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201 pages

~Lymphocytes in human peripheral blood were exposed to various

comb i nations and sequences of heat , ultrasound and/o r ionizing radia-

tion and their chromosomes analyzed for gross chromosomal aberrations.

The combined use of ultrasound and ionizing radiation showed a

statisticall y significant increase in exchange aberrations for the

simu l taneous ultrasound (3.0 W/cjn2 , CW , 1.1 MHz) and ionizing radia-

tion (300 and 100 rads , Co-60, 120 rads/min) exposures . Ultrasouna

used before or after irradiation caused no aberrations and extending

the time of ultrasound exposure after i rradiation had no effect over

that of the ultrasound only during the radiation exposure .

The combined use of 43~C heat (same temperature as that induced

by 3.0 W/pfl2, CW , 1.1 MHz ul trasound ) and ionizing radiation showed

basically the same significant results as the combined ultrasound and

ionizing radiation exposures . In addition , the combined use of heat at

various temperatures (24°C~~ 43°C) and ionizing radiation showed that

all chromosome aberration types and the number of aberrant metaphase

figures increased with increasing temperature .

A statistical comparison of the heat plus ionizing radiation

and the ultrasound pl us ionizing radiation exposures showed no
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statisticall y significant difference between heat or ultrasound for

any type aberration .
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THE SYNER G ISTI C EFFECT OF ULTRASOUND AN D
IONIZIN G RADIATION ON HUMAN LYM PHOCYTES

John G. Burr , Sc.D.

University of Pittsburgh , 1978

Lymphocytes in human peripheral blood were exposed to various

combi na tions an d sequences of hea t, ultrasound and/or ionizing radia-

t ion an d their ch romosomes anal yzed for gross chromosom al aberra tions .

Exposures were made in a speci:dly designed , constructed and tested

ultrasound and ionizing radiation exposure system which allowed

accurately known exposures of ionizing radiation and ultrasound , con-

tinuous monitoring of the temperature and ultrasound exposure in the

sample , and carefull y contro l led env ironmen tal tempera ture .

Ul trasoun d alone exposures showed no chromosome aberrati ons

for exposures as high as 4. 0 W/cm2, CW , 1.1 MHz for 30 minutes and

3.0 W/cm2, CW , 1.1 MHz for 60 minutes . Heat used alone (conductive

heating) showed no chromosome aberrations for temperatures up to 50°C

for 30 minute exposure and 43°C for 60 minutes exposure with lympho-

cyte cefl death occurring in the range of 43-46°C for 30 minute

exposure. Ionizing radiation alone (Co-60, 122 rads/min) showed a

chromosome aberra tion dose res ponse wh ich was cons isten t with the

recently published literature .

The combi ned use of ul trasoun d and ion i z ing radi ation showed a

statistical ly significant increase in exchange aberrations for the

simul taneous ultrasound (3.0 W/cm2, CW , 1.1 MHz) and ionizing radiation

(300 and 100 rads , Co-60, 120 rads/mln) exposures . Ultrasound used

before or after Irradiation caused no aberrations and extending

the time of ultrasound exposure after Irradiation had no effect over

that of the ul trasound only during the radiation exposure .
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The combined use of 43°C heat (same temperature as that induced

by 3.0 W/cm2, CW , 1.1 MHz ultrasound) and ionizing radiation showed

basically the same significant results as the combined ultrasound and

ionizing radiation exposures . In addition , the combined use of heat a.t

various temperatures (24°C -÷ 43°C) and ionizing radiation showed that

all chromosome aberration types and the number of aberrant metaphase

figures increased with increasing temperature.

A statistical compari son of the heat plus ionizing radiation

and the ultrasound plus ionizing radiation exposures showed no statis-

tically significant difference between heat or ul trasound for any type

aberra tion.

The results suggest that heat or ultrasound when used

simultaneously with ionizing radiation act in a similar manner by

Increasing the number of primary chromosome breaks. Heat or ultrasound

used after ionizing radiation has a much reduced effect in the form of

an increase in exchange aberration frequency.
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I . INTROD UCTIO N

A. Importance of this Study

Numerous studies have reported a possible synergistic relation-

ship between ultrasound and ionizing radiation [Lehmanm and Krusen

(1955), Woeber (1959), Dharkar (1964), Pydorich (1966), Javish (1966),

Kim (1968), Spring (1969), Rapachol i (1970), Spring et al. (1970), Martins

(‘1971), Fujita and Sakuma (1974), Todd and Shroy (1974), Kunze—

Muhl (1975), Burr et al.(l977) and Craig and Tyler (1977)] using various

plant and animal cel l systems .

I-f one accepts that synergism exists between ul trasound and

ionizing radiation then an obvious benefit could result from their corn-

bined use in radiation therapy. In addition , since ul trasound can be

focused and ionizing radiation collimated , a two port treatment regime

(see Figure 1) could be utilized where only the tumor would receive the

combined sonation and i rradiation . The surrounding tissue would be

exposed to ultrasound alone or ionizing radiation alone and would be

spared from the synergistic effect.

The potential beneficial eff~ct in tumor therapy relates to the

possible increase in cell damage resulting from the synergism. However,

a potential ly serious negative effect may co-exist when we consider

simul taneous uses of ul trasound and ionizing radiation on other portions

of the population. A close temporal relationship in the administration

of ultrasound and ionizing radiation is becoming more widely signifi-

cant because of the increased use of ul trasound in medical diagnostic

and therapeutic procedures . This is particularly true in obstetrical

practice where diagnostic procedures impinge ~on the fetus. Diagnostic

- -—-—-—- —-
~:--—iiiii 
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Ionizing Radiation

Ul trasoun d
-

~~~~~ Tumor

Body

FIgure 1. Hypothetical Treatment Regime for the Combined Use of
Ul trasound and Ionizing Radiation in Tumor Therapy.
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ul trasound has not repl aced diagnostic x-ray examinations or nuc l ear

medicine techniques but is often used as an additional diagnostic tool .

Thus, It is quite possible that large numbers of fetuses are being

subjected to sonation and irradiation administered within a short

time period . If synergism occurs under these conditions , a number of

possible detrimental consequences , e.g., an increase in teratogenic,

mutagenic and/or carcinogenic effects, might occur.

Both the positive and negative aspects of the possible synergism

between ul trasound and ionizing radiation are therefore of importance

to public health . Additional research is necessary before one can

clearly define and quantify this effect and thereby predict the magnitude

of the potential benefit or hazard .

The object of this study is to evaluate the possible synergy

of Ionizing radiation and ult~-asound by determining, under stringently

controlled conditions , whether damage to the genetic material of human

cells is enhanced by their combined use. If so, the study will also

try to determine whether the temporal sequence of their application

significantly influences the overall magnitude ’of the effect.

B. Background Information

A detailed study of the synergistic effects of ul trasound and

Ionizing radiation on the genetic material of the cell requires back-

ground information about the effects of each agent when used alone as

well as the effect of their combined use. In addition , a review of the

physics of ultrasound radiation is incl uded to help clarify concepts

and terminology that are not generally as familiar as those of the

ionizing radiation field.

—-- - -— - - - —- -  - — — — -—‘---
‘- - .

- -- --- r - ~~-—~~~~ “ T. ________
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1. Physics of Ul trasound and Its Interaction with Materials

The physics of ultrasonic radiation and its interaction in

materials is a very complex subject. Only the basic physical principles

pertaining to an ideal propagation medium and the resul tant general

interactions will be considered that will serve as an aid to an under-

standing of the experiments performed . More detailed discussions 3f

these subjects may be found in Fry and Dunn (1962), Kinsler and Frey

(1962), El’piner (1964), Baum (1966), Brown and Gordon (1967), Bl i tz

(1967), Peacocke and Prichard (1968), Interaction of Ultrasound and

Biological Tissue (1972) and Hussey (1975).

a. Physics of Ultrasound

(1) Definition of Ultrasound

Sound is a mechanical vibratory transmission of energy through

a medium caused by the direct interaction of the particles of that

medium . Sound, therefore, requires a transmission medium and cannot be

propagated in a vacuum, as can electromagnetic waves . Ultrasound is

sound propagated at frequencies greater than 18 (Hz. The general range

of fre uencies used in diagnostic and therapeutic ultrasonics is 500

KHz to 20 MHz, with the most common fi’~equencies in the range of 1 to 5

MHz.

(2 ) Basic Wave Properties

The transmission of ultrasonic energy fol lows the basic laws of

physics which describe the motion of waves traveling through a medium .

For simpl ification , this discussion will be l imited to the properties

of pure longitudinal sound waves (with single frequency and particle

motion in the direction of the flow of energy) propagated sinusoidally

in an Ideal medium . Figure 2 indicates the basic wave motion with the

~

- - - — —-  - -  
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1. Physics of Ultrasound and Its Interaction with Materials

The physics of ultrasonic radiation and its interaction in

materials is a very complex subject. Only the basic physical princ i pl es

pertaining to an ideal propagation medium and the resul tant general 
-

interactions will be considered that will serve as an aid to an under-

standing of the experiments performed . More detailed discussions of

these subjects may be found in Fry and Dunn (1962), Kinsler and Frey

(1962), El~piner (1964), Baum (1966), Brown and Gordon (1967), Blitz

(1967), Peacocke and Prichard (1968), Interaction of Ul trasound and

Biological Tissue (1972) and Hussey (1975).

a. Physics of Ultrasound

(1) Definition of Ultrasound

Sound is a mechanical vibratory transmission of energy through

a medium caused by the direct interaction of the particles of that

medium . Sound , therefore, requires a transmission medium and cannot be

propagated in a vacuum as can electromagnetic waves . Ul trasound is

sound propagated at -frequencies greater than 18 (Hz. The general range

of fre uencies used in diagnostic and therapeutic ul trasonics is 500

KHz to 20 MHz, wi th the most common frequencies in the range of .1 to 5

MHz.

(2) Basic Wave Properties

The transmission of ultrasonic energy fol lows the basic laws of

physics which describe the motion of waves traveling through a medium.

For simpl ification , this discussion will be limi ted to the properties

of pure longitudinal sound waves (with single frequency and particle

motion in the direction of the flow of energy) propagated sinusoida lly

In an idea l medium . Figure 2 indicates the basic wave motion with the 
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basic parameters noted below :
U

Figure 2. Typical Sinusoidal Wave Motion

(a) Frequency (f)

The number of vibrations completed in one second . The unit of

frequency is the Hertz (Hz) and is defined as one cycle per second .

(b) Wavel ength (x)

The distance between two consecutive troughs or crests is the

wavel ength and has units of cm.

(c) Wave Number (k)

By definition is 2-ri/A with units of cm
’1
.

(d) Angular Frequency (w )

The frequency of rotation of the sinuosidal function and defined

as 2irf wi th units sec~~

(e) Speed of Sound (c)

The velocity of the wave traveling through the medium (often

referred to as the phase vel.ocity). This speed is related to the

frequency and wavelength through the relationship c = xf and has the

un its cm/sec. The speed of sound in a medium is related to the thermo-

dynamIc and physical properties of the medium by

- -  
- 

—- .—--- . - -- 
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V P0
C p

0

where y = ratio of the specific heat at constant pressure to that at

constant volume

P0 
= equilibrium pressure in the medium

p0 = density in the medium

(f) Particle Displacement (u)

The displacement of a particle in the medium from its rest

position due to passage of the wave can be described by u = U rn sin

(w t  - kx) where the maximum disp lacement is Urn with units of cm.

(g) Particle Velocity (v)

The velocity of the disp laced particle is defined as the time

rate of change of the displacement or v = 
~~~~~ 

= wU
m

C O s(w t  - kx) where

the maximum velocity is Vm 
= wU

m 
with units of cm/sec.

(h) Particle Accel eration (a)

The acceleration of the displ aced particle is defined as the

time rate of change of the particle veloc ity or a = ~~~~~
- = 

~
W
2
U
m

sin(wt — kx) with units of cm/sec 2 .

(i) Acoustic Pressure (p)

The displacement of the particles in the medium caused by

passage of the wave results in compression and rarefraction of the

medium. The resulting pressure changes are cal l ed the acoustic pressure

and can be shown to fol l ow the relationshi p p = pcv for a pure longi-

tudinal wave with units of force per unit area or dynes/cm2.

(.1) Characteristic Impedance (Z)

For a plane, progressive longitudinal wave the characteristic

impedance is def ined as Z = p
0

C with units of gram/cm2-sec. It should
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be noted that this is only true when the wave is associated with a pure

resistance. Spherical waves or standing waves have other than resistive

components and consequently the impedance is described in complex

notation as = Z + jX where X is the specific acoustic reactance.

Characteristic impedance is a useful tool to be used in the discussion

and modeling for acoustic interactions in media.

(k) Acoustic Energy (E) and Intensity (I)

When a sound wave travels through a medium there is no net move-

ment of the medium (particles oscillate about a fixed position) but there

is a transfer of energy between particles , which results in a net flow

of energy away from the sound source. At any point in time the wave can

be described in terms of its potential energy caused by particle dis-

placement and kinetic energy caused by particle veloc i ty with a total

instantaneous energy density of E = pv 2. The time weighted average

energy density for a sinusoidal plane wave would be E = 1/2 P V m~~ 
The

units of energy density are g/cm-sec .

A much more comonly used term in acoustics is the acoustic inten-

sity (I) which describes the average power transmitted per unit area in

• the direction of wave propagation. ~It can be shown that I = 1/2 Pcvm
2

for a sinusoidal plane wave and has units of erg/sec-cm2 or Watts/cm2.

This can be described as the amount of energy carried by the wave in

one second through an area of 1 cm2 perpendicular to the direction of

propagation. Acoustic energy and intensity are related by I Ec.

(1) Radiation Pressure (f,.J
An object having a. characteristic impedance different from

that of the medium , when placed in an ul trasonic field will be sub-

jected to a net force on its surface parallel to the direction of the

wave propagation . This force is not a consequence of the flow of the

~

‘ T

~ 
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fluid medium (as there is no net flow) but is caused by a change in

particle momentum at the interface of the dissimilar media. It can be

shown that the radiation pressure is equal to the energy density . Since

energy density (E) is related to intensity (I) then 
~r 

= I/c . This

relationship is extremely important because it provides a method of

directly determining the intensity of the sound wave if the speed of

sound in the medium is known and the force on the obj ect can be

measure d .

b. Methods of Generating Ul trasound

There are basically four methods currently utilized in the

conversion of electrical energy to mechanical energy (ultrasound) in

the medical ul trasonics applications field. These include the magneto-

strictive transducer , the electrostatic transducer , the electrodynamic

transducer and the most common type, the piezoelectric transducer. A

brief discussion of each type is presented below with particular

emphasis placed on the piezoelectric transducer because of its use in

this study as an ultrasonic generator and an ul trasonic detector.

(1) Magnetostrict ive Transducer

Various ferromagnetic materials such as iron , nicke l , cobalt

and a number of alloys exhibit a property known as the magnetostr ictive

effect or Joule effect which cause a change in their length when sub-

jected to a magnetic field. By varying the magnetic field at very high

frequencies the ferromagnetic material can be made to oscil late and

generate ul trasonic fields . Generally , the operating frequencies are

limited to 150 KHz but the high efficiency and consequently high

possible outputs make them useful in certain applications .

—. - -~~~~~~~~ ——~~~ —~~- 
—
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(2) Electromagnetic Transducers

A wire carrying an el ectric current experiences a force when

placed in a magnetic field. If the current in the wire is alternating

at high frequency then the force developed also alternates . This

alternating force can be used to generate ultrasound by oscillation of

a plate or diaphram just as is done wi th loudspeakers and some micro-

phones. Most electromagnetic transducers are limited to approximately

2 MHz.

(3) Electrostatic Transducers

Two adjacent metal plates of opposite charge create a force

between them . If the charge on the plates is alternated the forces

will change and thus the possible high frequency oscillation needed

to produce ultrasound . Frequencies as hi gh as 90 MHz can be generated .

El ectrostatic transducers are normally used for low power applications.

(4) Piezoel ectric Transducers

Certain crystals such as quartz , barium titanate , lead zirconate

titanate , and l ead metaniobate exhibit a property called the piezo-

electric effect. These crystals when mechanically stressed develop

electrical charges on their surfaces. Conversely, if an el ectrical

fiel d is appl ied in the direction of an axis of nonsymmetry the

crystal will be mechanically strained . These two principles allow the

crystals to be specially cut and fabricated into transducer materials

for both the generation of ultrasound and the measurement of ultrasound .

The typical construction of a piezoelectric transducer is shown in

Figure 3. The transducer material is usually cut to a specific

thickness in the shape of a circular disk. The thickness of the disk

is chosen as an integral number of one-half wavelengths of the ultra-

• sound to be propagated so that it will resonate at its fundamental

• - - .  .—- -  -
- 

—•- .TT~~ — - - ‘- - ~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 3. Typical Construction of a Piezoelectric Transducer
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frequency . The outer face of the disk is hel d at ground potential and

the inner face is subjected to various alternating voltages . The

material directly in back of the crystal si gnificantly affects the

output properties of the transducer and very careful design is per-

formed for different applications . For applications where the maximum

energy efficiency (50% electric to mechanical) is needed and continuous

wave operation is used , a plain air backing -is preferable with the

crystal allowed to resonate at its fundamen tal frequency . Where the

appl ication requires very short ultrasonic pulses , such as diagnostic

procedures , the backing material must be hi ghly damping. The object

is to produce a singl e pulse with very few oscillations thereafter

until the next pulse. This damping comes at the price of poor

efficiency , generally less than 1% (electric to mechanical).

c. Interaction of Ultrasound with Matter

(1) Ul trasonic Fields

Most ul trasonic applications use a circular transducer

transmitting into a medium by direct coupling of the transducer to the

medium . The distribution of the ultrasonic energy after leaving the

transducer is a complex phenomenon described in Figure 4. It should

be noted that two distinct regions of the fiel d exist; the near fi el d

and far field. Within the near fiel d the ultrasonic energy remains

- fairly well confined to a volume bounded by the outer dimensions of

the transducer but the intensity is quite variable depending on

location in the volume . The intensity varies both vertically and

horizontally with respect to the fiel d center line. The far field on

the other hand is characterized by the diverging of the beam with

distance from the transducer and a more uniform intensity distribution .

• The separation between the near and far fields is defined as the

- - — 
- 
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location of the last intensity maximum on the center line of the field.

x = r2/x where r = radius of the transducer; A = wavelength of ultra-

sound ; X = distance from transducer to beginning of the far field.

Once past the last maximum the intensity then decreases due to

absorption arid dispersion only.

In addition to the main ultrasound field or beam there are

mi nor fields cal l ed side lobes (see Figure 5). These side lobes are of

minor importance in most applications because they contain only a small

fraction of the total power but must be c onsidered for small trans-

ducers and at very low frequencies .

(2) Attenuation of Ul trasound

Attenuation of ultrasonic energy is defined as the loss of

energy with distance. It is due to several factors , which include

d ispers ion , diffraction , scattering, and absorption .

(a) Dispersion

Once the ultrasonic energy has entered the far field of the

transducer and assuming an infinite transmission medium the field

diverges at an angl e e called the beam width . Where sin e = 1.22 A/2r

and r radius of the transducer . Since the cross sectional area of

the field is increasing continuousl y the energy per unit area must

decrease continuously. This loss or decrease in energy per unit area

is cal l ed dispersion loss.

(b) Scattering

When an object of differing characteristic impedance in the

ultrasonic field has dimensions that are comparable with or less than

the wavelength of the ul trasound , scattering of the ultrasound can

occur. Ul trason ic energy is scattered in all directions and the

ampl i tude of the scattered waves is inversely proportional to the

—, ——
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square of the wavelength . Therefore, at high frequencies scattering from

small objects can produce significant attenuation .

(c) Diffraction

When sound waves meet an obstacle which is larger than a wave-

length , the sound will spread around the object giving rise to

diffraction. The waves are bent and their direction of propagation

altered causing a decrease in energy per unit area .

(d) Absorption

Absorption is the loss of ultrasonic energy due to its conver-

sion to other forms of energy , primarily heat. Absorption has been

shown to follow a simpl e exponential function :

I =

where I = intensity -at distance - x

10 = intensity at x = 0

= absorption coefficien t

x = distance traveled during absorption.

The absorption coefficient is unique for all media and resul ts from a

number of distinct absorption mechanisms . These mechanisms are

dependent on the properties of the media (temperature, pressure ,

density , viscosity , etc.) and the frequency of the ultrasound . The

complexity of the absorption processes makes it impossible to calculate

the absorption coefficients accurately so empirical data is used.

Most types of absorption mechanisms fall under the category of

relaxation mechanisms where relaxation mechanisms invol ve a loss of

energy due to a time lag between the conversion of energy to one form

and then back again. This conversion del ay can manifest itsel f in many

ways :
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1. Conduc tional Re l axa tion - l o s s e s  due to t ime l ag  in heat

conduction .

2. Thermal Relaxation - thermal excitation of molecules due

to rotation and vibration .

3.  V i s c o u s  R e l a x a t i o n  - dissipation of energy due to small

shear flow at the time of compression .

4. Structural Relaxation - Movement of molecules into and out

of intermolecular spaces .

(3) Refl ection , Refraction and Transmission

Plane waves incident on the surface of an object which has a

characteristic impedance (Z) different from that of the medium in which

they are propagated will be partially reflected and transmitted . The

relative val ues of each may be expressed as the reflection coefficient
I I

• = and the transmission coefficient = -
~

-
~~ where I. is the incidentr 1

Intensity, I,, = reflected intensity and I,~ = transmitted intensity . It

then fol lows that + •~ 
= 1. These values can be better visualized

in Figure 6. 1~ /

•1

T T

___________ 
- 

I
t 

—. — - normal

‘r

Figure 6. Plane Waves Normally Incident to a Single Interface

For a plane wave of normal incidence it can be shown that

4Z 1Z2
= 

~~~~~~ Z1)2

— - — • - - -~~~
- —.— - - - 
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For a plane wave at other than normal incidence it can be shown that

4ZZ2cos e . cose~
• =

~~ 
1 

2(Z 2cose
~ 
+ Z1cose~

)

where the angles e are defined in Figure 7.

J~
4

~~~~~~~~~~~~

n o i

Figure 7. Plane Waves at Other than Normal Incidence to a Single
Interface

The angles 0 may be calculated from the simpl e law of refraction

sine j 
—

sinot C2

where c1 
= speed of sound of medium 1

C
2 

= speed of sound of medium 2

Special cases of these general equations are of interest

1. When = Z2 •~ 1

2. When Z1 >> Z2 or Z2 >> Z1 then •~~~—*~
- 0

3. Even if Z1 ~ Z2 but Z2C0501 
= Z1coso~, then 

= 1, where

angle , e~, is the angl e of intromission .CI4. When sine 1 
= — , for c 1 < c2, then q

~. 
+ 0, where angle ,

C2 ‘.

is the critical angle. 

— . - — - -
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The above equations and analysis only apply to simpl e single interface

problems and cannot be used to analyze compl ex multi-interface problems .

There are compl ex methods available , however , which can be used to

analyze multiple interface problems but they will not be discussed

here [Beranek and Work (l949)~ . it is beneficial , however , to briefly

discuss a simpl e two interface analysis because it points out several

Important facts that are necessary for the understanding of multi-inter-

face problems and the design of biological sample holders . Consider

the configuration of Figure 8.

z

i 
z
2 

z
3

1i1 ‘i2 It

1r1 
_ _ _ _ _ _ _  

‘r2

Figure 8. Plane Waves Normally Incident to a Two Interface System

It can be shown that :

- 

. 

4 Z 1Z3
2 2 2 2

(Z 1 + Z3 ) + s in  (k 2t)[ 2
z
2

Special cases of this equation are of interest.

1. If Z1 = 1, = Z~ then • = 1 no interface case.t4~~~
2. if Z , = Z., then $ = 2 which is the simpl e single

~ (Z 1 + Z3)interface problem .

3. if we make t very small where k2L
—..-O, then = ‘1

This shows that a very thin interface acts as if there is no interface .

_ _ _ _  - —  - --~~~~~~~~~~~~~~~ 
- -

- 
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4. if sin 2(k2&) — 0  keeping a finite value for t then = 1

when t = For interface thicknesses which are equal to integral

numbers of hal f wavel engths we get perfect transmission (assuming no

loss due to absorption).

5. If sin2(k 2~) — 1 we can get •~ 
= 1 by fixing the values

of L = and adjusting the impedances of the medium to Z2 
= 1’ z1z3.

This is cal l ed quarter wavelength matching • where we select the

impedances of the mediums so as to get perfect transmission.

These special cases show that in a multi-interface problem there is an

interaction between all interfaces based on not only their impedance

but the wavelength and the thickness of that medium.

(4) Standing Waves

Up until this point in the discussion all waves have been con-

sidered to be of the progressive type propagated into an infinite

environment. In real life situations we must alway s dea l in a bounded

medium - which means that a portion of all propagated waves must be

reflected back upon itself. The interaction of the forward and back-

ward running wave causes superimposition of waves , resulting in con-

structive and destructive interference. The result is the formation of

standing wave patterns in the bounded medium. Depending on the phase

of the reflected wave and the refl ection coefficient of the boundary ,

the standing wave will vary in amplitude with maximum va l ues at the

anti-nodes and minimum values at the nodes . A simple index used to

Indicate the relative degree of standing waves is the standing wave

ratio (SWR) which is defined as:

SWR = m
~PmI n

— - 
—- — - - - —  — —.- — , - .--.--—-------—--- --——— -.- —
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where 
~max 

= acoustic pressure at the anti-mode

~min 
= acoustic pressure at the node

A SWR = 1 means that there is no reflected wave.

d. Physical Effects of Ul trasound

(1) Cavitation

At higher l evel s of ultrasonic intensity the alternating com-

pression and rarefraction of the medium causes smal l cavities of gas to

fo rm. These cavities can collapse violently if the intensity is large

enough , sending shock waves through the med i um. In addition , very

high (2000°K) temperatures may occur at the cavitation site . These

adverse conditions have been shown to cause chemical reactions

including : oxidation , reduction , degradation and synthesis of inorganic

and organic substances , polymerization , and intermol ecular regrouping.

Another type of cavitation , called stable cavitation , has also

been shown to produce chemical interaction. Stable resonance bubbles

produced by the rarefraction do not collapse but pulsate at the

frequency of the ultrasonic radiation . These bubbles present adverse

conditions for chemical systems includ ing high temperatures and pressure

extremes, which create changes in structure .

