure 7, demon

strates the normal appearance of the free spermatozoan tails. The 

fine cytoplasmic details of spermatid maturation are discernible 

only in electron micrograph studies which is beyond the scope of 

the present work. 

Fig. 7. Detail of the Seminiferous Tubule in the Mouse, 
Showing Appearance of Spermatozoan Tails in 
the Lumen 

Upon reaching spermiogenic stage 16, the mouse spermatid is 

ready for ejection into the lumen of the tubule as a young spermato

zoon. As the new germ cell leaves the tubule wall it loses a globular 

mass of cytoplasmic debris. This cytoplasmic debris Includes ribo-

somes, degenerating mitochondria, lipid droplets and Golgi membranes. 
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This leaves only a small cytoplasmic droplet attached to the 

spermatozoon at the base of the tail section. This droplet dis

appears during the final maturation of the germ cell in the epi-

didymus. The discarded residual body 1s phagocytized by the Sertoli 

cells at the same time that the mature spermatid is released from 

the cytoplasmic embrace of these cells. 

b. Observation Procedure 

In evaluating the normal progression of the germ cells from 

the stem cell, or spermatogonia! stage to young spermatozoa, two 

examination procedures are employed as exemplified by the histo

logical stains utilized. The above spermatocytogenic details may all 

be observed by the use of the H & E stain on a single section. The 

cytological details of nuclear size, chromatin distribution and 

density, abnormal mitotic activity and abnormal cytoplasmic struc

tures or inclusions are easily Identified in this preparation. The 

location of the spermatogonia, spermatocytes and Sertoli cells are 

noted relative to the basement membrane and tubule lumen. This 

latter aspect is important if the normal movement of the maturing 

germ cell from basement membrane to lumen is not occurring. A 

perceptible radial distance should exist between the primary sper

matocyte and the basement membrane, whereas the stem cells should 

all adhere closely to the membrane. The sole indication of normal 

development for the remaining lifetime of the germ cell 1s the 

temporal and spatial relations of acrosomlc development and visible 

microanatomic features of this structure. 
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3. The Ovary 

a. Stain Technique 

A single stain procedure is sufficient to permit the explo

ration of all the morphological aspects of the ovary. A hemotoxylin 

and eosin stain, as described in the preceding section, permits 

ready identification of the ovarian stroma, primordial germ cells, 

oogonia, developing follicles, corpora lutea and corpora albicans. 

All these aspects may be seen diagramatically in Figure 8. In 

contrast to the testicle almost all stages of oogenesis may be 

visible in a single ovary at any time during the four day estrous 

cycle of the mouse. 
mature follicle 

Fig. 8. Diagrammatic Representation of the Mouse Ovary 
(from Rugh, 1968) (64) 
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b. Observation Procedure 

In the course of microscopic examination of the ovary, 

the structures examined for indications of ultrasonic anomalies 

or damage are the Graafian, developing, and primordial follicles; 

corpora lutea; blood vessels and ovarian stroma (interstitial 

cells). The examination begins at low magnification to detect 

gross morphological changes and progresses to increasingly 

higher magnification to identify any changes in cell structure. 

The ovaries are mounted such that a series of six, ten p thick 

serial sections cut from the center of the ovary are mounted on a 

single microcope slide. Three slides are prepared, but only one is 

stained. The relative sizes of the ovary and the acoustic beam are 

such that there is less than a 5% variation of intensity across the 

entire organ. Thus, any damage produced acoustically should be 

evident in any section through the ovarian tissue. Based on this 

supposition, only one stained slide, containing six to eight 

sections, is examined microscopically, unless some evidence of 

abnormality is located at which time the remaining slides are 

stained and reviewed. This procedure is more than adequate to 

establish if ultrasonic damage has been done to the organ. 

D. EXPOSURE AND ASSAY PROCEDURES 

When anesthesia has progressed to the point that the animal 

may be manipulated, the Identifying punch marks are placed 1n 

the ear. The values of these punches are shown in Figure 9. 
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32 4 

Fig. 9. Animal Identification Markings 

Six discrete positions can be identified and two punch markings, 

viz., one round and one v-shaped notch, can be produced at each 

1 2 location. Combinations of these punches allow 4096 (2 ) individual 

animals to be numbered without repetition. The numbering may be 

done without the benefit of anesthesia, as it is relatively non

traumatic, but in the interest of speed and greater placement 

accuracy, it is performed after anesthetic induction. 

After number identification, the animal is sheared with a 

commercial clipper, having a No. 40 shaving head which leaves a yery 

short stubble to be removed using a readily available depilatory, 

NEET . The depilatory in the form of a paste, is applied to the 

skin for approximately 3 minutes which is sufficient to remove all 

remaining hair. The liquid is thoroughly wiped off and the mouse is 
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immersed in a detergent solution to remove any vestiges of the 

depilatory and to wet completely the skin surface. This pro

cedure eliminates the entrapment of small air bubbles on the 

skin surface, which if introduced into the sound field would 

serve as cavitation nuclei and/or scattering centers. Surplus 

detergent is rinsed from the animal by dipping in a beaker of 

warm tap water. 

The animal is now mounted, dorsal surface uppermost, into 

the animal holder and the anesthetic headpiece is fitted as shown 

in Figure 10. The holder and experimental animal are then trans

ferred to the irradiation tank where the ensemble is positioned 

for the particular exposure regime. The position for the ex

posure of the pregnant female is illustrated in Figure 11, showing 

the relative positions of the mouse, acoustic asorber, transducer 

and positioning pointer, which is swung to the side and out of 

the acoustic pathway prior to irradiation. The pointer is posi

tioned with the upper edge of the 1 cm. diameter disc just 

touching the xiphoid process of the mouse on the vertical center 

line, i.e., on the linea alba. As seen in Figure 12, the lateral 

field distributions of the transducers are such that only small 

areas can be exposed with uniform distribution of the acoustic 

field parameters. As relatively large areas of the mouse must 

be exposed in the case of the pregnant female irradiations, 

it was necessary to utilize exposure arrays to achieve 

uniformity of exposure conditions over the area of interest. 
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Fig. 10. Experimental Animal Mounted in Constraint Syste m 

Fig. 11. I r r a d i a t i o n Tank and Experimental Animal 
Positioned for Exposure 
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The two dimensional array used to provide uniform acoustic illumin

ations of the abdominal cavity is shown in Figure 12. The data for 

this array, together with the associated acoustic intensity and 

exposure time, is stored in the PDP-8 mini-computer, and may be 

given the specific dimensions desired for individual animals. 

Outline of the Abdominal 
"Cavity of the Mouse 

Fig. 12. Example of Exposure Array Employed to Irradiate 
the Abdominal Region of the Pregnant Mouse 

Upon completion of the mouse positioning procedure, the start 

signal is sent to the computer to initiate the exposure sequence. 

The termination of the sequence is signaled by the computor via a 

teletype message, as are procedural errors such as equipment set

tings which permit an erroneous dose, failure of the electrical or 

mechanical sequences, and operator error in setting the exposure 

variables. A second class of computer output lists the animal 

number, exposure array size, and specified dose given the specimen. 
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The computer has been incorporated in an interactive mode in 

the study to facilitate the implementation of a double blind mode of 

operation while allowing a single investigator to carry out the 

irradiation routines. This computer-experimenter interaction 

provides for the machine to move the animal relative to the acoustic 

beam, switch and alter the power to the transducer in complex 

sequences, monitor equipment function and respond to both automatic 

and operator initiated interrupts. The procedure to bring the 

computer on line begins with the input of the exposure parameters, 

viz., the acoustic intensity, time of each "shot" in the array, the 

dimensions of the array, and the number of the animals which are to 

be controls, or "sham" irradiated animals. The computer selects the 

animals to be sham irradiated by a pseudo-random number technique 

utilizing the numbers given to the first mouse in the sequence. 

The data listing the sham animals is outputted by the computer on 

either the teletypewriter or on punched paper tape, with the latter 

form being advantageous in implementing the double-blind aspects of 

the procedure. This exchange of information terminates the initial

ization procedures for the computer. 

After the animal preparation is complete, and the acoustic 

beam has been located at the designated anatomical stucture, the 

computer is supplied with a start signal via the TTY. The computer, 

through appropriate interface equipment, performs the mechanical 

sequences necessary to Irradiate the subject. This is repeated 

for each animal in the group undergoing irradiation. This exposure 
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sequence, as described above, is repeated 24 hours later on the same 

animals to provide a higher total dose delivered to each subject, 

over a greater portion of the gestation period. This exposure pro

cedure provides another dose related variable which may aid in 

elucidating the processes of tissue -- ultrasound interaction. 

The procedure employed in exposing the testicles in the male 

differs in several significant points from that of pregnant females, 

viz., the shaving is restricted to the scrotal sac and inguinal 

region, no depilatory is used, and the organs are constrained, 

dependent, in the scrotum. The relative scarcity of hair on the 

scrotum and the possibility of localized irritating action of the 

depilatory suggest the first two differences. The third difference 

in procedure is necessitated by the reaction to stimulus of rodents 

to retract the testes into the inguinal canal. Such retraction may 

place the organs well into the abdominal cavity making them rel

atively inaccessible to an acoustic field of known intensity. The 

photograph in Figure 13 shows the testes of a mature mouse restrained 

in the scrotal sac by a ligature. It should be noted that the 

ligature does not include the preputial area. The animal is anesthe

tized and contrained in the holder 1n the same way as the pregnant 

female and a single exposure is performed for each testis. After 

the exposure, the animal is allowed to recover from the anesthetic 

and is caged and fed as normal colony animals until the time for 

sacrifice, which is accomplished by cervical dislocation. The 
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Fig. 13. The Use of a Ligature in the Constraint of the 
Testes of the Mouse in the Scrotal Sac 

testes are removed and immediately Immersed in a 10% formalin in 

Ringer's solution after which they are ready for histological 

preparation following 48 to 72 hours of fixation. 

The procedure employed 1n exposing the ovaries of non

pregnant, proven reproductively capable females follows the course 

of the pregnant females through the anesthetic sequence. Stage III 

surgical anesthesia 1s then maintained while an incision is made 

through the lateral skin surface and the skin flap reflected dor-

sally, to expose the peritoneum overlying the ovary. The animal is 

then mounted in the holder, placed in the exposure tank and oriented 
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such that the peritoneum lies in a plane orthogonal to the axis of 

the acoustic beam, with the ovary centered precisely on the axis. 

The exposure of the ovary is then carried out while the tissue-water 

boundary is closely observed for signs of cavitation or off-axis 

movement due to radiation force effects, either of which would 

invalidate the animal. 

After the exposure sequence is completed, and the animal 

removed from the holder, the wound is closed with No. 11 wound 

clips, and the animal allowed to recover, as with the testicular 

exposure, until the time of sacrifice. The sacrifice procedure is 

identical to that used with the males, and the ovaries are carefully 

removed and fixed. The exposed ovary is differentiated from the 

unexposed by removing all the surrounding fat from the irradiated 

organ. The tissue is suitable for histological preparation within 

24-48 hours of sacrifice. 

