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® Preface

This document provides a consensus of current scientific (6) Thresholds for nonthermal bioeffects: Theoretical

opinion pertaining to the safety of diagnostic ultrasound. and experimental basis for a threshold index
It is the result of two workshop-style interactive meet- (7) Clinical implications
ings of internationally renowned scientists, chosen for Each task group, Consisting of a task group leader

their expertise in acoustic physics and the interactions of and four to six members, was responsible for preparing a
ultrasound with biological tissue. The initial WOTkShOp review of the salient facts known about each assigned
was held in 1994 in Utsunomiya, Japan. The proceedingstopic and generating a list of conclusions and recommen-
of that meeting were compiled, edited and distributed to dations. Although the initial generation of each report

other scientists, ultrasound societies and regulatory au-was the product of the assigned task group, sufficient
thorities. This allowed an independent critical peer-re- interaction amongst all the participants warrants that the
view process. The subject was reevaluated and conclu-final document be viewed not as seven separate parts

sions and recommendations were drawn up during awith individual authorship but as one integrated multi-
symposium on thermal and nonthermal mechanisms for guthored document.

biological effects of ultrasound, held April 14-19, 1996, The process for obtaining consensus was a pur-
in Kloster-Banz, Germany. Participants in this meeting posely deliberate and lengthy one to best ensure consid-
included scientists and clinicians. A number of observers eration of all points of view. The overall plan was ini-
from industry participated in the discussions. tially approved by the WFUMB Council in 1993. A
The Kloster-Banz symposium was the culmination preliminary workshop was held in Utsunomiya, Japan, in
of a series of WFUMB Symposia on Ultrasound Safety, July 1994, in which each task group reviewed and sum-
beginning in June 1985. Early WFUMB symposia fo- marised its work to date. Voting, indicating level of
cussed on the selection and standardisation of pertinententhusiasm, was carried out to indicate to each group the
physical parameters in specifying the acoustic outputs of degree of approval and support for each conclusion and
diagnostic ultrasound machines. Appropriate tissue mod- recommendation. The conclusions provided a summary
els also were discussed. In 1991, a symposium held inof the general content of the chapter; thus, acceptance
Hornbaek, Denmark, considered biological effects of indicated support for the subject matter and its relevance
ultrasound resulting from the capability of ultrasound to to ultrasound safety.
heat tissues. This resulted in the publication of the The proceedings of the Utsunomiya Symposium
WFUMB-approved document entitled “WFUMB Sym-  Workshop were circulated to national society members
posium on Safety of Ultrasound in Medicine: Issues and of the WFUMB and individual scientists for their review
Recommendations Regarding Thermal Mechanisms for and comment. Members of the task groups continued to
Biological Effects of Ultrasound, which was published in  work on the content of their chapters during the interim
Ultrasound in Medicine and Biology 1992. (WFUMB period between the initial workshop and the 1996 sym-
1992) posium. A revised list of conclusions and recommenda-
The most recent symposium held in Kloster-Banz tions was intensively reviewed and discussed during the
expanded the focus to include all mechanisms. BecauseKloster-Banz symposium, culminating in voting to as-
of the previous concentration on thermal mechanisms, certain acceptance. Each participant voted on each con-
this symposium placed a special emphasis on nonthermalclusion and recommendation in a closed manner with
mechanisms. The work was divided into seven tasks: ‘“approve,” “not-approve” or “abstain” choices. For
(1) Update on thermal bioeffects issues any statement to be accepted, it had to receive more
(2) Nonthermal issues: Cavitation—Its nature, detection “approve” votes than the sum of “not-approve” and
and measurement “abstain” votes. All of the statements in the final doc-
(3) Other nonthermal mechanisms: Acoustic radiation ument were accepted in this manner. In voting, the par-
force and streaming ticipants were instructed to base their decision on their
(4) Free-radical production: Its biological consequences individual best scientific opinion and not necessarily
(5) Other nonthermal bioeffects: Organs, Tissues and according to any national organisational interests.
Cells With one exception, task groups were not limited to

Xi
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what they might propose in their list of recommendations. to the participants who so tirelessly and expertly created

The one exception was they should avoid listing areas this document. Our Japanese colleagues, including the

requiring additional research. Initially many such areas JSUM, provided gracious hospitality during the initial

were identified, but to include them in their document scientific workshop meeting in Utsunomiya. Special

would have the appearance of being self-serving. Neverthe-thanks are due to Hans-Dieter Rott, who single-handedly

less, it was strongly felt by the participants of this sympo- and most competently took care of the local arrange-

sium that there are many important gaps in our knowledge ments in preparation for, and during, the symposium in

and that it is vital that sufficient funding for ultrasound Kloster-Banz.

bioeffect research continue to be made available. Finally, | wish to thank Stanley B. Barnett for his
On behalf of the WFUMB Safety Symposium Or- expert handling of the editing of the Symposium Pro-

ganising Committee, | wish to thank the WFUMB Ad- ceedings.

ministrative Council for their support, without which Marvin C. Ziskin

none of this would be possible. | am grateful to my Chairman

wonderful colleagues on the Organising Committee and WFUMB Safety Symposium
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® WFUMB Consensus Statements on Thermal Issues

WORLD FEDERATION FOR ULTRASOUND IN doscopic, transvaginal and transcutaneous applica-
MEDICINE AND BIOLOGY STATEMENTS ON tions.
THERMAL EFFECTS IN CLINICAL
APPLICATIONS Doppler

) It has been demonstrated in experiments with unperfused
The following safety statements were endorsed as tjssye that some Doppler diagnostic equipment has the
policy of the World Federation for Ultrasound in Med-  potential to produce biologically significant temperature
icine and Biology following recommendations from jses, specifically at bone/soft tissue interfaces. The ef-
the 1991 WFUMB Symposium on Safety of Ultra- fects of elevated temperatures may be minimised by
sound in Medicine: Thermal Issues. The conclusions keeping the time for which the beam passes through any
from the 1996 WFUMB Symposium on Safety of one point in tissue as short as possible. Where output
Ultrasound in Medicine are that there is no scientific power can be controlled, the lowest available power level

evidence to alter the existing safety statements on consistent with obtaining the desired diagnostic informa-
thermal issues. Hence, the WFUMB Safety Statementsjon should be used. Although the data on humans are

current safety guidelines. resulting in temperatures:38.5°C can be used without
) ) reservation on thermal grounds. This includes obstetric
B-mode imaging applications.