(2) Microstreaming and Eddy Formation

The interaction of the ul trasonic field with objects of

differing characteristic impedance cause the formation of microstreaming

and eddys . The forces produced by this distortion of the field have

been analyzed in detail and are too complex to discuss here . Such

forces as Bernoulli forces where particles are attracted to each other

by hydrodynamic flow, Oseen Forces caused by distortion of the wave by

the media , and Stokes Forces due to particle interactions are among

those produced. These forces are responsible for intercellular

— _ _ _  _ _ _ _ _ _ _ _  
r

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



21

movement and shear force which have been shown to result in significant

biological effects .

(3) Heating of Medium

The absorption of ultrasonic energy by the medium results in a

conversion of ultrasonic energy from mechanical to heat. Two types of

heating are known to exist in the medium-average or gross heating of

the medium and instantaneous or excess heating. The instantaneous

heating of the medium caused by the fluctuation in ul trasonic pressure

can be shown to follow the rel ationship:

= 

(y- 1)pT0

where T = the instantaneous temperature

= ratio of specific heat at constant volume to specific heat

at constant pressure

= ambient temperature of medium

p = peak acoustic pressure

Note tha~ at a highly reflective interface the value of -r can be twice

as large, due to a possible doubling of the peak pressure at the nter-

face .

The average temperature increase in the medium caused by the

absorption of the ultrasonic energy can be shown to fol low the relation-

ship: -

dT _~~Idt ps

where -~f 
= time rate of change of the temperature

s = speci f ic  heat of the medium

= absorption coefficient.

~~~~~~~~~~~~~~~~~~ ( _ _
—________
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This equation shows the rate at which the temperature would increase in

a lossless system. In actuality , the temperature would rise to an

equilibrium state where the heat flowing from the medium wou1d equal

the heat input due to ultrasound .

e. Ultrasound Dosimetry

Ul trasound dosimetry i nvol ves not only the measurement of the

average ultrasound intensity but the total characterization of the

ultrasound field. Such parameters as peak intensity , pulse rate, pulse

width, frequency , intensity distribution in the field , acoustic

pressure , s t and ing  wave ra t io , etc ., all combine to characterize the

total ultrasound field. A large number of dosimetry systems have been

developed to measure various parameters of the ultrasonic field. These

systems include : thermal methods such as calorimetry , volumetric

expansion , thermocouples and liquid crystals; optical methods such as

diffraction , refraction , and Schlieren ; mechanical systems such as

radiation balances , vane defl ection and hanging ball radiometers ; and

electrical methods such as condenser microphones , piezoel ectric trans—

ducers , maqnetostrictive transducers , and electrostatic transducers .

All of these systems are described in detail in the referenced physics

of ultrasound texts . Only those systems which were utilized in this

research will be discussed , namely the hanging ball radiometer and the

piezoelectric transducer.

(1) Hanging Ball Radiometer -

Figure 9 shows the basic components of a hanging ball radio-

meter. Radiation pressure discussed previousl y causes deflection of

the suspended ball and measurement of the defl ection distance is an

indication of the intensity of the ultrasound through the following

equation .

P — — — — —-- -
- ~~~— - 
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xg c (m - m)
2ir a £

where x = defl ection of wire

= length of wire from fulcrum to x

g = acceleration of gravity

c = speed of sound

m5 = mass of the sphere

m = mass of the water displaced by the sphere

a = radius of the sphere .

Very small spheres may be used in this system with the result that the

intensity distribution in the beam may be plotted . Care must be taken

to avoid streaming or eddy interfere’~ce , standing waves or cavitation

bubbles . Intensities as low as 2 mW/cm2 have been measured with 4- 3%

accuracy . This is becoming the most accepted method for calibration

because of its simplicity and accuracy and -is being used as a primary

standard in many applications [Dunn and Fry (1971), Stockdale and Hill

(1976), and Takaki and Yosioka (1969)].

(2) Piezoelectric Transducer

The piezoelectric transducer , which has been discussed pre-

viously, can be used as an ultrasound dosimeter. The piezoelectric

crystal responds to acoustic pressure changes and the voltage induced

is directly proportional to the pressure and directly proportional to

the square root of the intensity . All crystals are frequency sensi-

tive due to their resonance effects and must be calibrated against

another standard for each fi-equency used . In addition , the orienta-

tion of the crystal to the direction of propagation of the ultrasound

Is critical for larger crystals. When the crystal approaches the size

— -  .- - ~~~~~~~-- - —~~~~~~~~~~~~~~~ 
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of one wavelength of the ultrasound then this orientation effect is

greatly diminished . There are presently very small piezoelectric probes

available commercially that satisfy this requirement. The small size of

the probe allows detailed mapping of the ultrasound fields.

2. Chromosome Aberrations

a. Chromosomes and the Cell Cycle

Chromosomes are nucleoprotein complexes located within the

nucleus of the cel l which contain the genetic code for all cel l

functions. The major chemical components of the chromosome are DNA ,

RNA , non-histone proteins and histones as supporting structures . The

accepted structure of the chromosome is the Watson and Crick model of two

helical strands of DNA surrounded by its supporting structure of non-

histone and histone proteins . The configuration of the chromosomes

in the nucleus depends on the stage of the cel l cycle. During G1,
the chromosomes are extended throug hout the nucleus in a random

fashion and are not recognizable as individual bodies under the light

microscope . During synthesis (S), the chromosome is duplicated with

the configuration now composed of two sister chromatids connected at

a centromere . During C2, the extended doublet configuration continues

with the cel l manufacturing those materials necessary for the final

stage cal l ed mitosis (M). These premi totic stages are collectively

called interphase. -

During mitosis , a major reorganization of the cel l and nucleus

take pl ace with the condensation of the chromosomes into more compact

structures . This condensation proceeds during prophase and culminates

with the chromosomes reaching maximum condensation and alignment at

metaphase. During metaphase and late prophase the chromosomes become

. - -  - — - - ----.-—- . ---.- - - - 
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compact enough to be visible under the light microscope , if properly

stained , and appear as shown in Figure 10 for the human cell.

The individual chromosomes separate from each other by division

of the centromere during anaphase producing two daughter chromosomes

whkh go to opposite poles of the cell. Finally the cytoplasm divides

at telophase and the chromosomes return to their extended form to begin

the cel l cycle again at C1. Detailed discussions of the structure of

the chromosome and its functions can be found in Loewy and Siekevitz

(1969), Garber (1972) and DeRobertis et al. (1975).

b. Chromosome Aberrations - General

Aberrations or alterations in the norma l structure of the

chromosome can be caused by many insults on the cell. Structural

abnormalities arise due to the breaking of chromosomes at several

locations and the cells ’ attempt to repair the breaks. If the cell can

repair the break by reconnecting the two related segments , then there

will be no visible aberration present. If, however , there is no repair ,

or the repair takes place between two unrelated chromosome segments ,

then the resulting confi guration will be aberrant in some way . There

is some question as to the exact mechanisms involved with the breaking

of the chromosomes (actual fracture of DNA , disruption of histone coat

causing DNA sepa ration , or separation during the cells attempt to repair

the damage) but inde’ d they can be shown to break into well defined

segments after an in .~ult. These breaks may take the form of singl e

strand breaks where only one strand of DNA is fractured or doub le

strand breaks where both DNA strands are broken .

The cel l attempts to repair the breaks through very comp lex

mechanisms of excision of the damage and re-synthesis of broken or

miss Ing materials [Fox and Lajtha (1973)] with the majority of repair
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occurring within minutes of the insult. Estimates of the mean time to

repair radiation-induced chromosome damage range from 12 minutes [Dewey

et al. (1971)] to 5 or 6 hours [Evans (1967)] with the most accepted

value falling between 1 to 3 hours [Elkind and Sinclair (1965), Prempree

et al. (1969)]. The maj ority of the single strand DNA breaks are

properly repaired with no aberrations present but a small percentage

of doubl e strand DNA breaks result in aberrations due to improper repair

or no repair.

The types of aberrations that are seen in cells are determined

by the type of insult and the time during the cel l cycle that it occurs .

Because our interest in this study is in irradiation of human lympho-

cytes at C0, a description of aberrations will be limited to those which

may result from irradiation at G0. At C0 the cel l is resting and not

normally dividing, therefore, the chromosome is in its extended con-

figuration . The types of aberrations that could be found when the cel l

is viewed at metaphase after an insult at C0 are shown in Figure 11 .

The major types of aberrations are acentric fragments , minutes , dicen-

trlcs and centric rings. Other aberrations occur such as inversions ,

but these can not be recognized at metaphase unless a banding technique

is utilized and a karyotype is performed . These aberration types can

be further categorized into exchanges (dicentrics plus centric rings)

which represent the misrepa ired or improperly repaired chromosomes and

the del etions (acentric fragment plus minutes) which represent the non-

repaired chromosomes. It should be noted that deletions are only

those acentric -fragments and minutes which are not associated with an

acentric ring or dicentric.
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c. Chromosome Aberrations from Exposure to Ionizing Radiation

It has been known for many years that ionizing radiation causes

chromosome aberrations. Many detailed studies have been conducted

using human lymphocytes to determine the types of aberrations and the

effects of such variabl es as dose rate and quality of radiation [Evans

(1967), Brewen et al. (1972), Lloyd et al. (1975), and Purrott and Reeder

(1976)]. These studies have shown that when cel ls in G0 or C1 are

exposed to low LET radiation , the resulting aberration yields follow

the mathematical relationship of Y = C + czD + ~D
2 where Y = aberration

yiel d (aberration/lOO cells), D = dose in rads , C = background l evel

of aberrations , and a and ~ are constants . This relationship has

been found to hold true for both one hit and two hit aberrations as wel l

as deletions . It has also been shown that the dose rate and LET

affect the ~ constant more than the a constant , resulting -in larger

numbers of dicentrics and centric rings for higher dose rates and LET.

The referenced studies , also , point out that specific pre—

cautions should be taken when performing chromosome analysis on human

lymphocytes in vitro. The following i tems must be considered :

(1) All exposures must be accomplished at 37°C to avoid

Inconsistent aberration yields . Exposure temperature and the tempera-

ture during the chromosome damage repair time are critical . [Bajers ka

and Liniecki (1969) and Bora and Soper (1971)].

(2) The degree of blood oxygenation has an effect on

the aberration - frequencies . Freshly drawn venous blood yields l ower

aberrations than oxygen saturated blood (Liniecki et al. (1973 )).

(3) Irradiation in the whole blood state yields more

consistent resul ts than exposure in culture med ium especially if the

med ium contains the mitogenic agent Phytohemaglutinin (PHA)

- —• . .— . — — —- --
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[Lloyd et al (1975)].

(4) The total incubation time for cultures is critical

because incubation periods of longer than 54 hours results in some

cells passing through their first mito sis. A significant change in

aberration yield has been noted because of the loss of certain cells

and chromosome fragments during the passage through mitosis (Buckton

and Evans (1973 )).

d. Chromosome Aberrations from Exposure to Ul trasound

(1) Early Studies

The investigation of chromosome aberrations in sonated cells

was stimulated by the experiments of Yamaha and Ueda (1939) when they

discovered chromosome aberrations in the root tips of Vicia faba

sonated with ultrasound from physical therapy equipment. Subsequent

investigations on various - pl ant species at intensities used in

physica l therapy (.5-5 W/cm2) by Wallace and Bushnell (1948), Wallace

et al. (1948), Newcomer and Wallace (1949), Asche (1951), Spenc-er

(1952), Selman (1952), Lehmann et al. (1954), and Newcomer (1954) showed

similar results . Damage to the reported species included chromosome

and chromatid breaks , chromosome fLsions , coagulations , uncoiling ,

nuclea r dislocation and necrosis. A damage threshold of between 1 W/cm2

and 10 W/cm2 was noted . No relationship between total energy delivered

to the cells or frequency of irradiation was seen . Possible causes of

this damage which were considered included heating, cavitation and

mitotic interference and various studies were undertaken to evaluate

these etiologic theories . 
-

Selma n (1952) found that increasing the external pressure on

the sonated sampl e, reduced the cavitation effect and reduced the

chromosome damage . Lehmann et al. (1955) and Spencer et al. (1952),

— 
P - 

— —-
.—•- - - —  — -— -• -  

- —
~ _

~_ i ~ -~ - -



32

however, showed that there was no difference in chromosome damage when

cavitation was suppressed by imbedding root tips in an agar gel . Dyer

(1965) used a 80 KHz vibratory needle to irradiate sel ectively the

nucleus of the cells of a special strain of moss and found that there

was a breakage of the mi totic spindle l eading to chromatid aberrations.

Slotova et al. (1967) continued the work with Vicia faba root tips and

found a decrease in mitotic activity with more breaks in small chromo-

somes than in large chromosomes . They also noted that the numbers of

aberrations decreased with time after exposure , suggesting a repair

mechanism. Angulio-Carpio and Orellans (1951) and Dubrow (1949) also

noted chromosome rearrangement after a suitable recovery time .

During this time of intensive research using plant tissue ,

several investigators performed studies on amphibians [Bessler (1952)]

and on mammals [Woeber (1951) and Pourhardi et al. (1965)] at physical

therapy doses . These studies confirmed that doses similar to those

which cause chromosome damage in plant tissue are capable of producing

chromosome damage in other species .

(2) Recent Studies 
-

Beginning in the late 1960’s, considerable interest was

generated concerning the biological effects from ultrasound exposure

because of its increasingly wide spread use for medical diagnostic

purposes . Hill (1968) reviewed the literature concerning the

potential for ultrasound damage at that time and suggested increased

study on the area of huma n exposures , in particular , exposure to the

fetus during diagnostic procedures . From 1 967 onward , numerous

studies have been performed to determine the presence of chromosome

damage in huma n tissues from exposure to ul trasound . A listing of a

number of these studies is presented in Table 1 with pertinent exposure
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data and resul ts.

Of the 26 referenced studies only six showed significant chromo-

some aberrations. Of these six , three were at exposure level s where

cavitation effects predominate (greater than 1 W/cm2) and have been

shown to cause chromosome damage in other species [Coakely et al. (1971),

Fischmann et al. (1972), and Abdulla et al. (1972)]. Of the three studies

showing chromosome damage at lower exposure l evel s, one has questionable

findings due to lack of control data [Serr et al. (1970)], and the

other two have been crit icized for the dosimetric methods utilized in

the study [Macintosh and Davey (1970) and Macintosh and Davey (1972)].

This leaves no conclusive evidence about the occurrence of chromosome

damage at low intensity .

(3) Conclusions

This large volume of data appears to support the conclusion

that high levels of ultrasound (‘ 10 W/cm
2) can cause chromosome

aberrations in some cel l syste’ms. Between 1.0 and 10 W/cm2 there is

an area of uncertainty where the effects are not as clear and below

1.0 W/cm2 there are few reports of chromosome damage at all. No

mechan ism has been proven to be responsible for the damage , but

cavitation which appea rs to coincide with the onset of effects has

been suggested as a possible mechanism.

3. Synergism of Ul trasound and Ionizing Radiation

From the previous discussion it can be seen that the literature

suggests that ultrasound used alone at lower intensities ( < 1 W/cm2)

probably causes no chromosome aberrations and ionizing radiat ic-i used

alone at any l evel produces predictable quantities and types of chromo-

some aberrations. What then is the effect on chromosomes if both

- r 
-
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ultrasound and ionizing radiation are used simu ltaneously, as they may

be in medical diagnostic problems i nvolving the fetus in particular , as

wel l as older members of the population?

The answer to this question is not clear because to date very

few studies have shown that a synergistic effect between ul trasound and

ionizing radiation exists at the chromosome l evel . Numerous studies

have shown , however , that synergism does exist at the cellular level

and these studies have suggested that the-genetic material of the cell

is affected . It is beneficial , therefore , to review the literature

concerning the synergism of ultrasound and ionizing radiation to deter-

mine what is presently known concerning the effects on chromosomes .

a. General Effects

The possibility of a synergistic effect between ultrasound and

ionizing radiation was suggested initially by Conger (1948) who

observed an increase in the number of chromosome aberrations in

Tradescantia buds when x-irradiation was followed imediately by

exposure to high intensity sound waves . Since that time , interest in

the possible use of ultrasound and ionizing radiation in tumor therapy

stimulated studies on mammalian tumor systems by Lehmann and Krusen

(1955), Woeber (1959), Pydorich (1966), and Clark et al. (1970). All

studies, with the exception of that of Clark et al. (1970), show a

definite synergism between ultrasound and ionizing radiation .

Significantly less ionizing radiation was required to achieve the

same biological end point when used simultaneousl y with ultrasound .

Additional studies conducted using other plant, anima l and human cel l

systems [Dharkar (1964), Javish (1966), Kim (1968), Spring (1969),

Rapachol i (1970), Martins (1971), Spring et al. (1970), Fuji ta and

Sakunia (1974), Todd and Shroy (1974), Kunze-Muhl (1975), 1-lering and
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Shepstone (1976), Burr et al. ( 1977), and Craig and Tyler (1977), Harkany i

et al. (1978)] all showed some degree of synergistic effect wi th the excep-

tion of that of Hering and Shepstone (1976) and Harkanyl et al. (1978).

A summary of these studies is presented in Table 2.

These studies suggest that some type of synergistic effect

between ultrasound and ionizing radiation exists but the mechanism(s)

responsible for this effect are as yet not known . The results of these

studies do , however , indicate several important facts:

1. The cell memb rane appears to be a possible site of damage

enhancement [Martins (1971), Rapachoti (1970)].

2. The genetic material of the cell , i.e ., chromosomes and

DNA , may be the site of damage enhancement [Conger (1948), Martins

(1971), Kim (1968), Burr et al. (1977), Kunze-Muhl (1975)].

3. The synergistic effect is evident even in situations where

ultrasound alone causes no detectable effect [Spring (1969), Todd

and Schroy (1974), Martins (1971), Conger (1948), Kim (1968), Kunze-

Muhi (1975), Burr et al. (1977), Craig and Tyler (1977), Fugita and

Sakuma (1974)].

4. Synergism has been shown when ionizing radiation exposure

is followed by cell vibration or centrifugation , suggesting mechanical

disruption of cellular components as a possible mechanism [Conger (1948)].

5. Ultrasound used after ionizing radiation appears to be a

more effective radiosensitize r than when used before radiation

suggesting an effect on the cellular repair mechanisms [Martins (1971)].

Kim (1968), Kunze-Muhl (1975), Burr et aL (1977), Craig and Tyler

(1977), Fugita and Sakuma (1974)].

6. No effect of ultrasound frequency has been noted but a

possibl e ionizing radiation dose rate effect was noted [Spring et al
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(1970)].

b. Synergism for Chromosome Aberrations

Literature concerning the synergistic effects of ultrasound and

ionizing radiation on chromosomes is very limited with only five studies

availabl e [Conger (1948), Kim (1948), Kunze-Muhl (1975), Burr et al. (1977)

and Harkany i et al. (1978)]. All of these studies have shown a synergistic

effect when ultrasound and ionizing radiation are combined except

Harkanyi et al. (1978). Details of each study are presented below .

Conger (1948) found 1.27 times as many two hit aberrations and

1.26 times as many one hit aberrations in Tradescantia paludosa when

high intensity sound (9100 Hz-CW) was used simultaneously with 250 kVp

x-rays at 78 rads/min. Sonation was started with the i rradiation and

continued for 5 minutes after completion of the 250 rad dose.

Exposures were made at 18°C in a sonic cup and the sound power level

was not measured but reported as 30 V on the transducer. The sonic

treatment alone caused no chromosome aberrations. Conger suggests

that the increase in aberrations may be due to the mechanical movemer~t

of the chromosome fragments resulting in a decrease in the amount of

restitution and an increase in the amount of detectable new reunions

(exchanges). He hypothesized that the synergistic effect might be

increased with the use of ul trasonic waves (much higher frequency).

Kim (1968) went several steps farther in investigating the

synergistic effect on chromosomes by exposing human whole blood to

3 W/cm~, CW , 80 KHz ultrasound at various doses of 200 kVp x-rays

at 44.67 rads/min. He exposed the blood in glass ampules which were

rotated and moved up and down in front of the ultrasonic transducer

resulting in a true average intensity in the blood of much less than

3 W/cm2. Blood was cultured for 72 hours , harves ted an d scored for

- - - 
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aberration yields. Specific experiments showed a significantly greater

number of one hit and two hit type aberrations when 10 minutes of ultra-

sound was applied imediately after 50, 1- 00, and 200 rads of x-rays .

There appeared to be no effect of ioni zing radiation dose rate over

that of the x-ray alone . Increasing the ul trasound exposure time to 20

minutes did not significantly affect the results , nor uid delaying the

application of the ultrasound by 2 hours and keeping the x-ray exposed

blood at 5°C. Since most repair processes are known to be inhibited ,

if not completely stopped at 5°C, it was suggested by Kim that the

ultrasound interferred with the radiation repair process.

Kunze-Muhl (1975) reported the results of Kim (1968) and several

additional experiments . Using the ultrasound and ionizing radiation

exposure system of Kim (1968) she found no significant increase in

chromosome aberrations when ultrasound precedes the x-rays . In

addition , she reports results from one hour exposures using a 2 MHz ,

pulsed , diagnostic ultrasound unit of 0.02 W/cm2 average output com-

bined with 200 rads of x-ray. The results show a significant reduction

in the aberration yiel ds for all types of aberrations when ul trasound

is given after x-rays and a significant increase in aberration frequency

when ultrasound is given imediately before x-rays • This is exactly

the reverse of the effects of higher intensity CW appl i cation of ultra-

sound . No explanation of this apparent inconsistency was given . Methods

of controlling the environmental conditions durin g, before and after

the experiments were not reported .

Burr et- al. (1977) have reported results which confirm those

reported by Kim (1968) and Kunze-Muhl (1975) and go several steps

further. Combined exposures (2 W/cm2, CW , 1•0 MHZ ultrasound for 30

mm and Co-60 radiation at 45.3 rads/min for 200 rads) of human

_ _ _ _ _  r 
— - -  ~~~
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peripheral blood were made using various exposure sequences . All

blood was cultured for 48 hours and all exposures were at room tem-

perature (23°C). The resul ts showed that there is no significant

increase in chromosome aberration frequency when ultrasound precedes

y-rays by 6 hours or immediately. There is , likewise , no increase

if ultrasound follows the -y-ray by 2 or 6 hours . There is , however ,

a significant increase in the total aberration frequency when ultra-

sound is given simultaneous with y-rays (2.3 times) and when given

immediately after y-rays (1.77 times). One hit aberrations were

increased significantl y in both simultaneous and immediately after

sequences but two hit aberrations were increased si gnificantly only

in the simultaneous sequence.

Harkanyi et al. (1978) reported no apparent synergistic effect

on chromosomes of the CBA/H-T6J mouse exposed in vivo to 0.1 and 1 .0

W/cm2, 800 KHz, CW , ultrasound and 190 kVp, x-rays , 20.7 rads/min ,

for 50 rads. Ul trasound exposure preceded the radiation exposure by

two hours with the result that there was no statistically significant

change in chromosome aberration frequencies over that of the radiation

alone (ultrasound alone caused no aberrations). The authors note that

their result is consistent with the findings of Kunze-Muhl (1975).