E. SACRIFICE AND ASSAY PROCEDURE 

Necropsy of the pregnant females occurs on the 18th day of 

gestation. The sacrifice is performed by cervical dislocation 

providing quick, efficient dispatch of the animal, entailing a 

minimum of trauma to both the female and the fetuses. The corpse is 

tacked to a paraffin block, ventral side upward and the abdominal 

cavity is exposed by a U-shaped incision beginning at the lowest rib 

on the left side, extending downward to the hip joint, traveling 
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laterally to the opposite hip joint, then upward to the lowest rib 

on the second side. The skin flap resulting from this incision is 

reflected to provide unimpeded access to the abdominal contents, 

viz., the uterine horns, fetuses, and all other digestive and 

reproductive organs, see Figure 14. 

Fig. 14. View of the Abdominal Contents of the Pregnant 
Mouse at Necropsy: Distribution of Fetuses in 
the Abdomen 

The uterine horns are spread laterally to facilitate access to the 

contained fetuses and placentae, which are removed for examination. 

The maternal organs are examined for gross pathologies or abnor

malities such as vascular aneurysms, liver petechiae, stasis of the 

urinary or gastrointestinal tract, excessive bleeding, implantations 

or resorptions in the uterine horns, diaphragmatic hemorrhages and 
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renal atrophy or necrosis. The ovaries are removed to permit a 

count of the corpora lutea. The animal is then discarded. 

Each fetus is examined for gross anatomical defects or 

teratologies inclusive of defects of paws and limbs such as Poly

dactyly, missing toes, clubfoot or limb malformations. The skin 

is examined for hemorrhagic conditions or pigment defects. The eyes 

and ear flaps are checked for non-fusion or growths. The naso

palatine region is non-surgically inspected for cleft lip or cleft 

palate conditions. The sex of each fetus is recorded and the weight 

of each litter is measured to ± 0.05 gms. These data which are to 

be subjected to statistical analysis are recorded on a single data 

sheet for each mouse and includes the animal's identifying number, 

dates for breeding and sacrifice, strain of mouse, number of live 

fetuses, their sex and physical condition and any pathologies, the 

number of resorptions (early and late), the number of stillborn, 

implantation sites, corpora lutea, and litter weight. Comments 

concerning any unusual pathologies associated with the female are 

appended. 

The procedures developed to gather numerical data on the 

acoustic properties of the ovaries and the testes, are the same with 

regard to the acoustical aspects. The animal to supply the organ of 

interest is sacrificed by cervical dislocation and the gonad excised 

speedily and mounted in specially designed support cups attached to 

the animal holder, described above. A thermocouple constructed of 
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0.003 in. copper and constantan wires is threaded through the tissue 

with the aid of a 30 ga. hypodermic needle to center the junction in 

the organ. The free ends of the thermocouple are soldered to large 

diameter copper wires which drive a recording galvanometer having a 

sensitivity of approximately 1 pamp per cm deflection. The possibil

ity of interchangable galvonometer elements provide a sensitivity 

range of 0.792 p amp per cm to 1.34 p amp per cm. 

The modified holder with the organ in place is mounted in the 

irradiation tank, the total circuit impedance is measured, and an 

approximate positioning of the transducer is performed, by means of 

the locating pointer, which is refined by performing a beam plot, as 

described in the section on calibration procedures, with the sub

stitution of the tissue-thermocouple system for the thermocouple 

probe. A series of exposures are performed, the time duration of 

each being 1 sec, and the acoustic intensities adjusted to give 

galvanometric deflections in the range of 2 to 10 mm. The 37 degree 

C. water bath serves as the reference temperature for the thermo

couple thus avoiding the large DC offset which would be generated 

should a standard ice bath be utilized. 

Following the exposure sequence, and the photographic develop

ment of the galvanometer recording film, the tissue is removed from 

the exposure tank and an incision is made above the thermocouple to 

verify the position of the junction in the tissue. The organ is 

then discarded. 
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III. INSTRUMENTATION 

A. EXPOSURE INSTRUMENTS 

Much of the equipment and instrumentation used in this study 

for the generation and calibration of ultrasonic fields has been in 

existence for a number of years and is adequately described elsewhere 

(54,55). Consequently, only a brief description is given. Where 

additions and modifications to the conventional devices make it 

necessary, more detail is provided. 

A block diagram of the system is presented in Figure 15. 

A crystal oscillator (International Crystal, Model F0-1), provides 

the rf signal at the nominal resonant frequency of the quartz crys

tal transducer, 1.0 MHz in this case. This low level signal is 

presented to a series of amplifiers, through an attenuator having a 

maximum output of 2 KW from the final stage, into a nominal 50 ohm 

load. The high input impedance of the ultrasonic tranducers is 

matched to the low impedance of the final amplifier by a tuned LC 

matching network. Incorporated in the ^matching network is a pre

cision capacitor which appears as one leg of the voltage divider 

providing for variation of the intensity of the acoustic field over 

a wide range. The divider network also provides a feedback path to 

the screen grid of the final amplifier via stabilzing circuits which 

insure a predetermined rectangular envelope of the rf signal applied 

to the transducer. A Philbrick Research's R-100B dual regulated 
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power supply serves as a precision reference voltage source for the 

stabilizer network. A relative indication of rf voltage is supplied 

by a Hewlett-Packard model 410-C VTVM monitoring the matching network 

through a second divider. The timing and gating signals are pro

vided by a Computer Measurements Co., Model 786-C dual preset 

counter and clock (when not operating under computer control). The 

clock circuit which may be manually set to provide rf bursts ranging 

from 1 msec to hours, recycles automatically for repetitive bursts. 

Rise and fall times of the acoustic pulse subsequently generated are 

typi cally 10 jusec. 

Three dimensional positioning of the animal relative to the 

transducer is made possible by means of a Bridgeport mill base 

(Model 96463) modified to provide support surfaces for both the 

irradiation tank and the acoustic transducer. Figure 16 is a 

photograph of the irradiation tank with transducer in place. Move

ment in all three dimensions may be accomplished manually or by use 

of precision drive motors associated with each axis. The motors 

provide step movements in 0.001 in. increments. The relative position 

of each point on all three axes is provided by a Digipoint (Janus 

Control Corp,. Model 6373) digital position readout. This position 

indicator displays the position of the mill base bed to the nearest 

ten thousandth of an inch, exceeding the positioning capability of 

the stepping motors by one order of magnitude. 



Fig. 16. Exposure Tank and Related Equipment 

The ultrasonic irradiation tank, shown in Figure 16 is con

structed of one inch thick plexiglas sheets bonded by means of a 

cloroform-plexiglas shavings solution. The end wall opposite the 

transducer is lined with angled strips of SOAB (TM) acoustic absorb

ing material to minimize standing waves in the ultrasonic field. 

Circulation of the Ringer solution bath and minimization of thermal 

gradients is provided by a magnetic bar stirring system working 

through the floor of the tank. The desired temperature of the bath 

is maintained by the circulation of warm water through stainless 

steel tubing laced across the bottom on one inch standoffs, with the 

bath temperature maintained to within ± 0.5° C. by means of a 

proportional temperature controller. The tank is rigidly fixed to 
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the Bridgeport mill base by two stainless steel dowel pins and 

locking screws. The fixture visible at the top of the tank above 

the acoustic absorbing material is the mounting bracket for the 

animal holder which provides both rectilinear and angular variabil

ity of specimen orientation in the left half-volume of the exposure 

tank. 

Three transducers were assembled for this project, in order 

to provide the necessary range of acoustic intensities and geo

metries. Figures 17 through 19 are photographs of these instruments; 

one focussed and two plane-wave field generators. Each transducer is 

capable of a unique range of intensities and field geometries, and a 

representative sample of the field geometry of each transducer is 

illustrated in Figures 20 through 22 shown with normalized relative 

acoustic intensities. 

Fig. 17. Transducer No. 1: Small Aperture, Plane Wave 
Acoustic Source 
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Fig. 18. Transducer No. 2 
Acoustic Source 

Large Aperture, Plane Wave 

Fig. 19. Transducer No. 3: Focussed Field Acoustic 
Source 
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Fig. 20. Geometry of the Acoustic Field Generated 
by Transducer No. 1 
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Fig. 21. Geometry of the Acoustic Field Generated 
by Transducer No. 2 
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Fig. 22. Geometry of the Acoustic Field Generated 
by the Focussed Transducer 
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The development of the three transducers resulted from pro

ject requirements for variable geometries and/or field intensities. 

For example, the ideal transducer for the pregnant animal exposures 

would deliver the predetermined ultrasonic exposure in a single 

pulse having an intensity distribution across the abdomen (of approx

imately 3 x 6 cm) of less than 5%. Since a transducer design, to 

accommodate this requirement may be impossible to achieve, the three 

transducers were used as required by the exposure parameters. 

Table 1 illustrates the maximum available acoustic intensities and 

attendant field geometries for each transducer. 

TABLE 1 - TRANSDUCER PARAMETERS 

Transducer No. 1/2 Power Beam Width Maximum Usable 

Peak Intensity 

1 (Plane-wave) 3.0 cm 2.5 W/cm 

2 (Plane-wave) 1.5 cm 10.5 W/cm 

3 (Focussed (f*3.5 cm) .5 cm 125.0 W/cm 

As an example of the limitations imposed by the contraints of maxi

mum available peak acoustic power versus acoustic field width; 

transducer No. 1 is used for exposures involving intensities of no 
2 

more than 2 W/cm , but achieves complete abdominal coverage with a 

2 x 3 shot array, spaced 1 cm apart. Transducer No. 2 may be em-
2 

ployed at acoustic intensities of 10 w/cm and a 4 x 5 shot array. 

The necessity for a numerically larger array (not spatially larger) 

requires more exposure time due to the limited positioning speed of 

the computer controlled mill base. 
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The progressive incorporation of digital processing equip

ment into the study to provide control and monitoring capabilities 

was both gradual and necessary. During the developmental period 

of the project, two men were fully occupied in performing the 

exposures and implementing the double-blind aspects of the program. 

The first step toward automation was taken when the automatic 

sequencing capabilities of the CRC counter and the stepping motor 

controls were tied together to perform a portion of the array 

motions of the irradiation. This step did not eliminate any 

personnel, but did reduce the work load. 