Known diagnostic ultrasound equipment as used today

for simple B-mode imaging operates at acoustic out- Transducer heating

puts that are not capable of producing harmful tem- A substantial source of heating may be the transducer
perature rises. Its use in medicine is therefore not itself. Tissue heating from this source is localised to the
contraindicated on thermal grounds. This includes en- volume in contact with the transducer.

xiii
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® \WFUMB Symposium Recommendations

WFUMB SYMPOSIUM ON SAFETY OF
ULTRASOUND IN MEDICINE

RECOMMENDATIONS ON THE SAFE USE OF °

ULTRASOUND

At the completion of the symposium in Kloster-

Banz, 1996, the following recommendations were agreed
as representing international consensus on thermal and’
nonthermal issues. These were approved by the WFUMB
Executive Council in March 1997.

Recommendations: Thermal effects °

A diagnostic exposure that produces a maximumm

situ temperature rise of no more than 1.5°C above
normal physiological levels (37°C) may be used clin-
ically without reservation on thermal grounds. °
A diagnostic exposure that elevates embryonic and
fetal in situ temperature above 41°C (4°C above nor-
mal temperature) for 5 min or more should be consid- e
ered potentially hazardous.

For diagnostic ultrasound systems that are capable of
producing a tissue temperature increase5°C above
normal, users should be provided with worst-case es-
timates of the temperature increase for all pertinent
operating modes.

The risk of adverse effects of heating is increased with 4
the duration of exposure. Thus, safety guidelines
should include an appropriate duration factor.

Care should be taken to avoid unnecessary additional
embryonic and fetal risk from ultrasound examinations o
of febrile patients.

If temperatures above 41°C may occur at the surface
of an intracavitary transducer when in use, such equip-
ment should provide temperature information to the 4
user during equipment operation.

Recommendations: Nonthermal effects

The possible occurrence of cavitation, either inertial or
noninertial, should be considered in assessing the
safety of diagnostic ultrasound and of other forms of
medical ultrasound.

Caution is required in applying results a@f vitro
ultrasound biological effect studies to medical ultra-
sound exposures Vivo.

It has been shown experimentally that acoustic cavi- e
tation can alter mammalian tissues. It is therefore

XV

important to consider its significance in medical ap-
plications of ultrasound.

Currently available animal data indicate that it is pru-
dent to reduce ultrasound exposure of human postnatal
lung to the minimum necessary to obtain the required
diagnostic information.

Estimates of tissue field parameters at the point of
interest should be based on derated values calculated
according to an appropriate specified model and be
extrapolated linearly from small signal characterisa-
tion of source—field relationships.

The acoustipressure amplitudat the point of interest

for a given frequency should be used apramary
index of the potential for adverse, nonthermal biolog-
ical effects of an ultrasound exposure.

A risk—benefit analysis should be performed if antic-
ipated acoustic pressure amplitude at the surface of
postnatal lung tissue exceeds 1 MPa.

Safety evaluations should consider the characteristics
of the site of ultrasound exposure. Thresholds for
nonthermal biological effects are lowest in:

(a) tissues that naturally contain gas bodeeg,,post-
natal lung and intestine, and

(b) all tissues in the presence of introduced gas bodies,
e.g.,ultrasonic contrast agents.

In vitro studies: Because the probability of cavitation
is much greater foin vitro conditions, one must be
cautious in applyingn vitro experimental results to
the clinical situation.

Contrast agents: Gas bodies introduced by a contrast
agent increase the probability of cavitation. A physi-
cian should take this into account when considering
the benefit-risk ratio of an examination.

Pulmonary capillary bleeding: In considering the sig-
nificance of ultrasound-induced pulmonary red blood
cell extravasation and capillary bleeding, one must
realize that these effects also can occur as a result of
coughing and can occur spontaneously in neonates.
For the most part, unless there is extensive hemor-
rhage, the clinical significance is negligible, and its
occurrence would be difficult to detect. Nevertheless,
it is prudent to reduce ultrasound exposure to the
postnatal lungs to the minimum necessary to obtain the
required diagnostic information.

B-mode imaging: When tissue—gas interfaces or con-
trast agents are not present, the use of B-mode imaging
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need not be withheld because of concern for ultra- e Information about clinically relevant quantities de-
sound safety. This statement also applies to endo- scribing, for example, the anticipated temperature el-
scopic, transvaginal and transcutaneous applications. evation or the potential for cavitation should be made
When tissue—gas interfaces or contrast agents are available to health care professionals. Methods for
present, ultrasound exposure levels and durations making this information available include, for exam-
should be reduced to the minimum necessary to obtain  ple, the continuously updated display of a thermal
the required diagnostic information. index and mechanical index, and the classification of
e Doppler: When tissue—gas interfaces or contrast agents ultrasound fields.

are not present, and where there is no risk of significant ¢ Education: Diagnostic ultrasound has potential for
temperature elevation, the use of diagnostic Doppler both false-positive and false-negative results. Mis-
equipment need not be withheld because of concern for diagnosis is far more dangerous than any effect that
ultrasound safety. When any of the above conditions might result from the ultrasound exposure. There-
might be present, ultrasound exposure levels and dura- fore, diagnostic ultrasound should be performed
tions should be reduced to the minimum necessary to only by persons with sufficient training and educa-
obtain the required diagnostic information. tion.
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® Chapter 1

UPDATE ON THERMAL BIOEFFECTS ISSUES

INTRODUCTION Transducer heating

A substantial source of heating may be the trans-
ducer itself. Tissue heating from this source is localised
to the volume in contact with the transducer.

Since the publication of the proceedings and con-
clusions of the WFUMB 1991 Symposium (WFUMB
: 1992), there have been two substantial reports from
neva (1990) and the subsequent symposium at Horn- iin the USA (AIUM 1994; NCRP 1992) and some
bae_k, Denmark .(1992)' Internat|on_a| consensus was publications (detailed within this chapter) on ultrasound-
achieved, resulting in the_ formulation of key state_— induced heating and bioeffects of hyperthermia. Never-
m_er_1ts and .rec.ommendat|ons on thermal effects in theless, significant limitations remain in the scientific
clinical apphca_nons_ of ultrasound. Three statements data base on bioeffects of ultrasound-induced hyperther-
on 1) B-mode imaging, 2) Doppler ultrasound and 3) ;5 and this chapter draws attention to these important
transducer heating have since been formally adopted;gg,es. |t presents an updated review of the topic that can
as WFUMB policy on safety guidelines. The estab- o nderstood without referring to the previous WFUMB
lished WFUMB guidelines on safety with regard to , yjication (WFUMB 1992). The conclusions reflect the

The previous WFUMB Symposium on Safety and
Standardisation of Ultrasound in Medicine addressed
various issues relating to thermal mechanisms for bi-
ological effects of ultrasound. The topic stimulated
extensive debate during the initial workshop in Ge-

thermal issues are as follows: current status of research on biological effects of ultra-
sound-induced heating.
B-mode imaging It should be noted that, since 1991, the acoustic

