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mono:

'Ihe widsprread useof ultrasomd in medicine, both for diagnosis and therapy,
reguresthatuleintmctionofultrasomdwith tissuestnildbethormxghly
mderstood. 'me mechanisms by which ultrasound produoa biologin effects are
usually divided into thermal and non-thermal, with the principal source of
non-thermal effects fluxght to be acoustic (aviation. Acoustic Invitationhas
been shown to produce biological changes i_n vitro [1 ,2,‘3]. Furthermore, the
lethal and sublethal damage mused by ultrasonic irradiation in plant tissues
and insects has been attributed to acoustic cavitation [4,5]. We have
previously demonstrated that imgiation with 0.75MI-Iz ultrasound at spatial
avenge intensitia below 1W.cm“ causes the formation of stable nibbla a
vivo [6,7,8]. It has also been shown that after ultrasonic irradiation
localised regions of severe tissue damage appear [9]. In this paper we present
evidence that the threshold intensity for the production of stable bubbles a i
vivo is not altered by increasing the ambient temperature at which irradiation
is performed, from normal body temperature (37°C) to that commonly experienced
as a result of a typical hyperthermia treatment (43°C). Increasing the~ambient
pram, on the other hand, does increase the threshold intmsity.

Observation of bubbles i_n vivo is far from straightforward, the number of
bubbles formed is extremely variable and, in consequence, the number of
animals required to give adequate statistics is large. We have, therefore,
sought an alternative system in which bubble formation an be studied. There
is considerable evidence to suggat that the formation of bubblm in gelatin
following deoomprasion is quantitatively similar to that observed in small
animals [10,11,12]. We began by invatigating the response to dewmpression of
a number of different gels. We found the most reproducible results were
obtained from agar gels and, accordingly, we have adopted these as our
standard model system. We present evidence here to show that these gels do
exhibit butble formation during ultrasonic irmdiatim at intensities similar
to those effective E vivo and may therefore provide a useful model for
studying the mennmenon of acoustic cavitation under avariety of ultrasonic
acposure amditions.

HER-[IS

a) a vivo acperiments.

For all ecperiments male, mean Hartley derived, guinea pigs(miversity Park
Farm) were used. They were selected from a stock pool as their weight reached
500 +/-10g. Before use they were fasted for 24hr. The guinea pigs were
anaesthetised (Urethane, 1.Sg/kg body weight, ip) for the duration of the
mime“; A cross-section mid—way down the left hind limb was imaged using
an 8MB: pulse-echo imaging system [13]. Before each experiment all hair was
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mimmnmbaniafammerlmanganinthemoomplewasmserted
inmthe limb such thatit was caltml in the muscle and just above the

inagaibythediagnostic ultrasound. Theguinea pig was placed in a
bidet ththelmbextended outanddownwards from the bodyand
mflaanediegnosuctransim ( Smdiameter, focussei PZT—SA,

mlmaljgmifimmbdnnitheUmhhxusticcwplflgwasprwidedbya
sltsolntdm(flacl 121ml, m1 4.7m", H9534 1.2mfl ). Amxstic avitatim was
WhimvithOJSHEmwaveulmflusirgaSOmm
WMWMWMHMM).Mszas
kamnflnlezanipemaflinuartoflwaxisofthediagmstic
m.inqu theultrasound from the therapeutic transducer
was imsed in a stepwise fashion, with 5min given at each successive
intaisity.mtnmmscannin;withtlndia9msticsystembegan5minbefoze

dumtlm of the treahnalt. 'Bie ambient limb temperature was maintained by
tingtheacunsticctmpllng solutianmthedesiredtemperatureof

eittar 37 or 43°F. For the experiments at pressure, the entire experimental

g:
3 E g a E g .5: E. 3 §

imeasai to 150kPa (absolute presstne) before the start of the experiment.
hwmmmmflmnymfimm filmatarateof‘l
mkfiefllmmsflammlyaflai, rardanised andanalysefl'blmd'.
mlysls(&a:lhaiindemile1£vhere[14l )mmprised: mstructionofa
ml image from the image recorded prior to the irradiation with the
0.15m ultrasound, then identifimticn of 'new' echoes ( ie those distinct
frum edit-es from tissue interfaces recorded on the control images) by
mdmmmmmMmL ‘fl'lelocation, time
anddltratimofappearance of 'nev' echoes was then recorded. An individual
Mummamivenmofnewednaatasimlesite [14]. A