The integration of the full capabilities, both computational 

and machine control, of the in-house computer facilities permit 

one individual to perform the exposure routine and a second person 

necessary only to provide safekeeping of the double-blind infor

mation. Figure 23 is a block diagram of the computer-exposure 

equipment tie in. The teletype provides the usual user-equipment 

link for low-speed data exchange. The high-speed paper tape 

reader-punch provides both program loading facilities as well as 

animal exposure status in a form not readily read by the experimen

ter. The digital to analog and analog to digital interface cir

cuitry provides the monitoring, control and bookkeeping functions 

necessary to fault free operation of the exposure equipment. This 

last capability makes superfluous a second individual for the 

irradiations. 
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Fig. 23. Block Diagram of the Computer-Exposure Equipment 
Interface 

The full hierarchical interrupt capabilities of the PDP-8 computer 

provide for complete operator control at all points of the exposure 

sequence in the event of emergency or error conditions. These in

terrupts are designed to halt in a state which will minimize danger to 

the equipment, animal and operator in the event of equipment malfunc

tion. The software package consists of an assembly language program, 

occupying 8K of core and implementing the procedural alternatives 

discussed in the preceding section with a reasonable degree of 

flexibility. 
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B. ANESTHETIC EQUIPMENT 

The anesthetic delivery equipment was designed and built 

specifically for the needs and exigencies of this procedure and 

anesthetic medium. Figures 24 and 25 show, respectively, the 

various articles of equipment for 1) induction; 2) short term 

maintenance; and 3) long term maintenance of a mouse under the 

gaseous anesthetic. 

Fig. 24. Anesthetic Equipment for the Induction and 
Short Term Maintenance of Anesthesia in 
the Mouse 
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The induction chamber, Figure 24, employs several novel concepts 

in the design, viz., the ability to regulate the delivery of the 

anesthetic agent to the animal, the passive restraint to avoid 

physical injury to the subject during the excitable phase of 

induction and the adaptability for the size of the animal. This 

last feature is essential since a grip on the tail of the animal 

must be maintained until the excitable stage terminates, to pre

vent the animal from turning end for end in the chamber. The 

short term maintenance of anesthesia is accomplished utilizing 

the small cylinder device shown in Figure 24. This tube was 

constructed from a standard lOcc plastic syringe barrel, and 

cotton wadding inserted to fill the closed end. 

Fig. 25. Anesthetic Equipment for the Maintenance of 
Anesthesia in the Mouse for Extended Time 
Periods 
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The head of the mouse or any small rodent, just occupies the 

opening in the syringe barrel, making it an ideal device for the 

short term maintenance of anesthesia, while allowing manipulative 

freedom of the subject. 

The mechanism for maintaining anesthesia for periods ex

ceeding one hour is an integral part of the animal restraint 

system. Figure 25 shows the holder and anesthetic machine and 

Figure 26 shows this instrument with the animal in place, preparatory 

to the exposure sequence. The animal holder is constructed of 

stainless steel and lucite, to resist the effects of corrosion by 

the Ringers solution. The feet and tail are gripped by clamps 

designed to minimize movement by the animal, yet do no injury to 

the limbs. 

Fig. 26. An Experimental Animal in the Constraint System, 
Preparatory to Exposure 
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Differing physical dimensions of the mouse are accommodated by 

the lower sliding block. The anesthetic device is part of the 

upper mounting fixture of the animal holder with a connecting 

plug for electrical power, which can be connected to a mating 

plug mounted on the exposure tank to drive the circulating fan. 

The soda lime COp absorber is standard with any closed or semi-

closed anesthetic system to minimize the rebreathing of expired 

COn. The anesthetic diffusing element is a reservoir supplying 

evaporatable anesthetic liquid to replenish that consumed by 

the animal. The centrifugal fan provides a constant motion of 

the gases past the animal's nose and mouth through the head cup 

The cup loosely fits the animal's muzzle and provides for leaka 

of room air to the animal preventing death by hypoxia. A limi

tation of this device is the C0 2 build-up after approximately 

1 1/2 hours and which requires periodic removal of the head 

piece, and reoxygenation of the subject. As times longer than 

one hour of anesthesia were unnecessary, this device proved to 

be quite satisfactory. 

The second model of a long term anesthetic machine 

corrects some of these problems. Here, an open type of adminis 

tration system having no provision for recirculating the gases, 

provides means of closely regulating the gas flow, either air 

or oxygen to the animal, as well as valving to alter the ratio 

of anesthetic to gas. This ratio may be adjusted from zero to 
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saturation for a wide range of flow rates. Volatile drugs may 

be administered by mixing with the fluid in the flow-rate 

chamber, or the gas humidity may be adjusted by the use of 

water in this chamber. This anesthetic machine allows a 

greater degree of control over the anesthesia depth of the 

animal and the maintenance of a satisfactory homeostatic condi

tion for long periods. A disadvantage is the open aspect of 

the administration which may release significant quantities 

of gas to the room atmosphere. Fortunately, the low saturation 

concentration of Metofane combined with reasonable room ventila

tion precludes any harm to personnel except in cases of gross 

negllgence. 
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C. CALIBRATION EQUIPMENT 

The acoustic calibration methods and instrumentation 

utilized in this study have been completely described elsewhere 

and are only briefly discussed herein. 

Figure 27 shows an example of the stainless steel sphere 

and bifilar suspension system used in the radiation force method 

of absolute calibration. 

Fig. 27. The Acoustic Radiometer and Bifilar Suspension 
System 
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The absolute values for the acoustic intensity derived from 

the stainless steel ball deflection data are transformed to a 

secondary standard, the thermocouple probe, shown in Figure 28. 

This use of a transfer standard in the determination of acoustic 

field parameters provides an accurate, portable, stable and 

repeatable method of assuring accuracy in the determination of 

acoustic field intensity over an extended period of time. 

Fig. 28. The Thermocouple Probe Calibrator Uses as 
a Secondary Standard for Acoustic Field 
Calibration 
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IV. RESULTS 

A. IN-UTERO EXPOSURES 

The in-utero fetal exposures were performed at selected 

intensities, times and repetitions designed to elicit a toxophilic 

reaction. In this preliminary work the number of repetitions was 

either one or two and the intensities and associated time of 

exposure are listed in Table 2. The sham irradiated animals would 

constitute a zero intensity with an associated time for each group 

reported and are therefore not listed in the table. 

TABLE 2 - ACOUSTIC INTENSITIES AND ASSOCIATED TIME OF EXPOSURE 
2 

Intensity (W/cm ) Time (Sec.) 

1.0 

1.0 

2.0 

2.0 

5.0 

6.0 

8.0 

10.0 

20.0 

50.0 

100.0 

50.0 

100.0 

10.0 

10.0 

5.0 

5.0 

1.0 

Each of these groups contains 30 or more animals, except 

the last, and each has a corresponding sham exposed group as 
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detailed in the Procedures Section on the "double blind" aspects 

of the experiment. 

The analysis of the data utilized the multiple regression 

programs contained in the SOUPAC statistical package, which is in 

residence with the IBM 360/75 computer library at the University 

of Illinois Digital Computer Laboratory. Eighteen dependent 

variables were chosen from the experimental observations and these 

were examined as a function of up to 29 independent variables. 

Table 3 lists these variables. The average value for each of the 

experimental, independent variables is provided in each of the 

following sections, as is the standard error of estimate, to 

provide some indication of the goodness of fit of the model. 

The first three dependent variables in Table 3 refer to the 

probability of an effect of the procedure or acoustic exposure on 

the dam. The probability of an anomaly is treated to examine the 

significance of the number of occurrences and the significance of 

the type of anomaly occurring. The litter variables, implants, 

size, etc., examine the significance of changes in the magnitude 

of these experimental variables as functions of the independent 

variables. Average fetal weight analysis constructs a relationship 

between the average weight of a fetus (total litter wt./ total no. 

live fetuses) and the exposure parameters. The proportion of 

males in a litter is related to the exposure variables to examine 

preferential sex susceptibility. 



68 

The independent variables were selected to supply causative 

factors for all experimental observations and include the possibility 

of non-linear relationships. The first four independent variables 

in Table 3 involve the acoustic exposure parameters, viz., acoustic 

intensity, time of exposure and the number of times the animal was 

subjected to the exposure procedure. The next four independent 

variables concern assessment of damage due to the handling procedure. 

The sinusoidal terms concern cyclic responses of the animals, in 

the event this cyclic behavior masks results. The term "dip 

constant" is included to account for possible detrimental effects 

upon maternal fertility of a miticidal chemical treatment used 

temporarily during the study. The next four independent variables 

concern animal selection data. The number of corpora lutea 

was included as an independent variable in the analysis of variables 

related to litter observations. Implants and resorptions are 

included as independent variables for fetal weight and proportion 

of males to account for the decrease of fetal weight with increasing 

litter size and the relatively high proportion of male fetal deaths 

in-utero as a function of increasing resorptions (67). 

In Table 3, and in all subsequent tables, "I" is the peak, 

free field intensity; "T" is the time of exposure; and "R" is the 

number of repititions of the procedure. 
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TABLE 3 - LIST OF DEPENDENT AND INDEPENDENT VARIABLES 

Dependent Variables Independent Variables 

P (Maternal Damage) I T R 

P (Maternal Survival) I 2 T R 

P (Pregnancy) I T 2 R 
2 

P (Anomalies): I T R 

Hemorrhagic T 

Eyelid Fusion R 

Giant T 2 

Stunted TR 

Exencephaly COS 0 O ^ i r - j ^ ) 

Unspecified SIN 0 

Litter: COS 20 

Implants (Total) SIN 20 

Implants (Empty) : 

Litter Size COS 60 

Resorptions (Early) SIN 60 

Resorptions (Late) Miticidal/Dip Constant 

Resorptions (Total) Maternal Age 
2 

Average Fetal Weight (Maternal Age) 

Proportion of Males Per Litter Day of Gestation 

Irradiated/Sham 

Control 
* 

No. of Corpora Lutea 

No. of Total Implants 

No. of Total Resorptions 

* 

** 

Analysis of Litter Parameters only 

Analysis of fetal weight and proportion of males only 
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1• Probability of Maternal Survival 

As in maternal damage, adult mortality was only appreciable 
o 

at intensities exceeding 5 or 6 w/cm and Table 3 lists the 

independent variables of significance here. 

Independent Variable 
2 

l c T R 

y = 0.953 

Standard Error of Estimate = 0.208 

This produces a regression equation of the form: 

y = 1.239 - .00159 ITR - 3.250 x 10" 4 I 2 TR. 

EQUATION 3 

P 

< .001 

T 
B 10 12 

Acoustic Inttraity (W/cm2) 

I 
16 

T 
18 

Figure 29. Plot of the Probability of Maternal Survival 
2 

vs. Acoustic Intensity (w/cm ) With Exposure 

Repetitions as a Parameter 
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Fig. 29 shows a family of smooth curves generated by 

regression equation 3 relating the probability of maternal 

survival to acoustic exposure variables considered pertinent, 

viz., the acoustic intensity and time of exposure, for two 

repetitions of the irradiation sequence. The points plotted 

represent the percent survival of the exposed animals. 

It should be noted that the smooth curves in Fig. 29 

shown as an example of the use of the equations, reflect the 

data more accurately in the regions where irradiation damage was 

observed than in low intensity regions, where little or no damage 

occurred. This illustrates both the limitations and advantages 

of this equation. To extend the usefulness of the equation as a 

prediction to low intensity, long exposure time conditions, 

acoustically related damage must be encountered in these areas. 

Conversely, the equation is useful in its present form in pre-

2 
dieting damage at acoustic intensities in the region of 10 w/cm . 