Known diagnostic u|trasound equipment as used OutputS from ultrasound scanners in clinical use have
today for simple B-mode imaging operates at acoustic increased substantially. During the same time, the regu-
outputs that are not capable of producing harmful lation of exposure from diagnostic equipment has
temperature rises. Its use in medicine is therefore not changed, placing greater responsibility on the user for
contraindicated on thermal grounds. This includes en- exposure control and risk—benefit assessment. The trend
doscopic, transvaginal and transcutaneous applica-for increasing acoustic output has continued. Henderson
tions. et al. (1995) reported that the measurggl,values from

diagnostic equipment in current clinical use in the UK
have increased by approximately a factor of five in
Doppler B-mode applications since 1991. The total acoustic

It has been demonstrated in eXperimentS with un- power output has doubled in pu|Sed Dopp|er mode dur-
perfused tissue that some Doppler diagnostic equipmenting that period. This increase in available acoustic power
has the potential to produce biologically significant tem- will provide greater opportunity for ultrasound-induced
perature rises, specifically at bone/soft tissue interfaces.heating and biological consequences. It is important to
The effects of elevated temperatures may be minimised evaluate the extent of heating that may be produced by
by keeping the time for which the beam passes through diagnostic equipment (Barnett 1998; Barnett et al. 1994).
any one point in tissue as short as possible. Where output
power can be controlled, the lowest available power level
consistent with obtaining the desired diagnostic informa-
tion should be used.

Although the data on humans are sparse, it is clear In vitro soft tissue
from animal studies that exposures resulting in temper- Exposures from commercial equipment or labora-
atures < 38.5°C can be used without reservation on tory instruments simulating diagnostic scanners have
thermal grounds. This includes obstetric applications.  produced substantial temperature increases in biological

MEASURED TEMPERATURE INCREASE
INDUCED BY ULTRASOUND

S1
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tissues when used in pulsed Doppler mode. There is aaspect of the skull parietal bone of 60 dga fetuses during
consistency in the results obtained from studies that useexposure to 2.5 Wm 2 lspta for 120 s. The—6 dB
similar fine wire thermocouples in unperfused tissues. beamwidth was 2.7 mm. However, in fetuses near to
Exposure conditions of a 5-MHz mechanical sector scan- term (62—67 days of gestation), the mean peak temper-
ner (beam width= 1.9 mm, L, = 2.0 W,cm™°) gave a ature increase was reduced by approximately 12% to
maximum temperature increaskT(,,,) of 1.9°C after 2 4.3°C as a result of cooling from more substantially
min in fresh pig liver (ter Haar et al. 1989). The maxi- developed cerebral vasculature. In experiments using a
mum temperature increase in freshly excised sheep brainrelatively large beam-6 dB beam width of 16 mm),
was found to be 2.5°C after 5-min exposure using similar cooling effects of vascular perfusion were found to be
equipment (WFUMB 1992). Exposure in a water tank to dominant (Duggan et al. 1995) in limiting the magnitude
3.2-MHz (simulated pulsed Doppler-6 dB beam of temperature increase in the cerebral cortex in sheep
width = 2.5 mm, L, = 2.95 Wcm?) increased the  fetuses insonatedn utero. Exposure to 0.3 Wm 2
temperature in freshly excised guinea pig brain by 2.5°C spatial average, temporal average intensityJ! for

after 2 min (Bosward et al. 1993). These experiments in 120 s produced a mean temperature increase of 1.7°C,
excised tissue do not allow for cooling by vascular per- which was approximately 40% lower than the postmor-
fusion. However, this may be compensated by substan-tem value, giving support to the theory proposed by
tial cooling effects from the bulk fluid streaming in the Thomenius (1990) to predict the steady-state temperature
water tank exposures, as demonstrated by Wu et al.rise. In this study, thermocouples and a transducer were

(1994). surgically attached to the fetal skull and insonation was
applied after a recovery period of approximately 7 days.
In vitro bone Hence, ultrasound was applied during the normal behav-

Substantial temperature increases occur when boneioural state without the need for anaesthesia. Tempera-
is situated within the ultrasound beam. Temperature in- ture was measured in soft tissue at a depth of 1-2 mm
creases of approximately 5°C have been reported in thefrom the parietal skull bone.
brain close to the parietal bone in guinea pig fetuses Another study using large animals measured the
(Bosward et al. 1993; Horder et al. 1993). Although the intracranial temperature in ketamine-sedated monkeys
peak temperature has been shown to increase as a func(Tarantal et al. 1993) during insonation from a diagnostic
tion of gestational age in fetal guinea pig brains scanner. Both the thermocouple and the transducer were
(Bosward et al. 1993) and in fetal human femurs manually held in place by the operator during the pro-
(Drewniak et al. 1989), it is not certain how much is due cedure. A thermocouple was inserted to some depth in
to the increasing mineral composition compared to the the brain to the medial aspect of the left cerebral hemi-
increasing thickness and lateral dimensions of the bonesphere. The depth of the structure of interest was 3.6—-4.6

targets. cm. The greatest temperature elevation recorded was
0.6°C, and this did not differ between pulsed Doppler
In vivo cranial and B-mode imaging. It should be noted that the quoted

The susceptibility of the central nervous system Ig,,(in water) values were 54 and 27 mdkh 2, respec-
(CNS) to damage by increased temperature creates partively. These output values are very low compared to the
ticular interest in measurements of heating at the bone maximum free-field values reported by Henderson et al.
interface and in adjacent brain tissue. Using the mouse (1995) for current equipment; pulsed Doppker9,000
skull as a model for human fetal insonations, CarstensenmW/cn? and B-mode~ 990 mWcm 2. The median
et al. (1990) recorded temperature elevations°C after Ispta INtensity value for pulsed Doppler clinical equip-
90 s in anaesthetised animals exposed to either continu-ment used in the UK is given as 1180 mm 2 (Duck
ous-wave (cw) or pulsed-wave ultrasound at an intensity and Henderson 1997).