C. Statement of the Problem

The previously referenced studies concerning the possible

synergistic effect of ul trasound and ionizing radiation on the

chromosomes of human and plant cells have shown that there is some

type of synergistic effect or interaction but the mechanisms for the

Interaction have not been determined . In addition , each study had

________—— -‘4 - - I — 
~~~~~~~~~~~~~~~~~~~~ 
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particular shortcomings which made it difficult if not impossible to

compare the results . Problems found in these studies include :

1. The temperature was not properly controlled or measured in

almost all of the studies . It has been shown previcusly that tempera-

ture has an effect on the chromosome aberration yield.

2. The dosimetry of the ultrasound exposures was poor. In all

cases the ultrasound intensity was measured at the location of the

sampl e hol der but not inside the sampl e holder . The potential variation

in intensity between studies and between sampl es in each study make it

impossible to compare results .

3. Several experiments utilized culture times of 72 hours for

the human peripheral blood lymphocytes . Culture times of greater than

54 hours have recently been criticized because of the procession of some

cells into their second mitosis . -

The objective of this study is to evaluate the possible synergy

of ionizing radiation and ultrasound by determining, under stringently

control led conditions , whether the damage to the genetic material of

human cells is enhanced by their combined use. In addition , the study

will attempt to determine whether the temporal sequence of their

application significantly influences the overal l magnitude of the effect.

Specifically, these studies will invol ve two separate areas of technical

work: -

1. An ultrasound and ionizing radiation exposure and dosimetry

system will be designed , constructed and tested which will deliver

accurately known and controlled doses of ultrasound and ionizing

radiation to blood samples under controlled environmental conditions .

The intensity of the ultrasound and the tempera ture within the sample

will be monitored at all times . A temperature simulation system will be

0 ____________
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Included to simulate the heat exposures generated by the ultrasound .

2. Various sequences of ultrasound and ionizing radiation will

be appl ied to human peripheral blood using the above system . Chromosome

analysis using 48 hour incubation will be conducted on all blood samples

to determine the effect of each exposure sequence. Sequences such as

ultrasound alone , ionizing radiation alone, heat alone, heat and

ionizing radiation , and ultrasound plus ionizing radiation will be per-

formed in an attempt to determine if there is a synerg istic effect

between ul trasound and ionizing radiation and what the possible

mechanism for this effect might be. Ul trasound and ionizing radiation

exposure parameters for these experiments will be chosen so as to as

closely as possible reproduce actual exposure conditions which occur

in vivo , i.e., 37°C exposure temperature , Co-60 i rradiation from a

radiation therapy source , 1.0 MHz, CW , ultrasound , etc .

- - -— -~~~-— ~~~~~----—--- 
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I I .  DEVELO PMENT OF THE ULTRA SOUND AND IONIZ ING
RADIATION EX POSUR E SYSTEM

A. Materials and Methods

The purpose of these experiments is to conduct specific

exposures of human peripheral blood to ul trasound , heat and ionizing

radiation under controlled conditions . The exposure system used for

these experiments is shown schematically in Figure 12’ . A photograph

of the apparatus is shown in Figure l2B. It consists ~ the following

basic components; a sonation tank with temperature control system , an

ultrasound generation system, biological sample holder , ultrasound

dosimetry system, ionizing radiation exposure system , and a tempera-

ture detection system. Each of these basic components are discussed

in detail bel ow with the criteria used for their des-ignand the actual

design .

1. Ul trasound Dosimetry System

a. Criteria for Design

(1) The ul trasound dosimetry system must be capable of

accurately and simpl y determinin g the ultrasound intensity .

(2) The method must not be affected by fluctuating

temperatures .

(3) It should be able to measure intensity distribu-

tion in sample holder and sonation tank.

(4) It should be able to monitor intensity during

exposur es.

--~~~~~~~~~~~~~~~~~~~ ( — -~~~~~~ -
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Figure 12B : Ul trasound and Ionizing Radiation Exposure System
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b . Design

(1) The ultrasound dosimetry System consisted of both

a primary standard (hanging bal l radiometer) and a secondary standard

(peizoelectric microprobe). The hang ing bal l radiometer was used to

calibrate the piezoel ectric microprobe and the probe was used to

monitor all ultrasound exposures and map the ultrasound intensity dis-

tribution in the tank and biological sample holder. The specifications

of the hanging ball radiometer are given in Table 3. (Refer to Figure

9 and Introduction for a discussion of tlie theory). The ultrasonic

microprobe , serial no. 116 , manufactured by Mediscan , Inc ., East

Hartford , Connecticut , was composed of a 0.8 mm diameter , Lead Zir—

conate Titanate piezoel ectric ceramic disk , mounted in the tip of a

modified #18 gauge hypodermic needle. The microprobe was mounted on a

modified microscope stage in the vertical position so that rectilinear

intensity scanning could be performed at any location in the sonation

tank. The voltage produced by this probe is proportional to the square

root of the acoustic intensity . Because of the probes small size it

is very insen 3i-tive to errors in alignment to the ultrasound beam.

The probe output was measured using a Tektronix, Model 1 932, serial

no. B0l0565, 35 MHz bandwidth oscilloscope with a 1 Mc2, 30 pf input.

(2) The sensitivity of the ul trasonic microprobe was

determined as follows :

(a) The uncalibrated microprobe was used to

measure the ul trasound field distribution at 1 cm from the face of the

acoustic spacer in castor oil at 22°C. The field map produced was in

terms of the output voltage of the microprobe at 1.1 MHz frequency .

(b) The hang ing ball radiometer was then used

to measure the ultrasound intensity at the center of the field. This

-—  - - 
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Table 3

Specifications for Hanging Ball Radiometer

Length of Wire from Fulcrum to X - 48 cm

Diameter of Wire 0.005 cm (stainless steel )

Acceleration of Gravity 980.6 cm/sec2

Mass of Sphere 2.9969 gm

Material of Sphere Yellow brass

Diameter of Sphere 0.89 cm

Mass of Water Displaced by Sphere 0.369 gm

Speed of Sound in Castor Oil 1.54 x 10~ cm/sec

Resulting Intensity Relationship I = 1.329 X

Where I = Intensity in W/cm2

and X = defl ection of wire in cm

I 
____  —- — — ——- - _ _ _ _
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intensity is the average intensity for the cross-section of the sphere .

(c) Since the microprobe cross-sectional area

is very much smaller than the sphere a correction factor had to be

determined to make the intensity val ues compa rable. The microprobe , in

effect, measures the peak intensity , whereas the sphere measure the average

intensity for its cross—sectional area . Assuming a parabolic distribu-

tion of energy in the ultrasound fiel d (Figure 22 supports this assump-

tion) it can be shown that

I + 1
— in a

~B 2

where ‘B = average intens i ty on the bail

= maximum intensity on ball

‘a 
= minimum intensity on ball.

Assuming that I~, = where I~ = intensity on probe, the correction

factor will be

I IB / a
— - 1/2 ~l +p m

Since the ul trasound intensity is directly proportional to the output

of the microprobe squared it can be shown that

mV 2Cf l/2 (l + (.._~!) )

where mV a = minimum millivolt output of the probe (measured at edge of

sphere).

mVm = maximum millivolt output of probe (measured at center of

sphere ) -

- —I-—. 
-‘ - -
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(d) The sensitivity of the rnicroprobe is

defined as the ratio of the vo l tage output of the probe to the acoustic

pressure that produced the voltage. Usual units are pV/dyne/cm 2. This

sensitivity allows the use of the microprobe in any medium if the

acoustic impedance of the medium is known . For this case the sensitivity

(s) is defined as:

s = mVm/P

where ~ = true acoustic pressure on the probe .

The true acoustic pressure is found from

P~ %/18/Cf 
. Z 

-

where Z = characteristic impedance of med i um .

(e) This sensitivity was then used for con-

verting all ultrasound fiel d maps from millivolts to intensity (W/cm2).

2. Ultrasound Generating System

a. Criteria for Design

(1) System should be capable of continuous wave (CW)

operation at typical diagnostic and therapeutic frequencies with as

high an efficiency as possible.

(2) System should be stable and provide reproduce-

able ul trasonic intensity outputs .

(3) The output of the system should be capable of

being monitored at all times during exposure .

_______ 
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b . Design

(1) A schematic of the ultrasound generation system is

shown in Figure 13 with the basic components and parameters noted .

The design of the piezoel ectric transducer is shown in Figure 14 and

the physical and el ectrical properties of the transducer crystal are

given in Table 4.

(2) The norma l operating frequency of the ultrasound

transducer was determined by measuring the intensity at 10.5 cm from

the transducer for different frequencies - near the natural frequency of

the crystal using the hanging ball radiometer. The intensity output

was then mathematically weighted due to the differences in the input

vol tage of the transducer so that a normalized output could be used as

a comparison of the intensity values . The normali zed intensity was :

a l a

where In = normalized intensity - W/cm2

‘a 
= measured intensity - W/cm2

a = ratio of actual voltage on the transducer to a reference

voltage.

(3) The efficiency of the ultrasound transducer was

estimated by measuring the electrical power into the transducer and

comparing it to the measured power output. This procedure required

the determination of the electrical impedance of the transducer , and

the resultant intensity output of the transducer. The el ectrical

impedance , voltage and power into the transducer were estimated using

the electrical circuit described in Figure 15 and the equations below .

L 
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High Frequency
Dscillator
0.5—’— 5 MHz - ~~Monitor5 Vp_p max.
output

Modul ator
Pulse Width Control
Pulse Length Control ~-MonitorRise Time of Pulse

Control

~1~Power Ampl i fier-
15 Watts rms output p— Monitorpower available for
88 .n. load

[~
_85 Transducer

Figure 13. Schematic of the Ul trasound Generation System
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Figure 14. Ultrasound Transducer. (a) Completed Assembly ;
(b) Exploded View of Transducer
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Table 4

Physical and Electrical Properties of Transducer
as Suppl ied by Manufacturer

Manufacturer Keramos, Inc .
104 North Church Road
Lizton , ID 46149

Crystal Material KEZITE Modified Lead Metaniobate

Model No. K-85

Relative Dielectric Constant-K3 800

Piezoelectric Strain Constant-d33 160 x l0~~
2 Coul/Newton

Piezoelectric Voltage Constant-g33 22 x 10~~ Voltmeter/Newton

Mechanical Q (Thickness)_Q m 15

Frequency Constant (Thickness) 66 KC in./sec .

Density 5.5 gm/cm3

Longitudinal Coupling Coefficient_ K33E ~~ 10 2V 33 6.8 x 10 Newton/rn

Planar Coupling Coefficient-K
r

Diameter 2.54 cm

Frequency 1.0 MH2
Thickness 0.174 cm

— 
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1 .1 MH z 
~~~~~~~~~~~~~~~~~~~~~~~~nsducer

Vt

Figure 15. Electrical Circuit for the Determination of the Transducer
Im pedance

V R  V 2
Z an d P ~~~~~~~~~~I VR W Z1

where ZT 
= Impedance of transducer

VT 
= voltage across transducer

VR 
= voltage across resistor

R = resistance of resistor

= rms power into transducer

The intensity output of the transducer was measured using the piezo-

electric mi croprobe .

3. Sonation Tank and Temperature Control System

a. Cri teria for Design

(1) Small total size so that the tank could be placed

In front of almost any radiation source and be portable.

(2) Minimize standing waves in the tank as much as

possible.

~
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- (3) Provide exposures in the far field of the

transducer .

(4) Provide a constant uniform tank temperature adjust-

able fron1 room temperature to 50°C. -

(5) Provide a fixed geometry for locating the

biological sample holder so that reproduceable ul trasound and ionizing

radiation exposures could be made. 
-

b. Actual Design

The sonation tank and temperature control system are shown in

Figure 16 (photo of top and bottom view). The basic components are

the lucite tank , castor oil sonation medium , sound absorber at end of

tank , ultrasound transducer , rectilinear scanner , acoustic spacer ,

sonation med ium , recirculation pump and associated pl umbing, tempera-

ture sensor, temperature controller and tank heater strips .

(1) Tank - The sonation tank was constructed of 0.635

cm commercial lucite in a very specific shape . The shape was dictated

by three requiremen ts: small size, provision for exposures in the far

field of the transducer , and fixed geometry of exposures . It should be

noted that the flaring of the tank takes place at the approximate

location of the start of the far field (10 cm from transducer) and the

divergence angle of the tank walls follow the approximate beam width

(4.13°) of the transducer.

(2) Castor Oil Sonation Medium - Castor oil was

selected due to its hi gh absorption coefficient (0.95 dB/cm for castor

oil as compared to water of 0.002 dB/cm) and characteristic impedance

( 1.48 x l~
5 g/cm2-sec) close to blood (1.61 x l0~ g/cm

2-sec) and

water (1.43 x lO~ g/cm
2-sec). Ultrasound energy leaving the acoustic

spacer and biological sample holder would be absorbed in the castor oil

- - —-- -- — - - - -- - - , - —-——---—--——.— —
___________________ —.4
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and would not be available to be reflected from the rear wall of the

tank. This would make it possible to build a smaller tank with less

need for sound absorbing materials on the walls of the tank.

(3) Sound Absorber - The sound absorber was composed

of a 5 cm thick piece of rubberized wool packag ing material that was

found to be very effective at absorbing ultrasound in the frequency

range that would be used (Burr (1976)).

(4) Acoustic Spacer - The design of the acoustic

spacer is shown in Figu re 17. This spacer was utilized to provide a

fixed geometry for exposures of the biological sample in the far field

of the transducer. The spacer was filled with distilled water to pro-

vide a low absorption path for the ultrasound and the ends of the

spacer were covered with 0.00127 cm thick mylar to provide a non-

reflecting interface.

(5) Sonation Med i um Recirculation System - The high

viscosity of the castor oil med i um provided poor heat transfer char-

acteristics between the tank walls and medium so some type of mixing

of the tank contents was necessary to provide unifo rm temperature dis-

tributions . This mixing was accomplished with a centrifugal pump

and motor combination which delivered approximately 100 ml /min. The

mean replacement time of the sonation med i um was approximately 10

minutes .

(6) Temperature Control System - Temperature control

consisted of a Versatherm Electric Temperature Control Relay , Model

2149 and a Precision Mercury Thermoregulator , Model 2150, sensitivity

0.005°C, (Scientific Instruments , Inc., P.O. Box 705, Skokie , I l l . )

connected tn two (one on each side of the tank) 300 watt each silicon

strip heaters . The maximum power (peak temperature) to the heater

— 
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strips was controlled with a Superior Electric Co., Powerstat.

4. Biol ogical Sample Holder

a. Criteria

(1) Sample holder must be made of non-toxic materials.

(2) Must be sterilizable and reuseable.

(3) Must provide reproduceable exposure for the same

sample holder and between all sampl e holders in a set.

(4) The ultrasound field intensity must be as uniform

as possible inside the sample holder with minimum standing waves .

(5) The ionizing radiation dose must be as uniform

as possible inside the sample holder.

(6) The ul trasound exposure and ionizing radiation

exposure must be measureable inside the sample holder.

(7) The temperature distribution inside the samp le

holder must be as uniform as possible. Continuous monitoring of the

temperature must be feasible with minor perturbation of the ultrasound

field.

b. Design

(1) The sampl e holder used in these experiments is shown

in Figure 18. The lucite walls and mylar windows are both non-toxic

materials and can be sterilized in a gas autoclave . The dimensions of

the holder were a trade off between volume of sample needed (1 cm 3),

uniformity of radiation dose and uniformit y of ultrasound intensity .

The filling tube provided an access point for the insertion of the

temperature detection probe (discussed later under Temperature Detection

System).

— —-—---‘ - -; . — 
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(2) The sample holder design was analyzed theore-

tically to insure that small changes in the frequency of the ultra-

sound or changes in the dimensions of the holders from one samp le to

another did not result in significant changes in ultrasound intensity

transmission . This computer analysis was accomplished using the method

of Beranek and Work (1949) (see Appendix I for a copy of the computer

program). -

(3) The intensity distribution along the center line

of the sample holder parallel to the direction of ultrasound propaga-

tion was measured using the piezoelectric microprobe by filling the

sample holder with blood and piercing a small entrance hole for

insertion of the probe through the mylar window. The ultrasound

intensity was measured both inside and outside the sample holder to

determine the relationship between the routinely measured intensity

(outside holder during all experiments) and the maximum , minimum and

geometric average intensities inside the holder.

(4) The intensity distribution across the face of the

sample holder was also measured using the piezoelectric microprobe

with the resultant iso-intensity profiles plotted using the computer .

5. Ionizing Radiation Exposure System

a. Criteria for Design

(1) Capable of delivering a reproduceable total

radiation dose to the biological sample holder.

(2) Provide a method of measurin g the radiation dose

in the biological sample holder.

(3) Provide as uniform a radiation close as possible

to the biological sample holder.

- - ~~~~-—  ——- -~ 
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b. Design

(1) The ionizing radiation dose was delivered to the

blood samples using a 6707 Ci (as of March 1977) Cobalt-60 , (1.33 and

1.17 MeV photons) radiation therapy source l ocated in the Radiation

Oncology Department of Presbyterian-University Hospital , Pittsburgh , PA.

The specific exposure conditions were - 74.5 cm source to surface dis-

tance wi th a 4 x 4 cm field size on the surface of the tank resulting

in dose rates between 130 and 120 rads/min. The actual dose rate was

calculated at the time of each experiment by correcting for the decay

of the radiation source with time .

(2) Calibration of the dose delivered to the blood

sample for the exposure geometry was determined as follows :

(a) A biological sampl e holder was modified

for the calibration procedure by drilling a hol e in the top surface

center and pl acing a precision ionization chamber into the center of

the sample holder. The hole was sealed with very thin surgical rubber

sheet, the sample holder filled with blood , and inserted into the

sonation tank. Exposures were made under the described geometry con-

dit~ons and the dose recorded .

(b) The precision ionization chamber used

for this calibration was the Model 30—340, serial no. 2H136, long

micro chamber , of 0.05 cm 3 volume , flat response from 30 keV through

Co-60, ion collection efficiency of 100% up to 2000 R/sec , calibration

accuracy of + 2%, manufactured by Nuclear Associates , Inc., Westbury ,

NH 11590 . The output of the ion chamber was measured on a Solid State

Electrometer , Model 6lOC , serial no. 32402A, Keithley Instruments ,

Cl eveland , OH. -

— —-.
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6. Temperature Detection System

a. Criteria for Design

(1) Accurate to 0.1°C.

(2) Must not perturb the ultrasound field.

(3) Must provide representative temperature reading

from the biological sample holder.

(4) Must prov ide a continuous recording of the

temperature with time .

b. Design

The temperature detection system was composed of a 0.0254 cm

diameter copper-constantan thermocoupl e connected to a Model BAT-8 ,

Di gi tal Thermometer , serial no . 8510 , Bailey Instruments , Inc.,

Saddle Brook , NJ 07662, which in turn was connected to a Fischer

Recordall Model A5113-51 , serial no . 5/6209-115, strip chart recorder

for continuous recording of temperature . The thermocoupl e was inserted

a fixed distance into the sampl e holder file tube during all ultrasound ,

heat , and/or ionizing radiation exposure and the temperature profile

recorded . The temperature detecti n system was calibrated against an

expanded scale mercury thermometer that was accurate to 0.05°C.

B. Results

1. Ul trasound Dosimetry System

The sensitivity of the microprobe for 1 .1 MHz continuous wave

ultrasound was determined to be 0.0477 pV/dyne/cm2.
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2. Ultrasound Generation System

a. The results of the experiment to determine the operating

frequency of the transducer are shown in Fi gure 19. It shows that the

peak efficiency of the transducer occurs at approximately 1. 1 MHz .

This is slightly hi gher than the manufacturers claimed crystal natural

frequency of 1 .0 MHz and is probably due to the transducer case con-

struction and the impedance match of the medium used .

b. The resistance of the transducer was found to be 88c~

and the volta ge across the transducer was 40 volts rms for a measured

ultrasound peak output of 1.0 W/cm2. Assuming a gaussian distributed

ultrasound intens ity the efficiency of the transducer was calculated

as 37.5%.

3. Sonation Tank and Temperature Control System

a. Temperature variations with time in the sonation tank were

measured at the location where the biological sample holder would be

placed . It was found that the temperature control system would main-

tain the tank within + 0.5°C of the desired temperature with the

temperature variat ions taking on a periodic function with a period of

approximately 30 minutes . This variation in temperature was due to

the conductive lag caused by the high viscos i ty of the castor oil and

the thick lucite tank walls.

b. The acoustic properties of the sonation tank were tested

using the Piezoelectric microprobe. With no acoustic spacer in the

tank measurements of the ul trasound intensity distribution were made

along the center line of the transducer (Figure 20) and perpendicula r

to the direction of propagation at 12.5 cm from the transducer
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(Figure 21). (Note: all ultrasound i ntensity maps were generated using

a computer isodose plotting program). Figure 20 shows the expected

periodic nature of the nearfield intensity and the locat ion of the

last intensity maximum (start of far field). The start of the far

fiel d coincides closely with the calculated value of 10 cm. The

standing wave ratio (SWR) in the far field was measured as 1 .026

indicating very little refl ection of energy from the tank walls.

Figure 21 shows the distribution of ultrasound irftensity to be some-

what irregular and slightly displaced from the geometrical center line

of the transducer and tank. This is due to several causes ; the shape

of the tank with its upper flat surface causes rechanneling of energy

into the upper part of the beam and the transducer crystal may not be

properly aligned in the transducer case .

c. With the acoustic spacer in position in the tank the ul tra-

sound fiel d intensity was measured at 12.5 cm from the transducer

(Figure 22). The ul trasound field is shown to be more uniform and

follows the axis of the acoustic spacer.

d. The standing wave ratio (SWR) in the far field with the

acoustic spacer in position was measured as 1.026. This again shows

the effectiveness of the castor oil and sound absorber material in

reducing the reflections within the tank.

4. Biological Sample Holder

a. The results of the analysis for the sampl e holder design

are shown in Figures 23, 24 and 25. Figure 23 shows the effect of

varying the ultrasound frequency on the transmission coefficient.

Slight changes in frequency appear to cause little change in the

I- .. — —  
~~

- 
—
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transmission coefficient (ratio of the ultrasound intensity incident on

the sample holder to the ultrasound intensity exiting the sample holder).

Fi gure 24 and 25 show the effect of vary ing the dimensions of the sample

holder on the transmission coefficient . Both figures show that changes

in the dimension of the mylar windows or blood have little effect on

the transmission coefficient. All three fi gures show that this sample

holder design has low susceptibility to changes in ultrasound frequency

and dimensions and consequently should provide uniform ultrasound

intensity exposures inside of the sample holder from one sampl e holder

to another and from one experiment to the next. Details of the

significance of the transmission coefficient and the susceptibility

of sample holder des i gns to changes in frequency and dimensions are

presented in the discussion.

b. The distribution of the ultrasound intensity across the

biological sample holder at 12.5 cm from the transducer is shown in

Figure 26 and 27 and the intensity inside of the holder is shown in

Figure 28. The insertion of the temperature detection probe into

the sample holder made no noticeable difference in these intensity

profiles. The slight increase in intensity under the fill tube shown

in Figure 28 is caused by the difference in pressure due to being open

to the atmosphere . The standing wave ratio (SWR) in the sample was

calculated to be approximately 1.33. The ratios of the outside

intensity to the inside intensities along the centerline (Figure 28)

were: max imum value - 0.86, min imum value - 2.77 and geometric

average value 1.64. The intensities reported throughout the biological

experiments are the exposure values as measured outside of the sample

holder but related to the maximum value inside the sample holder.

- —--- — -
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C. The temperature distribution in the sample was measured

using the temperature detection probe under both unsteady (first turn

on ul trasound) and steady (equili brium) state cond iti ons . In the

unsteady condition the temperatures in the sample never differed by

more than + 0.5°C and in the equilibrium condition there was never

more than + 0.1°C difference in any location in the sample.

d. Fifteen sampl e holders were constructed for these experi-

ments and each holder was tested for reproduceability of ultrasound

exposures . Each holder was tested by filling the holder with blood

(all holders filled from same blood source), inserting it into the

apparatus, adjusting the input to the ul trasound transducer for 40

and measuring the fiel d distribution and equilibrium temperature

in the sampl e holder. The equilibrium temperatures for all samples

differed by a maximum of only + 0.5°C and the intensity distributions

were slightly different between exposures but generally were of the

same shape and peak intensity shown in Figure 27. There were notice-

able differences in the intensity distributions if smal l air bubbles

exlste’l in the sample holder or if the holders were not pl aced in the

proper position in the tank.

e. The maximum ultrasound intensity that could be delivered

to the biol ogical sampl e holder was approximately 4 W/cm2 at 1 .1 MHz,

Cw.

5. Ionizing Radiation Source

The dose rate del ivered to the bi ological sample holder vs

date of exposure is shown In Fi gure 29. These dose rates are for the

geometry noted in the Materials and Methods.

— _~I•ThF—_~
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6. Temperature Detection System

The temperature detection system was calibrated using a mercury

thermometer and was found to be accurate to within + 0.1°C.

C. Discussion

The ul trasound and ionizing radiation system used in the biological

experiments was for all practical purposes suitable for these experi-

ments. The system provided known exposure levels which were fairly

uniform and allowed monitoring of the exposures and environmental con-

ditions . Experience and knowl edge gained during the design , construction ,

and testing of the exposure system, however, revealed several limitations

in the capabilities of the present system which could be corrected if the

apparatus is to be used for future scientific investigations . In

addition , several important acoustic design principl es were defined

that have a significant impact on the design of biological sample

holders used for ultrasound research. The limi tations of the present

system, the proposed modification to the system, and the general

acoustic design principles for sampl e holder design are presented below .

1. LimItations

a. The temperature control system for the sonation tank,

although acceptable for these studies, may not be acceptable for other

biological systems which are more temperature sensitive. The present

system is capable of maintaining the sonatlon tank temperature at a

desired l evel wi thin the range from room temperature (approximately

23°C) to 50°C with an accuracy of + 0.5°C. The variation around the

desired l evel is cyclic with a period of 30 minutes . This temperatul e

- —- - — — —- — ——•.‘-•• .-
- 
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variation is due to the high viscosity of the castor oil sonation medium ,

the slow mixing of the tank contents , and the thick lucite tank walls.

b. The ultrasound generation system does not provide exposures

at high ultrasound intensities (> 4 W/cm2). The transducer that was con-

structed appears fully capable of providing the high ultrasound

Intensities but the ultrasound amplifier is not.

c. The reproduceability of the ultrasound exposures is not

exact. The intensity distribution within the biological sampl e holders

varies slightly from exposure to exposure even for the same sample

holder. Several reasons for this variation exist: sampl e holders are

difficult to construct to identical dimensions , pl acing the sampl e

holder in the identical geometry in the tank each time is not possible,

and small discontinuities inside the sampl e holder , such as minute air

bubbles , affect the distribution .

d. No adequate real time method was availabl e for detecting

the presence of ultrasonic cavitation in the biological sample. This

deficiency is not unique to this exposure system but is a limitation

of all exposure systems. There are presently no acceptable non-

invasive real time methods of detecting cavitation at lower l evels of

ultrasound intensity . Research is being conducted in this field but

at present this is a l imitation of all ul trasound dosimetry systems.

2. Proposed Improvements

a. The temperature control in the sonation tank can be

improved signifi cantly by the use of a less viscous sonation medi um

(water, cul ture medium , etc.) and a constant temperature circulato r

system. Both heat and cool ing could be provided with the temperature

sensing element attached to the biolog ical sampl e holder . This would
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allow cooling of the sampl e as the ul trasound intensity rose. A larger

sonation tank with anechoic walls (sound absorbing materials) would be

needed and degassing of the sonation medium would be required at

higher intensities due to the off-gass~ng and bubble forming capability

of high intensity ul trasound .

b. Reproduceability of ultrasound exposures is the primary

criterion for the design of an adequate ultrasound exposure system.

This criterion , however, is made more restrictive by several other

design criteria such as uniformity of the ultrasound field intensity

and the need to expose samples in the far fiel d of the transducer.

On purely theoretical grounds it appears extremely difficult to design

a biological sampl e holder that can satisfy all three criteria.

A uniform ultrasound fiel d can be achieved by placing the

sampl e holder in the center of a very l arge ultrasound fiel d to take

advantage of the minimum slope of the energy distribution. This can

be achieved by using a very large transducer or by using a diverging

lens on the face of the transducer . In either method only a small

portion of the total field is used , resulting in a very inefficient

utilization of the total energy. In addition 1 to satisfy the criteria

of exposure in the far fiel d the sampl e holder must be mounted at con-

siderable distance from the transducer (far field distance is propor-

tional to the diameter of the transducer squared). This creates align-

ment problems and makes it difficu lt to achieve the desired reproduce-

ability .

To achieve the desired reproduceability It is necessary to

place the sample holder as close as possib le to the transducer in a

fixed location . One approach is shown In Figure 30 where the trans-

ducer, acoustic spacer and sample holder are constructed as one unit .

- -- 
—- —-
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By making the diameter of the transducer small , the nea r field dis-

tance is reduced and the entire assembly can be made less than 5 cm

long while still maintaining a sample volume of approximately 1 cc.