2. Probability of Maternal Damage 

The assessment of maternal damage comprised observations 

of paralysis, skin slough, urinary dysfunction, intra-abdominal 

bleeding, and/or internal organ anomalies. Table 4 lists the 

independent variables with the associated level of significance 

(Student's T-Test). 
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TABLE 4 - INDEPENDENT VARIABLES AND ASSOCIATED LEVELS OF 

SIGNIFICANCE FOR THE PROBABILITY OF MATERNAL DAMAGE 

Independent Variable P 

I 2 T R < .001 

I T 2 R < .05 

I T R < .01 

T < .05 

T 2 < .001 

y (Avg. value of ind. variable) = 0.0148 

Standard error of estimate = 0.286 

The combination of these variables results in the 

regression Equation 4, below, which describes the probability of 

maternal damage in terms of the independent variables. 

y = 0.06828 + .003545 ITR + .00161 I2TR + 2.77 x 10"5 IT2R 

-.00428 ITR2 - .0232 T + 1.453 x 10"4 T2 

EQUATION 4 

These values are consistent with experimental data in that 

infrequent, grossly observable damage was done to the dams below 
2 

an intensity of 6 w/cm and this consequence of exposure was 

assiduously avoided as an undesirable side effect to the question 

of reproductive toxicity. 
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3. Probability of Pregnancy 

The probability of an animal being pregnant at the time of 

necropsy carries implications which extend beyond the necessity of 

having parturient animal for analysis. Among these implications is 

the absence of observable gravidity which may be indicative of a 

toxic process. Table 5 lists the significant independent variables 

and associated P values for this case. 

TABLE 5 - SIGNIFICANT INDEPENDENT VARIABLES AND ASSOCIATED P VALUES 

FOR THE PROBABILITY OF PREGNANCY 

Independent Variable P 

I T R < .001 

< .001 

< .01 

< .02 

< .01 

< .05 

< .02 

< .01 

y = 0.764 

Standard error of estimate = 0.410 

I T2 R 

I T R2 

T 

T2 

Dip 

Age 

(Age)2 
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The regression equation constructed from these independent v a n 

ables is Equation 5 below: 

y = 0.2906 + .0237 ITR - 7.3207 x 10' 5 IT2R - 6.535 

x 10" 3 ITR2 + .0332 T - 1.506 x 10" 4T 2 

- 4.651 (Dip) + .055A - 1.501 x 1 0 ' 4 A 2 

EQUATION 5 

Note that two variables appear in this regression equation 

which are not related to exposure conditions, viz., age and the 

chemical dip. The age variable was included to account for de

creasing fecundity with maternal age and the chemical dip 

constant was included to account for reproductive side effects 

of the miticide or traumatization by the treatment. 

4. Probability of Fetal Anomalies 

Six classifications (See Table 3) of fetal anomalies 

were used as dependent variables in a single pass through the 

regression routine, which served to give both individual analy

sis of each dependent variable and correlation analysis between 

dependent variables. Of these six categories, only subcutaneous 

hemorrhages were found to be significant with respect to number 

and type. Table 6 lists the independent variables of significance, 
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TABLE 6 - INDEPENDENT VARIABLES OF SIGNIFICANCE - HEMORRHAGIC 

ANOMALIES 

ANOMALIES 

Independent Variable P 

Number 

Exposed/Sham 

Control 

I T2 R 

T 

T2 

R 

Gestation Day 

y = 0.102 

Standard 

Type 

Exposed/Sham 

Control 

I T2 R 

T2 

R 

error of estimate = 0.208 

< .01 

< .001 

< .02 

< .05 

< .01 

< .02 

< .05 

< .05 

< .01 

< .01 

< .02 

< .01 

y = 0.133 

Standard error of estimate = 0.390 
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These two sets of independent variables produce two re

gression equations describing the probability of having an 

occurrence of this type of anomaly. For the number of hemor

rhagic incidences: 

y = 0.26 - 1.003 E/S + .421 C - 2.036 x 10~ 3 ITR 

+ 3.907 x 10" 5 IT2R - .024T + 1.128 x 10" 4 T 2 

- .0111R - 3.805 x 10" 2 G.D. 

EQUATION 6 

The regression equation for type of anomaly is Equation 

7 below: 

y = 0.3711 - 1.030 E/S + .483 C - 9.724 x 10" 4 ITR 

+ 5.778 x 10" 5 IT2R + 1.357 x 10" 4T 2 - 1.217 R 

EQUATION 7 

No correlation greater than +0.10 was found between the 

dependent variables. 

5. Litter Characteristics 

Two of the dependent variables were found to be a signi

ficant function of the independent variables, viz., total number 
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of implants and 

1 ists 

these 

error 

number of 

the independent 

dependent 

live 

variables 

variables 

of estimate. Table 

between the dependent 

with 

feti 

of 

the 

8 lists • 

variables of 

uses 

sig 

per litt 

nificance 

associated y 

the 

sig 

er. 

for 

and 

Table 7 

each of 

standard 

correlation coefficients 

nificant correlation. 

The variables presented in the two columns of Table 8 

are obtained by taking the sum and difference of each dependent 

variable for the two uterine horns of the specimen. The cor

relation of the Column I variable with the adjacent Column II 

variable is listed in the third column as a signed correlation 

coefficient. 
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TABLE 7 - SIGNIFICANT INDEPENDENT VARIABLES - TOTAL IMPLANTS/NUMBER 

OF LIVE F£TUSES 

Independent Variables P 

Total Implants 

I T R 2 < .05 

Sum of (2)Corpora Lutea < .001 

y = 4.09 

Standard error of estimate = 2.93 

Number of Live Fetuses 

I T R < .001 

I T2 R < .05 

I T R 2 < .001 

C0S(2TT day/365) < .05 

Sum of (z)Corpora Lutea < .001 

y = 2.97 

Standard error of estimate = 2.33 

Two independent regression equations may be written for the 

two observations as Equation 8 and Equation 9 below: 

y = -0.907 + .041 ITR - .146 ITR2 + .411 Z C.l. 

EQUATION 8 

- 1.684+ .077 ITR - 1.413 x 10"4 IT2R - .029 ITR2 

+ .660 Cos (2ir jg%) + .387 1 C.l. 

EQUATION 9 
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TABLE 8 - PAIR OFDEPENDENT VARIABLES AND CORRELATION COEFFICIENTS 

A = sum of 

Dependent Variable I 

Z 

A 

A 

Z 

Z 

A 

Z 

A 

Z 

z 

z 

A 

A 

Z 

Total 

Total 

Total 

Total 

Total 

Total 

Early 

Early 

Late 

Late 

Late 

Late 

Late 

Total 

Implants 

Implants 

Implants 

Implants 

Implants 

Implants 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Z = difference of 

Dependent Variable II 

Z 

A 

Z 

A 

Z 

Z 

Z 

A 

Z 

A 

A 

Z 

A 

A 

Total 

Early 

Total 

Late 1 

Late 1 

Total 

Total 

Total 

Total 

Late 1 

Total 

Total 

Total 

Total 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

Resorptions 

r 

0. 

0. 

0. 

0. 

-0. 

-0. 

0. 

0. 

0. 

-0. 

-0, 

-0. 

-0. 

-0. 

,58 

,61 

,69 

,78 

.75 

,51 

,61 

,89 

,51 

,89 

,71 

,75 

,78 

,51 

The remaining dependent variables either had no signifi

cant relationship to the independent variables or, as in the 

case of early resorptions and total resorptions, the standard 

error of estimate exceeded the variable mean by a great amount, 

or both. 
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6. Average Fetal Weight 

The average fetal weight was obtained, for each litter, by 

dividing the litter weight by the number of live fetuses. Two 

independent variables, total implants and total resorptions, have 

been summed for the regression analysis of fetal weight and pro

portion of males. Total live fetuses was introduced as a statis

tical weight. 

Table 9 lists the independent variables for fetal weight 

and the associated significance levels. 

TABLE 9 - SIGNIFICANT INDEPENDENT VARIABLES - FETAL WEIGHT 

Independent Variables P 

T < .01 

T 2 < .001 

Total Implants < .05 

y = 1.107 gms. 

Standard error of estimate = 0.252 

The regression equation constructed from the variables is 

Equation 10. 

y = 1.285 - .0119 T + 1.28 x 10" 4T 2 - .031 (No. Implants)gms. 

EQUATION 10 
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7. Proportion of Males 

The proportion of males, obtained by sexing each fetus, 

is tested against the extended independent variable list as 

in the fetal weight test. Table 10 lists sifnificant independent 

variabl es. 

TABLE 10 - SIGNIFICANT INDEPENDENT VARIABLES - PROPORTION OF MALES 

Independent Variables P P 

Total Implants < .001 

Total Resorptions < .001 

y = 0.804 

Standard error of estimate = 0.530 

The regression equation constructed from these variables is 

Equation 11 below. 

y = 0.434 + .122 (No. Implants) - .187 (No. Resorptions) 

EQUATION 11 
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B. TESTICULAR EXPOSURES 

Figures 30a through c present three different magnifi

cations of normal mouse testes sections. All magnifications 

reported are the three original microscope magnifications 

used for all the figures (except Figure 44 which is 7X) in 

this section: 40, 100, and 450 power. The original microscopic 

magnification with the photographic magnification are combined 

to provide the reference scales which accompany the three 

normal testis figures below. 

Table 11 presents the key for the symbols used in this 

section to identify structures or cells of particular interest. 

TABLE 11 - SYMBOL KEY FOR TESTICULAR AND OVARIAN RESULTS 

A - A Type Spermatogonia 

B - B Type Spermatogonia 

BM - Basement Membrane 

BV - Blood Vessel 

CA - Corpora Albicans 

CL - Corpora Lutea 

G - Germinal Cell Gaps 

GF - Graafian Follicle 

I - Intermediate Spermatogonia 

L - Tubule Lumen 

N - Sertoli Cells 

OS - Ovarian Stroma 
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TABLE 11 (continued) 

P - Primary Spermatocyte 

PF - Primordial Follicles 

S - Spermatid 

T - Seminiferous Tubules 

TA - Tunica Albuginea 

TW - Tubule Wall 

V - Vacuole 

Fig. 30a. A 40 Power Micrograph of Normal Mouse Testis, 
H&E Stain ( ,100 u , j 
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Fig. 30b. A 100 Power Micrograph of Normal Mouse Testis, 
H&E Stain , 50 u ,v 

Fig. 30c. A 450 Power Micrograph of Normal Mouse Testis, 
H&E Stain ,. 10 u 

(•- •o 
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Figure 30a is a 40X micrograph of the testes illustrating the 

gross organization of the seminiferous tubules, embedded in a 

matrix of interstitial cells and the whole surrounded by a 

tough, connective tissue capsule, the tunica albuginea. Figure 

30b is a 100X view of the same section showing the densely 

packed interstitial cells, the ordered complexity of the tubule 

walls, the basement membrane surrounding the tubule and the 

tubule lumina in detail. The structure of a tubule, at the 

cellular level, is shown in Figure 30c, which is a 450X micro

graph of a portion of two tubules. Here two stem cells are 

visible, adjacent to and just below the basement membrane which 

forms a diagonal in the figure. On the opposite side of this 

membrane the curving line of deeply stained cells are the type 

B spermatogonia, which are the mitotic offspring of the stem 

cells via the intermediate stage. The mitotic figures visible 

in the lower tubule are also type B spermatogonia dividing to 

form primary spermatocytes. The remaining cells visible in the 

lower tubule are pachytene primary spermatocytes which have a 

mottled appearing nucleus, and the thin, tapered shapes of 

stage 15-16 spermatids which will be released into the tubule 

lumen as immature spermatozoa. 