(Ispta Of 1.5 Wcm 2. The largest temperature increase

was observed in older mice and approached 4°C within Tissue-mimicking phantoms

15 s. The—6 dB focal beam width was 2.75 mm. Water-based gels have been used to provide a ho-
Temperature measurements after death were approxi-mogeneous material with acoustic properties similar to
mately 10% higher, indicating that perfusion had a min- soft tissue. For heating due to ultrasound absorption at or
imal cooling effect beyond that of conduction. Similarly, near to the geometric focus, Wu et al. (1992) reported
Horder et al. (1997) found little difference in temperature reasonable agreement between measured and predicted
increase AT) measured at the skull-brain interface be- values using the NCRP (1992) model, within the range of
fore and after death in guinea pig fetuses insonaiedtiero 1-3.5 MHz. A similar result was reported by this group
at 57-61 days of gestational age (dga). A mean peak(O'Neill et al. 1994) when measurements at a bone
temperature increase of 4.9°C was measured at the innesample embedded in soft tissue-mimicking medium were
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compared to the worst-case estimated value for un- AIUM Bioeffects Committee (AIUM 1994), comparison
scanned beams (NCRP 1992). of the NCRP (1992) model for the worst-case maximum
In a study on temperature rises generated by diag- estimated temperature increageT,,,) and the AIUM/
nostic equipment in a phantom model of transcranial NEMA (1992) estimate of temperature increases in ho-
exams (using human temporal bone), Wu et al. (1995) mogeneous soft tissue showed differences by as much as
found that the calculation of cranial thermal index (TIC) a factor of 3. Measurements with test objects using
consistently underestimated the temperature rise mea-tissue-mimicking materials and thin film thermometry
sured at the external bone interface. They demonstrated ehave found the AIUM/NEMA predictions of the thermal
difference in heating that may be due to conduction from index for soft tissue (TIS) to underestimate the temper-
surface heating of the transducer based on the results ofature increase by up to a factor of 2 (Bacon and Shaw
their measurements in the phantom. The study by Wu et 1993).
al. (1995) used a modified HP Sonos 1000 diagnostic The comparison between estimated and measured
imaging system operating at 2 MHz in combined (color, AT were based on a soft tissue absorption coefficient of
sector, pulsed Doppler) modes where the measured total0.05 Np cmi *MHz * as specified in the NCRP report
power ranged from 95-295 mW. With the transducer (NCRP 1992). The experimental procedures used nine
positioned 0.2 cm from the phantom and operating at the focussed transducers covering a range of 2-10 MHz.
highest power, a temperature increase of 11°C aboveAbout half of the transducers gave values of a factor of
ambient (20°C) was measured on the external surface oftwo higher than that predicted by the AIUM/NEMA soft
the temporal bone after 20 min of exposure. An increase tissue Tl model. There was closer agreement with the
of 8°C was recorded on the internal aspect. The com- NCRP model. The difference may be due to variations in
bined mode that produced only 95 mW acoustic power the choice of attenuation properties for the target tissue.
generated a temperature increase of 5.1°C on the externaAll thermal measurements were performed at the focus
surface of the bone, which is a factor of 2.7 higher than of the beam, which is not necessarily the position of
the temperature increase predicted by TIC. A tempera- greatest heating. Also, the comparisons were only made
ture increase of 3.9°C was measured on the internalfor soft tissue so that the results cannot be applied
surface of the bone. The heat generated in bone wasdirectly to estimates of bone heating.
reduced by 33% when the water path distance between
the transducer and phantom was increased by 1 cm.
Most studies on tissue path models use a single
piece of bone as an absorbing biological target. Thus,
they do not show the wide variability in temperature
increase that is commonly associated with ultrasound-
induced heating in bone. Furthermore, it should be noted value in the first trimester of pregnancy of 1.6°C,

that Wu et al. (1995) used human temporal bone that had o o

. . _whereas the majority of exposures would givg,, (i.e.,
been embalmed for 2 years. This process causes IeachlngEhe maximum value) below 1°C. For equipment operat-
of mineral content from the bone and also may alter the ing at the EDA reaulated intens.it Iimi? OE _ 72pO
geometric patterns of the trabecular bone so that the g 9 y a

X . : mW-cm 2 (derated), the best available estimate of max-
results obtained may considerably underestimate temper-, o .
. : : ; imum temperature rise in the conceptus is reported as
ature increase occurring with fresh vital human skull : o
bone approximately 2°C (AIUM 1994).

First trimester heating

Bly et al. (1992) applied the NCRP (1992) model to
estimate temperature increases in obstetric examinations,
based on the maximum outputs of pulsed Doppler (non-
fetal) equipment used in Canada. He found a maximum

Fetal heating

When bone is present in the second and third tri-
mester fetus, the ultrasound-induced temperature rise is

A large amount of data has been published on the substantially increased. Bly et al. (1992) calculatdg,,,
estimated temperature elevation in tissue for unfocusedof 8.7°C in the third trimester using the worst-case fixed
(Nyborg and Steele 1983) and focused (NCRP 1992; path attenuation model. Patton et al. (1994) calculated
Thomenius 1990) beams. The NCRP model estimates thethe worst-case temperature increase in bagsf,,,) for
worst-casesteady-state heating that woutéver be ex-  fetal exposures to be 5.9°C. This was based on output
ceeded in diagnostic ultrasound examinations. The data obtained from diagnostic equipment approved by
AIUM/NEMA values were derived using a tissue path the FDA under section 510(k) requirements during the
attenuation coefficient of 0.3 dB/cm.MHz and amwet period 1990-1991. This value was found to be a factor of
expected to be exceeded in the majonfyultrasono- four greater than that obtained using the FDA homoge-
graphic examinations. In a report of an analysis by the neous tissue model.

ESTIMATED ULTRASOUND-INDUCED
TEMPERATURE INCREASE
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BIOLOGICAL EFFECTS OF HEATING THRESHOLDS FOR BIOLOGICAL EFFECTS

This overview is intended to complement the report The effects of increased temperature on biological
of the 1991 WFUMB Symposium on Safety of Ultra- systems have been reviewed extensively (Barnett et al.
sound in Medicine and to support the conclusions of this 1994; Edwards 1993; Miller and Ziskin 1989; NCRP
chapter.In vivo andin vitro data resulting from studies  1992; WFUMB 1992). Recently, the Bioeffects Commit-
focusing on the effects of heating on biological systems tee of the AIUM prepared a report on thermal and
have been reported in the literature. It is generally ac- nonthermal effects of ultrasound (AIUM 1994), which
cepted that tissues containing a large component of ac-includes recommendations with a time factor, stating
tively dividing cells are sensitive to the effects of heat that:

(Barnett et al. 1997; Edwards et al. 1995; WFUMB (&) “for exposure durations up to 50 hours, there have
1992). Abnormalities in cell physiology or the rate of been no significant adverse biological effects observed
DNA synthesis can occur following exposure to in- due to temperature increases less than or equal to 2°C
creased temperatures above normal basal levels. Comabove normal”, and

monly reported effects of heating on embryonic devel- (P) “for temperature increases of 4°C and 6°C (above
opment are the apparent retardation of growth of systemsnormal), the corresponding limits for the exposure dura-
such as the heart, brain and skeleton (Kimmel et al. tion (t) are 16 min and 1 min, respectively.”