fiflaflflflnmflalmiftasitiaofthemfimlzultmmw
were 60, 130, 300 and 680mlcm‘ . For the experigents at 150kPa the
imitiu use! were 180, 300, 680 and 1000mw.cm' . Acoustic pressure
mils were cbtained using a calibrate! PVDF (polyvinylidene difluoride)
“Janina:mm ( see fig 1 ).

mavmmim‘rithlgart‘gls.

me gels were prepared by adding 1.759 Agar Noble (Difco to 100cm3 cold m:
warm: and gradually heated, in a water bath, to 100 C with continuous
sundry. this produce: a clear solution which was buffered to pl-B, using
lihmimmm—z (Sigma 7-9 Biodmical Buffy, Sigma). 'Ihe gd.
mlmflmnsmedinbcyhrflzimlglasmouldsmmindiameteramzomin
heightamitilegelsunedwithinfitozmrs. Phrthechsa‘vatmnofmbblestlr
gels were support-d on a glass stand with the plane face horizontal and the
lmmmmmmmmmumsufiaceofmem
WMVEadflevedbyfllnmfltemmmingtankwithdegassed
water. Barbie. were observed either directly with a binocular dissecting
microscope or with a television camera at a magnification of X10. The gels
were imividnally irmflatai fior 5min at spatial average intmsities of 60,
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180, 300, 680 and 1000mw.cm‘2. Ebcperiments were performed at ambient

tenrparaturesof 37and 43°C Daringirradiationthemunberofbubblaformei
after each minute wasnoted. No significant difference was found between the

number of bubbles observed using the microscope compared to the number

observed using the television camera. Accordingly, for all subsequent

experiments the television amera was used, both for reasons of oonvenie‘lce

and beause acperiments could be recorded for further analysis.

Fig 1. mnsverseaooustic
profiles obtained

using calibrated PVDF
membrane hydropl'mwe at
differmt positions in the
field produced by the 0.7SMHz
transducer (Rank Sonacel
Multiphm Mk II), using a
spatial agenge intensity of
300me‘ .

 

An additional series of experiments was conducted using a clinical 2.25MHz

diagnostic transducer (NE4328) driven by an Echo—encephalogram unit
(Kretztechnik, Series 4100MB) to irradiate the gels. The pulse repetition

frequency was set to 38511: with the peak negative acoustic pressure 2359a and

the peak positive acoustic pressure 3.7MPa at the curved surface of the gel

(40mm betwem transmitch and gel). mils of the longitudinal variation of
acoustic pressure from this transducer and an example of the waveform are

shown in fig. 2. In these experiments the output gower was fixed and the

temperature of the gels was varied from37 to 49 . The total number of
buuales observed over a 20min imdiation period was counted.

RISES

a) Q vivo escperinmts.

megreat majorityofthelmhblobservedinthe lefthindlimboftheguinea
pig were less than 100m in diameter (only bubbles >10pm diameter are

recorded), with some: ((158) between 100 and SOme in diameter. At the higher
temperature (43°C) approximately twice as many sites of halide formation were
observed at each intensity than occurred at 37°C. For the experiments where

the ambient pressure was increased to 150kPa the number of sites of bubble

formation was similar to that observed at 37°C and atmospheric pressure

(100kPa).
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of
acoustic pressure in the field