Histological appearance, at all magnifications, of tis

sues from sham irradiated animals were indistinguishable from 

that of normal animals, as discussed above. 
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The histological effect of the two exposure conditions 
2 

are employed for exposing testes, viz., 25 w/cm for 30 sec 
2 

and 10 w/cm for 30 sec, are presented separately in order 

that the time course of development of the damage can be 

followed. The two exposure conditions are referred to as the 

high dose and the low dose conditions, respectively. 

1. High Dose 

The lacework appearance at the top right in Figure 31, 

obtained immediately after irradiation, represents what has 

been found to be characteristic of the early stages of gross, 

acoustically induced damage, i.e., vacuolization of the tubul 

wall and sloughing of the germinal epithelium from the base

ment membrane. These processes are seen in greater detail in 

Figure 32, which shows a portion of three different tubules, 

each having large areas devoid of cells, large gaps along the 

basement membranes, and many cells free from an attachment an 

floating into the lumen. A thickening of the tunica albugine 

is visible in the lower right corner of the figure. The 

paucity of spermatozoan tails in some lumina is evident. 
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Fig. 31. A 40 Power Micrograph of Exposed Mouse Testis, 
Immediate Sacrifice, High Dose, H&E Stain 

Fig. 32. A 100 Power Micrograph of Exposed Mouse Testis, 
Immediate Sacrifice, High Dose, H&E Stain 
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Figure 33 is a 40X micrograph of a testes from an animal 

sacrificed six hours after exposure. The disintegration of 

tubule structure and interstitial cells may be observed in the 

lower half of this figure. This damage is characterized by the 

lack of continuity of tissue between tubules, the loose debris 

around tubules, and the variety of tubules clogged with cellu

lar debris. The organization characteristic of the germinal 

tissue is completely absent here as evidenced by the mixture of 

cell bodies and fluid within the tubules. 

Fig. 33. A 40 Power Micrograph of Exposed Mouse Testis, 
6 Hour Sacrifice, High Dose, H&E Stain 
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The appearance of the testicular tissue at 24 hours 

post irradiation is shown in Figures 34 and 35. Figure 35 

shows sloughing of the germinal epithelium from the basement 

membranes, and the extensive damage to the interstitial 

tissue in the upper right portion. 

Fig. 34. A 450 Power Micrograph of Exposed Mouse Testis, 
24 Hour Sacrifice, PAS Stain 
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Fig. 35. A 100 Power Micrograph of Exposed Mouse Testis 
24 Hour Sacrifice, H&E Stain 

Figure 36 is PAS stained, 450X magnification of a tubule illus

trating further vacuolization of the tubule wall and the exis

tence of dead spermatids in the dissolving tissue. The 

spermatids appear as pale-staining, irregularly shaped, dark 

masses spotted throughout the section. No normal morphology 

is visible here. 



91 

Fig. 36. A 450 Power Micrograph of Exposed Mouse Testis, 
24 Hour Sacrifice, PAS Stain 

Figures 37a and 37b show one section each of the two testes 

from a single animal at 48 hours post irradiation. Figure 37a 

exhibits three areas of differing morphological appearance, 

viz., an approximation to gross normalcy at the left, a dis

rupted appearance at the middle, and a tapered band of tissue 

at the right edge consisting of tubules presumably filled with 

an amorphous slurry of fluid and cell debris. 

Figure 37b, on the other hand, does not show an excess 

of fluid, though many tubules are completely denuded of the 

germinal epithelium, having broken basement membranes, a thick

ened tunica, visible top left, and the total lack of intersti

tial cells (right of center). 
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Fig. 37a. A 40 Power Micrograph of Exposed Mouse Testis 
48 Hour Sacrifice, H&E Stain 

Fig. 37b. A 40 Power Micrograph of Exposed Mouse Testis, 
48 Hour Sacrifice, H&E Stain 
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Figures 38, 39, and 40 are from a single testicle from 

an animal sacrificed seven days post irradiation. Figure 38 

is a 40X micrograph of the testis showing a varying appear

ance of damage from top to bottom. A grossly thickened and 

delaminating tunica albuginea is visible at the yery top of 

the figure as a pale, spotted band of tissue. Directly below 

the tunica is a group of fluid-filled tubules with no discerni

ble organization, and almost no remaining germ cells. A third 

tissue bank, immediately below consists of empty, or clear 

fluid-filled, tubules, the walls of which are absent. These 

last tubules show vestiges of germinal epithelium. The abrupt 

and varied changes in tubule damage seen in this figure are 

characteristic of the discontinuities observed throughout the 

exposed tissues. 

Fig. 38. A 40 Power Micrograph of Exposed Mouse Testis, 
7 Day Sacrifice, H&E Stain 
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Figure 39, a 100X micrograph, shows details of the denuded tubules 

of the third band shown in Figure 38. The tubules have begun to 

collapse since there is no longer a wall to maintain the normal 

rounded shape. 

Fig. 39. A 100 Power Micrograph of Exposed Mouse Testis, 
7 Day Sacrifice, H&E Stain 
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Figure 40 is a PAS section showing spermatids appearing to 

undergo 1iquifaction, and illustrating the gross disruption 

of the germinal epithelium which extends to relative numbers 

of cells and to cellular morphology, which is abnormal except 

for the appearance of the acrosomes. 

Fig. 40. A 450 Power Micrograph of Exposed Mouse Testis, 
7 Day Sacrifice, PAS Stain 

Figure 41 is a 450X micrograph of a testes section obtained 19 

days post irradiation and illustrates the ongoing degeneration 

of the germinal epithelium by the large numbers of dead and 

liquifying cell remnants within and bordering the tubule 

lumen. 
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Fig. 41. A 450 Power Micrograph of Exposed Mouse Testis 
19 Day Sacrifice, H&E Stain 

Study of the time dependency of damage to the testicle 

at the high dose terminated at day nineteen since no animal 

survived longer. The majority of the animals which died in 

the course of the experiment did so from severe damage to the 

lower gastrointestinal tract. In view of the gross nature of 

this destruction, a lower dose was chosen, viz., 10 w/cm for 

30 sec, and the experiment repeated. Only two animals died 

during this exposure regime, and these from causes not deter

mined. This allowed the experiment to be pursued to 49 days 

post irradiation. 
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Figures 42 and 43, 100 and 450X respectively, show some 

vacuolization and excess fluid accumulation immediately after 

exposure. In particular in Figure 43, abnormal amounts of 

fluid may be observed at the lumen boundary, and slight vacuoli 

zation within the tubule wall. No grossly disrupted or liqui

fying cells are visible. 

Fig. 42. A 100 Power Micrograph of Exposed Mouse Testis, 
Immediate Sacrifice, H&E Stain 
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Fig. 43. A 450 Power Micrograph of Exposed Mouse Testis, 
Immediate Sacrifice, PAS Stain 

Figure 44 (7X) obtained 24 hours post irradiation, shows 

both testes, wherein the acoustic field was incident from the 

bottom of the figure. The testis on the right shows an area 

of destruction extending from the bottom half around the left 

edge with the remaining portion of the organ exhibiting the 

majority of interstitial cells missing, while the tubules 

appear morphologically normal. 
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Fig. 44. A 7 Power Micrograph of Exposed Mouse Testis, 
24 Hour Sacrifice, H&E Stain 

Figure 45, at 100X magnification, shows the boundary 

region between the two types of damaged tissue. The gross 

morphology on the left shows some of the types of disruption 

observed at the higher intensity immediately after exposure, 

and the abnormal mixture of cells and cellular fragments is 

detailed in the 450X Figure 46. 
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Fig. 45. A 100 Power Micrograph of Exposed Mouse Testis, 
24 Hour Sacrifice, H&E Stain 

Fig. 46. A 450 Power Micrograph of Exposed Mouse Testis, 
24 Hour Sacrifice, H&E Stain 
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The fragmentation of the germinal epithelium progresses 

rapidly during the next 24 hours (Figure 47, 40X) and is illus

trated by the distinct thinning of the tubule walls as dead 

cells are sloughed off into the lumen. 

Fig. 47. A 40 Power Micrograph of Exposed Mouse Testis 
48 Hour Sacrifice, H&E Stain 

The progressive denudation is illustrated in Figures 48 and 49, 

100 and 450X micrographs respectively, of a testicle section 

obtained six days after exposure. Stem cells, type B spermato

gonia and Sertoli cells are all present, although the thickness 

of the germinal epithelium is only 1 to 3 cell diameters. The 

polymorphonuclear structure in the tubule lumen of Figure 49 

is of particular interest since this only occurs in abnormal 

testicular tissue. 
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Fig. 48. A 100 Power Micrograph of Exposed Mouse Testis, 
6 Day Sacrifice, H&E Stain 

Fig. 49. A 450 Power Micrograph of Exposed Mouse Testis, 
6 Day Sacrifice, H&E Stain 
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Figures 50 and 51 (100X) show adjacent H&E and PAS 

stained sections, respectively, of the same tubule 10 days 

post irradiation. Figure 50 shows virtually no interstitial 

tissue and tubules packed with dead cells and fluid. The 

luminal area of the tubules is surrounded by late spermatids 

as evidenced by the dark stained acrosomes. The PAS section 

gives yery similar appearance, but no acrosomal figures are 

visible. 

Fig. 50. A 100 Power Micrograph of Exposed Mouse Testis 
10 Day Sacrifice, H&E Stain 
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10 Day Sacrifice, PAS Stain 

This anomalous stain configuration is shown in more de

tail in the 450X magnification of the same tubules in Figures 

52, and 53 respectively, PAS and H&E stains of 6 micron paraffin 

sections. In each H&E section groups of abnormal spermatids may 

be seen surrounding the former lumen of the tubule, a matrix of 

dead cells occupying the remaining volume. The spermatid abnor

malities consist primarily of pale staining acrosomal figures 

or acrosomes lacking the characteristic hooked tip. The match

ing PAS stained section shows no evidence of spermatids of any 

stage or configuration, and this inability to obtain a positive 

PAS reaction from the acrosomal cap of the spermatid implies a 

chemical change in the acrosomal structure. 
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Fig. 52. A 450 Power Micrograph of Exposed Mouse Testis, 
10 Day Sacrifice, H&E Stain 

Fig. 53. A 450 Power Micrograph of Exposed Mouse Testis, 
10 Day Sacrifice, PAS Stain 
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The appearance of the germinal epithelium is slightly 

altered at 19 days post exposure as shown in Figures 54 and 

55 (100X), H&E and PAS, respectively. Figure 54 shows a 

definite, but still vacuolized and thin, germinal epithelium 

and Figure 55 shows no acrosomal figures. This is shown in 

greater detail for one tubule in Figures 56 and 57. The arrow, 

visible at the top of the figure identifies the tubule lumen 

in each figure. The H&E section shows many cell types associ

ated with spermatogenesis, most abnormal morphologically and 

the entire cell mass separated from the basement membrane. 