1993a). Generalised fetal weight reduction is often asso- However, contrary to the conclusions of the report,
ciated with intrauterine heating or maternal stress. table 4.3 in the accompanying text provides data for the
lowest reported thermal exposures associated with tera-
togenic effects and lists 26 abnormalities in mammals
where the temperature was increasedb8°C above the
normal physiological temperature. The abnormalities

spogse LO ad\tlﬁrse _SUbIEFhﬂ envwonr_rental iond_:{'ons’were mostly reported in guinea pigs heated in incubators
such as hyperinérmia, which temporarly arrests mrlosis. pere the absolute air temperature was 41°€,(1.5°C

This phenomenon has been observed in the brains Ofabove normal for guinea pig species). This apparent

roden_ts n W.h'Ch division lapsed for as much as 8 h discrepancy may be due to the Bioeffects Committee’s
following a single heat treatment (Edwards et al. 1974; o0 ca on an approximate data table from a veterinary
Upfqld et_ al. 1989) and heat shock pro_tems Were SYN- jinical handbook (Kirk and Bistner 1995) rather than
the_5|_sed in place of normal neu_ral proteins. Normal <_:e|| taking data from peer-reviewed publications in the sci-
division resumed after 8 h, with the fetus appearing epyific jiterature. Edwards (1969) measured the core tem-
morphologically normal albeit smaller and with a sub- perature of 86 guinea pigs and obtained a mean resting
stantial neural deficit. Nondeforming retardation of brain temperature of 39.4% 0.28°C. Table 6-19 of the hand-
growth and reduced learning performance are Common pook (Kirk and Bistner 1995) contains a number of other
abnormalities in the offspring of moderately heat ex- jnaccuracies. For example, it shows a gestation range of
posed pregnant guinea pigs. These defects can be causegh_7- days for guinea pigs when experience with many
during both early and later fetal growth (Edwards 1993). nundreds of pregnancies shows it to be 66—68 days.
In general, embryos are more susceptible to damage thanthere also are problems in conversion of Fahrenheit to
fetuses due to the high rate of cellular activity during celsius temperature scale, where the body temperature
organogenesis. However, continually developing organ for gerbils is shown as 100.8°F and 32.8°C (an error of
systems, such as the brain, remain susceptible to heat5.4oc)_
throughout pregnancy. It should be noted that the studies reporting effects
The biological consequences of a hyperthermic ep- after temperature elevations ef 2°C were not actually
isode depend on the magnitude of temperature elevationdesigneda priori to identify threshold levels. They typ-
and the duration of exposure. Data are available for jcally involved heat exposures of 60 min because it takes
whole-body exposures (generally resulting in severe ab- approximately 30 min to overcome the normal maternal
normalities) where it has been shown that rat embryos homeostatic response and elevate the maternal core tem-
exposed to a temperature increase of 4°C for 5 min perature. In most cases, neither the temperature elevation
developed encephaloceles (Edwards 1993; Germain et alnor the duration of hyperthermic exposure within the
1985). Other gross malformations commonly reported fetus was measured. The heat dose was estimated from
include anencephaly, microphthalmia, micrencephaly, the maternal core temperature measupedt rectum.
maxillary hypoplasia and facial clefting. These results Recent studies with rats, heated in a hot air incubator,
are statistically robust and repeatable, and the bioeffectshave reported time constants on the order of 13 min per
are irreparable. 1°C elevation in core temperature (Kimmel et al. 1993a).

Brain development
Developing embryos may mount a protective re-
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This is an extremely slow rate of heating compared to in mice as being 5 min at 4.5°C increase above their
that caused by ultrasound absorption in which substantial normal body temperature. There is evidence from re-
elevations occur within seconds. peated studies of major maldevelopment of brain struc-
A study that was designed to identify a threshold of tures in a range of rodent species when the body tem-
heat exposure used water immersion body heating andperature was increased by 4°C for 5 min (Edwards et
the development of encephalocoeles in rats as a grossal. 1995).
endpoint (Germain et al. 1985). The results found the Impaired embryo development also has been re-
shortest exposure to be 1 min at 43.5°C 45" for rats). ported in a study using an embryo culture system (Kim-
The same effect occurred after 5 min of exposure to a mel et al. 1993b) where reduced crown—rump length and
temperature elevation of 4°C. This threshold core tem- morphological abnormalities in the brain occurred in rats
perature of 42.5°C for 5 min has been confirmed recently after 10 min of exposure to 42°C. Delayed development
in rats (Sasaki et al. 1995) in which hyperthermia was of the branchial bars and forelimbs also was observed. It
achieved using a water bath. The majority of malforma- is important to note the absolute temperature because this
tions involved microphthalmia and encephalocoeles. The study chose to use 37°C as the culture temperature,
resting core temperature measured in all rats prior to heatwhereas the resting temperature for rats has been shown
treatment was> 38° < 39°C. to be 38.5°C (Germain et al. 1985). The temperature at
Webster and Edwards (1984) also have reported which the effects were reported is 3.5°C above the nor-
development of a major brain abnormality, exencephaly, mal body temperature for rats. The same exposure con-
in mice following intrauterine exposure for 5 min at ditions (whole body hyperthermia at 3.5°C above normal
42.3°C {.e.,the normal body temperature was increased for 10 min) produced exencephaly in mice (Shiota 1988)
by 4.3°C AT). The resting temperature for rats was and microphthalmia in rats (Edwards et al. 1995).
established from measurement of the core temperature of Studies with rat embryo culture systems have
50 rats during daylighti., when less active, resting) demonstrated a stress-evoked response to elevated tem-
and gave a mean value of 38.5°0.5°C (Germain etal.  perature and ultrasound interaction. The production of
1985). This temperature of 38.5°C has since been used toheat-shock proteins (HSP) and retarded embryonic de-
successfully culture rat embryos in test tubes with con- velopment has resulted from exposure to hyperthermia
sistent growth and development (Angles et al. 1990; alone (Walsh et al. 1987), or from exposure to pulsed
Walsh et al. 1987). ultrasound (spatial peak, temporal average intengjy |
The shortest duration of exposure resulting in a of 1.2 W-em 2, for 15 min) together with a 1.5°C ele-
significant biological effect was reported recently in a vation in culture temperature during the insonation (An-
study in which pregnant rats were heated, on day 10 of gles et al. 1990; Barnett et al. 1990). The mechanism for
gestational age (dga), in air incubators until their core ultrasound-mediated effects has not been identified but
temperature reached 41°C (an increase of 2.5°C abovebulk heating of the culture medium is not responsible.
normal). Upon evaluation of the embryos 24 h later, the Mirkes et al. (1994) used a specialised electrophore-
total number of somites was significantly reduced (Cuff sis gel technique to produce cleavage of DNA into oli-
et al. 1993). When the “dose” to the conceptus was gonucleotide fragments that are associated with apopto-
increased to 42°CAT = 3.5°C) for 5 min, decreased sis in the neuroepithelium of rat embryos. This occurred
head length and protein content also were observed.following exposure in culture to a temperature increase
Abnormal skeletal development was reported when the (AT) of 3.5°C above normal for 15 min. The result may
core temperature of pregnant rats was raised above nor-be impaired development of the fetal brain. It is possible
mal by 2.5°-3.4°Ci(e.,41°-41.9°C). In this study 90% that a similar biological mechanism may occur at lower
of pups exhibited malformed axial skeleton, including temperature thresholds when ultrasound is applied to-
fused ribs and vertebrae (Kimmel et al. 1993a). The rats gether with an elevated temperature. This subject of
were heated in a warm air chamber until the core tem- potential synergism between ultrasound and elevated
perature reached the required elevated level and thenmaternal core temperature requires further research.
were immediately withdrawn. Unfortunately, no infor- Within the fetal hematopoietic system, bone mar-
mation was provided on the time required for heat dis- row is the main site of blood formation in the third
sipation so that the total duration of exposure to elevated trimester of pregnancy. Abnormalities have been re-
temperature is uncertain. It is probable that this would ported in the nuclei of neutrophils in proliferating bone
have taker~ 40 min, and that for 20 min of the time the marrow cells in adult guinea pigs following exposure to
temperature was above 40.5°C. On termination of heat- systemic heating or localised ultrasound-induced hyper-
ing, the maternal core temperature may have remainedthermia. The former study exposed animals to 42.5°—
above 40°C for an additional 20 min. 43.5°C in a hot air incubator for 60 min and reported
In 1988 Shiota reported a threshold for exencephaly abnormal nuclear segmentation in neutrophils (Edwards
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and Penny 1985). The duration of exposure needed toated with a significant increase in the risk of neural tube
cause the effect was reduced considerably in the ultra- defects. A difficulty with human studies is the absence of
sound study. When ultrasound was used to elevate thequantitative measure of “thermal dosef.e., internal
temperature in the marrow, the same cellular abnormal- body temperature elevation and the duration for which it
ities were observed following exposures to 43°AT ( was maintained. Nevertheless, data from the study by
3.5°C) for 4 min (Barnett et al. 1991). Milunsky et al. (1992) are in agreement with findings of