By matching transducers for size and frequency it would be possible to

construct closely matched sampl e holders . Mylar windows and sonation

and acoustic spacer media with good impedance matching would guarantee

low standing waves . Since the acoustic spacer and sample holder act as

a wave guide, the energy distribution would tend to be gaussian in

shape with maximum val ue at the center and minimum at the walls. The

energy distribution would not be uniform across the face of the holder

but it would provide a consistent energy distribution from sampl e

hol der to sampl e hol der and exposure to exposure .

c. An automatic rectilinear scanning device for producing auto-

matic ultrasound field pl ots would be an excellent modification . At

present the ultrasound field plots are produced by determining the

intensity at individua l points in the field and then using the computer

to construct isodose lines . This is a very time consuming process and

lacks the resolution needed for good ul trasound dosimetry . An auto-

matic system could record the intensity distribution in a short time

with excellent resolution and improved accuracy . The energy distribution

for each biological exposure could be obtained to guarantee reproduce-

abil ity of exposures.

d. A real time non-invasive cavitation detection method is

needed. Two potential methods of detection of cavitation have been

published which might be applicable for this appa ratus. Briefly,

these methods include using a listening hydrophone (transducer) tuned

to the first subharmonlc of the propagated ultrasound [Coakley (1971)],

and analyzIng the changes in the ultrasound transducer driving voltage

- - - —-- ,- - - -- .
. - -
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(cavitation even ts change the impedance of the medium causing a change

in drive voltage) [Coakley (1971)]. Measuring the changes in trans-

mission through the samp1e using an interrogating (transmitting)

ultrasound transducer and receiving transducer of much higher

frequency C > 10 MHz) is another possible method that should be con-

sidered . Each method requires very sensitive electronic detection

circuitry to limit noise and lowe r the cavitation detection threshold.

These systems or some combination should be able to detect individual

cavitation events and provide real time data that can be useful in

interpreting the results of biological experiments .

3. Acoustic Desi gn Principles for Biological Sample Holder

The design of biological sampl e holders for ul trasound research

has receive-d very little attention in the past with most researchers

making arbitrary choices of construction materials and sampl e holder

geometries . Such holders as plastic test tubes , glass ampules ,

fingers of latex surgical gloves , metal cylinders with saran or mylar

end windows, plast4c petri dishes , and sealed polyethylene bags have

been used . These holders have been placed in ultrasound fields of

known intensity (previously measured without the sampl e holder in the

field) with the claim that the biological sample was exposed to the

measured intensity in that field. The assumption that the intensity

inside the sampl e holder is the same as that in the field outside the

holder is totally incorrect. The actual intensity can , in fact, be

several orders of magnitude higher or lower than that in the outside

field.

The reasons for the potentially large differences in intensity

between the inside and outside of the sample holder can be seen from a

p-
- ‘~ —
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theoretical analysis of a basic biological sample holder design . All

holders have a comon basic design which consists of four interfaces

and three sonation med i ums (Figure 31). The differences in the char-

acteristic impedances , the absorption coefficients and the thicknesses

of the materials involved cause variations in ultrasound reflection

and transmission within the sample holder. This , in turn , causes the

formation of standing waves in the different medium with amplitudes

determined by the magnitude of differences between the media.

The theoretical analysis of this effect can be quite complex

but with the aid of the computer , the analysis can be simplified .

Using the computer method of Beranek and Work (1949) (see

appendix for a copy of the computer program) a theoretical analysis

of the transmission properties of any sample holder design can be

accomplished . An analysis of the intensity transmission coefficient

(ratio of the intensity incident upon the first interface to the

intensity exiting the last interface) gives important information

about the acoustic characteristics of the sampl e holder design . If

the intensity transmission coefficient is close to 1.0 then there

has been littl e loss of transmitted energy due to interactions with

the interfaces and consequently the intensity inside the sample

holder will be close to that of the intensity outside the holder.

If the intensity transmission coefficient , however , is much less than

1.0 then some of the transmitted energy has been reflected at one or

more of the interfaces and the resulting intensity inside the sampl e

may be greater or less than the intensity inside the sampl e holder

depending on which interface is responsible for the reflections .

Apply ing the theoretical analysis to the basic sampl e holder

design of Figure 31 (assuming walls made of plastic , biolog ical medium 

r
— -——-——•——-————---—.- - -‘—-——--•-‘ - -
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= 1.51 x lO~ cm/sec (Castor Oil)

C2 
= C4 

= 2.30 x lO~ cm/sec (Plastic)

C3 
= 1.57 x l0~ cm/sec (Blood)

FIgure 31. Basic Biological Sampl e Holder Design
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of blood and a sonation med i um of castor oil) shows the effect of

variations in the ultrasound frequency and dimensions of the sample

holder. Figure 32 shows the effect on the transmission coefficient

for changes in the ultrasound frequency , Figure 33 shows the effect

on the transmission coefficient for changes in the thickness of the

sampl e holder walls and Figure 34 shows the effect on the transmission

coefficient for changes in the thickness of the blood . These figures

show that drifting of the ultrasound frequency for the same sampl e

or between exposed samples and small differences in the thicknesses

between sampl e holders can cause significant differences in the

transmission coefficient and consequently the intensity distribution

inside of the sample holder. Just for this simpl e case , the differences

in intensity could be as high as 50% for slight changes in frequency or

dimensions .

Not all biological sampl e holder designs are as susceptible

to changes in frequency and dimensions as the above design . A sampl e

hol der design which is almost totally void of this susceptibility

can be made with the proper application of the acoustic design

principles . Two key factors, when used in conjunction with each other ,

can provide this proper design: (1) the materials which are used in

the design of the sample holder must be as closely matched for char-

acteristic impedance as possible and (2) the thickness of the sample

hol der windows must be as thin as possible (see Introduction , Physics

of Ul trasound)., preferably much less than one-quarter of -the ultra-

sound wavelength in that medium . These factors improve the trans-

mission of the ultrasound by reducing the reflections at the inter-

faces and effectively eliminating the window material as a medium.
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The above des ign principles were utilized in the design of the

biological sample holder used in these studies . Sample holders were

constructed with 0.00127 cm thick mylar windows which al low almost

compl ete transmission. The theoretical analysis for this sample holder

design was shown previously in Figures 23, 24 and 25. They show a very

low susceptibility to changes in frequency or dimensions of the sample

holder and consequently the design is much more acceptable than the

design shown in Figure 31.

D. Conclus ions

1. The ultrasound and ionizing radiation exposure system described in

detail in this chapter has been shown to provide known reproduceable

exposures of blood sampl es to ul trasound, ionizing radiation and heat.

The exposure parameters for this system are:

a. Ul trasound - 1.1 MHz, CW , 0.0 to 4.0 W/cm2 in the far

field of the transducer.

b. Ionizing Radiation - Co-60, 117.5 to 131 rads/min , (1.33

and 1.17 MeV photons).

c. Heat - 24°C to 50°C.

2. Several limitations of the ultrasound and ionizing radiation

exposure system were noted and proposed corrective action reconinended .

Limitations of the system included ; sonation tank temperature varia-

tion of ± 0.5°C, maximum ul trasound intensity of only 4.0 W/cm2,

slight variation of ul trasound intensity distribution between different

sampl e hol ders , and no real time cavitation detection method.

- J ‘
~~~~~~~~~~~

— --,_. V1~~~~~~~~~~~~~~~~~ 

-



97

3. The design of biological sample holders can not be taken for granted

as has been done in the past. Each sampl e holder design provides a uni que

set of acoustic characteristics which determine its ability or non-

ability to perform its desired function of exposing the biologica l

material to a known quantity of ultrasonic energy . A poorly designed

sample hol der can provide exposures wh ich are far from the desired

value and provide large variations in exposure within experiments and

between experiments . This fact may hel p to explain the lack of con-

sistency in the literature concerning the biological effects of ultra-

sound.

0
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III. BIOLOGICAL STUDIES

A. Materials and Methods

Human lymphocytes in whol e peripheral blood were exposed to

various sequences of heat, ultrasound , ionizing radiation or combina-

tions thereof using the ultrasound and ionizing radiation exposure

system discussed in Chapter II. The exposed blood was then cultured ,

lymphocytes harvested and mitotic figures scored for gross chromosome

aberrations. Blood from the same healthy male donor was used through-

out the experiments and all biological experiments followed a

standardized procedure .

1. Biological Sample Handing Procedures

a. Blood sampl es were drawn no. earlier than 2 hours before

any experiment in sterile 10 cc Vacutainers containing 143 U.S.P.

units of sodium heparin. Samples were wel l mixed and hel d in a water

bath at 37 ÷ O.1~C until used in the experiments .

b. Chromosome Medium 1A , Cat. #l67L, Grand Island Biological

Company, Grand Island , N.Y., 14072, was reconstituted with 5 ml of

Special Diluent for lyophilized chromosome medium 1A , Cat. #167D,

same company using sterile technique and pl ace in the incubator at

37 ± 0.1°C until ready for i nnoculation with the blood sample.

c. Blood was withdrawn from the Vacutainers using sterile 3 cc

Plastipac syringes and placed in sterile (gas autoclaved) biological

sample holders . Various exposure sequences were conducted and blood

removed from the sample holders with a fresh sterile syringe .

Reconstituted chromosome medium at 37°C was innoculated with 0.2 cc of

- -
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this blood .

d. Samples were incubated for 48 hours at 37 + 0.1°C.

Colcemid, Cat. #52lL, same company , was added to the medium 1.5 hours

before harvesting in a final concentration of 0.1 pg/ml .

e. During harvesting the cells were suspended in 0.075 M KC1

for 10 minutes, washed with fixative (3 parts methanol to 1 part

glacial acetic acid) until clear , dropped on clean glass slides , air

dried , stained with 1 to 20 dilution Giemsa for 15 minutes , and covered .

f. Scoring of mitotic figures for chromosome aberrations was

performed under oil objective at 1000X. All samples were scored

blind for gross chromosomal aberrations and mitotic index (mitotic

cells/l000 non-mitotic cells). Only those metaphase figures con-

taIning 46 centromeres were included in the analysis.

2. Biological Experiments Performed

a. Control Series

(1) A series of cultures were processed to determine

the background aberration frequency levels for the blood donor who

was to be used throughout the experiments . Cul tures were made

directly from Vacutainers .

(2) Blood was placed In biologica l sampl e holders for

periods of 30 minutes , 2 hours, and 6 hours at 37±0.1°C with the

thermocouple inserted for the first 30 minutes of each exposure.

Samples were incubated inm~ediately after the hold period . These

exposures were conducted to determine the possible toxicity of the

biological sample holder and thermocouple.

- 
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b. Ionizing Radiation Alone Series

(1) Blood sampl es were exposed at 37 ± 0.5°C in the

sonation tank to 100, 300, 500 rads Co-60 at a dose rate of 122.0 
~ 
7.0

rads/min. Samples were incubated imediately after the exposure . These

exposures were conducted to determine the ionizing radiation dose

response of the biological system.

(2) Blood samples were exposed to 300 rads Co-60 at a

dose rate of 131 .0 
~ 
7.5 rads/min and then hel d for periods of 30

minutes , 2 hours , and 6 hours at 37 ± 0.1°C in the biological sample

holders. Samples were incubated ininediately after the hold period .

These exposures were conducted to determine if a delay in incubation

had an effect on the aberration frequencies .

c. Ul trasound Alone Series

(1) Blood samples were exposed to 0.5, 1.0, 2.0,

4.0 W/cm2, 1.1 MHz, CW , ultrasound for 30 minutes with an initial

sonation tank temperature of 37°C. Sampl es were incubated imediately

after the ultrasound exposures . Temperature profiles were recorded .

These exposures were conducted to determine the ultrasound dose

response. -

(2) Blood samples were exposed to 3 W/cm2, 1.1 MHz ,

CW , ultrasound for periods of 30, 45, 60 and 90 minutes from an

initial sonation tank temperature of 37°C. Samples were incubated

inrediately after the exposure. Temperature profiles were recorded.

Exposures were conducted to determine the effect of ul trasound

exposure time.

d. Heat Al one Series

(1) Blood samples were exposed to 37 + 0.1, 39 ± 0.1,

41 + 0.1, 43 + 0.1 , 46 ± 0.1 and 50 ± 0.1°C for a period of 30 minutes

- —— -—---—.-- .. —-- .—-—-..— ,. ———-—--—-—.—- -
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to determine the effect of temperature for a set exposure time .

(2) Blood samples were exposed to 43 ± 0.1°C for

periods of 30, 45 , 60, and 90 minutes to determine the effect of

exposure time .

e. Combined Ul trasound and Ionizing Radiation Series

(1) Blood samples were exposed to sequences of ultra-

sound and ionizing radiation shown in Figure 35. All ionizing radia-

tion exposures were 300 rads at 122.0 to 117.5 rads/min (dose rate

different due to exposures at different times) and the ul trasound was

3 W/cm2, 1 .1 MHz , CW. These exposures were conducted to determine the

response of the biological system to various sequences of application

of the ultrasound and ionizing radiation.

(2) Blood samples were exposed to sequences no. 1 , 2,

4 and 7 of ul trasoun d and ionizing radiation as shown in Figure 35.

All radiation exposures were 100 rads at 117.5 ± 11.7 rads/min and the

ult rasoun d ex posures were at 3 W/cm2, 1.1 MHz, CW. These exposures

were performed to determine the effect of a change in the magnitude

of the radiation dose.

(3) Blood samples were exposed to 30 minutes of ultra-

soun d at .01, 1.5, 3.0 W/cm2 with 300 rads at 117.5 ± 11.7 rads/min

gIven at the midpoint of the 30 minute ultrasound exposure. The

starting sonatlon tank temperature was 24°C for this series instead

of the 37°C temperature of the previous experiments . These exposures

were conducted to determine the effect of ultrasound intensity on

the aberration frequency for combined ultrasound and it izing radia-

tion . The ultrasound intensity levels were chosen so as to give an

equilibrium temperature in the sample holder of 24°,.30° and 37°C

respectively.

-
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f. Combined Heat Plus Ionizing Radiation Series

(1) Blood samples were exposed to the sequences of heat

and ionizing radiation shown in Figure 35. All radiation exposures were

300 rads at 122.0 to 117.5 rads/min (dose rates different due to

exposure at different time). These sequences duplicate the temperature

profiles induced by 3 W/cm2 ultrasound at 1.1 MHz, CW and serve as an

environmental control for the combined ultrasound and ionizing

radiation series no. 1.

(2) Blood samples were exposed to sequences no. 1 , 2,

4 and 7 of heat and ionizing radiation shown in Figure 35. All

radiation exposures were at 100 rads at 117.5 ± 11.7 rads/min. These

exposures duplicate the temperature profi les induced by 3 W/cm2 ultra-

sound and serve as an environmenta l control for the combined ultra-

sound and ionizing radiation series l)D. 2.

(3) Blood samples were exposed to 30 minutes of heat

at 24 ± 0.5°, 30 ± 0.5°, 37 ± 0.5°, 43 ± 0.5°C with 300 rads at 122.7 ±
7.0 rads/min given at the midpoint of the 30 minute heat exposure .

This experiment was designed to determine the effect of temperature

during i rradiation and to provide environmental controls for the com-

bined ultrasound and ionizing radiation series no. 3.

3. Analysis of the Data

a. Raw Data

For each experiment noted above the following data were

gathered ; mi totic i ndex , number of aberran t cel l s , number of mitotic

figures scored, and number of chromosomal acentric fragments, minutes ,

d icen tr ics , and centric rings .

- -- .-- -—----~~ - -- .---. —-.--.‘- 
- - — 

i -,,_ — —-.—-—— — -



104

b. Sumary Data

The raw data were processed by computer to give the fol l owing

information : deletions , total exchanges (dicentrics plus centric

rings), aberration frequencies (aberrations/metaphase scored) and 
- -

standard errors (assumes poisson distribution of aberrations [Lloyd

et al (1975) ]) for all aberrations. Mitotic index values are incl uded

in the sumary data , also.

c. Statistical Analysis of Data

Selected sun~nary data for each exposure sequence were analyzed

using the computer to determine if there was a statistically signifi-

cant difference between the various exposures and their control values .

Only the deletions , exchanges and aberrant cells were chosen for the

statistical analysis. Deletions provide an indication of the non-

repaired chromosome damage, exchanges provide an indication of the

repaired or mis-repaired chromosome damage , and the aberrant cells

provide an indication of the total amount of chromosome damage . No

statistical analysis was performed on the mitotic index because of its

great variability . It is incl uded in the summary data for complete-

ness and to provide information on gtoss cellular effects. The

ionizing radiation alone exposures (100 or 300 rads at 37°C) were

used as con trol value s to determ ine i ,f the combined sequences of heat

or ul trasound plus ionizing radiation were significantl y different

from radiation alone. The heat plus ionizing radiation sequences were

then used as control values to determine if there was a statistically

sign i ficant difference between combined heat plus ionizing radiation

and combined ultrasound plus ionizing radiation. The two sided

students t-test [Armitage (1974)] was utilized for the analysis with

the probabilities reported . A probability of 0.05 was chosen as the
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l evel of statistical significance.

d. Determination of the Sensitivity of the Statistical Analysis

An analysis was performed to determine the sensitivity of the

method used in the statistical analysis shown above using the method

of Armitage (1974). The purpose of this analysis was to determ i ne the

appropriate number of metaphase figures that must be scored to achieve

sufficient sensitivity in the statistical analysis and to provide

assistance in the interpretation of the results . The statistical

criteria chosen for this analysis were an Alpha Error of 0.05 and

Beta Error of 0.1 for a two sided probability test.

B. Resul ts

1. Determination of the Sensitivity of the Statistical Analysis

The results of the analysis to determine the sensitivity of the

statistical analysis are shown in Figures 36 and 37. Figure 36 shows

the number of mitotic figures which must be scored vs the difference

from the aberration frequency (selected as 0.5 for this example but

could be calculated for any value of aberration frequency). This

figure shows that the sensitivity (the smallest statistically

significant difference between exposures) of the analysis improves

with increase in the number of metaphases scored but above 200 meta-

phases scored very littl e sensitivity is gained by larger sampl e size.

A total of 200 metaphase figur~-- was chosen as the sampl e size for

these experiments because it is considered large enough to provide

good sensitivity but small enough to provide data col l ection in a

reasonable l ength of time .
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Figure 37 shows the sensitivity of the analysis for the chosen

sample size of 200 metaphase figures . This figure shows that the

smallest difference between exposures that one can expect to resolve

statistically is not constant with respect to the aberration frequency .

At lower aberration frequencies (< 0.2 aberrations per cell) the

sensitivity of the statistical method is not as good as it is at higher

levels on a percentage basis. For exampl e, the smallest percentage

difference that can be seen at 0.1 aberration frequency is 80% whereas

the difference for 0.5 aberration frequency is 36%.

An attempt was made in all experiments , where a statistical

analysis was to be performed , to score 200 metaphase figures. However ,

in several experiments 200 scoreable- metaphase figures were not found

and the analysis had to be made using a smaller sample size.

2. Control Ser ies

Control Ser ies No. 1 showed that the bac kgroun d level of

aberrations in 200 metaphases scored in the blood donor was effectively

zero. The results of Control Series No. 2 are shown in Table 5. There

were no aberrations noted in any of the blood sampl es hel d for

various time periods in the sampl e holders . There appears to be no

cel l toxicity from the materials in the biological sampl e holder . The

slightly elevated mitotic index for the 6 hour hold period can not be

explained but it appeared to have no effect on the aberration frequency .

3. Ionizing Radiation Al one Series

a. The results of €he Ionizing Radiation Alone Series No. 1

are s hown In Tab le Al (summary data) and Fi gure 38 (graphical represen-

tation of summary data). The dose response of this biological exposure
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Table 5

Test for Biolog ical Sample Holder Toxicity

Time in Mitotic Index Metaphases
Sampl e Holder Metaphase Cells/l000 Cells Scored Aberrations

No Hold 4.5 100 0

30 Mm 5.5 100 0

2 hrs 4.6 100 0

6 hrs 15.2 100 0

All Sampl es Held At 37 ± 0.1°C At All Times .

_________ — 
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system appears to be consistent with the literature (see Chapter I,

Chromosome Aberrations from Ion i z i ng Radiati on ).

b. The results of the Ionizing Radiation Alone Series No. 2

are shown in Table A2 (summary data) and Table 6 (statistical analysis).

There appears to be no statistically significant difference between the

sampl es and consequently no apparent effect of delaying the incubation

of irradiated blood samples for periods up to 6 hours provided the

samples are held at 37 ± 0.1°C. This result is consistent with the

literature (Vekemans and Leonard (1977)).

4. Ul trasoun d Alone Ser ies

a. The results of the Ul trasound Al one Series No. 1 are shown

in Table 7. There were no chromosome aberrations found in any of these

30 minute ul trasound exposures at intensities up to 4 W/cm2. The lack

of chromosome aberrations at the ultrasound intensities used is con-

sistent with the literature (see Chapter I, Chromosome Aberrations Due

to Ul trasound Al one). The mitotic index was depressed slightly at the

higher intensities but was not greatly different. The peak temperatures

(equilibrium temperatures ) which resul ted in the samples due to the

ultrasound exposure are shown . In no case did the temperature exceed

45°C.

b. The results of the Ultrasound Alone Series No. 2 are shown

in Table 8. All exposures at 3 W/cm2, CW , 1.1 MHz , for var ious time

per iods , showed no aberrations and the mitotic i ndex was only slightly

depressed at the longer exposure periods . All equilibrium temperatures

were 43 ± 0.5°C.
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Table 6

STAT ISTiCAL ANALYSES FOR RADIATION ALONE SERIES NO. 2

DIFFERENCE FROM CONTRO L VALUES

EXPOSURE SEQUENCE DELET IONS EXCHANGES ABERIU.NT
CELLS

300 R~.DS INCUBATE -0.026 -9.029 -0.042
AFTER 30 MINUTES DELAY
AT 37C P= 0.682 F 0.771 P~ 0.70O

300 RADS INCUBATE 0.090 -0.027 0.033
AFTER 2 HOURS OELAY AT
37C Pz0. 197 P =0.774

300 BAIlS INCUBATE 0.039 -0.019 0 .0 11
AFTER 6 HOURS DELAY AT
37C P~ 0.576 P= 0.85 t

COWFROL VALUE IS 300 RAIlS INCUBATE I MMEDIATELY

- ~~~— 
-. 

~~~~~~~~~~~ 
- -_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 7

Effect of Ultrasound Intensity

Equilibrium
Temperature

Exposuje Mltotic Metaphases in Sample
W/cm’ Index Scored Aberrations Holder °C

4.0 8.0 100 0 44.5
(Max . Intensity)

2.0 5.3 100 0 41

1.0 11.5 100 0 39

0.5 10.3 100 0 38

Control 13.6 100 0 37

Al l Exposures for 30 Minutes

Tank Temperature was 37°C At Start of Each Exposure

-. 
a — —  - -

. 
- -~~~~ 

- 

— — — -
‘.

- -
. 

— - 

- 

I
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Table 8

Effect of Ul trasound Exposure Time

rime Exposed to Mi totic Metaphases
Ultrasound Index Scored Aberrations

0 (no exposure) 6.0 50 - 0

30 5.0 
- 

50 0

45 1.0 50 0

60 3.0 50 0

Equilibri um Tempera tures in Sampl es was 43 
~ 
0.5°C.

Ul trasound Exposures were 3.0 W/cm2, CW , 1 .1 MHz .

a - —~~~~~~~~~~~ . 
-.

. - -- . ~~--
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5. Heat Alone Series

a. The results of the Heat Alone Series No. 1 are shown in

Table 9. There appears to be no chromosome aberration induction due

to the heating but the mitotic index and the number of cells remaining

in the culture drop to zero somewhere between 43 and 46°C. There

was no difference between the cultures at the beginning or end of the

experiment , also.

b. The resul ts of the Heat Alone Series No. 2 are shown in

Table 10. No chromosome aberrations were noted for any of the exposure

times at 43 
~ 
0.5°C and the mitotic index was not significantly al tered

for exposures up to 60 minutes .

6. Combined Ul trasound and Ionizing Radiation

a. The results of the Combined Ultrasound and Ionizing Radia-

tion Series No. 1 are shown in Table A3 (summary data) and Table 11

(statistical analysis). Table A3 shows no consistent trend in the

mitotic index with exposure sequence. Table 11 shows that there is

no sta ..istically significant di fference betweers the control (sequence

1) and sequences 2 or 7 for any aberrations but there is a difference

for exchange aberrations in sequences 3-6. There is no consistent

difference for deletions or aberrant cells for any sequences . Further

statistical analysis of sequences 3-6 was performed to determine if

there is an increasing or decreasing trend in the aberration frequencies

with Increasing ultrasound duration after i rradiation . (Zero time for

sequence 3, 13.5 minutes for sequence 4, 28.5 minutes for sequence 5,

43.5 minutes for sequence 6). This analysis is shown In Table 12

with a linear regression performed on the data and a statistical test

- — -—- -.—— —-.-——--—-—-———-- 

— — 

— —  - -‘ . . — — 
g ._ ...— -- —

~~
—-- - __________________— 

—
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Table 9

Effect of Hea t Alone

Temperature Mitotic Metaphases
°C Index Scored Aberrations

37 (start) 5.6 50 0

39 5.0 50 0

41 9.0 50 0

43 - 3.3 50 0

46 0.0 0 N/A

50 0.0 0 N/A

37 (end) 8.0 50 0

All Samples Exposed for 30 Minutes

a - - - —~~~~-~~ - --
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Table 10

Effect of Heat Exposure Time

Time at 43°C Mitotic Metaphases
Temperature-Mm Index Scored Aberrations

0 15.0 50 0

30 3.3 50 0

45 11.3 50 0

60 13.6 50 0

a 
— — - _ ~~~-
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Table 11

STATISTICAL ANALYSIS FOR ULTRASOUN D AND IONIZING RADIATION FOR 300 RADS

DIFFERENCE FROM CONTROL VAI .UES

EXPOSURE SEQUENCE DELETIONS EXCHANGES ABEIIUANT
CELLS

300 RA DS IMMED IATELY —0.024 -0.021 0.026
20

UL1 ASOU~ D ( SEQUENCE P=0 .640 P=0.709 P=O .709
2)

300 DADS SI?R TLT MiEO US 0.105 0.139 0 .124
W I TH ULTR~ SOUNI)
( SEG~UENCE 3) P= 0.045 P~~0.016  P= 0.072

300 DADS SIMULTANEOUS -0.067 0.220 0.070
WI TH 30 MINUT ES

P0.168
4)

300 RADS SIMULTANEOUS 0.016 0.163 —0.057
WITH 45 11NUTE~ULTRASOUN D ( SEQUENCE P=0.772 F=0.009 P=0.436
5)

30’) DADS SIMULTANEOUS 0.063 0.230 0. 143
WITH 60 NII ~UTFS
ULTHA.SOUND ( SEQUENC E P’0.308 P~0.0O I P 0.083
6) - -

300 DADS I MMEDIATELY 0.109 —0.002 0.036
BEFORE 3” MINUTES
ULTRASOUND ( SEQUENCE P 0.032 P :0.97 1 P~ 0.623
7)

CONTROL VALUE IS 300 BAIlS I NCUBATE I MMEDIATELY CONSOLE D.VIT.D VALUE ( SEQUENCE 1)

a 
:-

~~~~

_ - _ .