The PAS section, as in Figure 53, shows a complete lack of 

spermatids. 

Fig. 54. A 100 Power Micrograph of Exposed Mouse Testis, 
19 Day Sacrifice, H&E Stain 
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Fia. 55. A 100 Power Micrograph of Exposed Mouse Testis, 
19 Day Sacrifice, PAS Stain 

Fig. 56. A 450 Power Micrograph of Exposed Mouse Testis, 
19 Day Sacrifice, H&E Stain 
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Fig. 57. A 450 Power Micrograph of Exposed Mouse Testis 
19 Day Sacrifice, PAS Stain 

Figures 58 and 59, obtained 43 days after exposure, show 

a large number of the germ cells with morphologically normal 

appearance, the vacuolization of the germinal epithelium having 

disappeared. Adjacent to the lumen are what appear to be young 

spermatids. Again, the PAS section shows no evidence of spermi-

ogenic activity. 
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Fig. 58. A 450 Power Micrograph of Exposed Mouse Testis 
43 Day Sacrifice, H&E Stain 

Fig. 59. A 450 Power Micrograph of Exposed Mouse Testis, 
43 Day Sacrifice, PAS Stain 
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C. OVARIAN EXPOSURE 

Two experimental series of ovarian exposures were per

formed. In the first series, the right ovary was exposed to 

one of the following intensities, 10, 20, 30, 40, 50 or 60 w/cm' 

for 10 seconds. The animals were sacrificed 24 hours later and 

both ovaries were collected. In the second series, a group of 
2 

animals were exposed to 10 w/cm for 30 seconds and the animals 

sacrificed at selected times after exposure from two to 19 days 

post irradiation. 

Figure 60 shows a representative histological preparation. 

No damage or anomalous conditions were found in any of the pre

parations. The ovarian stroma, primordial follicles, graafian 

follicles, corpora lutea and corpora albicans all appear identi 

cal to those of a normal animal of the same age and parity. 

Fig. 60. A 40 Power Micrograph of the Mouse Ovary, 
H&E Stain 
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V. DISCUSSION 

A. IN-UTERO EXPOSURES 

The results of the statistical analysis of the in-utero 

ultrasonic exposures are summarized in Table 11, wherein 

entries are made only for statistical significances exceeding 

the 95% confidence level. 

The variables are arranged according to frequency of 

appearance, i.e., the dependent variables list, from top to 

bottom, involves successively fewer independent variables, and 

the independent variables from left to right are significant 

for successively fewer dependent variables. Prior to discussing 

each dependent variable, a few general remarks are pertinent 

concerning the relationships in Table 12. 

The following statements can be made: examination of 

the relations between the variables elucidates several important 

points. Differences between the exposed, sham exposed and 

control groups are significant only for the number of, and for 

a single type of anomaly, viz., subcutaneous hemorrhage. The 

possibility exists that the effect of the acoustic exposure 

manifests itself as damage to the fetal vascular system. (See 

discussion of testicular exposures for implications of other 

deleterious effects made manifest by observations of vascular 

system perturbations.) 
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TABLE 12 - RELATIONSHIP OF SIGNIFICANCE LEVELS OF DEPENDENT AND INDEPENDENT VARIABLES TO IN-UTERO EXPOSURES 

IT2R T2 T ITR2 ITR I2TR R E/S C CI IM GD C0S9 RES D 

Pregnancy 

Anomalies 
(No.) 

Anomalies 
(Type) 

Maternal 
Damage 

# Live 
Fetuses 

Fetal 
Weight 

Total 
Implants 

Proportions 
of Males 

Maternal 
Survival 

.001 .01 

.02 .01 

.01 .02 

.05 

.02 .01 

.05 

.05 .001 .01 

.001 .001 

.001 .01 

.05 

.001 

.02 .01 .001 

.05 .01 ,01 

.001 

.001 

.05 

.001 

,05 .02 .01 

,05 

.05 

.001 

.001 .001 

KEY TO ABBREVIATIONS: 

I 
T 
R 
E 
S 
C 

- Acoustic Intensity 
- Time 
- Exposure Repetitions 
- Exposed Animals 
- Sham Animals 
- Control Animals 

CI -
IM -
GD -
RES -
D -
A -

Corpora Lutea 
Implants 
Gestational Days 
Resorptions 
Dip Constant 
Age 
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As terms involving a quadratic function of time appear more 

often in Table 1 2 , than those of intensity quadrature, the feasi

bility is increased of investigating toxic effects of lower inten-
2 

sities (1 w/cm ) , without the necessity of exposures lasting many 

hours. 

The miticidal chemical application and progressive aging of 

the dams did not affect the results to a significant degree, 

except for the probability of pregnancy. 

Differences between the uterine horns did not appear 

anywhere as a statistically significant variable. Though the 

correlation coefficients of Table 8 show that under certain 

conditions inter-uterine differences do exist, such correlations 

do not occur as a function of any of the independent variables 

considered here. 

Maternal damage is a positive function of dose, incor

porating both linear and guadratic terms of intensity, time and 

number of repetitions. Time alone appears in the regression 

equation as a negative quantity over the range of exposure times 

used. 

Table 1 3 , for R = 2, provides some examples of the 

probability of maternal damage for doses 1n which maternal damage 

is found. 
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TABLE 13- PROBABILITY OF MATERNAL DAMAGE 

2 
Intensity (W/cm ) Time (Sec.) (P Mat. Damage) 

5 10 0.18 

6 10 0.44 

8 5 0.60 

10 5 1.08 

i 

1 

Maternal damage in the pregnant animal is a result of ' 

exposure which virtually precludes the gathering of data concerning 

the toxicity of ultrasound for the reproductive functions. Animals 

suffering direct and observable damage from exposure to an acoustic 

field should not be included for other assay measures due to the 

possible interaction of the damage and physiological support of the 

developing pups. 

Maternal death is an undesirable result for this study 
2 

and survival of the dam was dependent only upon I TR. Only 

maternal damage and maternal survival appear to be dependent upon 

this independent variable. This relationship is of additional 

interest since acoustic intensity thresholds in brain tissue for 

observable histological lesions has produced the relation IT2= 

Constant (68). The implication here is that similar physical 

mechanisms may be involved in the two situations. Thus, as the 

thermal mechanism is believed to be the dominant one for lesion 

production in mammalian brain, in this dosage region, gross 
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heating of the animal by absorption processes may account for 

the maternal damage and survival effects observed in this 

study. 

The dependent variable of the probability of an animal 

being pregnant at the time of exposure, is related to most of 

the dependent variables and is the sole dependent variable 

significantly affected by the miticidal treatment. The con

stant term of the regression equation appears as a large 

negative quantity. Age is also a factor, as expected, but 

becomes negative after the dam is beyond one year of age. 

The linear and quadratic terms for time alone yield a posi

tive quantity to 220 seconds, after which the combined terms 

cause the probability to decrease. Since no significant dif

ference between exposed, sham and control was found, separation 

of this variable from the entire model may not be a valid pro

cedure. As the temporal terms dominate, it is suggested that 

the method of animal handling plays an important role in the 

study. 

Death and local damage to the dam has been found in 

other studies (26,42), and has been attributed to thermal 

effects. The damage reported here includes the possibility 

that heat may be a causative agent, but more work will be 

necessary to determine unambiguously the cause or causes of 

damage and death in the dam. 
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One type of fetal anomaly, viz., subcutaneous hemorrhages, 

exhibited a significant causal relation to the independent variables 

and a significant difference between the exposed, sham exposed and 

control group. These differences were significant for both number 

and type of abnormality. Terms involving exposure time and repeti

tions dominate the relation, and the gestational day of exposure 

becomes a factor for the number of anomalies since the probability 

of an hemorrhagic incident decreases with increasing gestational 

age at exposure. Hemorahagec and other effects on the vascular 

system due to acoustic exposure have been reported (Mannor, et. 

al.; Taylor & Pond), and have been ascribed to both thermal and 

mechanical damage to the vascular system. The determination of 

whether damage results from thermal mechanisms for the work of 

this study, will require further investigation involving knowledge 

of in-utero acoustic intensities and absorption coefficients of 

the embryonic tissues. The linear and quadratic terms of time 

alone change sign at approxiamtely 216 seconds exposure. The 

significance and frequency of the temporal terms, and the close 

agreement between the summed regression coefficients, suggests 

that low intensity, long exposure periods may be preferable for 

continued toxicity studies. The regression equation for type of 

anomaly lacks both the linear term of time and the significant 

term for gestational day. The presence of the latter term in 

number, but not type of anomaly equation is partly due to ac

ceptance level, i.e., gestational day 1s significant at 0.10 for 

type of anomaly. 
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Total implants and number of live fetuses were the only 

two litter characteristics which were related significantly to 

independent variables and had standard estimates of error small 

enough to make the model meaningful. Significant correlations 

( > . 5 0 ) between the dependent variables involved both the sum 

and difference of five of the experimental observations (See 

Table 8 ) . 

The sum of total implants is dependent upon a single in-

2 

dependent variable, ITR , since there exists a necessary rela

tionship between ova ovulated and total implants. The signifi

cant dose term enters the equation as a negative quantity which 

is offset at low doses by the positive linear term. All the 

dose related terms are dominated by the corpora lutea term due 

to its large positive regression coefficient. 

The number of live fetuses is dependent upon dose in a 

more complex fashion. Three dose terms appear in the regression 

equation and quadratic terms of time or time-related variables, 

i.e., R, predominate. A cyclic phenomenon appears here with an 

amplitude of 0.66, which is large in comparison to the remaining 

regression coefficients, excepting the number of corpora lutea. 

Cyclicity is a well known factor in mammalian breeding situations 

(69), though, such behavior is thought to be either minimized or 

controlled in most laboratory rodents. The significance of the 

cyclic variable points to a definite yearly cycle in pup 

production. 
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The correlation coefficients listed in Table 8 provide 

confirmation of assumptions relating to reproductive variables in 

multiparous animals. The relatively high positive correlation 

between the sum of total implants and the sum of total resorp

tions, is referred to as a crowding effect, and is common among 

the litter bearing species. The last two relations for total 

implants supports the contention of minimal effect of one uterine 

horn on the other. Thus, as the difference in total implants 

between the horns increases, so too does the difference in total 

resorptions, with a correlation of +.69. This relation illustrates 

both the crowding effect and the extent of decoupling of the 

duplex uteri in the mouse. The correlation statements relating 

early resorptions to total resorptions, sum and difference, have 

the expected high positive associations. The sum of late resorp

tions is highly correlated to the differences of both late and 

total resorptions, the coefficients being -.89 and -.71, respec-

ively. This is the same phenomenon discussed with respect to 

implants applied to one more variable, as is the next relation 

between the inter-uterine differences in late resorptions, a 

variable negatively correlated with the sum of total resorptions. 