axretztedmiki‘dio-
my: Series 4100
measuxedusinga m
bilamimrmembramhydruflms.
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Fig 3. emulative mean number
ofm observed in a
cross-section of guinea pig
hind limb: a) mntrol
experiments ( cizcles ), no
Radiation with 0.75m:
ultrasomfl (mean valu from
30 animals). b) tanpuamte of
leg 37°C and amosflmic
pressure (100kPa) ( squam )
and irradiation with 0.75Msz
ultrasound at spatial average
Wide: of 60, 180, 300
and GBOmHm‘z with 5min at
and: insanity ani a stepdise
increase to the nan: intensity .
(man values from6 animals).
<2) mm of leg 37°C and
ambient pmsure 150m
( triangle ) and inadiatim
with 0.75m: ultrasomd at
spatial avenge intensities at
180, 300, 680 and 1000mw.an‘
with 5min at each intamsity
and a stepwise increase to the
nan: intuisity (mean valufi
from 7 animals). Bars show 1
standazd deviation.

w
B
u
b
b
l
e
s

co
0'

)
A

O
O

Cu
mu

la
ti

ve
?j

M
e
a
n

_
.
N
o
.
o
f

o

150

  EIIWIE II! pulse luvan

_‘____L—-__
60 30

Dasranu frnm "answer, mm

  

5 ‘ O 5 O 5
O 5 0 5
Time. min

+——u———u—-—++——4|~——1
60 180 300 680 1000
Ultrasound intensity. mW.cm'2

Proc.l.O.A. Vole Part2 (198$)

 



Proceedings of The Institute of Acoustics

WWWWGMPIGWWGHSWGIEMCMW

Fig 4. (amulet-Ave mean mmber
of nibbles observed in a
cross—section of guinea pig
hini limb: a) control '
experint ( circles ), no
irradiation with 0.75mi:
ultrasotmd (mean values from
30 animals). b) tanpuature of
leg 37°C and atmospheric
pressure (100m) (triangl)
and irradiath with 0.75MB:
ultrasound at spatial average
intmsities of 60, 180, 300
and 680me‘2 with 5min at
each intersity and a stepwise
inzrease to the mart intmsity
(man values from 6 animals).
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c) temperature of leg 43°C ard o I“ .,. . ..-.,. «n
atmosmeric pram (100m) " " ""

( squam ) ani irradiation o 5 o 5

with 0.75MB: ultrasound at 0 Time m?” D 5

spatial avenge intensiti of v I

60, 180, 300 and (SBOmWJcn:Ea so 150 300 550 _2

with 5min at eachintmsity Ultrasound intensity, mW,cm

arflastepwisemcreasetothe
nattintmsityMeanvalua
fromGanimals).Barsshow1
standarddeviation.

The cumulative bubble counts from the experiments at 37°C at atmospheric

pressure (1 OOkPa) and at 150kl=a are shown in fig. 3. It should be noted that

the acperimen at: 150kPa began with the 0.75mi: ultrasamd intensity at 180

not at 60mw.cm' . me cumulative bubble counts from the acperiments at 37 and
43°C are shown in fig. 4.

me major difference observed is that while the,threshold for tumble formation

appearstohavehmeasedwifltflleinareasempressurethesubsequentmteof

accumulation of bubbles is similar to that at atmospheric pressure, whilst

with increased temperature the threshold stays the same but the subsequent

rate of accumulation is increased. '

Atatalof 30oontzolexpa‘iments'wereperfomedinwhichtheguineapigswere

prepared in the usual way and scanned for 15min with the 814K: diagnostic

ultrasound. mmmatsprwideibaselinedatawhichwascomparedtothe

data obtained during irradiath with the 0.75MB: ultrasound and were designs:

to reveal the amt of 'false positive' scoring of hlbbla caused by animal

movements during ultrasound scanning. This results in echoes from tissue
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interfaces being intennittently recorded such that, on analysis, these echoes
annatbedismmished from thoseduetomtbles. 'menumberofbubblwthat
occurred during the experimental procedures and the results of the control
apex-inlets are summarised in table 1.