- T~~~’- . - . --
~~~~~ 

- .
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Table 12

Effect of Increasing the Duration of Ul trasound After Irradiation

Aberration Frequencies
Total Time of
Exposure After Aberrant
Radiation - .Min Cells Deletions Exchanges

0 (Sequence 3) 0.850 0.490 0.605

13.5 (Sequence 4) 0.751 0.318 0.686

28.5 (Sequence 5) 0.624 0.401 0.631

43.5 (Sequence 6) 0.824 0.448 0.696

Intercept 0.760 0.418 0.623

Slope -0.000419 -0.000197 +0.00147

t—statistic 0.124 0.071 1.160

Probability 0.912 0.949 0.366

Correlation -0.087 -0.050 0.634
Coeffi-ient

-— a - — .- ~~~~~~~~~~~~~~~~~~~~~~~~~ — — - ( -. .— 
~
~—
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to determine if the slope of the regression line is significantly

different from zero. Table 12 shows that none of the aberration

frequencies has a slope significantly different from zero but the

slopes of the regression lines are shown to be slightly positive for

the exchange aberrations and slightly negative for the deletions and

aberrant cells. The correl ation coefficients are shown to be quite

low for all aberrations indicating the lack- of linearity in the data .

b . The results of the Combined Ultrasound and Ionizing

Radiation Series No. 2 (100 rads) are shown in Table A4 (summary data)

and Table 13 (statistical analysis). Table A4 shows no apparent

trend in mitotic index for the exposure sequences . Table 13 shows

that there is no statistically si gnificant difference between the

control (sequence 1) and sequences 2 or 7 for any aberrations but there

is a difference for exchanges and aberrant cells in sequence 4.

c. The results of the Combined Ul trasound and Ionizing

Radiation Series No. 3 are shown in Table A5 (summary data) and

Figure 39. Table A5 shows a slight downward trend in mitotic index

with increasing intensity . Figure ‘g shows the effect of ultrasound

intensity on the aberration frequencies . Further statistical analysis

of these data was performed to determine if there is an increasing

or decreasing trend in the aberration frequencies with increasing

ultrasound intensity . This analysis is sI~own in Table 14 with a

linear regression performed and a statistical test to determine if the

slope of the regression line is significantly different from zero.

lable 14 shows that the deletions and exchanges approximate a linear

function with correlation coefficients greater than 0.88 but none of

the slopes are significantly different from zero. Although not

significant the slopes of the regression lines for del etions are
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Table 13

STATISTICAL AIfALYS1S FOR ULTRASOUND AND IONIZING RADIATION FOR 100 DADS

DIFFERENCE FROM CONTROL VALUES

EXPOSURE SEQUENCE DELETIONS EXCHANGES M3EPR~kNT
CELLS

100 DADS IMMEDIATELY 0.030 -0 . 033 -0 .013
AFTER 30 PIINUTES
ULTRASOUND ( SEQUENCE P= 0.346 P ’0 . 1 4 7  P =0.702
2)

100 DADS SIMULTANEOUS 0.035 0.067 0.090
WI TH ULTRAS O UND
(SEQUENCE 4) P 0.275 P 0.014 P 0.024

100 DADS I MMED I ATELY 0.045 0.032 0.043
BEFORE 30 MINUTES
ULTRASOUND ( SEQUENCE P~ 0. 165 P 0.207 P= 0.274
7)

CONTROL VALUE IS 100 DADS INCUBATE IMMEDIATELY CONSOL I DATED VALUE (SEQUENCE 1)

-
‘ - - - -
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slightly negative and for exchanges and aberrant cells is slightly

positive.

d. A statistical comparison was performed between sequence 4

of Table A3 and the 3.0 W/crn2 ultrasound exposure of Table A5. This

comparison is between identical intensity ultrasound and ionizing

radiation exposures but different equilibrium sonation tank- tempera-

tures. Sequence 4 of Table A3 was for an equilibrium temperature of

43°C and the 3.0 W/cm2 ultrasound exposure of Table A5 is for a sona-

tion tank equilibrium temperature of 37°C. The resul ts of the corn-

pari son , Table 15 , show a statistically significant difference between

the exchange aberration frequencies but not the aberrant cells or

del etions.

7. Combined Heat and Ionizing Radiation Series

a. The resul ts of the Combined Heat and Ionizing Radiation

Series No. 1 (300 rads) are shown in Table A6 (summary data) and

Table 16 (statistical analysis). Table A6 shows that the mi totic

Index is not affected for sequences 2 or 7 but is affected for

sequences 3-5. (Note that sequence 6 was not performed for this

series due to the pronounced depression of the mitotic index at the

longer duration exposure of sequence 6). The effect becomes quite

pronounced as the duration of the heat is increased (sequence 3-5).

Table 16 shows that there is no statistically significant difference

between the control (sequence 1) and sequences 2 or 7 for any

aberration but there is a difference for exchange aberrations for

sequences 3-5. There Is no consistent difference for aberrant cells

or deletions for any of the sequences. Further statistical analysis

was performed to determine If there is an Increasing or decreas ing

—-

~

-

~ 

-
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Table 16

STATISTICAL AItALYSIS FOR HEAT AND IONIZINC RADIATION FOR 300 DADS

DIFFERENCE FROM CONTROL VALUES

EXPOS URE SEQUENCE DELETI ONS EXCHANGES ABERNANT
cELU

390 DADS IMMEDIATELY 0.065 -0.021 0.029
AFTER 30 MINUTES AT
43C ( SEQUENC E 2) ~ =O.208 P= 0. 704 P 0.670

300 DADS AT 43€ -0 . 029 - 0. 165 0.057
INCUBATE I MMED lATELY
( SEQUENCE 3) P 0.601 P = 0 . 0 I 1  P= 0.453

300 DADS SIl~IULT &NEOUS 0.087 0.147 0.048
WITH 30 MINUTES AT 43€
( SEQUENCE 4) P 0.03 1 P~ 0.0O 1 P~ O . 355

300 DADS SIMULTA NEOUS 0.064 0.248 0. 156
WIT H 45- MINUT ES AT 43C
( SEQUENCE 5) P 0.49 1 P= 0.016  P= 0.208

300 RADS SIMULTANEOUS Sequence Not Performed
WITH 60 MINUTES AT 43€
( SEQUENCE 6) -

300 DADS I MM EDI ATELY -0.035 0.004 0.004
BEFO RE 30 MINUTES AT
43€ (SEQUENCE 7) Pa O.482 P~ 0.943 P~ 0.955

CONTROL VALUE IS 300 DADS INCUBATE I MM EDIAT E LY CONSOLIDATED VALUE ( SEQUENCE I )

- - t _ . ..~~~ t ’_
-J
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trend in the aberration frequencies with increasing heat duration

after radiation (zero time for sequence 3, 13.5 minutes for sequence 4,

and 28.5 minutes for sequence 5). This analysis is shown in Table 17

with a linear regression performed and a statistical test to determine

if the slopes of the regression lines are significantly different from

zero. Table 17 shows that none of the aberration frequencies has a

slope significantly different from zero but the slopes of the

regression lines are slightly positive for all aberration types. The

correlation coefficients of the regression lines show that the

aberration data is marginally linear.

b. The results of the Combined Heat and Ionizing Radiation

Series No. 2 (100 rads) are shown in Table A7 (summary data) and

Table 18 (statistical analysis). Only exposure sequences 1 , 2, 4 and

7 were conducted for these 100 rad exposures . Table A7 shows that

there is no major effect on the mitotic index for any sequence of

exposure . Table 18 shows that there is no statistical significant

difference between the control (sequence 1) and any of the exposure

sequences .

c. The resul ts of the Combined Heat and Ionizing Radiation

Series No. 3 are shown in Table A8 (summary data) and Figure 40.

Table A8 shows that the mitotic index is reduced as the temperature

Increases but is not drastically altered over the range of tempera-

tures used . Figure 40 shows the effect of temperature on the

aberration frequencies . Further statistical analysis of these data

was performed to determine if there is an increasing or decreasing

trend in the aberration frequencies with increasing temperature .

Thi s analys is is shown In Tab le 19 w ith a li near regress ion performed

and a statistical test to determine If the slope of the regression

- 
( _ .— - — —I
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line is significantly different from zero. Table 19 shows that all

aberrations approximate linear functions wi th correlation coefficients

in excess of 0.877 and- that the slopes of the regression lines for

deletions and aberrant cells are significantly different from zero.

The slope of the regression line for exchanges is marginally signifi-

cant at p = 0.061 .

8. Comparison of Heat plus Ionizing Radiation and Ultrasound plus
Ionizing Radiation

a. A comparison of the heat or ultrasound and ionizing

radiation Series No. 1 exposures was made using the data in Tables

A3 and A6 to determine if there were statistically si gnificant

differences between aberration frequencies caused by heat or ultra-

sound . The heat pl us ionizing radiation sequences were used as con-

trol values and the results are shown in Table 20. It can be seen

that the only significant differences exist for deletion aberrations

for sequences 4 and 7.

b. A similar comparison of the heat or ultrasound and

Ionizing radiation Series No. 2 expsures was made using Table A4

and A7 . The results in Table 21 show that there is a statistically

significant difference between heat and ultrasound for exchange

aberrations in sequence 4.

c. A comparison of the heat or ultrasound and ionizing

radiation Series No. 3 exposures was made using the data in Tables A5

and A8. The results in Table 22 show that there are no statisticall y

sIgnificant differences between the heat and ultrasound exposures . It

should be noted that only the 24°, 300 , and 37°C exposures were

compa red .
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Table 20

STATISTICAL ANALYSIS FOR COMPARISON OF HEAT OR ULTRASOt”(D AND IONIZING RADIATION

DIFFERENCE FROM CONTROL V&~JJES

EYPOSURE SE(~5tNCE DEL.ET I ONS E1.CCILANCES ABERRANT
CELLS

300 RADS IMMEDIATELY —0.089 0.00’~ -0.0’43
AFTER HEAT OR
ULTRASOUM) (SEQUENCE pr Ø.  170 P = 1 .000  P=O .97 0
2)

300 RAPS SIMULTANEOUS 0. 134 
- 
—0 .026 0.067

W ITE HEAT OR US
(SE(&U ENCE 3) P =0.060 P 0.76 1 P=0 .484

300 RAPS SIMULTANEOU S -0.154 0.073 0.C22
WITH 30 rUN. HEAT OR
ULTRASOUN D (SEQUENCE P<0.00 1 P=0. 165 P=0.693
4)

300 RAPS SiMULTANEOUS —0 .048 -0.084 -0.213
WIT H 45 rUN. HEAT OR
ULTR ASOUND ( SEQUENCE P =0.650 P 0.527 P 0 . 1 1 5
5)

300 DADS SIMULTANEOUS
WITH 60 ?IIN . ~~AT OR Comparison can not be made
ULTR ASOUND ( SEoJJEN CE
6)

300 RADS PIJ’IEDIATELY 0.144 -0.006 0.032
BEF OILE h EAT OH
ULTRASOUND (SE QUENCE P 0.034 P~ 0.932 P = 0 . 7 17
7) 

-

CONTI~OL VALUE iS 300 lIPIDS I NCt9IATE I N1’IED I ATELY CONSOL I I) \TED VALUE ( SEQUENCE I )

- 
—J
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9. Comparison of All Ionizing Radiation Alone Exposures

A comparison of all 300 rad 37°C exposures with immediate

incubation was conducted to determine if reproduceable numbers of

aberrations were being found for radiation exposures that were con-

ducted at different times . Four separate 300 rad at 37°C incubate

immediately exposures were made at different times throughout the

conduct of the experiments which served as radiation controls for

individual experiments . The summary data for the four exposures

and a consolidated control (sum of all individual series) is shown

in Table A9. The statistical analysis (Table 23) shows that there

is no statistically significant difference between the consolidated

value and any of the other control series for any type of aberration

frequency .

C. Discussion

The discussion of the biological experiments include a dis-

cussion of the significant results of these experiments , the

limitations of the biological system used in these experiments , and

the potential impact of these results on the population in general ,

as wel l as cancer therapy patients and the fetal population in

particular.

1. Discussion of the Significant Results of the Biological Experiments

The discussion of the significant results inc l udes a brief

summary of the significant results to add clarity to the further dis-

cussion , an analysis of the baseline experiments (control series ,

ul trasound alone , heat alone , ionizing radiation alone), a di scussion

- 
( -. _
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of the effects of combined applications of heat or ultrasound and

ionizing radiation and finally, a comparison between the effects of

heat plus ionizing radiation and ultrasound plus ionizing radiation.

a. Summary of Significant Results

(1) Control Experiments

(a) No aberrations were found in the donor ’s

blood . -

(b) Storage of blood in biological sample

holders at 37°C for periods up to 6 hours did not produce any

aberrations .

(2) Ionizing Radiation Alone

(a) The dose-response relationships for the

chromosome aberration endpoint used in this biological system followed

that found in the literature .

(b) Holding ionizing radiation exposed blood

samples in the biological sample holders at 37°C for periods up to 6

hours had no effect on the aberration frequencies .

(3) Ul trasound Al~~e

(a) No aberrations were caused by 30 minute

exposures of up to 4.0 W/cm2 ultrasound .

(b) No aberrations were caused by 3.0 W/cm2

ultrasound for exposure periods of up to 60 minutes .

(4) Heat Alone -

(a) No aberrations were caused by 30 minut e

exposures to heat up ,to 50°C. Lymphocytes disappeared from the culture

at temperatures above 46°C and the mitotic index dropped rapidly between

43°C and 46°C.

- -~~~~~~-~~~ - ———--- -----— -~ -- - - - - 
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(b) No aberrations were caused by 43°C heat

for exposure periods up to 60 minutes .

(5) Combined Ul trasound and Ionizing Radiation

(a) Ultrasound (3 W/cm2 ) given immediately

before or after ionizing radiation resulted in no significant increase

in aberration frequencies for both 100 and 300 rad exposures .

(b) Ul trasound (3 W/cm2) given simul taneously

with ionizing radiation resulted in a significant inc rease in exchange

aberrations for 100 and 300 rad exposures . Increasing the duration of

ultrasound exposure after ionizing radiation slightly increased the

exchange frequency and decreased the deletion frequency and number of

aberrant cells. None of the changes , however , were statistically

significant.

(c) Increasing the utrasound intensity (0.01-

3.0 W/cm2) during simultaneous ultrasound and ionizing radiation

exposure slightly increased exchange aberrations and slightly decreased

the deletions and number of aberrant cells. None of the changes were

statistically significant , however .

Cd) Exposure to 30 minutes ultrasound (3 W/cm2)

plus ionizing radiation (300 rads) produced a significant difference

In exchange aberrations when the effects of two different equilibrium

tank temperature, 37° and 43°C, were compared .

(6) Combined Heat and Ionizing Radiation

(a) Increased Heat (43°C) immediately before

or after ionizing radiation resulted in no significant increase in

aberration frequencies for both 100 and 300 rad exposures .

__________________ --
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(b) Increased heat (43°C) simultaneous with

the ionizing radiation resulted in a significant increase in exchange

aberrations for the 300 rad exposures but not for the 100 rad exposure.

Increasing the duration of elevated heat exposure after ionizing

radiation had little effect for 300 rad exposures .

(c) The frequency of del etions , of exchanges

and of aberrant cells increased linearly with increases in temperature

during ionizing radiation , when 30 minutes hea1 exposures were made

at 24-43°C with ionizing radiation (300 rads) given at mid-point of

heat exposure.

(7) Comparison of Heat plus Ionizing Radiation and
Ultrasound plus Ionizing Radiation

(a) There was no significant difference in

aberration frequencies between identical sequences of heat (43°C) plus

ionizing radiation at 300 rads and ultrasound (3 W/cm~) plus ionizing

radiation at 300 rads.

(b) There was a significant difference in

exchange aberrations when the heat (43°C) plus ionizing radiation

(100 rads) sequence No. 4 and the ultrasound (3 W/cm2) pl us ionizing

radiation (100 rads) sequence No. 4 results are compared .

(c) Comparison of the combined heat (24-43°C)

and ionizing radiation Series No. 3 and the combined ultrasound

(0.01 W/cm2—3 W/cm2) and ionizing radiation Series No. 3 showed no

significant differences in aberration frequencies for the- same

equilibrium temperatures .

(8) Comparison of All Ionizing Radiation Alone
Control Valu es

No sign ifi cant difference In aberration frequencies was seen

between the consolid ated value (sum of all series) and each ind iv id ual

a. — —,
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series.

b. Analysis of Baseline Experiments

The baseline experiments show that there were no chromosome

aberrations in the routinely processed cells of the blood donor , nor

did the biological sample holder , ultrasound used alone , and increased

heat used alone produce an effect. These results are consistent with

scientific literature already discussed in the Introduction for the

exposure l evel s and parameters used . The experiments using ionizing

radiation alone show a chromosome aberration dose-response rel ationship

which is consistent with the literature (see Introduction). Holding

the exposed blood samples at 37 ± 0.1°C for up to 6 hours after

ionizing radiation exposure has no effect on the aberration frequencies

which is , also , corsistent with the literature (Vekemans and Leonard

(1977)).

The comparison of all the ionizing radiation alone control

values (Table 23) shows that there were no statistically significant

differences among the control series performed during the

research. This indicates that the radiation exposure system could

del iver a reproduceable dose , scoring of chromosome aberrations was

consistent , the small decrease in radiation dose rate due to 60Co

source decay between the first and last experiments had an insignifi-

cant effec t on chromosome aberration yields , and the comparison of

all 300 rad exposure sequences was possible even though they were

perfo rmed at different times .

These baseline experiments lay the foundation for the dis-

cussion of the combined sequences of heat or ultrasound plus ionizing

radiation by showing that the heat, ultrasound , se-ole holder and

donor contribute nothing to the aberration yield and the radiation
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alone contributes known reproduceable aberration yields. Any statisti-

cally significant increase or decrease in aberration frequencies above

that produced by radiation alone can then be attributed to some combined

or synergistic effect.

c. Combined Ul trasound and Ionizing Radiation

(1) Series No. 1

There results show a significant effect of ultrasound on the

aberration yields of human lymphocytes exposed in vitro when used

simultaneously with ionizing radiation. The temporal sequence in which

the ultrasound and ionizing radiation exposures are made appears to

make a significant difference in the results (see Figure 35 for pre-

sentation of sequences). Exposure of the blood to ultrasound

imediately before ionizing radiation or ininediately after ionizing

radiation appears to have no effect on the aberration yield but

ultrasound used simultaneous with ionizing radiation has a si gnifi-

cant effect. All four exposures (sequences 3-6) to 300 rads in which

the ultrasound was given simultaneously with the radiation produced a

significant increase in exchange aberrations . Sequences 3-6 , also ,

show that there is a slight , but not statistically significant ,

increase in exchanges for an increase in duration of ultrasound exposure

after radiation .

The mitotic index values for the ultrasound and ionizing radia-

tion sequences do not appear to be a good indicator of the combined

effects. The only apparent trend in mitotic index changes is a

decrease in the index with increasing time of ultrasound exposure for

sequences 3—6. This same trend is apparent In the ~.eries of experiments

with ultrasound alone so it appears that the combined ultrasound and

radiation sequences do not significantly affect the mitotic index .

- - _1 - -— —s - - - .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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(2) Series No. 2

The total radiation dose (100 rads or 300 reds) appears to have

littl e effect on the results noted above. Exposure sequences 2, 4, and

7 for ul trasound plus ionizing radiation at 100 rads show identical

results to the 300 rad exposures except that the aberration frequencies

are proportionally l ower due to the l ower total dose. The same

sequence effects are seen and the type of aberrations affected are the

same.

(3) Series No. 3

The intensity of the ultrasound us~a ouring the simultaneous

appl ication of ultrasound and ionizing radiation ( 300 rads given at

mid-point of 30 minutes ultrasound exposure ) appears to have little

effec t on the aberration frequencies . Figure 39 and the statistical

analysis of Table 14 appear to show that there is no statisticall y

significant increase in the aberration frequencies (slope not

statistically greater than zero) with increasing ultrasound intensity .

It should be noted , however, that the regression lines do have positive

slopes for most aberration frequencies and that this analysis has only

three data points which make it extremely difficult to determine

trends . Additional data could not be gathered at higher intensities

due to the power limitations of the ultrasound generation system .

(4) Comparison of Identical Ultrasound and Ionizing
Radiation Exposures with Different Tank
Equilibrium Temperatures

The comparison between the two 30 minute , 3 W/cm2 ultras ound

plus Ionizing radiation (300 rads) exposures which differed only

in that one had a tank equilibrium temperature of 37°C (tank initiall y

at room temperature) and the other with a 43°C equilibrium tank
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temperature (tank initially at 37 °C) revealed that there is a

statistically significant increase in exchanges at the higher tank

temperature . The sign ificant increase at the higher temperature

suggests that the mechanical ( physical ) properties of the ultrasound

may not be responsible for the effects seen in the previous exposure

sequences . If the combined effect was due to some ul trasound mechanical

mechanism then we would expect to see little difference between these

exposures because the ultrasound intensities were identical . Since

the only difference between the exposures was the temperature during

exposure it is suggested that heat or temperature during the exposure

may be the mechanism responsible for the increase in aberration

frequency . This suggestion was tested experimentally in the heat plus

ionizing radiation exposure sequences which will be discussed later .

(5) Comparison of These Results with that Found in
the Literature

The ultrasound plus ionizing radiation experiments appear to

show that a synergistic effect occurs only when ultrasound is used

simul taneously with ionizing radiation and that the primary effect is

an inc~~ase in exchange aberrations. There was little or no effect on

the aberration frequencies when ultrasound was used before or after

ionizing radiation , when the duration of ultrasound exposure was

increased after ionizing radiation , and when the total ionizing

radiation dose was changed . The lack of an increase in the number of

cells which contain aberrations , the increase in exchange aberrations

only, and the absence of a statistically significant increase -in all

aberration frequencies with increasing ultrasound intensity suggests

that ultrasound produced an enhancement in the chromosome repair and

exchange formation process. This interpretation is based on the fact
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that an increase in final number of detectable chromosome aberrations

can result from several causes : (1) an increase in the initial or pri-

mary number of chromosome breaks or lesions , (2) an inhibition of the

repair of the chromosome breaks , (3) an enhancement in the repair of

the chromosome breaks. Each cause influences differently the frequency

of the deletions , exchanges and aberrant cells. More primary breaks

would result in more of all types of aberrations , an inhibition of

repair would be reflected by more deletion aberrations and an

enhancement in repair would be reflected by more exchange aberrations.

The increase in exchange aberrations at el evated sonation tank

temperature for the same ultrasonic intensity suggests that the enhance-

ment noted above is due to an increase in temperature and not due to

ultrasound mechanical effects. Because only exchanges , which indicate

the misrepa i red fraction of aberrations , were increased significantly,

it is suggested that there is an enhancement in repair of chromosome

damage due to elevated temperature .

The above results appear to be consistent with the previous

work pcrformed by Harkanyi et al. (1978), Burr et al. (1977), Kunze-

Muhl (1975), and Conger (1948) in that there is an increase in chromo-

some aberrations when ultrasound is used simu l taneously with ionizing

radiation and there is no effect when ul trasound is applied

immediately before radiation .

There is an apparent inconsistency , however , with the findings

of Burr et al. (1977) which showed a significant increase in

aberrations for ul trasound~ given imediately after ionizing radiation.

A possible explanation for this is that the tempera ture in the two

systems was very much different. Burr et al.. (1977) irradiated blood

at 23°C and raised the temperature to approximately 37-40°C (not

- 
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measured) during sonation , whereas in the present study blood was

irradiated at 37 °C and the temperature increased to 43°C during sonation

The large differential in temperature for the Burr et al. (1977) study

may have caused a larger aberration difference which would be easier

to detect as a significant increase . This temperature effect has only

been suggested by one of the experiments performed (comparison of

identical ultrasound and ionizing radiation exposures with different

tank equilibrium temperatures). A more detailed discussion of this

temperature effect is contained in the next section.

d. Combined Heat and Ionizing Radiation

(1) Series No. 1

The results of the heat plus ionizing radiation series show

that temperature has a si gnificant effect on the aberration yields of

human lymphocytes exposed in vitro to ionizing radiation . The sequence

of application of the heating and ionizing radiation appears to make

a significant difference in the results . Exposure of the blood to

heat immediately before or after ionizing radiation appea rs to have

no effect on the aberration yield but heat used simultaneous with

ionizing radiation has a significant effect. All three heat exposures

(sequences 3-5), which were made simultaneously with the ionizing

radiation , produced significant increases in exchange aberrations .

Sequences 3-5, also , show that there is a slight , but not statistically

significant , increase in all aberration types for an increase in

duration of heat exposure after radiation. -

The mitotic index values for the heat and ionizing radiation

sequences appear to indicate the magnitude of the combined effect.

The heat used alone or the ionizing radiation alone does not depress

the mitotic index in the same manner as the combined sequences . The

- —.-——----——--- --—-- ‘ -
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effect appears to correspond to that of the simultaneous heat and

ionizing radiation sequences (3-5) with a rapid drop in mitotic index

as the duration of exposure to hea t is increased after the irradiation.

(2) Series No. 2

The total radiation dose (100 rads or 300 reds) appears to have a

slight effect on the aberration frequencies . Exposure sequences 2 and

7 show similar results for the 100 and 300 rad exposures but sequence

4 at 100 rads shows no significant increase in exchange aberration

frequency whereas sequence 4 at 300 reds did.

(3) Series No. 3

The combined heat and ionizing radiation Series No. 3 (Figure

40) showed a significant increase in all aberration frequencies with

increasing temperature (exchanges were marginall y significant). An

increase in all aberration types with increase in temperature suggests

that more primary chromosome breaks occur at elevated temperatures .

(4) Comparison of These Results with that Found in the
Literature

The combined heat and ionizing radiation Series No. 1 appears

to show that a synergistk effect occurs only when heat is elevated

simultaneously with ionizing radiation and that the effect is an

increase in exchange aberrations . Heat used before or after ionizing

radiation , and increasing the duration of heat exposure after

Ionizing radiation , appea r to- have little or no effect on the

aberration frequencies . The magnitu de of the ionizing radiation dose

appears to have an effect on the aberration frequencies when heat is

used simultaneously with ionizin g radiation. No synergistic effect

was seen at the l ower total dose of 100 rads . The lack of an increase

In the number of cells with aberrations and the inc rease in exchange

- 
- - . - ( - -. - —.--------- —--—- — -, —



148

aberrations only, suggests that heat produced an enhancement in chromo-

some repair and exchange formation . However , the increase in all

aberration frequencies with increasing temperature (24-43°C) for com-

bined heat and ionizing radiation Series No. 3 suggests that the -

number of primary chromosome breaks is increased by increasing

temperature. The results described above present two apparent incon-

sistencies : (1) the lack of a significant effect of temperature after

radiation is not consistent with some of the literature and (2) the

resul ts of Series No. 1 suggest an improc.’ement in repair due to heat but

the results of Series No. 3 suggest an increase i’~ the number of primary

chromosome breaks due to heat. These apparent inconsistencies can

possibly be explained by a closer review of the literature and the data .

The results of the combined heat and ionizing radiation

Series No. 3 appear to be consistent with the previous work of

Bajerska and Liniecki (1969) and Liniecki et al. (1973) who found

that the frequencies of lymphocyte chromosomal dicentrics and fragments

increased significantly with increasing temperature during i rradiation

at 300 reds (L.7 reds/mm x-rays) in the temperature range of 10 to

37°C. Dicentrics showed an increase with temperature which was much

larger than that of fragments . These results are, also , consistent

with the findings of Bora and Soper (1971) who found that human

lymphocytes exposed to x-rays at 300 rads (120 rads/min) in vitro at

5°C had fewer deletions and exchanges than exposure at 37°C. It must

be noted , however , that in both of these studies the temperature was

elevated to a maximum of only 37°C. No other studies were found

which investigated these types of aberrations at temperatures above

37°C so it is not possible to compare the 43°C exposure data . The

mechanism for the induction of the primary chromosome breaks is not

-- 
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known , so a specific reason can not be given -for the observed effect.

Since the result at 43°C are unique and the results bel ow 37°C are

consistent with others , it would be reasonable to suggest that el evated

temperature during radiation results in more primary chromosome breaks ,

resulting in an increase in all types of aberrations.

The results of the combined heat and ionizing radiation Series

No. 1 do not appear to be consistent with the literature because they

show that the temperature after radiation has very littl e effect. Heat

(43°C) commencing immediately after radiation at 37°C and taking

5 minutes to reach the higher temperature produces no increase in any

aberration frequencies . Extending the heat exposure duration from

zero to 28.5 minutes after irradiation results in a slight but not

statistically si gnificant increase in all aberration frequencies .

Numerous authors show a much more significant effect of temperature

after irradiation.

For example , Bora and Soper (1971) showed that exposing human

lymphocytes at 37°C , and immediately reducing the temperature after

irradiation to 5°C for 65 minutes , ~-esults in a decrease in exchanges

and no change in deletions. Reversing the order of the exposures

(x-ray at 5°C, then raise to 37°C) gave an increase in exchanges and

no change -in del etions.

Schmid et al. (1976) used sp lit dose experiments to demonstrate

that the mean time in which primary breaks induced by both dose-frac-

tions can interact to form dicentric chromosomes in huma n lymphocytes

Is 110 minutes . Primary chromosome breaks induced by radiation were

found to exist for an exponentially decaying period after radiation .

Tlmerlake et al. (1976), using alkaline sucrose gradients , found that

single strand DNA breaks induced by ionizing radiation in huma n

- F —.—-
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-—
~~~~~~~~~ — -‘