The positive, high correlation between the difference of late and 

total resorptions, again stresses the functional separation of the 

two uterine horns. 

Fetal weight is a relatively sensitive indicator of many 

factors (69), and as such may be used to assess the results of 
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various insults to the uterine environment. For a sample of 407 

animals, this analysis shows fetal weight to be sensitive only to 

the time duration of exposure and the number of implants present. 

The last factor is a second example of the crowding effect. 

Quadratic and linear temporal terms appear with a sign change at 

approximately 93 seconds, becoming positive beyond this point. It 

is probable that the model exceeds the limits of confidence in the 

vicinity of this sign change. 

The proportion of males in a given litter is not a function 

of the treatment. The regression equation shows that this propor

tion increases as the number of implants increases, and decreases 

as the number of resorptions increase. This decrease in males 

preferentially to females has been documented for other animals 

(67) and the results of this analysis implies a similar behavior 

for the mouse. 
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B. TESTICULAR EXPOSURES 

The extensive morphological effects observed in testicu-
2 

lar tissue after the 25 w/cm - 30 second ultrasonic exposure are 

useful for delineating the time sequence for development of 

structural changes but of limited value for identification of 

the toxic levels of this agent. The similarity of the damage 

progression as seen in the epithelial dissolution, with that of 

the lower dose after the fifth day post irradiation provides a 

dose-effect correspondence which may be useful in dose selection 

procedures. A unique aspect of the high intensity exposure is 

the immediate visibility of the lesion. Although function altera

tion of tissue has been observed immediately following exposure 

to more intense ultrasonic fields, histological damage, using 

light microscopy is not apparent for some minutes (70). 

Two well known mechanisms may be considered to account for 

the severe and immediate (60 seconds post irradiation) disruption 

of the germinal epithelium, viz., cavitation and a thermal mechan

ism. Although the damage observed in the immediately sacrificed 

animals' organs is severe and pervasive, it is not clear that it 

could be the result of a cavitation process, i.e., either tran

sient or stable cavitation. The fact that the damage does not 

extend to the interstitial tissue or basement membranes, as would 

be expected of a non-selective mechanical mechanism, also miti

gates against cavitation being the only physical mechanism present. 
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Fig. 61. Acoustic Intensity vs. Tissue 
Temperature Rise 
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Fig. 62. Irradiation Time vs. Tissue 
Temperature Rise 
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A thermal mechanism of damage may be more easily involved. 

Figures 61 and 62 show the relation between the rise in testicu

lar, or intrascrotal, temperature and the acoustic intensity of 

exposure for various times. The dashed lines in the figure are 

computed for the situation where heat conduction processes are 

ignored, from Equation 12: 

dT° = 2al_ 
dt pCK 

EQUATION 12 

where a is the acoustic pressure absorption coefficient per unit 

path length, obtained by independent measurement (49); I is the 

acoustic intensity, PC is the heat capacity per unit volume of 

the tissue and K is the mechanical equivalent of heat. The 

plotted points are measurements of intrascrotal temperatures 

made by inserting a small copper-constantan thermocouple under 

the scrotal skin of the mouse and recording, from a digital 

telethermometer, the peak temperatures obtained within the 

scrotum for exposures of various intensities and durations in 

the intact animal. 
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It is seen that for a 25 w/cm , 30 second exposure, the terminal 

temperature within the testicular tissue may be as high as 44-45° 

C , based on a 37° C. ambient, initial temperature. Assuming 

that thermal equilibrium is yery nearly reached after 10-15 

seconds of irradiation (55), it may be considered that the intra-

testicular temperature for the high intensity exposure was in the 

neighborhood of 45° C. for many seconds prior to the end of the 

irradiation period and could account for the severe and immediate 

damage observed in the testes in this series of exposures. How

ever, the long term progression of damage observed for many days 

after exposure is not so easily accounted for by this process. 

The thermal mechanisms, as a direct effect acting on the 

germinal epithelium of the testes, is difficult to support for 

the lower dose. Reference to Figure 61 shows the temperature 

rise in this situation, to be only 2 degrees C. at the end of 

the exposure period, which is in correspondence with the histo

logical preparations showing minimal if any damage. Increased 

temperature may still play a significant role in accounting for 

the observed effects: 1) as localized damage to specific cells 

and structures, 2) as indirect action on testicular components, 

or 3) as thermal-time stress, i.e., dT°/dt as opposed to simple 

T. 

Thermal damage to the testes, especially through natural 

or induced cryptorchidism, is well documented (67,71). Scrotal 
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testes maintained at normal body cavity temperatures for extended 

periods of time, exhibit a progressive maturation depletion and 

eventually appear as senile organs. This requires 20 to 30 days 

of temperatures maintained at 37° to 39° C. to halt irreversibly 

spermatogenesis. If the testes are allowed to cool in the scrotal 

sac the damage is reversible since some stem and Sertoli cells 

survive. The time course of damage to the germinal epitheluim 

induced in the cryptorchid testes appears similar to that observed 

in the testes of the low dose animals, with the main difference 

being in the slightly accelerated degeneration in the acoustic 

case. A point of major agreement between the thermal and acoustic 

insult is the morphologically apparent insensitivity of the 

spermatogonia. 

Heat is known to cause losses in meiosis, and for the 

mouse, this has been proposed as a natural mechanism to minimize 

birth anomalies (67,71). In this regard it is interesting to note 

that for both the tenth and the forty third day post-irradiation 

animals, no normal post-meiotic cells were present. 

The damage to germinal tissue caused by X-ray and other 

ionizing radiation is probably the best characterized, if not 

completely understood, of all injurious agents (72,73). Though 

there are no a priori reasons to believe that damage produced 

by ionizing radiation is in any way the same as that produced by 
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an acoustic or other mechanical insult, similarities do exist and 

should not be overlooked (71). For example, following X-ray ex

posure, the existance of a normal tubule adjacent to one exhibit

ing extensive deterioration may appear, and it is postulated that 

differences in tubular sensitivity occur as a function of mitotic 

and meiotic activity in the tissue volume at that instant of 

time (72). Considering the different sensitivities of various 

germinal cells in relation to DNA synthesis and cell division, 

this result is expected. In the acoustic case evidence to support 

the view that different stages of spermatogenesis are also attended 

by different mechanical properties, such as values for the elastic 

constants, is lacking, though the idea provides interesting 

speculation. 

Primarily due to the similarities of acoustic effects on 

testes and that from other agents and processes, the following is 

included. A deficiency of zinc will induce degenerative changes 

in the mammalian testes (71) similar to that observed in thermal 

or acoustic insult. This deficiency may lead to the complete and 

irreversible halt of spermatogenesis if allowed to continue. Of 

even greater interest is the effect of cadmium on the germinal 

epithelium. This highly toxic metal displaces zinc in the testes 

and causes a progressive degeneration very similar to that seen 

following an acoustic exposure. One of the first signs of cadmium 

poisoning is an intratubular edema, occuring within the first 

twelve hours following administration. This edema is caused by 



127 

injury to the testicular vascular bed, particularly the venous 

return. The circulatory system of the testes is unique in several 

ways; the capillaries of the testicle are particularly rich in 

zinc, and the walls allow nutrients and macromolecules transit 

which normally are contained within the vessels (71). Secondly, 

and possibly most important, the spermatic artery - pampiniform 

plexus, designed to aid in testicular temperature regulation, has 

no counterpart anywhere else in mammalian anatomy. Within hours 

changes take place in testicular enzymes, particulary zinc metal-

lo-enzymes. Twenty four hours after cadmium administration, all 

tubular elements are in the process of degenerating. The degen

eration processes are virtually complete within seven to ten days 

and are at this point accompanied by a marked thickening of the 

tunica albugnea. All these effects are related to either damage 

to the temperature regulatory aspects or enzymatic relationships 

of the specialized testicular vasculature. This relation is 

further emphasized by the fact that the cadmium is not toxic to 

the testes of the chicken, an intra-abdominal organ. 

Although acoustic damage shows many similarities to the 

above, no gross vasculature damage has been observed, even less 

the mass hemorrhagic effects described for cadmium poisoning. Nor 

is the interstitial tissue morphologically disrupted as in the 

metal effects. 
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The ability of cadmium to destroy the germinal epithelium 

is not universal. Some animals, even of the same species, are 

resistant to the toxic effects. In particular, among the resis

tant strains of mice is the A/HeJ mouse, and among the susceptible 

is the C57L/J mouse. The Fl hybrid from these two animals is the 

LAF/0 mouse, used in this study. It has been reported that a 

cross between an insensitive strain and a sensitive strain pro

duces susceptible offspring (74), and if a parallel exists, a 

question may be raised as to how far the acoustic similarity may 

be pursued. The completely denuded appearance of some tubules in 

the testes of acoustically irradiated animals find exact counter

parts in the tissue of the hypophysectionized animal (67). The 

uninterrupted hypothalamic-pituitary-testicle pathway is essential 

to the maintenance of spermatogenesis. Since this is a feedback 

network, the alteration by insult to any element may be injurious 

to the output: spermatogenesis (69). 
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C. OVARIAN EXPOSURE 

Ovaries exposed to lethal doses of ionizing radiation 

undergo degenerative morphological changes easily recognized and 

are well characterized in the literature (72). The cumulus cells 

are the first to respond to this insult with pyknosis or rhexis. 

Oocytes do not show gross changes at low X-ray doses, but weeks 

later the number of developing follicles are significantly de

creased. At high doses, che oocytes become pyknotic and degen

erate. The resopnse of oocytes is highly variable both with respect 

to species and deveopmental stage, making generalizations difficult. 

Contrary to that observed with ionizing radiation (72), 

ultrasound did not produce any recognizable changes in the mouse 

ovaries at the exposure regimes employed in this study. This 

seeming resistance to structural damage may be explained by the 

following two organ features. Preliminary measurements of the 

acoustic amplitude absorption coefficient of ovary shows that the 

value at 1 MHz lies between 0.007 N/cm and 0.01 N/cm and is 

therefore about one-tenth that of most other soft tissues. The 

range of this quantity may be due to acoustic property differences 

between the ovarian stroma, follicles, corpora lutea and corpora 

albicans, as observed by placement of the small thermocouple 

detector, respectively, in each of these structures. This low 

value of the absorption coefficient may well eliminate thermal 

mechanisms as a damaging agent and use of equation 12 shows that a 
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maximum temperature rise of only 3° C. is to be expected for 
2 

exposure to 60 w/cm for 10 seconds. 