Table 1. Manmunberofhibblespermin. incress-sectionofaxineaPighixd
limb during irradiation with 0.75m amtinums wave ultrasdmd: a) with limb
temperature 37°C and ambient pressure atmospheric (100kPa), b) with limb
temperature 37°C and ambient pressure 150kPa, c) with limb tempemhzre 43°C
and atmospheric ptessum (Standard deviation shown in brackets)
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The temperatures in the guinea pig leg, were always 1-2°C lower than the

temperature of the surrmmimg acoustic coupling medium (37 or 43°C) but in an

individual animal were observed to vary by less than 0.3°C. The results

presented are thus mlikely to be influe'mai by tenpaature fluctuations.

b) .131. vitro Mate

The numbers of bulibleecm‘3 observed in the 1.75% agar gels at 37 and 43°C are

shown in fig. 5. In the case of the experiments at 37°C only 4 gels per

intensity were usei. ever, for the experiments at 43°C 30 gels were used at

60, 180 and 300mw.cm‘ and6 gels at 630 and 1000mw.an'2. Despite some rather

pronounced scatter in the results the trends, illustmtai by the lines drawn,

are clear. Increasing the intensity of ultrasonic irradiation causes an

increase in the number of bubbles and, at a given intensity, the higher

ambient temperature muses more bubbla to be formed. ‘me gels exhibit the

duracteristic variability in the attent of bubble formation seal g vivo (see

Table 1). A total of 24 gels were prepared as normal but before irrad ation

with 0.75MB: ultrasound at a spatial average intensity of 1000mw.cm‘ they

were hydrostatially compresed to ZMPa. This pressure was maintained for 2min

and they were thal rapidly decompressed and irradiation begun 5min later. In

none of the gels were any bubbles observed during the irradiation with the

0.75MHz ultmsun'd.

10

Fig 5. Mean number ofhibbles
over 5min in 1.75% agar gels .
(Agar Noble, Difco) irradiated
with 0.75m ultrasound at 8
spatial average in itia I?
from 60 to 1000mw.cm_ at
temperatures of 37°C (circles)
and 43°C ( triangles ). The
numba' of gels at each
intensity is shown at the
appropriate mark. Bars show 1
standard error of the mean.
‘me number of observed
is acpressed per cm of gel.
$393 voluma were typically
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The mults of irradiating 1.75% agar gels with microsecond pulses of 2.25m:
ultrasomdattenperamres from 37 toASOCareshowninfigS. Below 40°Cno
bubbles were observed, however above this temperature a progressive increase
in the number of bubbles formed was seen with increasing tempemture It is
possible that'some of the bubbles observed at the highest temperature used
(49°C) formed because of the reduced solubility of gas in the gel and
experiments are in progress to test this hypothesis.

_
.
M \

Fig 6. Mean number of bumble-a
over 20min in 1.75% agar gels
(Agar Noble, Difoo) irradiated
with 2.25MB: pulsed
ultrasound. mlse repetition
frequency was 355m, the peak
negative acoustic pressure
2.3MPa and the peak positive
acoustic pressure 3.7% at
the face of the gel. 12 gels
were used at each of the
temperatures studied — 37, 40,
43 and 49°C. Bars show 1
staniard error of the mean.
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DISGISSICN

The number of bubbles observed in the guinea piglimb ( Table 1 ) suggests
that increasing the ambient pressure fromatmospheric (100kPa) to 150kPa
during irradiation with 0.75mi: ultrasound at 37°C increases the threshold
intensity for bubble formation. In order to take account of the combined
effects of time and intensity of ultrasonic irradiation the number of nibbles
was compared to those in the wntrols using analysis of covariance [16]. ‘Ihis
analysis revealed a significant difference (at the 95% confidence level)
between the number of2 bubbles arising during ultrasonic irradiation at an
intensity of 130mw.cm' when compared to controls. on the other bani when the
ambient pressure was raised to 150kPa no significant differzence isevident
with ultrasonic irradiation at an intensity of 180mw.cm . To achieve a
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significanthueasemflmgmberofmbbleswdertheseomflitionsremured
irradiation with 300mw.cm' . Thus, we estimatethat the critical intensity
threshold for bubble fornhation during ultrasonic irradiation at 37°C lies
between 60 and 180mw.cm‘ and that raisingzthe ambient pressure to150kPa
inn-eases this thrahold m 180 - 300mW.an‘ . Using the atablished formula
relating intensity (I) to acoustic pressure .(P), assuming a plane wave
appzmdmatim [17]:

1 = 22 / ( an )' m

eguivaléIt thrahold acoxstic pressures can be calculated as 40 - 70kPa-for
bubble formation at atmospheric presume and 70 - IOOkPa for bubble formatim
at an ambient pressure of150kPa.