-

150

lymphocytes are not completely repaired for periods of up to 2 hours

or more after radiation.

Further evidence of the effect of temperature on the repair

of chromosome radiation damage can be seen in the data of Spiegler

and Norman (1969) and (1970). They measured the rate of unscheduled

DNA synthesis (repair) in human lymphocytes after irradiation and

found that there were two distinct rates of synthesis following

radiation; a fast rate occurring during the first 30 minutes fol l owing

radiation and a slow rate occurring for up to 7 hours after

radiation . In addition , they found that the fast rate was signifi-

cantly affected by temperature with the rate increasing by a factor

of 5 from 22°C up to 42°C. Above 42°C the rate dropped and above 45°C

total degradation of the system occurred . The increase in the rate of

repair of DNA b reaks -in human lymphocytes with increasing temperature

is in keeping with the other references which show an increase in

exchange formation when the temperature is elevated after radiation .

The importance of this increasing rate, however , lies in the fact that

it cont~nues above 37°C up to 42°C before it starts to decrease.

Previous cellular studies (Li et al. (1976)) have shown that the

ability to repair radiation induced damage is enhanced as temperatures

increase up to 37°C and is inhibited at temperatures above 37°C. The

data from Spiegler and Norman (1970) and the resu~ts of the present

study suggest that a different mechanism is responsible for the noted

effects in human lymphocytes . -

The above referenced studies suggest that chromosomal and DNA

breaks are available for interaction for an exponentially decreasing

period after ionizing radiation exposure . If increased temperature

- ---— - -- —--- 
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during this period enhances the interaction by improving the repair

processes then an increase in exchange aberrations would be expected .

The prima ry effect of an increase in temperature after irradiation

would , therefore, be an increase in repair and , often , an increase in

exchange aberration frequency .

The two apparent inconsistencies noted above in the results of

the combined heat and ionizing radiation exposures can now be

explained on the basis of the conclusions of the above references

and experimental data . Aberration yields from radiation exposure

depend on the temperature , both during and after radiation , with the

primary effects being an increase or decrease in the number of primary

chromosome breaks and an increase or decrease in repair , respectively.

Since all of the exposures in the present experiments , where el evated

temperatures were maintained both during and after radiation exposure ,

we would expect to see an increase in all aberrations as a result of

the temperature during radiation and a larger increase in exchanges

due to the temperature after radiation.

The results of these experiments appea r to be consistent with

the above statement if one considers the magnitude of the temperature

increases , the sensitivity of the statistical analysis and the

potential variability of the data are considered . The statistically

significant increase in all aberrations after the combined heat and

ionizing radiation Series No. 3 followed a temperature change of 19°C

(24-43°) and the statistically significant increase in exchanges only,

after the combined heat ançl ionizing radiation Series No. 1 , followed

a temperature increase of 6°C (37-43°C). The larger temperature

differential would be more likely to produce a significant increase

in all aberrations . The raw data for the combined heat and ionizing

a 
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radiation Series No. 1 (Table 16) does show a small increase in aberrant

cells and deletions (not statistically significant) and a larger increase

in exchanges (statistically significant). A larger temperature

differential in this experiment might have made it easier to see a -

significant increase in aberrant cells and deletions , resulting in

data that would be consistent with all other experiments . Likewise ,

a larger increase in temperature in the combined heat and ionizing

radiation Series No. 1 might have produced larger changes in exchange

aberrations , making the detection of a significant change with

increasing duration of heat exposure easier. Additional experiments

using larger temperature differentials were not performed because it

was fel t that they would be out of the scope of these experiments ,

which was to investigate the potential synergistic effect of ultrasound

and ionizing radiation for exposure parameters approximating actual

in vivo conditions (37 °C).

e. Comparison of the Combined Heat and Ionizing Radiation and
Ultrasound and Ionizing Radiation Series

A comparison of the results of the combined heat and ionizing

radiaUon experiments and the combined ultrasound and ionizing

radiation experiments reveals a number of similarities in the data .

Statistical comparison of the Series No. 1 ( 300 rads) results for

both experiments (Table 19) shows that thermal heating to the same

temperature as that induced by ultrasound causes the same effect.

The overall magnitude of the effect appears to be the same and the

effect of exposure sequence appears to be the same . The effect is

consistent for all simultaneous exposures (sequence 3-6). Comparison

of Series No. 2 (100 rads) results for both experiments (Table 20)

shows that heat and ultrasound act differently for sequence 4. The

- — 
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ultrasound apparently causes a greater effect than heat for the

simultaneous exposure . This result , although highly significant based

on the statistical analysis , should be viewed with caution due to the

small number of aberrations at 100 reds and the -decreased sensitivity

of the statistical analysis at low frequency . Comparison of Series No.

3 results for both experiments (Table 21) shows that ul trasound and

heat act the same for different temperatures . The magnitude of the

effect and the type of aberrations produced appear to be the same.

It should be noted that this comparison only includes the exposures

resul ting in temperatures of 24, 30 and 37°C, with the 43°C exposure

omitted . The omission is due to the lack of sufficient ultrasound

intensity in our generating system to achieve 43°C induced heat .

There appears to be several slight , but not statistically

significant, differences between the combined heat and ionizing

radiation and combined ultrasound and ionizing radiation exposures

that should be noted . The magnitude of the aberration increases for

the combined heat and ionizing radiation Series No. 3 were larger

than the increases for the combined ultrasound and ionizing radiation

Series No. 3 even though the gross temperatures were the same . The

mitotic index showed a larger decrease with increasing duration of

heat exposure after radiation for the combined heat and ionizing

radiation Series No. 1 than the combined ultrasound and ionizing

radiation Series No. 1. Increasing the heat exposure duration after

radiation produced a larger effect on aberration frequencies than

Increasing the ultrasound exposure duration after radiation. The types

of aberrations were slightly different , a l so , with all aberrations

Increased by the heat exposure and only exchanges increased by the

ul trasound . These differences between heat and ul trasound exposures

- - - - 
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are slight and may be due to statistical error or temperature variation

in the tank (± 0.5°C) but they can not be ruled out as minor effects

due to the small sample sizes and marginal statistics .

It appears that the majority of the experiments performed

support the conclusion that the simultaneous use of ultrasound and

ionizing radiation results in a synergistic effect and that the effect

is primarily due to the heating induced in the medium by the ultra-

sound . The primary effect noted is a sr3ll increase (not statistically

significant) in deletions and aberrant cells and a larger increase

• (statistically significant) in exchange aberrations. The results of

these experiments and the literature appear to support the conclusion

that elevated temperature at the time of radiation causes an increase

in the number of primary chromosome breaks , resulting in more of all

aberration types, while elevated temperature after radiation causes an

enhancement of the repair and exchange formation process , resulting

in more exchange aberrations .

2. Limitations of the Biological System

The analysis of the chromosomes of human lymphocytes exposed

in vitro is a useful tool in determining radiation effects on mammalian

cel l systems because of their synchronous cell population , well
0 defined dose response characteristics, wel l established procedure , and

correlation with cell death . However, there are significant limitations

to this biological system that must be mentioned which affect the

interpretation of the resu.lts of these studies . As mentioned pre-

viously in the Introduction there are numerous environmental factors

which can affect the aberration yields significantly, i.e., stimula tor

capability of the insult used , temperature of exposure , incubation time ,
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oxygen tension , preparation of the samples , scoring technique , state

of health of the blood donor , etc . Most of these items can be con-

trolled during the experiments but some can not. As a result there can

be significant variations in the gathered data over and above that of

merely sampl e size statistics especially at low doses . This variability

in the results makes it difficult to determine small differences pro-

duced by the different exposures . This fact is suggested as the cause

of the inconsistency of several of the experiments performed . A

greater ability to detect small changes in biolog ical effect would

have been hel pful in many of these experiments .

An additional limitation of this biologica l procedure is its

cost in money and time . Each experiment with heat, ultrasound and/or

ionizing radiation requires multiple exposures and multiple cultures

which rapidly increase the total work load involved . This l imitation

results in a low volume of studies that can be performed in a given

time period , which in turn reduces the total nunther of variables that

can be studied . Since the evaluation of heat, ultrasound and

ionizing radiation involves large numbers of varied exposure con-

ditions , it was necessary to restrict any study to only a limited number

of selected exposure variabl es.

3. Potential Impact of This Study

The results of this study appear to show that ultrasound when

used simu l taneously with ionizing radiation can be a potential radio-

sensitizing agent. This effect has only been shown for specific

exposure criteria and for effect on the human chromosome but assuming

that other exposure parameters and cel l systems would act in a similar

manner , what would be the potential impact on the population in general
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and cancer therapy patients and the fetal population in particular?

The radiosensitizing ability of ultrasound appears to stem

from its ability to generate heat in the target tissue wi th the heat

causing the increase in radiosensitiv ity . If this is true , then low

intensity ul trasound exposures where the temperature of the tissue

is not raised by more than several degrees will not significantly

increase the risk of radiation damage . In- addition , those ultrasound

exposures which occur before or after radiation exposures will not

significantly increase the risk because the temperature will not be

raised during the radiation exposure . This means that most diagnostic

ultrasound procedures including those to the fetal population should

not produce a significant radiosensitizing effect due to the low

average ultrasound intensity with consequent lack of heating , as wel l

as the non-simu l taneous administration of other diagnostic procedures

such as diagnostic x-ray and nuclear medicine tests.

Radiation therapy , on the other hand , may benefit by the

potential application of the combined effect of ultrasound and

ionizing radiation. Since the purpose of radiation therapy is to

del i ver a tumorc idal dose of radiation while sparing the surrounding

non-cancerous tissue, the use of focused ultrasound to provide

increased radiosensitivity in the tumor may be possible. Ultrasound

of sufficiently high intens i ty which is focused at the proper depth

is tissue (see Figure 1) could deliver very rapid heating and con-

sequently increase the radiosensitivity of the tissue. The magnitude

of this effect is unknown for ultrasound but if we assume that the

radiosensitivity produced by the ultrasound heating is the same as

for pure conductive heating , then radiosensitivity can be increased

significantly in some tumor systems (Bronk (1976)). The ultrasound
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may also provide the additional benefits of increased vascularity

(improved oxygenation of tumor) and increased membrane permeability

(improved uptake of drugs) which could further enhance the radio-

sensitivity of the tumor. A note of caution should be considered ,

however , before using hi gh intensity ultrasound for therapy purposes ,

because high intensity means high shear stresses and fluid streaming

in the tissue , creating a need to study the potential for causing

possible metastatis of the tumor.

D. Conclusions

Small lymphocytes in human periphera l blood were exposed in

vitro to various sequences of ultrasound , heat and/or ionizing radia-

tion using a specially designed and tested ultrasound and ionizing

radiation exposure system . The results of these experiments justify

several significant conclusions :

1. Ultrasound used alone causes no chromosome aberrations

up to 4 W/cm2 for 30 minutes exposures and up to 3 W/cm2 for 60

minutes . Heat used alone causes no chromosome aberrations up to ~-J°C

for 30 minutes exposures with rapid fall in mitotic index occurring

in the range of 43-46°. In addition , no aberrations are caused by

heat exposures of 43°C for up to 60 minutes .

2. There is a synergistic effect between ultrasound (3 W/cm2)

and Ionizing radiation (300 and 100 rads) given simultaneously. The

effect is primarily an increase in exchange aberrations. Ultrasound

given before or after irradiation does not produce cytogenetic damage .

Extending the exposure duration of ultrasound after simultaneous

ultrasound and radiation does not increase chromosome aberration
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frequencies si gnificantly above that of ultrasound given only during

the irradiation. Increasing the ultrasound intensity during simultaneous

ultrasound and ionizing radiation slightly increases the exchange

frequency but not significantly.

3. There is a synergistic effect between (43°C) heat and

ionizing radiation (300 rads) for the simu l taneous exposures . The major

effect appears to be an increase in exchange aberrations. Increasing

the temperature immediately before or after irradiation has littl e

effect on the chromosome aberration frequencies . Extending the dura-

tion of the el evated temperature after i rradiation has little effect

over that of the elevated temperature alone during the radiation

exposure . The temperature during ionizing radiation exposure has a

significant effect on the chromosome aberration yield. Increasing the

temperature during irradiation in the range of 24°C to 43°C causes an

increase in all types of aberrations, suggesting that temperature

during i rradiation increases the number of prima ry chromosome breaks .

4. Comparison of the effects of the combined heat and ionizing

radiation exposures and the combined ultrasound and ionizing radiation

exposures shows no significant difference. It appears that the syner-

gistic effect between ultrasound and ionizing radiation is caused by

the heat induced in the biological med ium by the ultrasound energy .

5. It is concluded from these experiments and the literature

that heat or ultrasound given simultaneously with ionizing radiation

cause an increase in primary chromosoma l breaks and that heat or

ultrasound given after irradiation cause an increase in exchange

aberrations .
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THIS PAGE IS BEST QUALITY ACflC~J~L~

C (ii Y F1JR~ IS ~L~C IL) i~1iG .__a.

* LENGTH.I- fN 2O—?t~R-7B 11:07:08 PAGE

sBA1~:ll -
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C * PRO~ I1AN 10 cALcuLATI: Ti~ STIISSION CO E F F I C I E N T  :4~

C * VS. TIlE CIIAN ;E IN 1 1ICK’tF.~-~S Oi .4 N~D1U1
C * corynIGlrf JOHN G. IWIU~ 5 JULY I977 *
C * R UN ON INTEBDiVfA 7/82 FOR TRAN v
C ******** *~~~~******** **** * * * ** ~~~~*i~-*i:
C
C THIS PR(’GIWI AcCF:PT~ SPECIFIC PAT~ CO’~~ERNING Tfff PROPERT I ES
C OF TIlE EL D IUN ~NI) INTE RF ACES . CALCULATES TIlE I?fl’ED CL~ A N )
c PI1E.SSUIU - S ~vr TIlE thI’EIiF \CES . DEl ~ ?I1~il-~ THE RATIO 01’ ~i1fE
C PI1ESSIJRF ~ AT TUE E~C ’lLEM-S - CO~ VE -VN (‘0 I N’t L~4’~ ITY. -\r Ii)
C CALCULATES ‘JP ’ 1NTF’~S1’I’Y TP-AN S?11~-~SI ON c”EFF!clErrr DUE TO
C THE IMPEDANCE M I S lATCH. Till: Ti :‘~-‘IISS ION ~~~~~ DUE TO
C ABSORI’TP N API D 1U~l”JJ.~CT1ON AIUI CALtCULAT~1) Ti) ;~~r IL:: t .
C Till-: TBAH .ZNIS~~IO N C O E F F I C I E N T  VS. TILE CH ANGE IN LJ~.NGTH IS
C PRINTED AN!) PLOTTED IN GRAP H FORN .
C
C VARIABLES USED:
C NINTER = NU~U3F.R t)F Ir~TERFACES
C INTER = N JIlTE R + 1 (A ~I INDEX VALUE)
C LINTER NIT1TER — 1< k~ I~~)E~X V -’LUl-:)
C 

- CHRI~IF( I )  = ABilitY OF iMt-’~CTEfl1~~TIC E J ’~CES
C SPEEI)( I) = AJUIitY OF STLED ‘) ~~ SOJ~~) IN t- ~
C LENCT II ( I )  ARP,AY OF LE~-6’flI OF TILE ?1E DIA
C DBLOS S I )  = DF.CI BEL/C? T LO:~~ III l)IU’I
C LOSFAC( I )  LOSS FAC 1~)R FOR EACH ~fl~ll(A
C FREQ FRE~ULNCY OF T~~ UL-rfl ,lS-:.’ C II )
C ACT IMP( I) = ACTUAL I Pr.DA~CE 0? 

•j
~~~~ I NTE~1FACE

C INPED( I) = coii~ i :~x n-1pEDA~4’:E OF ~IEDI~J~S
C PRESUR( 1) PRESSURE AT •f~~ INr~1u.

’Ar”
C PHI ( I) TE~fl’OBARY V-~?JABLE
C Tl’21P.XTEP1P.ZTE~ii’ = Th’ZPOlUitY VARIABLES
C WAVNUM = WAVE NU1BEI1.
C GA~PIA( 1) = 11?IP~~iUJLY VAR!.~~ LE
C PROD = FR ODJJC T OF TIlE PRESSIJEE RAT IOS
C TR~SPR TE~~ORA~ Y ‘JAL~JE ‘E- 1 A - ’~;oE~

’.
C INTENS( I) = IrrfE~SITY A~~ ?IISS 10N C-)?.FFICIEI’ITC N ANE ( I )  = NA ;JE O~ THE DATA F I L - ~ TI) DL READ
C TITLE I) = TITLE OF TP~ C~~U~H F-) BE I’L~YI1 ED .
C NOTES( I )  = ‘lOTES TO PE rIADE ON THE CRAP IE STRING)
C NCHART = NJT1BER OF Cfl~ 2AC J EJlS I~I TIJ~~E
C NCBARLI = NU~U3EB OF C tcTE~ls ~‘o NOTL
C ~NOTE , YNOTE = COORD I S’~ATES OF ~~~~ NOTE
C X = X-COORDIIIATE FOR CEr4 rLRING TiTLE
C LEN ( I) LENGTH OF ME~) I UN THAT IS VARIED
C TEEN = ‘ltiIf’OBARY VAL”; OF LEN ( 1)
C DX = SCALING FACTO R F ’)R PL&rr n\’; X AXIS
C XLENTJJ = START1f~C VALW~ FOil INDEXITI.; VARIED ?U~DIUT!
C XAXIS ( I) = INNOTATION FOR TI~E N AXIS
C XSPEC X AX iS SPECIFICATT’iN
C
C LOGICAL PEVJCES USED:
C 5 - CON~ ULEC 6 — L II4L PRINTE R
C - VERSATEC USED TO PLOT DATA - REQ.UILI F S F5RTL V I I

L - - -—
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1’HIS PAGE IS BEST QUALITY YRACTIC.kB-LE
J?R(rIL CUC Y FUi~~I - ~~ TO DDC ~~~~~~~~

LENGTH. FTN 20—l’IAR-78 11:07:22 PAGE 2

C 7 = DATA FILE
C
C FUNCTIONS USED;
C ARCOTH( X) = ARC TIYPEIU3~)LIC COTANGENT OF A CONFLEX NUTIBER
C COTJI ( X = HYI~ERBOL 1C COTANGENT OF A COMP LEX NU~’IBER
C COSII ( X) = W~1ERBOLIC COSINE
C
C

DII’IEN SION SPEED ( 25 . DBLOSS 2~i) .CminlP 25 .LOSFAC 25),
*NA?0 ( 3) • TWTES( 12)

COMP LEX GttNi’lAt( 10) • ACTII’!P( 10) .TE?IP .PI1I( 10) .PtlESt’R( 10)
* • PROD.COTH ,COSH. ARCOT1I .TR1’~SFR.ZTEMP. I.’IPEOt 10)
REAL IJ ITENS( 101) • LOSS. LENGTiI( II)) ,LEJ1( 101)
INTEGER TITLE ( 12) . ~~iXIS( 12)DATA P1/3. 1415’)2654/

C
C READ IN THE NAI’IE OF TILE DATA FILE AND OPEN TUE FILE.
C

WR I TE( 5 .900)
900 FOIUt\T ‘ENTER THE DATA F ILE NMfl~ 3M)’)

IIEAD(5,905) (NANE ( I. .1= 1 .3)
905 FOR MAT(3A4 )
C

CALL OPEIiW(7,NAJIE, 1 ,O ,0,STATUS)
C
C BEAD IN THE VAR I ABLES TO BE USED
C

READ(7,910) N1NTER
910 FORIIAT( 12)

INTE R = NINTER + I
REAIH7 .915)  ( CBRII ’IP (I ) . I = I . I N T E R )

915 FORflAT( IOC.3.2)
BEAD( 7 , 9 15) ( S P E E D ( I ) , j = l , INTER)
READ(7.920) ( LENGTH( 1) , 1 2 , NIN T ER )

920 FORNPtT( 10l~~.3)READ( 7 , 9 28)  ( DBLOSS ( I )  • 1 = 1 , INTER)
READ (7,92~ ) (LOSFAC( 1) , 1 1 ,  I NTER)

925 FOR~-IAT( 1012)
READ (7,930) FREQ

930 FORIIAT(E8.2)
C
C SELECT TIlE MED lUll WHICH IS TO BE VARIED
C

READ(7,935) MEDIU~I935 FORIIAT( 12)
C
C START OUTE R 1001’ TO CALCULATE TRANSNISS ION COEFFICIENT FOR
C A SPECIFIC LENGTH.
C

XLENTH = !.ENGTH ( MEDIUM)
00 10 1= 1 .10 1
LENGTH(. ME DI UM ) = (0.49 + 0.01 * I) * XLENTH
LEN( 1) = LENCTII( MED I UN)

C
C CALCULATE THE COMPLEX IMPEDANCES OF TILE. lIED I U?LS
C

——. —‘ - —.---.—- --— — -
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FILCIM COFY ~~~~~~~~~~~ ;~L) i)~C .....~~..—

LENGTH.FTN 20-MAR-78 11:07:33 PAGE 3

00 15 J 1 , INTE R
WAVNIJN = 2.0 * P1 * FRE~~’SPEED(J )
IF(LOsFAC(J) .EQ.2) CO TO 5~
D8 = DBLOSS( J) FREQ/ 1 .
CO TO 60

50 CONT INUE
[lB = DBL OSS (J ) * (FREQ/I.OE+06)**2

60 CON TINUE
ALPHA = 013/3.68
CANNA( .1) = CIJ PLX ( -ALPHA. WAVNUI’I)
XTEMP = 2 ~i P1 * FREQ ~ CIVIINF (J)/SPEED(J)
I MP ED (J )  = CDI1 ’LX(O.O , XTEMf’)/GAIINA (J)

15 CONTI NUE
C
C INITIAL IZE THE IMPEDANCE AT THE FIRST INTERFACE
C

ACTINPCI) = INP ED ( 1)
C
C CALCULATE TUE PRESSURE RATIOS AND IMP EDANCES AT INTERFACES
C

DO 20 J=2 • NINTER
ZTENP = A C T I M P (J — 1) / I N P E D (J )
P 111(J) = ARCOTH ( ZTEMP )
TEMP = P f l I ( . ) ) -(GMINA(J)  ~ LEN CTH(J))
A C T IM F(J )  = COTII( TEMP ) ~c 1M?ED (J)
PRESUR(-l-I) = COS11( PI11(J))/COSII ’TEMP )

20 CONTINUE
C
C CALCULATE THE PRO~~J CT OF THE PRESSURE RATIOS TO GET TUE
C RATIO OF TEE PRESSURES FOR THE EXTR EMES .
C

LINTER = NINTER - 1
PROD = PIIESLTR( 1)
IF(L 1rPltR. E~i . i  GO TO 40
DO 20 J=2 .LINTER

PROD = PROD c PRESIj R(J)
30 CONTIMUE
C
40 CONTINUE
C
C -

C CALCULATE THE TRANSIt I SS ION COEF F IC ! ENT FOR IMPEDA NCE NI SNATCH
C

TBNSPR = PROD ~ (2 . 0  * ACTIMP (NINTER ) )~~( ACTIMP(N1NTER) +

* IMPED ( INTER))
I I4TENS( I )  = CABS(TRNSPR) **2 * REAL ( 11’IPED( IN T ER ))/

* BEAL(II’IPED(l))
10 CONT INUE -

C
WR!TE(5, 970)

970 FORHAT( • ~JANT DATA PRINTED (Y. N)’)
READ(5 975) NUATA

975 FORiL~T(A 1)
(F(NDATA . EQ. ’N ’ )  GO TO 2000

C
C PRINT OUT THE DATA TO CHECK

- . - - - — -  .___- —--~~~~ .-- —
- -
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LENGTH. 1’TN 20-MAR-78 II :07:43 PAGE 4

C
WRITE(6, 1030) NINTER

1030 FOR NAT( lx . ‘ NUMP ER OF INTERFACES = • 14)
WRITE(6, 1040) (cjm ,Nr (I) .z=l.1N T1- :R)

1040 FO11.~~tT( 1X.’CHARACTkAIST1C I?IPEDft.NCE ‘,IOEIO.2)
WR ITE(6,I050) (SPEF.D(1).I= 1 , INTER)

1050 FOR I’ t -\T (I X, ’SPE ED 1 :4-’ SOUN D = ‘ , IO E 1O .2 )
WR I TE( 6 • 1060) LENGT1!4: 1) • I = 2. NI NTEil)

1060 FOREA T( 1X. • LENGTH O~’ INTERFACE ‘ . 10F7 .3)
WR1TE( 6 , 1070) DDLOSS ( 1)  • 1= 1.  1 NTEi~)

1070 FOIi.3 V1 ( IX .  • DEC IBEL LOSS = • , 10 7 .3 )
WR I TE(6.  IOHI) ) ~LOSFAC ( I) • 1 1 ,  INTER)

1080 FO IUit T ( IX . ‘ LOSS FACTOR = , 1014)
WRITE (6, 1090) FREQ

1090 FOREAT( IX ,’FREIlUENCY = ‘,El0.2)
C

WRITE(6 ,940)
940 FORNAT( • 1 ’ , ‘LENGTH’, 11X ,’TRANSMISSION COEFFIC!ENT’,//)
C

00 70 1=1 ,101
WRI TE ( ri , 945 ) LEN( I ) , INTE?tS( I)

945 FOR1’1AT~. I X , F6 .3 , 14X , F8 .4)
70 CONT I NIlE
C
2000 CONTINUE
C
C
C PLOT THE DATA ON VEBSATEC
C

RE AIH 7 , 965) SCALE
965 FOREAT( F5 2)

CALL MODE ( I ,9999.,SCALE.~~999.)
READ(7,960) XOFFST. YOFFST
CALL MODE (2,9999. .9999. ,XOFFST)
CALL II O flF. (3 , 99 99. , 9~~99. . YOFFST )
DX = ( LEI~’. 10 1 )  — LEN( I )  ) / 6 .0
TEEN = L E N ( 1)
CALL NODE(8,TEEN,DX . 9999.)
CALL I’IODF .( 9 , O .4 ) , 0. 123 , 9999 . )
CALL DRAWt LE N . I NTENS, 1 0 1,4 4 1)
BEAD (7,980) XSPEC, ( XAXIS( I ) , I= 1, 12)

980 FOR1’IAT (F4. 1 , I2A4 )
CALL A S(XSPEC .XAEIS,24.3, ‘TRANSMISSION COEFFICIENT’ )

CALL MODE ( 4 , O . 1 5 , 0 . 1 , 9999 .)
C
C PLOT TIlE TITLE IF WAN1ED
C

READ( 7 , 950) (TITLE( 1) , 1 = 1 , 12)
950 FO1UIAT( 12~ 4)

I F ( T I T h E ( 1 ) . E~~. ’ ‘)  G O T O  100
READ ( 7. 955) NCHART

955 F0RJ~AT ( 12)
X = 3.5 — (NCIIART * 0.15)/2.0
CALL NOTE(X.fl.3,TITLE,NCI1ART)

C
100 CONTINUE

p
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LENGTH. FTN 20-MAR-78 11:07:53 PACE 5

C
C PLOT N OTF.S IF WANTED
C

READ(7.950) (NOTES (I),I 1 ,12)
IF( NOTES( I) .EQ . • ‘1 GO TO 90
REAlM ?.955 NC~1AJlr!
BEAD( 7’ 9~’~ XNOTE , ~‘NOTE

960 FO ft~. -\T ( 21’S . 2)
CALL MODE ( 4 , O. 10.0.075 . 9999.)
CALL NOTE( XHOTE , Y11OTE, NO I’ES, 1ICRARN )
GO TO 100 -

C
90 CONTINUE
C
C CLOSE TUE PLOTS
C

CALL DILW (0.,0.,1.9000)
CALL. DRA~ ’( O , O , 0 , 99’)9)

C
STOP
END

C
C LIST OF TUE FU NCT I ONS
C

COMPLEX F UN CT ION AP.COTH( X)
COMPLEX ~A-1COTH . X
ARCOTIL = CLOG ((X+l.O)/(X-1.0))/2
RETURN
END

C
COMPLEX FU NCTION COTH( X~
COMP L EX COTU , X. CEXP
COTH = (CEXP ( X) + CEXP( -X) I /( CEXP( XI — CEXP( -Xl )
RETURN
END

C
COMP LEX FJ JNCT I ON COSI1( Y)
COMPLEX COS}1, V. CEXP
COSH = (CEXP (Y) + CEXP (—Y))~~2RETURN
END -

$BEND

‘- .~ — —
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~‘Rj1~ ~-ui ~ ~Uith1 
~~~