A second feature of the mouse ovary concerns the physical 

dimensions of this organ, from histological preparations, yields 

a mean diameter of 1.56 mm. As the wavelength of a 1 MHz sinu

soidal wave in water is 1.5 mm, and there is little reason to 

believe that the acoustic impedance of ovarian tissue is sig

nificantly different from that of water; the organ may be in

volved in a transmission medium-wave interaction which results 

in virtually all the acoustic energy being transmitted with 

little or no loss. This loss has transmission, i.e. without 

the phenomena of refraction, reflection, diffraction, etc., 

occuring, may account for the absence of structural changes. 

The report by Garrison and co-workers on the functional 

characteristics of rat ovaries showing no response to pulsed, 

(10 msec, on, 190 msec, off) acoustic fields of intensities 
2 

up to 100 w/cm for 10 minutes may help in providing guidelines 

for continued investigation into this area. 
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VI. CONCLUSIONS 

A. IN-UTERO FETAL EXPOSURES 

Toxic effects of ultrasound, for the irradiation condi

tions in this study, may be absent as in the instance of sex 

partition of the fetuses and fetal weight, or rely on a single 

irradiation variable as the maternal survival or dependent upon 

many acoustic and procedural related variables such as in the 

probability of pregnancy. 

A multiplicative combination of linear terms involving 

acoustic intensity, time of exposure, and repetitions of the 

procedure does not adequately characterize the deleterious 

effects on reproductive function and fetal viability. Quadratic 

terms at least must be included in any effective model relating 

toxic effects on pregnant animals to ultrasonic exposures. In 

particular, non-linear effects of time, and time-related varia

bles, may be important as by the presence of quadratic temporal 

terms, alone and/or multiplied by intensity, in eight of the 

nine dependent variables. 

The absence of significant differences between the three 

experimental groups of animals may be attributed to the inter

action of procedural effects alone with effects induced by the 
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acoustic exposure. This vi 

presence of linear and quad 

nine regression equations. 

Significant correlations between the chosen dependent 

variables have been established, and these aid in minimizing 

unsupported assumptions necessary to the analysis of experi

mental data. 

The regression surfaces outlined in these models, may 

now be filled by careful planning of future experiments. In 

particular, the effects of repetitive exposure to the experi

mental regimen should prove fruitful in assessing the extent 

of temporal effects. 

Further manipulation of the statistical models con

structed may aid in reducing the error function and increase 

the predictive capacity. 

ew is further supported by the 

ratic terms of time in five of the 
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B. TESTICULAR EXPOSURES 

The toxic effects of ultrasound on the testicular tissue of 

the mouse are severe and irreversible for the acoustic intensities 

and exposure times used in this study. The effects observed are 

not unique in that some chemical and radiative toxic agents 

discussed in Section V cause anomalies with one or more points of 

similarity to those induced acoustically. The effects of ultra

sound on the germinal epithelium of the mouse mimic two of the 

toxic agents, viz., heat and cadmium poisoning. The similarities 

here are in the halt of spermatogenic activity at meiosis and a 

characteristic degeneration of the germinal epithelium. Both non-

acoustic modalities act on the same tissue systems, viz., the 

vascular system and the enzyme systems necessary to germ cell 

maturation and renewal. A relationship between the two non-

acoustic toxic agents exists within the avian reproductive sys

tems, wherein cadmium is not toxic to the testicular tissue and 

these organs reside within the abdominal cavity at normal body 

temperature. This fact may be exploited to examine the site of 

acoustic interaction with reproductive tissue. 

A further parallel between acoustic damage and ionizing 

radiation is evident in the pattern of damage, where a relatively 

normal germinal epithelium may be seen in a tubule adjacent to a 

second tubule exhibiting gross disruption of the cellular 
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morphology. This, again, supports the view that an indirect 

effect, mediated possibly by vascular or enzymatic dysfunction 

is operative. A multiplicity of techniques are available to 

assess damage to the target organ if mediated by vascular or 

enzymatic changes, including monitoring the differential tem

peratures of arterial and venous blood supplies in the spermat 

blood vessels, and radioimmunoassay techniques of circulating 

hormones. The above procedures are means of assessing quanti

tatively the morphological alteration or the functional change 

of a target organ. Functional considerations are also necessa 

points for examination, but difficult to determine in reproduc 

tive organs. It is not known how much of the germinal epithel 

urn must remain to provide a mammal with "normal" fertility. 

Sperm counts and determination of abnormal spermatozoa have 

proved misleading in the assessment of fertility (71). Thus, 

toxicity acquires an ambiguous meaning when germinal tissue is 

the target organ. The resolution of this ambiguity lies in th 

careful definition of what criteria are to be assessed in dete 

mining that a toxic reaction has occurred. 
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C OVARIAN EXPOSURES 

The combination of a relatively low acoustic absorption 

coefficient for the ovary and particular physical dimensions 

comparable to one acoustic wave length may serve to render the 

ovary relatively acoustically transparent. The exposure of the 

ovary to ultrasonic fields of other frequencies chosen such that 

the diameter is not an integral number of wave lengths, should 

provide answers to questions of mechanisms and dimensional de

pendencies. Most soft tissues have absorption coefficients which 

are a function of the frequency to a power covering the range of 1 

to 2 (75,76). If a similar behavior is exhibited by ovarian 

tissues, a higher frequency acoustic field will provide both 

higher tissue temperatures per unit time of exposure. 

Though considerable caution needs to be exhibited until 

more details become available, it appears from this study that 

ovaries may be fairly resistive to CW ultrasonic insult which may 

include the doppler fetal monitor employed clinically. It remains 

an important point to determine whether a similar statement can 

be made for repeated pulse exposures, particularly as they are 

used in clinical medicine. 
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APPENDIX A 

Listing of SOUPAC Statistical Program used in the Analysis 
of the Results of the In-Utero Exposures. 
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GO "V". 
OUT (T15)(101,106)039,142)051,162)014,131). 
IF (19)"A""*+l*+3". 
OUT ( T9)(l,27). 
GO "NO" • FETUS 

"T" IF (122)"A""N0""*+1". 
OUT ( T6)(101,106)039,142)051,162)014,117)(132)(122). 
IF (23) "A""*+l""*+4". MALES RECORDED? 
IF (24) "A""*+l""*+3". 
OUT ( T8)(l,27). 
GO "NO" • 
DIV (23)(122)(42) • PR0P 0F MALES 

OUT (T 7)(101,105)(139)(141)(151,162)(n4,117)O20)(130)(42)(132)(122). 
"NO" NOO. 

END P MAT. SIN (Tl)(T2)(T3)(T4)(T5)(T6)(T7)(T8)(T9)(T10)(Tl5). 
PRI (T9)"f\2F4.0,F5.0,15F4.0,F6.2,7F4.0,F8.0)". 
PRI (T8)"(,,,2F4.0,F5.0,15F4.0,F6.2,7F4.0,F8.0)". 
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PRI (T10)"C',2F4.0,4F8.0,2F7.0,14F5.0)". 
COL (T15)(T10)(5,23). 
PRI (T10)"O*,2F3.0,3F5.0,F7.0,F3.0,14F7.3)". 
PRI (T 6)"C*,2F3.0,2F5.0,F6.0,3F4.0,F6.0,F4.0,12F5.2,2F4.0,F6.0,F3.0,F5.2,F4.0)", 
COL (T7)(T10)(7,16). 
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PRI (T10)"O*,2F3.0,2(2F5.0,F7.0),4F5.0,2F8.3,F5.0)". 
END P 

REG (T1)(P)(T10). 
VAR (1,20)23,28). 
MUL (24)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,28). 
MUL (22)(P)(P)()()(P)(P)(P)(P). 
END P 



REG (T2)(P)(T10). 
VAR (1,20)(23,27). 
MUL (24)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,27). 
MUL (22)(P)(P)()()(P)(P)(P)(P). 
END P 

REG (T3)(P)(T10). 
VAR (1,20)(23,27). 
MUL(24)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,27). 
MUL (22)(P)(P)()()(P)(P)(P)(P). 
END P 

REG (T4)(P)(T10). 
VAR (1,20)(23,29)(31)(33,35)(37)(39,41)(43). 
MUL (24)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,29)(31)(33,35)(37)(39,41)(43). 
MUL (22)(P)(P)()()(P)(P)(P)(P). 
END P 

REG (T5)(P)(T10). 
VAR (1,20)(23,40). 
MUL (26)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,40). 
MUL (24)(P)(P)()()(P)(P)(P)(P). 
END P 

REG (T15)(P)(T10). 
VAR (1,20)(23,40). 
MUL (26)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,40). 
MUL (24)(P)(P)()()(P)(P)(P)(P). 
END P 

REG (T6)(P)(T10)()()()(1). 
VAR (1,20)(23,27). 
MUL (24)(P)(P)()()(P)(P)(P)(P). 
VAR (1,18)(23,27). 
MUL (22)(P)(P)()()(P)(P)(P)(P). 
END P 
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APPENDIX B 

Experimental Animal Data 



KEY TO MOUSE DATA COLUMNS 

Column No. Explanation 

1 Maternal Effects: A = Delivered early; D = Died prior to necropsy; N = Not pregnant 

at necropsy 

2 Number of live fetuses - Left uterine horn 

3 Number of live fetuses - Right uterine horn 

4 Number of corpora lutea - Left uterine horn 

5 Number of corpora lutea - Right uterine horn 

6 Empty implantation sites - Left uterine horn 

7 Empty implantation sites - Right uterine horn 

8 Early fetal resorptions - Left uterine horn 

9 Early fetal resorptions - Right uterine horn 

10 Late fetal resorptions - Left uterine horn 

11 Late fetal resorptions - Right uterine horn 

12 Litter weight (grams) 

13 Number of fetal anomalies in litter 

14 Type of fetal anomaly: ST = Stunted; GI = Giant; HE = Hemorrhage; EX = Exencephaly; 

EF = Eye fusion 
»-• 
4i 

15 Number of males in litter *° 
16 Number of females in litter 

17 Number of maternal damage sites 
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Control Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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PREGNANT FEMALE MOUSE DATA - GESTATION DAY 10 

EXPOSURE PARAMETERS: 1 w/cm2; 100 sec. - 1 Exposure 

a) Exposed Animals 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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PREGNANT FEMALE MOUSE DATA - GESTATION DAY 6 

EXPOSURE PARAMETERS: 2 w/cm2; 100. sec. - 2 Exposures 

a) Exposed Animals 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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a) Exposed Animals 10 11 12 13 14 15 16 17 
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PREGNANT FEMALE MOUSE DATA - GESTATION DAY 10 

EXPOSURE PARAMETERS: 5 w/cm2; 10. sec. - 2 Exposures 

a) Exposed Animals 1 2 3 4 5 6 10 11 12 13 14 15 16 17 
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a) Exposed Animals 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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b) Sham Exposed 1 2 3 4 5 6 7 8 9 10 11 12 131 14 15 16 17 
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b) Sham Exposed 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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PREGNANT FEMALE MOUSE DATA - GESTATION DAY 10 

EXPOSURE PARAMETERS: 6 w/cm ; 10. sec. - 2 Exposures 

a) Exposed Animals 8 10 11 12 13 14 15 16 17 
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a) Exposed Animals 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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a) Exposed Animals 10 11 12 13 14 15 16 17 
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