Studies at the cellular level have been undertaken in other studies in both nonhuman primates (Hendrickx et
cell culture protocols in which cells were isolated from al. 1979; Poswillo et al. 1974) and humans. Smith et al.
the effect of surrounding tissue so that bulk heating (1978) reported that maternal febrile illness that caused
effects are unlikely. The endpoints studied usually in- the human body temperature to rise above 38.9°C in
clude gross effects on cell survival and/or mutagenicity. early stages of pregnancy was associated with fetal
There are insufficient data currently available to assessanomalies. Thus, long-term hyperthermia above 39°C
risk at the subcellular level where the most sensitive site may be teratogenic to the human fetus. Data from retro-
may be the cell membrane and the signal transduction spective studies indicate that mothers of babies with
pathway. The kinetics of biochemical processes are various CNS malformations experienced increased prev-
clearly temperature sensitive, but little research has beenalence of febrile iliness during early pregnancy (Layde et
directed toward such endpoints. It is difficult to perceive al. 1980; Pleet et al. 1981; Shiota 1982; Spraggett and
of a biological interaction that does not involve some Fraser 1982). Whilst these studies demonstrate that hy-
amount of heating, at least at the molecular level. The perthermia is a common teratogen, the important ques-
existing data base draws mainly on gross effects of bulk tion to be answered relates to the duration and degree of
heating. exposure required to produce the effect.

There is evidence that mild heat shock can elicit There are uncertainties in the extrapolation of bio-
cellular responses that do not alter the apparent structurallogical effects of whole body hyperthermia in small
integrity of the cell but alter normal biological processes. laboratory animals to human risk from ultrasound in-
Roberts and Sandberg (1979) reported an enhanced reduced heating. One of the greatest difficulties lies in
sponse in human leukocytes to specific migration factors determining the equivalent exposure conditions in hu-
by incubating these cells at a temperature 1.5°C abovemans. Normal resting body temperature varies by up to
normal, thus demonstrating that modest elevations in 3°C among homeothermal mammalian species. A funda-
temperature are capable of altering normal cellular func- mental issue is whether or not to adopt the notion that an
tions. In addition, it has been shown that increasing the absolute temperature is critical for normal biochemical
temperature 1°C is sufficient to induce thermotolerance processes and development of all mammalian biological
in some mammalian cells growing in culture (Joshi and systems. It may be more acceptable that the catalysts for
Jung 1979). biochemical reactions, enzyme systems and biomolecu-

The evidence from studies on laboratory animals of lar messengers have operating temperatures that are op-
the effects of ultrasound-induced temperature increase intimised for each species, with similar limited ranges of
embryonic and proliferating tissue indicates that biolog- tolerances. The conservative approach would be to adopt
ically significant abnormal events occur after exposures the latter proposition and translate the lowest threshold
of 4°C above normal for 5 min. values, in terms of elevated temperature above normal
basal levels for any mammalian species, into the thresh-
old for human safety. In fact, some eminent researchers
have stated that there is a common misconception that

Hyperthermia is accepted as a teratogen in mamma- “there is a single absolute threshold for all species of
lian biological systems (Bell 1987; Edwards 1986) and is animals, regardless of their normal temperature” (Ed-
considered to be a human teratogen (Edwards et al. 1995wards et al. 1995).