* GBU25.FTN 20-MAR-78 11:08:43 PAGE

**** * ** * ~ * ~ *f  ****r~~ * ** **
~BAT(’R 

-

C ** **** * * * * ~ ** **** ** r ****** . -~~~ **
C * PIIOCRA N TO ( ‘ALCULA I’E TR ’~NS11ISS1ON c E F F t C I~~.rN
C * COPYiIIGHT JOh N G. Bi~IU( I JULY l9~~7 *
C * RUN ON I Ii-;~~?ATA 7/32 FO1ITR\N V -

~

C ** -**~~~** ~~~~~*~~~~~~ - ~~~~~~~~~~~~~~~~~~
C
C TIIN PRU~;R-~N ACCF.P1~ SI’ !-CIFIC DATA CONCERN I NG iir~; PRO P F.RTIES
C OF TUE ‘Vu I UN AND I -‘~ I’E~~’ACES • \I ( t1~A1’i- ,’~~’,iI- 1 ~W - DAl4C ~ 5 M I ! )
C Pit ssun.:s AT THE I~rrEftL- ’ci-:s. DF~h i 1 ~I IN ~:S TN -; IUT I~) 01’ HE
C P1U . -. -~I YIU -~~ A r  TILE ~3 F1U~~ ~~ ~~~~~~~~~ T) I~ . t ~;~~ 1TY . AN !)
C C AI.C U I.A ’ l  1.5 -fill ; I ~~~~~ rr~ ‘I’R’~ .‘IL ~’~~ ION ~;U~.f’~ IC I E j I F  insi-: TO
C Till -: I ~U - -\r~C~ ~I 1~’~~~FCi I. TII1~ ‘1 lL - \\ ~’.~t I~~S I -~~L L~ :~~ L4~. i -  TO .~ 1 ’1
C TUE Th.-~(RPTI ‘) ~ .~r4~~’fl1E REFLE’’F[ON IJ(E ~~L~ LII,ATE1J T0G~T~LE}(.
C ‘liil- FREQU .~~CY V~~. THE I.t 2~Sfl I S5 I 0:4 COE1”I” I C I ~NT I . - P 1(1 :-~FED
C !tNI ) PLOTTED IN GEM ’!) FO~~N.
C
C VAP IABLIS USFI):
C NINT}Ji = NUTIJ3 ER OF INTERFACES
C INTER = N INTER + I ( A! IN~~~X V .LUT )
C LI NT Er. = NINTER - 1 ( A~ iND EX V’UJJE)
C CIIR I ~iP( 1) ARRA Y OF ‘;EtAa-~’;TEn1~~TIC Ir WEDArk ES
C SPEr D( I )  = ARRA Y OF S~~.ED IPF’  S4J J i ) I N ffl-~~ I A
C LI:Nl;TH ( I )  = ARRA Y OF ~ENCr.I OF i ii: r1;-:oT~
C DBLOSS( 1) = DEC ’ BEL/C I L0:- s IN ~~- I I ! - 1
C LOS FAC ( I )  = J~0S~ FAC’I~)a FOIl. LAG ‘i~.DI ~
C F( I) = FRE~ UENCY OF’ I E  U1 TRASO~JiiD
C ACT II’IF ( 1) = ACT CAL ri’ :~’ED1uCE Oc ‘I’I [E INTERFACE
C I NPED ( I )  = COM!’LEX L’L -uiv~ ;c O~ TT11~. :[EI)[Tj~S
C PBESUE( I) = !‘RE.~~URE AT TJ~~ INI’EIWACI-
C PH 1 ( 1 )  = TL?-li’OR.\:IY ‘IA;: I ABLI-:
C X1’EMP.ZTE~~’ .TENI’ ‘J E~PORA1&Y VAR IABLES
C WAVNUN = WAVE N U .’;FER
C GMIIIA( I )  = ‘IENI’~~I4ARY V-~R I \l~LE
C PRO D = PRO J UC1’ o; T}E~ 1’~U;-~.-;UftE UTIOS
C TRNSPR = TENPO R\R Y VALU1~, ~ Y TR~ C0 - 7-’ .
C I NItN1~( I) r N ’I L S IT’! T .A — N IS~-~ I ON L .)EFFIC lENT
C N&ciE( 1)  = NM’LE ‘: ‘! -  TILE DA T .\ F IL~ [ 4 )  I REA )
C TITLE ( 1) = TITLE OF TIlE G %AYH TO B’~ rL 1rvrEn .
C NOTES( I) = ‘10I’E/ TO :;F. rw~i-; ON ‘IHE Ci~APH~ ~TRhNG)C NCIIART = NU~IBER OF C -UACT- .~i~ I’4 T I I L E
C N~..HARN = NU?IBEII. OF C!I \it .-\i; r- :NS i -r :-~o ; :-:
C XNOTE , YNOTE = Ci’ ’RDIN-\TES O~-T ::F. NOTEC X = X-COO H.DIN AT E FOR CENTERING TITL E
C
C LOGICAL DEVIC E S USED:
C 5 - CONSOLE
C 6 — LINE PRINTER
C VERSATE C L~3ED TO ~‘LOT DATA - REQUIRES F5RTLVII
C ~

‘ DATA F I L E  -

C
C FUNCTION S USED:
C AREOTII( X) = ARC BYPFIIJ3OLIC COT V\C!~NT O~ A CO MP LEX N UMBER
C C0 FR ’ X) = HYPErtI 3’Y. ’C G~~TANG’N T OF A COI PLEX NUMHE R
C CO SII (X) = ffYPERBO~.IC COS INE
C
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DIMENSI ON SPEED (21’).DhILO~S(25 ),C1ElIMP(25) ,L0SEAC (25) ,
*NMU’. 3 )  ,~~OTES ( 12)

CO MP LI-:X C ‘.NJ’IA( I 0) , ACT I flP gf ~~ - TF;Nf. P H 1 ( 1 0 )  . PRESUR ( 10)
* • PROD. COT!). CU NIL . ARCOTII . ‘I1(f E-~i ’I( , Z FXMI3 . ;‘IP!~D ( 10)
REAL 1 NT;::~S 12 5) • L9’~S, LF,.GTIIt hO ) • L ’ (  125 )
INTEGER ‘rJ’rLE ( 12)
DATA P 1/3 . 141592654/

C
C READ IN THE N AME 01’ TiLE DATA FILE AND Oi’EN TIlE F I L E .
C

WRI TE ( 5 , 990)
900 l4i1U .’F( ‘r:f ~i:R THE N \TA FILE NAflE (3A4)

REAJ)( 5 , 9~ 3) (N ANE ( I ’  • 1=1 ,3)
905 FORIAT (”’.4)
C

CALL OPENW ( 7 , NANE , 1, 0 .O , STATUS )
C
C READ IN THE ~ARIM3LE S TO BE USED
C

REA f 4 t 7 . 9 I 1 1 ) N I N T E R
910 FOJP \T( I2~I NTE R - N I NTE R + I

READ (7 .9 1 -9)  ( CUIIIIH ’( 1) , 1 = 1 , INTER )
915 FOIl ~~ 1 : ; .3. 2)

READ’:7,91:i, SPEED I) ,1= 1. INTER)
IIEA0( 7 , 9~~:) j  ( L~~I(;r,:4 1) , 1=2,  N INTER )

920 FO11~ AT’ I9 ~~5 . 3 )
READ( 7.929) ( I)ilLfl~ S’ I) , 1= 1 , I NTER)
READ(7.925 ( Lo~~F- .C~: 1.4 • 1 = 1 ,  IN F ER. ’

925 FOIINAT( 1012)
C
C START OUTE R LOOP TO CA!J~3LATE TILANSI’IISS IO N COEFF I CIENT FOR
C A SPECIFIC FREQUENCY.
C

DO 10 1 1 ,121
F (I) = 0.475E6 + I 0.025E6

C
C CALCULATE THE COMP LEX I MP ED AN CES OF THE MED I UMS.
C

00 15 J I , IIITHR
WAVNUN = 2. 4) * P1 * F( I ) / S P Z E D ( J )
IF(LOSFAC(J).EQ.2) CO TO 40
DR = D3LO~S (J) * F( I)/I.OE+06’
GO TO 50

40 DO = DRLOSS(J)  * ( F (  I ) / I . O E + 0 6) * *2
50 CONTIN I’E

ALPHA = DB/8.68
GAJ~IA (J) = CtIPLX( -ALPH~ , WAVNUN)
X1i-;:JF = 2 * P h  * F( 1 4  -:: CIIRIMP(.D /SPEED (J)
L N P E D ( J )  = C?1PLX(O .0 , XTEM1 ’)/GA?LIA(J)

15 CONTIN L E
C
C I N I T I A L I Z E  TEE FIPS T I MPEDANCE AT I NTERFACE .
C

ACTII’iP( I) = IMPED( I) -

C

-
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C CALCULATE TUE PRESSURE RATIOS AND IMPF ;DMLcFX AT INTERFACES
C

00 29 J=2 , NIN1’E R
ZTEIIP = A C ’r I N P ( J— l / [r -T°ED( .I
I’III (.J ) = AhCO’ill(ZTEIlYl
TEIIP = I’ll I ( J — ( GAr-il I~~ J )  ~4 LENCTU( J)
AC E I NP .1) = COTIN -n-:rlp ) * IMPED( J)
PRESUIU J— 1) = COSq ( P111 (J) /COSH ( TENP

20 CONT INU I- :
C
C CALCULATE TUE PRO DUCT OF TILE PRESSURE RATIOS TO
C GE-I ‘lilt-: RATIo VI ‘I’)iE EXTREMES.
C

t IN T E R = rolrrri;r( — 1
PROD = P1U~SIJR( I)iF (  LIWFER.E Q .  1)  GO TO 130
DO 30 J 2 .L INTER

PROD = NW!) * PRESIJR(J)
30 C O N T I N U E
C
130 CONTINUE
C
C CALCULAT:~ TILE TOTAL LOSS DUE TO ABSORPTION’ AND TRANS .
C

= PRO D :~ (2. 0 * AcT!1~p (NIrrrj;rn)/(AcTIMP (riINThfl) +
* INPED( INTER ) )
INTENS( I) = C.\i~S( TRNSPR) ‘~2 * REAL( IMP ED( INTER) ) /

* REAL( J N P E D ( I f l
10 CONTINUE
C

WR ITE(5 .965 )
965 FOHNAT( ‘ WANT DATA I’RLNTED (Y. N)’)

READ (II ,970) NDATA
970 F01IMA T( A l )

IF (NDATJ~.EQ. ‘N’) GO) TO 2000
C
C PRINT OUT TUE DATA TO CHECK
C

WR ITE(6, 1030) IFIN TER
1030 FORNAT ( IX ,  • NUIE.IER OF INTERFAC!TS , 14)

WRIT I -:( 6 • i~~’1-O) ‘CHIli li’( I) . I = I . ;ITEIU
1040 FORaAT( 1~~, ‘CHARACTERISTIC rrr~’EnAro C~ = • L e E I O . 2 )

WILl IE ’ 6, 050) (SI’I-:ED( I) , I 1 , I NTER)
1050 Fo~L’;\T ( IX .  ‘Si~E1-~fl OF 5011101) = , IoI-: I ’) . 2)

wR I’ r E (o . I o~~.-~ ( LETI’;T!I’ I ) , I=2. 9IN ’l-I-;a)
1060 FORNA ’F( lx .  • IJ-;~H;T 1h OF IN ’fl-:JWAc E , 10F7 .3)

Wit ITF.( 6 • I (‘71) ) ( 1)13I))~’~:(  I ) . I = I , I N’I’ER )
1070 FOR” ~I’( I E, • OEC 1I’EL LOSS ‘ , 1017. ~fl

FlIt! FE( 6, I (430 ) ( LO~N-- A1: ( I )  , 1 = I , I N TER 4
1080 FOR4IAT ( IX , • LOSS FACIOR = ‘ , l O  14)
C

VRITE(6,980)
930 FOiL’IAT( ’ 1 ’ , ‘F II.EQIJENCY’ • I I X ,  ‘ SSIANSIII SSION COEFFIC I ENT ’ ,//)
C

00 70 I r I , 121
WR L TL ( (, ,935 4 F( Il , I NTENS( I )

- —-— -- - —  -- - ‘I. - ( — - -
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THIS PAGE IS BEST QUALITY ~~~~~~~~~~~
FROM CO~~’i F~~~N l ... ’-~~ 

rO DDC __—

CBI125.FTN 20-MAR-78 11:09: 18 PAGE 4

93.5 FORIIAT(IX ,IPEIO.2 , IIX , OPF8.4)
70 CONT I NU E
C
2000 CONTINUE
C
C
C CONVERT TIlE FREQUENC IES TO NEZ FOR PLOTTING.
C

DO 89 1=1 ,121
F ( I )  F ( I ) / l . O E + 0 6

80 CONTI HUE
C
C PLOT THE DAT A ON VERSATEC
C

RE AD~ 7.955” SCALE
955 FORNAT ( F5 .2)

CALL !-1ODE( 1 , 9999. . SCALE.9999 .)
READ( 7,960) ~-:OFFST, YOFFST

960 FOLU:XF( 2F5 .2)
CALL TT)DE ( 2 , 9 .’99. , 9999. .XOFFST)
CALL ?LODE 3, 9909. 9999. . YOFFST)
CALL rN)DEI O ,o. ,.0.5 .9999.)
CALL !WDE 9,O .’),C. 25.9499.)
CALL DRAW( F, I N  . -~‘-- ~~ I )
CALL AXES( 13.1 , ~Fi~~QjEr4(~~~~llI7’ .24 .3,’TRAANSM!SSION COEFFICIENT ’)
CALL MODE(4,0. 15 ,0.1, 9990 .)

C
C PLOT THE TITL E IF WANTED
C

BEAJ)(7.940) (TITLE( l ) ,I 1 , 12)
940 FORU -~T( I2A4)IF(  TITLE ( I )  . EO . ‘ ‘)  GO TO 100

READ( 7,945) L-)’ IIART
945 FOR~AT ( 12

X 3.5 - (N CPAII T  * O.1 5L ’2 .0
CALL NOTE (X ,~3.5 .TITLE .NCHART)

C
100 C-0NTII;IJT.
C
C PLOp ’ NOTES IF WANTED
C

BEAD (7.9’~0) (NOTES(I) , 1 l , I2)
IF  ( NOTES ( 1 )  . E0. ‘ ) CO TO 90
READ(7,’~45 rc.::IARII!
READ (7,95~)) XNOTE . YNOTE

950 FOIUEA E( 2 F 5 . 2 )
CALL NODFE4 ,o.1O ,O .075 .9’)9’).)
CAL!. NOi’E( XNOTE , YLIOTF;, N(fl’ES, NCILAR’O)
GO TO LOU

C
90 CON TINUE
C
C CLOSE THE PLOTS
C

CALL D R A W ( 0 .  . 9 . ,  1 , 9000)
CALL DIL\l0 0,0,0,9900)
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T~1IS p~ G~ 
ST QU 

TO DDO ~~~~~~~~~~

~~OM CO~’L

G13fl25 .FTN 20-NAn-Ta 11:09:28 PAGE 5

p C
STOP
END

C
C LIST OF TUE FUNCT IONS
C

COMPLEX F UNCTION ARCOTH( X)
COMPLEX ARCOT}1.X
ARCOTII = CLOG((X +1 .O)/ (X -1 .0 ) )~~2RETURN
END

C
COAIPLEX FUNCT ION COTh( X)
COMPLEX COTII , X .CEXP
COTH = (CE~Q’( X) + CEXN -XD/(CE~G’ X) - CEXP(-X) )
RETURN
END

C
COMPLEX FUNCT ION COSH (Y)
COMPLEX COSR, Y.C E~~COSH = (CEXP (Y )  + CEXP( — Y ) ) / 2
RETURN
END

$BEI’ID

-~ _ _ _ _ _ _ _ _ _  

- ---- 

~~~~~~~~~

- - — --
~ ~~~~~~~~~~~~~ 

-
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APPENDIX II
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Table Al

SUMMARY DATA FOR RADIATION ALONE SERIES NO. I

100 RADS AT 37C INC UBATE I MMEDIATELY

METAFUAFES SCORED 400 2IITOTIC INDEX 10.0

NUMBER OF ABERRATION ABERRAT I ON
ABERRATIONS FREQUENCY STAND AflD ERROR

FRAGMENTS 80 0.200 0.022

MINUTES 10 0.025 0.008

DICENTRICS 29 0.072 0.013

CENTRIC RINGS 2 0.005 0.004

DELETIONS 50 0.125 0.018

EXCHANGES 31 0.077 0.014

ABERRANT CELLS 84 0.210 0.023

300 RADS AT 37C INCU13A~~~ I MMEDIATELY

METAPRASES SCORED 618 MITOTIC I NDEX 6.8

I~TJNBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY 9TANDARD ERROR

FRAGMENTS 618 1.000 0.040

MINUTES 93 0. 150 0 .O L b

DI CE NTRICS 267 0.432 0.026

CENTRIC RINGS 21 0.034 0.007

DELETIONS 238 0.385 0.025

EXChANGES 288 0.466 0.027

ABERRANT CELLS 421 0.681 0.033

V_____ V~ 
V _ _ _ _ _ _ _
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Table Al (Contd .)

SUMMARY DATA FOR RADIAT ION ALONE SERIES NO. 1
(C ONTINUED)

500 IIADS AT 37C INCUBATE I MMED I ATELY

NETAPHASES SCORED 155 MITOTIC INDEX 2.0

NUMBER OF ABERRAT ION ABERRATION
ABERRATIONS FREQUEdCY STANDARD ERROR

FRAGMENTS 287 1.852 0. 109

MINUTES 71 0.458 0.054

DICENTRICS 134 0.863 0.075

CENTRIC RINGS 12 0.077 0.022

DELETIONS 86 0.555 0.060

EXCHANGES 146 0.942 0.078

ABERRANT CELLS 142 0.9 16 0.077

— 

V ~~~~~~~~ - .- -
.
--—.——----—--— —

‘--- i—1_- ------—-—----- ‘V . 
-~
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Table A2

SWIMARY DATA FOR RAD IAT ION ALONE SERIES NO. 2

300 RAIlS INCUBATE 1I~IMED l ATELY

METAPHASES SCORED 106 MITOTIC INDEX 9.6

NUMBER OF ABERRATION ABERRATION
ABERRATIONS •FREqUENCY STANDARD ERROR

FRAGMENTS 86 0.811 0.067

MINUTES IS 0.142 0.037

DICENTRICS 48 0.453 0.065

CENTRIC RINGS 7 - 0.066 0.025

DELETIONS 24 0.226 0.046

EXCHANGES 55 0.5 19 9.070

ABERRANT CELLS 67 0.632 0.077

300 RADS INCUBATE AFTER 30 MINUTES DELAY AT 37C

NETAPHASES SCORED 104) MITOTIC INDEX 8.0

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STPJIDAIU) ERROR

FRAGMENTS 78 0.780 0.088

N NUTES 19 0.190 0.044

DICENTRICS 45 . 0.450 0.067

CENTRIC RINGS 4 0.040 0.020

DELETIONS 20 0.200 0.045

EXCEANCES 49 0.490 0.070

ABERRANT CELLS 59 0.590 0.077

- -,-—---—-------—— --- - 
. 

- 
—

~~~~ 

- “
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Table A2 (Contd.)