Corresponding com risen of the number of bubbles formed during ultrasonic
irradiati at 43 C gives an estimate for the threshold intensity as 60 -
1BOmW.cm' ( equivalent acoustic pressure 40-70kPa ). Thus the critical
intensity thresholds for bubble formation are in the same range for both
temperamres used ( 37 and 43°C ). However, inspection of fig. 4 (and lable 1)
shows that above this times-hold more bubbles are formed, at a givm intmsity,
when the higher temperature is used. Furthermore, at a given intensity. with
the higher tempaature the rate of aowmulatim of bubbles is greater.

The temperatures used span the range encountered in cancer treatment by
hyperflermia, and in the course of ultrasamd physio-therapy mild temperature
elevations are expected. The specific biological implications of these
findings remain to be determined.

In the 1.75% agar gels the critical intmsity thraholdfor bumble formatim,
at both 37°C and 43°C, appears to lie between 60 and 150mw.cm‘ (equivalent
acoustic pressures 40—70k2a) (see fig.5). In addition, at the higher
temperature the trend is for more bubbles to be formed in the given time
(5min), with this effect becoming more pronounced at higher irradiation
intensities. There is, therefore, the same pattern of response to acoustic
irradiation in the gels as is seengvivo. nxrthemtore, the bubble formation

thresholdisinthesamerange'lhis, takentogetherwiththeobservationthat
hydrostatic pressure pre-treatmmt of the gels prevents bubble formation in
the same manner as is semi g vivo [18], suggests thatthe nuclei from whid:
the bubbla originate are very similar. mantitatively, it would appear that
d1emmbero£tmbbla(inegualvolum)ishighean'vivobyafactorofW
thangvitro. However, whenthefact ist-akenintoaooomtthatgvivothere
is active transport ofbubbles throughthe region studied this difference does
not seem to be significant. We suggest, therefore, that agar gel is an ideal
medium to study theway in which acoustic irradiation causa bubble formatim
without thelimitations imposed by animal work.

There are indications from theoretical work [19] and more recently from
acperiment-al studim in water [20] that microsecond dmation pulses, such as
those associated with‘ diagnostic ultrasound systems, may lead to acoustic
cavitation. Indeed, we have found (fig. 6) that a clinial diagnostic system
will generatebubbles attemperatures above 40°C. The negative acoustic
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pressure acclaim in the pulse atthe face of the gel, with the system used,
was 2.3MPa. Clearly, this finding indicates that further investigation of
slmrtdurationwlsedsystemsstmldbeurflertaken, sinoett'lereappearstobe
both a critiml tempenture as well as urinal acoustic pmsure for babble
formation and that true are inter-relatei.
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INTRACELLULAR DNA BREAKAGE: AN INVESTIGATION OF THRESHOLDS

F.D.Duck (1) and W.D.J.Whish (2)

(1) Medical Physics Department. Royal United Hospital, Bath. Avon

(2) Biochemistry Dept. University of Bath, Bath BA2 7AY

The effect of ultrasound on DNA structure and metabolism has been

studied under a variety of conditions in different cell types. Repacholi

(1981) has carried out detailed investigations into the effect of

therapeutic ultrasound on DNA synthesis in stimulated human lymphocytes.

He found that the incorporation of radioactive precursors into DNA

was significantly inhibited but returned to normal over a period of

3 days. A large number of other investigations have shown that ultrasound

at a variety of wavelenths and intensites does perturb DNA replication

but unfortunately not in any reproducible fashion. Liebeskin (1979)

and Repacholi & Kaplan (1950) have found that DNA repair Synthesis

is stimulated during and after pulsed ultrasound. These results and

those obtained for the effect of ultrasound on DNA structure are variable

and difficult to interpret.