Jones 1988; Shepard 1982, 1989). Many of the defects Recent evidence from studies on molecular biology
caused by hyperthermia in animal studies also have beenshow that the heat-shock response is related directly to a
found in children followingin utero febrile episodes temperature increase and not to an absolute temperature
(Erickson 1991; Jones 1988). Neural tube defects follow- in mammalian species. Heat-shock factor (HSF), which
ing exposure to hyperthermia in early pregnancy was mediates the expression of HSP genes, is activated at a
reported in a small study (Fisher and Smith 1981). More temperature set-point that varies among species. Rather
recently, in a study population exceeding 23,000 women, than responding to an absolute temperature within the
Milunsky et al. (1992) reported that exposure to heat mammalian cell, HSF is activated by a temperature
above 38°C (from sauna, hot tub, electric blanket or change (Abravaya et al. 1991). This individual response
fever) during the first 8 weeks of pregnancy was associ- to temperature elevation was taken a step further when

ASSESSMENT OF RISK TO HUMAN HEALTH
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Sarge et al. (1995) showed that HSF1 was activated atfetal temperature under whole-body heating conditions.
different absolute temperatures, but similar temperature It takes some time to synthesise HSPs; therefore, poten-
increases, for different organs in the same animal. They tial protective mechanisms that may be mounted by cell
reported that, in mice, HSF binds to HSP at 42°C in the reactions to whole body hyperthermia would be overrid-
liver (37°C organ temperature) and at 36°C in the testis den in rapid ultrasound-induced heating. The degree of
(30°C organ temperature). One explanation may be thattemperature increase is directly dependent on the acous-
the HSF activation temperature is directly related to the tic absorption coefficient of the target tissue. The heated
protein denaturation profile characteristics of each cell tissue volume is small and usually restricted to a volume
type. The incubation period for these experiments was 60 of < 0.5 cn?. The effects of damaging a small volume
min. depend on the sensitivity of the target tissue. From a
There is some evidence that heat-shock gene ex-safety perspective, it is essential that the worst-case
pression is not entirely genetically determined but also situation be considered.
correlates with the normal body temperature or temper- International committees and working groups are
ature at which the organism lives. Dietz and Somero currently developing test objects to measure the maxi-
(1992) reported a 4°C difference in the temperature at mum temperature elevations in fields emitted by diag-
which HSP 90 gene is induced in eurythermal goby fish, nostic scanners. The biophysical basis for safety classi-
depending on whether they were acclimatized to 10° or fication will be determined by information available on
20°C. Differences have been reported within the same the effects of whole body hyperthermia, which may not
animal for organs with varying physiological tempera- necessarily be accurate. Estimates of risk based on whole
ture. body heating do not give any information on the proba-
The lowest temperature at which teratogenic effects ble potentiating effects of ultrasound interactions when
have been repeatedly reported in mammals is 41°C. accompanied by moderate temperature elevations.
However, the conditions of long-term exposure to whole Exposure to some diagnostic equipment operating
body heating make it difficult to extrapolate to risk from in pulsed Doppler mode has been shown to produce
heating in human examinations. A further complication biologically significant temperature increases in tissue,
is the extent of heating. If a 41°C temperature is trans- particularly when bone is present. Under the latest Track
lated directly to humans as an absolute temperature3 option for FDA compliance in the USA, manufacturers
threshold, it represents a temperature increase dfC may obtain market approval for equipment having an
or an increase in fetal temperature~613.5°C. However, output display in which the only limit is a maximurg,),
itis equivalent to a temperature increase of only 2.5°C in intensity of 720 m\em 2 estimated in tissue. This
the rat. The bulk of the literature shows adverse devel- means that there would be no application-specific limit
opmental effects require exposure to a temperature in-on output, and that the fetal exposures could be increased
crease greater than 1.5°C above normal body tempera-by almost a factor of 8 over the previously allowed value.
ture. This could occur with multimode imaging systems. Note
Most experiments have involved placing pregnant that the fetal body temperature is reported to be normally
animals in a hot air incubator, thereby subjecting them to about 0.5°C higher than the maternal temperature in
the stress of whole body heating for protracted durations humans (Walker et al. 1969; Wood and Beard 1964).
(typically 60 min) to overcome the normal maternal
homeostasis. However, the potential for consequent ef-
fects of compromised maternal physiology are not re-
ported. Similarly, the teratogenic effects of fever in hu- There are many reports of gross effects of hyper-
mans result from periods of many hours at elevated body thermia on prenatal development in animals. Hyperther-
temperature. Similar biological effects are reported in mia is recognised as a potential human teratogen. It is
embryo culture systems, and these may offer the bestprobable that the same effects would occur following
available methods to determine thresholds of short-dura- ultrasound exposure, producing similar elevations of
tion exposures. temperature above normal physiological levels. The
Current estimates of risk from ultrasound-induced scale of effect may be expected to be less in humans
heating are mostly based on existing data on whole body compared to small animal exposures due to the ratio of
heat exposure in animal studies, in the absence of ultra-embryonic/fetal body size to beam width. However, sub-
sound. The effect on cell development probably differs cellular effects of heating within the intense focal zone of
from that due to the rapid onset of ultrasound-induced ultrasound beams have not been studied adequately.
heating. Acoustic absorption is immediate, resulting in There is a substantial data base of evidence that fetal
deep tissue temperature elevation within seconds of ex-brain development is significantly affected in laboratory
posure, compared to tens of minutes required to elevateanimals by whole body exposure of the pregnant mother

DISCUSSION
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to a temperature elevation 2°C. The effect of hyper- SUMMARY
thermia is dependent on a combination of temperature
rise and the duration for which it is maintained. The
lowest exposure conditions producing repeatedly ob-
served major malformations in embryonic development
is a 4°C increase above normal body temperature main-
tained for 5 min.

Embryonic development has been shown to be de-
layed significantly in rats exposed to whole body heating
until the maternal core temperature was elevated by 4°C
Although the pregnant rats were removed immediately
from the heat when core temperature increase was
achieved, the actual duration of embryonic exposure to ) i i )
the 4°C elevated temperature was uncertain. However, 70M whole body hyperthermia experiments in animals

rat embryo culture studies that controlled exposure du- ©© humans. However, there are no new data to alter the
ration found a threshold value of 42°C for 10 min of conclusion arrived at in the 1991 WFUMB Safety Sym-

exposure. The endpoint was a change in the crown—rumpP0Sium that, regardless of duration, a diagnostic expo-
length (Kimmel et al. 1993b). Thus, the effect was pro- sure that produces a maximum temperature rise of 1.5°C

duced by an increase above the normal body temperaturé?P0ve normal physiological levels (37°C) does not
of 3.5°C in rats. present a risk from thermal effects in humans.