SUMMARY DATA FOR RADIAT ION ALONE SERIES NO. 2
(CONTINUED)

300 R~DS INCUB ATE AFTER 2 HOURS DELAY AT 37C

METAPHASES SCORED 120 MITOTIC INDEX 10.2

NUMBER OF ABERRAT I ON ABERRATION
ABERRATIONS FREQ~JENC Y STANDARD ERROR

FRAGMENTS 101 0.842 0.084

MINUTES 17 0.142 0.034

DICENThICS 58 0.483 0.063

CENTRIC RINGS 1 0.008 0.008

DELETIONS 38 0.317 0.051

EXCHANGES 59 0.492 0.064

ABERRANT CELLS 80 0.667 0.075

300 BAIlS INCUBATE AFTER 6 HOURS DELAY AT 37C

IIETAPHASES SCORED 98 MITOTIC I NDEX 8.5

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUERCY STANI)ARD ERROR

FRACMENTS 80 0.816 0.09 1

MINUTES 19 0.194 0.044

DICENTRICS 48 0.490 0.071

CENTRIC RINGS 1 0.010 0.010

DELETIONS 26 0.265 0.032

EXCHANGES 49 0.500 0.07 *

ABERRANT CELLS 63 - 0.643 0.081

_________________ ____________ ~~~~~~~~~~~~~~~~ ‘-‘; 
— —
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Table A3

SUMMARY DATA FOR ULTRASOUND AND I O N I Z I N G  RAD I ATION FOR 300 RADS

300 RADS I NCUBATE I TIMED I ATELY CONSOL I DATED V% L UE ( SEQUENCE 1)

METAPRASES SCORED 618 !IITO TIC I T 1 DEX 6.8

N UMBER OF ABF .RRATLON ABERRATION
AJ3ERRAT IONS FREQUENCY STArIDMt D ERR OR

FRAGMEN TS 618 1.000 0.040

MINUTES 93 L 150 0.0*6

DIC ENTR I CS 267 0.432 cl.026

CENTRIC RINGS 21 0.034 0.007

SELETIONS 238 0.385 0.025

EXCI!ANCES 283 0.466 0.027

ABERRANT CELLS 421 0.681 0.033

300 RADS IMMEDIATELY AFTER 30 MIN UT ES ULTRASOUND ( SEQUENCE 2)

NETAPHASES SCORED 191 MITOTIC 1N)EX 2.5

NUMBER OF ABERRATION ABERRAT I ON
ABERRATIONS FREQUENCY STAN D %FJ) ERROR

FRAGMENTS 188 0.984 0.072

N NUTES 20 0. 105 0.023

DICEPI TRICS 77 . 0.403 0.046

CENTRIC RINGS 8 0.042 0.015

DELETIONS 69 0.36 1 0.043

EXCHANGES 85 0.445 0.048

ABERRANT CELLS 133 0.707 0.06 1

- - - . - 

- :~~~~- ~~~~~~~~~~~~~~~~~~~~~~~ 
— -  - —  -
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Table A3 (Contd.)

SWIIIARY DJ\ TA FOR ULTRASOUND AND I O N I Z I N G  RAD IATION FOR 300 RAIlS
(C O ~ T ITiUED )

300 RAIlS SIMULTANEOUS W ITH ULTRASOUND (SEQUENCE 3)

NETAPHASES SCORED 200 PIITO T I C IN DEX 9 .0

NUMBER OF AB~ J U1AT1()N ABERRATION
ABERRATIONS FREQUENCY STAN I) ~JU) I~~i~OR

FRAGMENTS 266 1.330 0.032

MINUTES 29 0. 145 0.027

DI CE NTh I CS 115 0.575 0.054

CENTRIC RINGS 6 0.030 0 .0 1 2

DEL ETIONS 98 0.490 0.049

EXCHANGES 121 0.605 0.055

ABEIUIANT CELLS 161 0.805 0.063

300 RADS SI NULTANEOIJS WITH 30 MINUTES U1.~THASOUND ( SEQUENCE 4)

METAPRASES SCORED 506 M I T O T I C I N DEX 6 .7

NUMBER OF AB~.tiRATIoN AB~~~R~ T I0N
ABERRATION S FREOUENCY STML’Ai’.D EHItOR

FRAGMENTS 647 I .279 0.050

MINUTES 105 0.208 0.020

DICENTIIICS 323 0.638 0.036

CENTRIC RINGS 24 0.047 0.010

DELETIONS 16! 0.318 0.025

EXCHANGES 347 0.606 0.037

ABEPJtAPIT CELLS - 
380 0.75 1 0.039

- - - ---- -- ~~~~~ 
-
~~~
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Table A3 (Contd .)

SUMMA RY DATA FOR ULTRASOUND AND I O N I Z I N G  RAD I ATION FOR 300 BANS
(CO~ T1 NUi-;i~

300 BADS S UIULTANEOUS WIT h 45 MINUTES ULTRASOUND (SEQUENCE 5~

METAF TIASES SCORED 157 INITOTIC INDEX 1.0

NUMBE R OF ~B~:RRAT ION ABfl-JIA T ION
ABERII.Ai’IONS FI~’ - U ~~~CY STA~J D’JtL) EiU~OR

FRAGMENTS 195 1.242 0.089

MINUTE S 20 0 .127 0.028

DICE FI T RIC S 93 0.592 0.06 1

CENTRIC RINGS 6 
- 

0 . 033 0 . 0 *6

DELETIONS 63 0.40 1 0.05 1

EXCH-~NGES 99 0.63 1 0.063

ABERRA NT CF.LLS 98 0.624 0.063

300 HANS SIMU LT ANEOUS WITH 60 MINUTES ULTRASOUND (~~EQUENC~ 6)

METAPHASES SCORE D 125 NIT O TIC flh I)EX 1 . 0

NUMB ER OF ABRMRJI TIGN ABERE-’~T I O N
ABERRATIONS F~1EQU~~~CY STANDf~ ~U I E kflOR

F’V4CNENTS 176 1.403 0. 106

MINUTES 18 0.144 0.034

DICENTRICS 00 0.649 0.072

CENTRIC RINCS 7 0.056 0.02!

DELETIONS 56 ~L 443 0.060

EXCPANGFS 87 (~.696 0.075

ABERRANT CELLS 103 0.824 0.081

I



186

Tab le A3 (Contd .)

SU?tMAR Y DA I’A FO R ULT RASOUND AND I O N I Z I N G  RAD I ATION FOR 300 RADS
( CO~~t I NW ~D)

300 RAilS I Nr’IED 1 ATELY BEFORE 30 MINUTES U LTRASOUND SEQk~ENCF: 7)

META1’IL~SES SCORE D 166 MITOTIC INDEX 4.0

NUT IBETI OF ABZHRAT !O’4 ARF ~~~AT *ON
ABE1U’~AII(.NS FR~~ Lu;~~~Y STAN ! .~~~~1 L1A ’iOR

FI1AC!IEN1S 181 1.090 0.03 1

M INUTES 24 0 .145  0.030

D I CEN TRI CS 73 0.440

CEN TRIC RIN GS 4 0.024

DELETIONS 82 0.494 0. ~ 55

EXCHANCES 77 0.464 0.053

ABERRANT CELLS 1*9  0 .7  17 0.066
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Table A4

SUMMARY I) ‘~TA FOR ULTRASO’JN I) AN~ ION I Z I N C  NA!) ! AT I ON FOR 100 PADS

*00 RAPS INC U I 1AT E I MMEDIATELY CONSOLIDATEI) VALUE (SEQUENCE I)

METtJ’HA~~ S SCORED 400 IIITOTLC 1N3EX 10.0

NUMB ER OF ABE RRATIO N ABER11ATI(~N
ABEItHXrI0NS FIU ~~UENC Y STANT\JU) L UtOR

FRAGME N TS 80 0.200

MINUTES 10 0.025 0.008

D I C E ~UFRICS 29 0.072 0 . 0 13

CENTRIC RINGS 2 0.005 0.004

DELETIONS 50 0 . 1 2 5

EXCHANGES 31 0.077 0.014

ABERRANT CELLS 84 0.2 10  0.023

100 RADS IMNEDIATELY AFTER 30 NINUTES ULT ASOU?~D ( SEQIJENCi~ 2~

PIETAPHASES SCORED 200 MITOTIC INDEX 5.0

NUMBER OF ABE NRAT 1~~N ABEPJIAT!4)PI
ABERRATIONS’ FIE-:QUF:.’;CY STAN.\1~ I;~utoR

FRAGMENTS 39 0 . 193 0.03 1

?II 1UTES 2 0 .010  0.007

D I CF N T RI CS 9 - 0.045 0 .015

CENTRIC RI NCS 0 0.000 0.000

DELETIONS 3! 0.155 0.028

EXC h ANGES 9 0.045 0 . 0 1 5

ABERRANT CELLS 39 0 . 19 5  0 .03 !
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Tabl e A4 (Contd.)

S!JN’MRY DATA FOR TILTHASOUI4IJ AND I O~~I Z J N G  R A D I A T I O N  FOR 100 BANS
I NULl ) )

100 ~( ~I~S SI  MTJLTANEOUS WIT I F ULTRASOIJND (SEQIJE T-1CE 4)

METAJ’I1A~~ES SCOREI) 200 MI T OTIC IN DE X 7.5

NUMBER OF AW-~ t R \ T  I ON ABEItNA T~ ‘~‘~
ABERRATIONS u.’~~~~~ Y ST\rd ,

~~.i, E~-JtOR

FRAGMENTS 61  0 .303  0.039

M I N U T E S 5 0.023 0. 01 1

B 1C RICS 26 0. 130 0.025

CEN FLI IC R I  NCS 3 9 .015  0.009

DELETIONS 32 0. 160 0.028

EXCIIAJI GE S 29 0.  145 0.027

ABERRANT CELLS 60 0.300 0 .039

100 RADS I ?INED I ATELY B2FOI!E 34) MINUTES IP.TR’.SO’JND S1;O:i ’:’~t~1: 7)

METAPRASES SCORED 200 PIITOTIC 1?4~~EX 4 .3

NUMBER O F ARU ~E E ’~ r I ’ I N  ABL ’JlJtTI’~~
AJ3ERRA 1 h)NS Fi :U~ r)CY STAS \ D E~~tOR

FRAGMENTS 53 0 .265  0.036

MINUTES 2 0 .0 10  0.007

D1CENTR ICS 22 0 . 1 1 0  0.023

CF.NTRIC RIN G S 0 0.000 0.000

DELET I ONS 34 0. 170 0 - 029

EXC ftANCES 22 0 . 1 1 0  0.023

ABERRANT CELLS 51 0.255 0.036

(
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Table A5

SUMMARY DATA FOR ULTRASOUND AND ION IZIN G RAD I ATIO N FOR VARIOUS INTENSITIES

300 RAilS WITH 30 MINUTES AT 24C

NETAPLIASES SCORED 350 NIT O TI C INDEX 8.8

NUMBER OF ABERRAT I ON ABERRAT I ON
ABERRATIONS FRE QUENC Y STANDARD ERROR

FRAGMENTS 266 0.760 0.047

MINUTES 36 0.108 0.017

DIC EN TRICS 124 0.254 0.032

CENTRIC RIN GS 13 0.037 0.010

DELETIONS 102 0.29 1 0.029

EXCHANGES 137 0.39 1 0.033

ABERRANT CELLS 206 0.539 0.04 1

300 PADS SIMULTANEOUS WITH 30 MINUTES 10?1W/CT1**2 ULTRASOUND

?IETAPHASES SCORED 200 M ITO TIC UIDEX 9.0

NUMBER OF ABERR ATION ABERRATIO N
ABERRATIONS FREQUENCY STANDARD ERROR

FRAGMENTS 167 0.835 0.065

MINUTES 26 0.130 0.025

DICENTRICS 79 0.395 0.044

CENTRIC RINGS 4 0.020 0.010

DELETIONS 70 0.350 0.042

EXCUANCES 83 0.4 15 0.046

ABERRANT CELLS 132 0.660 0.057

- -  
. 

—~~ - : ~~~~~~~~~~~~~~~~~~~~~~~ _ 1-~~~~~~~~~~~~
_ 

-
~~ - - - 

- 

-

. 

-
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Table A5 (Contd.)

SU1INARY DATA FOR ULTRASOUND AM) IONIZING RADIATION FOR VARIOUS INTEN SIT IE S
( CO NTINUED )

300 DADS SIMULTANEOUS WITH 30 MINUTES 1.5W/CM~*2 ULTRASOUND

NETAPUASES SCORED 200 NIT O TIC INDEX 6.0

NUMBER OF ABERRATION ABERRATION
ABEJIRAT IONS FREtIUENCY STANDARD ERROR

FRAGMENTS 167 0.835 0.065

MINUTES 24 0.120 0.024

DICE1ITR1CS 89 0.400 0.045

CENTRIC RINGS 4 0.020 0.010

DELETIONS 69 0.343 0.042

EXCIIAII~ES 84 0.420 0.046

ABERRANT CELLS 122 0.610 0.055

300 DADS SIMULTANEOUS WITH 30 MIN T.JTES 3. OW/CI!**2 ULTRASOUND

METAPRASES SCORED 200 NITOTIC INDEX 5.0

NUMBER OF ABERRATION ABERRATION
ABEBRAT I O~IS FREQUENCY STAN bARD ERROR

FRAGMENTS 195 0.975 0.070

MINUTES 42 0.210 9.032

DICENT RI CS 100 0.500 0.050

CENTRIC RINGS 9 0.945 0.0 15

DELET I ONS 59 0.295 0.033

EXCILANCES 109 0.545 0.032

ABERRANT CELLS 141 0.705 0.059

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— - - I 

-
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- Table A6

SUNPIARY DATA FOR HEAT MID ION IZING RADIATION FOR 300 RADS

300 RAilS INCUBATE IMMEDIATELY CONSOL IDATED VALUE ( SEQUENCE 1)

PIETAPHASES SCORED 618 M IT O T I C INDEX 6 .8

NUMBER OF ABERRATION ABERRATION
ABER RATIONS FREQUENCY STANDARD EItR OR

FRACMENTS 618 1.000 0.040

MINUTES 93 0.150 0.016

DICENTRICS 267 0.432 0.026

CENTR IC R1NGS 21 0.034 0.007

DELETIONS 238 9.385 0.025

EXCh ANGES 2E38 0.466 0.027

ABERRANT CELLS 421 0.681 0.033

300 RAilS IMMEDIATELY AFTER 30 MINUTES AT 43C (SEQUENCE 2)

NETAPEASES SCORED 200 IIITOTIC INDEX 19.0

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STANDARD ERROR

FRA~T1ENTS 199 0.993 0.071

MII ~. TES 33 0. 165 0.029

DICE II TRICS 86 0.430

CEN TR IC RINGS 3 0.015 0.009

DELETIONS 90 0.450 0.047

EXCEANCES 89 0.445 0.047

ABERRANT CELLS 142 0.710 0.060

~~~~~~~~~~~~~~~ -~~~~~~~ -
--—-———-—- ----- - — -,
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Table A6 (Contd.)

SUMMARY DATA FOR HEAT AND IONIZING RAD IATION FOR 300 DADS
( CONTINUED )

300 DADS AT 43C INCUBATE IMMEDIATELY (SE~1UENCE 3)

NETAPIIASES SCORED 149 MITOTIC INDEX 3.0

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STANDAIW ERROR

FRAGMENTS 184 1.235 0.09 1

NINUItS 24 0 . 1 6 1  0.033

DICENT RI CS 87 0.584 0.063

CENTRIC RINGS 7 0.047 0.018

DELETIONS 53 0.356 0.049

EXCHANGES 94 0.63 1 0.065

ABERRANT CEL LS 110 0.738 0.070

300 DADS SIMULTANEOUS WITH 30 MINUTES AT 43C (SEQUENCE 4)

NETAPEASES SCORED 447 NITOTIC INDEX 4.0

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STAIIDAIW ERROR

FRAGMENTS 592 1.324 0. 054

MINUTES 90 0.201 0.021

DICENTRICS 249 0.557 0.035

CENTRIC RINGS 25 0.056 0.011

DELETIONS 211 0.472 0.032

EXCUANGES 274 0.613 0.037

ABERRANT CELLS 326 0 • 729 0.040

— — - - —.--——-—.——-..-—————-.—- --— — -——.-,
‘ g ,~~

.__ —.— ... !
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Table A6 (Contd.)

SUMMARY DATA FOR HEAT AND IONIZING RADIATION FOR 300 RAY)S
(CONTINUED)

300 DADS SIMULTANEOUS WITH 45 MINUTES AT . 43C (SEQUENCE 3)

METAPHASES SCORED 49 M ITOT I C INDEX 0. 1

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STA2WUW ERROR

FRAGMENTS 71 1.449 0.172

MINUTES 3 0.102 0.046

DI CEN TR ICS 33 0.673 0 . 1 1 7

CENTRIC RINGS 2 0.04 1 0. 029

DELETIONS 22 0.449 0.096

EXCHANGES 35 0.714 9. 121

ABERRANT CELLS 41 0.837 0. 131

300 DADS SIMULTANEOUS WITH 60 MINUTES AT 43C (SEQUENCE 6)

NETAPHASES SCORED 0 IIITOTIC I Ni)EX 0.0

TIWIBER OF ABERRATION ABERRATION
ABERRATION S FREQUENCY STMID~JW ERROR

FRACYZENTS 0 0.009 0.000

MINUTES 0 0.000 0.000

DICENTRICS 0 0.000 0.000

CENTRIC RII~GS •.ooo 0.000

DELE’ ION S 0 0.000 0.000

EXC 1LANGES 0 0.000 0.000

ABFJUI ANT CELLS 0 0.000 0.000

________ - 
p 

- 
- - — 

-- -- -
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Table A6 (Contd.)

SUMTWIY DATA FOR HEAT AND IONIZING RAD IATION FOR 300 DADS
(CONTiNUE D)

300 RAftS I MMEDIATELY BEFORE 30 MINUTES AT 43C ( SEQUENCE 7)

NETAJ’HASES SCORED 200 MITOTIC INDEX 8.3

IWNBER OF ABERRATION ABERR AT I ON
ABERRATIONS FR1WJE~iCY STANDARD ERROR

FRAGMENTS 198 0.990 0.070

MINUTES 26 0.130 0.023

DICEIITHICS 89 0.443 9.047

CENTRIC RINGS 5 0.023 0.011

DEL ETIONS 70 0.350 0.042

EXCHANGES 94 0.470 0.048

ABERRANT CELLS 137 - 0.683 0.059

_ _ _ _ _ _ _ _  _ _ _  - 

_
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Table A7

SUMMARY DATA FOR HEAT AND IONIZING RADIATION FOR 100 DADS

100 RAilS INCUBATE IMMEDIATELY CONSOL I DATED VALUE ( SEQUENCE I )

NETAPRASES SCORED 400 II I TOTI C INDEX 1’3.0

NUMBER OF ABERRATION ABERRA TION
ABERRAT IONS FRE QUENCY STAND ~I1D ERROR

FRAGMENTS 80 D. 200 0.022

MI NUTE S 10 9.025 0.000

DICE NTRICS 29 o.o7~z 0J )13

CENTRIC RINGS 2 0.005 0.004

DELETIONS 50 0. 125 0 .0 10

EXCHA NGES 31 0.077 •) .014

ABERRANT CELLS 04 0.210 0.023

100 DADS I MM EDIA TE LY AFTER 30 !II NUTES AT 43C (SEQUENCE 2)

NETAP HASES SCORED 290 MITOTIC INDEX 1 1 . 0

NUMBER OF ABER RATION ABER RA TION
ABERRAT I ONS FRE QUENCY STAND 4J1D ERROR

FRAGMENTS 44 0.220 0.033

MINUTES 4 0.020 0.010

DICE NTRICS 14 0.070 0.019

CENTRIC RINGS 2 0.010 0.007

DELET iONS 30 0.15’)  0.027

EXCHANGES 1 Ii 0.080 0.020

ABERRANT CELLS 44 0.220 0.033

__________ ______ — 
. ~ iy, _ __._

~
___ ______ __
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Table A7 (Contd.)

SUMMARY DATA FOR HEAT AND IONIZING RAD IATION FOR 100 RAT)S
( CONTIN UED)

100 DADS SIMULTANEOUS WITH 30 MINUTES AT 43C (SEQUENCE 4)

NETAPHASES SCORED 200 MI TOTIC INI )EX 5 .5

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STANDUID E1U’~OR

FRAGMENTS 43 0.215 0.033

MINUTES 2 0.010 0.007

DICE JI TRICS 15 0.073 9.019

CENTRIC RINGS 0 0.000 0.000

DELETIONS 31 0.155 0.028

EXCHANGES 15 0.075 0.019

ABEF.RANT CELLS 43 - 0.2 15 0.033

100 DADS IN~2DIATELY BEFORE 30 MINUTES AT 43C ( SEQUENCE 7)

NETAPHASES SCORED 200 PIITOTIC INDEX 6.0

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STMU)ASID ERROR

FRAGMENTS 44 0.220 0.033

MINUTES 
. 

4 0.020 0.010

DI CE NTRICS 19 0.093 0.022

CENTRIC RINGS 1 0.003 9.005

DELETIONS 26 0. 130 0.025

EXCHANGES 20 0. 109 0.022

ABERRANT CELLS 46 0.230 0.034

p

— —.- — _ _‘\ 
~ Th,. 

~~~~~~~~~~~~~~~~ 

— - ‘V —



197

Table A8

SUMMARY DATA FOR BEAT AND IONIZING RAD I ATION FOR VARIOUS TEMPERATURES

300 DADS WITH 30 MINUTES AT 24C

NETAPHASES SCORED 350 MITOTIC INDEX 8.8

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STAND ~Rb EIUIOR

FRAGMENTS 266 0.760 0.047

MINUTES 36 0.103 0.017

DI CE .NTR I CS 124 0.354 0.032

CENTRIC RINGS 13 0.337 0.010

DELETIONS 102 0.29 1 0.029

EXCHANGES 137 0.391 0.033

ABERRANT CELLS 206 0.589 0.04 1

300 DADS WITH 30 MINUTES AT 30C

NETAPHASES SCORED 192 NITOTIC INDEX 8.6

NUMBER OF ABERRATION ABERRAT I ON
ABERBATI ONS F REQUENCY STANDRRD ERROR

FRAGMENTS 168 0.875 0.068

NI lUTES 27 0. 141  0.027

DICENTRICS 87 0.453 0.049

CENTRIC RINGS 8 0.042 0.015

DELETIONS 52 1.271 0.028

EXCILiNCES 95 0.495 0.05 1

ABERIIAWF CELLS 128 0.667 0.039

— - - —-—--— ----—---- —.--
‘--

-
.
-- _ g-~~_ _ - -- ——--
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Table A8 (Contd.)

SUMMARY DATA FOR HEAT AND IONIZING RAJ)IAT ION FOR VARIOUS TEMPERATURES
(CONTINUED)

300 DADS WITH 30 MINUTES AT 37C

NETAPUASES SCORED 618 M IT O TIC INDEX 6 .8

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STANDARD EiU~OR

FRAGMENTS 618 1.000 0.040

MINUTES 93 0.150 0.016

DICENTRICS 267 0.432 0.026

CENTRIC RINGS 21 0.034 0.007

DELETIONS 238 0.385 0.025

EXCHANGES 288 0.466 0.027

ABERRANT CELLS 421 0.681 0.033

300 DADS WITH 30 MINUTES AT 43C

NETAPRASES SCORED 447 PHTOTIC INDEX 4.0

NUMBER OF ABERRATION ABER RA TION
ABERRATIONS FREQUENCY STANDARD ERROR

FRAGMENTS 592 1.324 0.054

MINUTES 90 0.201 0.021

DICENTRICS 249 0.557 0.035

CENTRIC RINGS 25 0.036 0.011

DELETIONS 211 0.472 0.032

EXCHANGES 274 0.613 0.037

ABERRANT CELLS 326 0 • 729 0.040

~ 

- --~~~—~~~~ 
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Table A9

SUMMARY DATA FOR COMPARISON OF ALL 300 DADS AT 37C INCUBATE IMMED IATELY

CONSOLIDATED VALUE

NETAPHASES SCOR ED 618 - MITOTIC INDEX 6.8

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STANDARD ERROR

FRAGMENTS 618 1.000 0.040

MITHJTES 93 0.150 0.016

DICE NTRICS 267 0.432 0.026

CENTRIC RINGS 21 0.034 0.007

DELET I ONS 238 0.385 0.025

EXCHANGES 288 0.466 0.027

ABERRANT CELLS 421 0.681 0.033

CONTROL VALUE NO. 1

NETAFIIASES SCORED 200 NI TOT I C INDEX 6.5

NUMBER OF ABERRATION ABERRATIO N
ABERRA TIOI~1S F RE QUENCY STANDARD ERR OR

FRAGMENTS 201 1.003 0.071

MINUTES 31 0.155 0.028

DICENTRICS 83 0.415 0.046

CENTRIC RINGS 7 0.035 0.013

DELETIONS 80 0.400 0.045

EXC[IM4GES 90 0.450 0.047

ABERRANT CELLS 135 0. 675 0.058

—..- —
—

~
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Table A9 (Contd.)

SUMMARY DATA FOR COMPARISON OF ALL 300 DADS AT 37C INCUBATE IMMEDIATELY
(CONTINUED)

CONTROL VALUE NO. 2

NETAPUASES SCORED 77 !IITOTIC INDEX 4.0

NUMBER OF ABERRATION ABERRATION
ABERRAT IONS FREQUENCY STANDARD ERROR

FRAGMENTS 60 0.779 0. 101

MINUTES 10 0.130 0.041

DICENTRICS 27 0.35 1 0.067

CENTRIC RINGS 1 0.013 0.013

DELETIONS 2? 0.35 1 0.057

EXCHANGES 28 0.364 0.069

ABERRANT CELLS 44 0.571 0.086

CONTROL VALUE NO . 3

NETAPBASES SCORED 141 MITOT I C INDEX 5 .0

NUMBER OF ABERRAT I ON ABERRATION
ABERRATIONS FREQUENCY STANL~AiIJ) EPJ~OR

FR~~ MENTS 146 1.035 0.086

MINUTES 32 0.227 0.040

DICE1~4TRICS 67 0.475 0.058

CEWIILI C RINGS 10 0.07 1 0.022

DELETIONS 55 0.390 0.053

EXCHANGES 77 0.546 0.062

ABERRANT CELLS 106 9.752 0.073

- - ~~~~— — - :  
~~~~~

—
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Table A9 (Contd.)

SUMMARY DATA FOR CO MPAR ISON OF ALL 309 DADS AT 37C INCUBATE IMMEDIATELY
(CO Wl £N ( JED )

CONTROL VALUE NO. 4

METAFRASES SCORED 200 MITO TIC IN9EX 12.0

NUMBER OF ABERRATION ABERRATION
ABERRATIONS FREQUENCY STANDARD E1U~Oi1

FRAGMENTS 211 1.955 0.073

MINUTES 20 0.100 0.022

DI CE NTR I CS 90 0.450 0.047

CENTRIC RINGS 3 0.015 0.009

DELETIONS 76 0.380 0.044

EXCHANGES 93 0.465 0.048

ABERRANT CELLS 136 0.680 0. 058

0
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