It is a possibility that the various methodologies used are simply

not sensitive enough to detect the relatively small amount of damage

that ultrasound does to DNA. It was for this reason that we have
used a DNA nucleoid analytical system to study the production (if

any) of ultrasound induced single stranded breaks in DNA. Ultrasound
may induce single standed breaks directly by physical interaction

between the radiation and DNA. Alternatively the ultrasound might

cause DNA damage where the various repair systems themselves produce

single stranded breaks which may either be transient or long lived.

The DNA nucleoid method of Cook & Brazell (1976] was developed originally
to study double stranded breaks in DNA. It has been successfully

adapted to measure single stranded breaks on a neutral sucrose gradient

by Weniger (1979). The cells whose DNA may have been damaged are
gently lysed on the top of a neutral sucrose gradient (15—30% w/v).
The cells release their DNA as a highly ordered structure which is

stabilised by residual membranes. This DNA exhibits its normal supercoiled

structure. Each and every single stranded break present in the DNA
increases the possible free rotation of the DNA moleculre which therefore

decreases the number of superhelical turns. This leads to a less

compact structure which therefore has a decreased sedimentation constant.
The nucleoid analysis is better than ten times more sensitive than

the alkaline sucrose gradient analyai i.e. it is possible to reproducibly

detect 1 single stranded break per 10 Dalton. Furthermore the centrifugation
is carried out in the presence of ethidium bromide. This dye removes

the negative supercoils but at the high concentration used in the

gradient (30 g/ml) the ethidium bromide establishes positive supercoils
so that the sedimentation behaviour of the DNA is similar to that

' at zero concentration of the dye. Thus no fractionation of the gradient

is needed.
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Method
Insonation of the mouse L1210 cells was performed in cylindrical nylon

chambers where the chamber was 4mm diameter and 10mm in length. When
the cell suspension was in place within the chamber it was sealed

in at each end with ultrathin polyethylene membranes and mounted with

its axis vertical in a bath of degassed water at 8°C above a 3H2 transducer

operated under CW. conditions. The transducer was 2.5CH in diameter

and the beam foocussed to 56M using a perspex lens with the chamber

located at the focus. The total power was found to be 10.5w and,

from hydrophone measurements of beam areas at lower powers, the spatial

average intensity at the focus was estimated to be approximately AOOW/CW

Significant temperature rises in the cells in suspension should not

have occurred under these circumstances (Love & Kremkau,1980). Wave

reflections from the water/air interface were reduced'by the use of

carpet. The cells were exposed to ultrasound for 30 minutes after

which time they were lysed on a nucleoid gradient.

 

A linear sucrose (15-30%w/v) gradient was setup (13 mls) in Beckman
SW27.l ultracentrifuge tubes. The gradient contained 1.5ml NACl.

0.2M Tris. HCl pH 8.0. ImM EDTA Na; and 30 g/ml ethidium bromide.

The sucrose was overlayered with 0.4mls lysis buffer (1.5M NaCl, 0.1“

EDTAg, pH 8.0 and 0.7% Triton-X—lOO). Mouse L1210 cells (about 2

x 10 cells) in serum free medium were carefully layered on top of

the lysis layer.

The ultracentrifugation was started after 30 minutes of lysis and
centrifuged at 23,000 rpm for 90 minutes. Visualisation of the completed
intact gradients was performed with an ultraviolet transilluminator

at 350 nH.

Result and Conclusion

If the1 hove ultrasound produced one or more single strandqfl breaks

per 10 Daltons the nucleoids so produced would not sediment as far

down the gradient as nucleoids from undamaged cells. For each experiment,
control cells (3 gradients) and isonated cells (3 gradients) were

run simultaneously. A total of 37 experiments were carried out. In

all these experiments the insonated nucleoids sedimented indistinguishably

from the control cells. That is, there is no evidence that these

doses of ultrasound cause DNA damage which results in single stranded
breaks.
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