There is evidence from studies using embryo cul- There are limited data available on the biological
ture systems that the effects of ultrasound may be en- effects of interaction of ultrasound with tissues that have

hanced by a moderate temperature increase (Angles et al2 preexisting temperature elevgtion. Specialised studies
1990; Barnett et al. 1990). The minimum exposure con- USing rat embryo culture te_chnlques have demonstrated
ditions wereAT 1.5°C (absolute temperature 40°C) to- thata modest temperature increase (1.5°C above normal
gether with an ultrasound intensity,}, of 1.2 Wcm 2 body t(_emperat_ure) comblned_ with pulsed ultrasound re-
applied for 15-min duration. sulted in 5|gn_|f|cant chapges in embryo Qevelopment and
Theoretical models or tissue-mimicking test objects neural protein synthesis. The results imply that ultra-
for calculating temperature increases in tissues at theSound-induced biological effects can be potentiated by
focal zone of the ultrasound beam are most reliable when@n existing elevated core temperature. This subject of
the cooling function of tissue perfusion is less important Potential synergism between ultrasound and elevated
than thermal diffusion. Perfusion is not likely to be a Maternal core temperature requires further research.
dominant factor in clinical situations in which narrow In scanned beams used in imaging procedures, any
beams and small heated volumes occur for short dwell Single tissue target is interrogated for only fractions of a
times. When bone is in the ultrasound path, perfusion is second each time the beam sweeps past. Thus, there is
even less significant. little opportunity to heat a specific tissue target. To
The transducer is a substantial source of heating, by achieve significant amounts of heating requires that the
conduction, in soft tissue examinations (WFUMB 1992; ultrasound beam must be fixed in relation to a tissue
Wu et al. 1995). This is particularly important for pulsed target so that all the energy in the beam is directed onto
transducers, which are inefficient in converting electrical that target. This occurs in pulsed spectral Doppler appli-
to acoustic energy. Heating is localised close to the cations.
transducer. This has implications for safety for intracav- The effect of damaging a small volume depends on
itary applications, particularly where there is a trend the sensitivity of the target tissue. It is questionable
toward increased power outputs in gynaecological exam- whether or not the effects of damage to small discrete
inations using the endovaginal route. The risk of inad- volumes of neural tissue would ever be detected by
vertently exposing an unknown pregnancy to heat cannot studies of gross morphological structure. Techniques in
be excluded. molecular biology are becoming very sensitive and need
Some of the conclusions of the AIUM report (1994) to be adapted to provide assays to detect such small
are inconsistent with the findings of this report. This is biological effects.
due, in part, to recent data that were not available at the Thresholds for teratogenic effects of hyperthermia
time of writing the AIUM report. There also are apparent are determined by a combination of the induced temper-
inconsistencies and uncertainties in the present data basature elevation and its duration. Most ultrasound diag-
relating to thresholds for modest increases in temperaturenostic procedures involve brief dwell times that help to
and the importance of duration of exposure. widen the safety margin. There are uncertainties in esti-

Most of the bioeffect studies describe the effects of
whole body heating in the absence of ultrasound expo-
sure. Few studies have been designed to specifically
determine threshold values for abnormal embryonic or
fetal development. Nevertheless, there are sufficient data
on which to draw conclusions. Results of a number of
studies on rats and mice have demonstrated that exposure
for 5 min to a temperature increase of 4°C above their
"normal body temperature.€., 42.5°C for rats) is haz-
ardous to embryonic and fetal development.

There is some difficulty in directly extrapolating
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mates ofin situ tissue temperature increase caused by ical acoustic output indices on diagnostic ultrasound equipment.

ultrasound: thus. it is prudent to minimise exposure Rockville, MD: American Institute of Ultrasound in Medicine,
’ i ’ 1992.

particularly in pulsed Doppler applications. Angles JM, Walsh DA, Li K, Barnett SB, Edwards MJ. Effects of
pulsed ultrasound and temperature on the development of rat em-
bryos in culture. Teratology 1990;42:285-293.

WEUMB SYMPOSIUM CONCLUSIONS ON Bacon DR, Shaw A. Experimental validation of predicted temperature
rises in tissue-mimicking materials. Phys Med Biol 1993;38:1647—
THERMAL ISSUES jpead

Th lusi d b f th Barnett SB. Can diagnostic ultrasound heat tissue and cause biological

‘These conclusions were accepted by vote of the  effects? In: Barnett SB, Kossoff G, eds. Safety of diagnostic ultra-

participants at the WFUMB Safety Symposium, Kloster- sound. Cardiff: Parthenon Publishing, 1998: pp. 27-38.

Banz 1996. Barnett SB, Walsh DA, Angles JA. Novel approach to evaluate the

. . Lo interaction of pulsed ultrasound with embryonic development. Ul-

e Assessment of risk from tissue heatm_g is ba_sed largely  asonics 1990:28:166—-170.

on data from whole body hyperthermia studies that are Barnett SB, Edwards MJ, Martin P. Pulsed ultrasound induces temper-

qualitatively different from ultrasound-induced heat- ature elevation and nuclear abnormalities in bone marrow cells of

. . guinea-pig femurs. Proceedings 6th WFUMB Congress in Ultra-

ing of small volum_es of tissue. _ 3 sound, Denmark. 1991:#3405.

e Although few studies have been designed to specifi- Barnett SB, Rott H-D, ter Haar GR, Ziskin MC, Maeda K. The
cally determine thresholds, data from whole body hy- sensitivity of biological tissue to ultrasound. Ultrasound Med Biol

.. . . 1997;23:805-812.
perthermla '@ utero and in embryo CUIture) studies Barnett SB, ter Haar GR, Ziskin MC, et al. Current status of research

with rats demonstrate that exposure for 5 min to a on biophysical effects of ultrasound. Ultrasound Med Biol 1994;
temperature increase of 4°C above their normal body  20:205-218.

; o ; ; Bell AW. Consequences of severe heat stress for fetal development. In:
temperaturei(e., 42.5°C) is hazardous to embryonic Hales JRS, Richards DAB, eds. Heat stress: Physical exertion and

and fetal development. Similar thresholds have been  environment. The Netherlands: Elsevier Science Publishers BV,
reported for ultrasound-induced heating of actively 1987:313-333.
dividing cells in bone marrow. Bly SHP, Vlahovich S, Mabee PR, Hussey RG. Computed estimates of
L. . maximum temperature elevations in fetal tissue during transabdom-
e Developmental abnormalities have been observed in g puised Doppler examinations. Ultrasound Med Biol 1992;18:
animals when the embryonic or fetal temperature is  389-397.

increased by 2°C or more above their normal body Bosward KL, Barnett SB, Wood AKW, Edwards MJ, Kossoff G.
Heating of the guinea-pig fetal brain during exposure to pulsed

temperature for extended duration. _ ultrasound. Ultrasound Med Biol 1993;19:415—424,
e Under specialised laboratory conditions using rat em- Carstensen EL, Child Sz, Norton S, Nyborg WL. Ultrasonic heating of
bryo culture, exposure to pulsed ultrasound combined _ the skull. J Acoust Soc Am 1990;87:1310-1317.

ith t t . f 1.5°C ab | Cuff IM, Kimmel GL, Kimmel CA, Heredia DJ, Tudor N. Relationship
with a temperature increase or L. above norma between abnormal somite development and axial skeletal defects in

(i.e., at 40°C) affects embryonic development. rats following heat exposure. Teratology 1993;48:259—-266.
e Biologically significant temperature increases have Dietz TJ, Somero GN. The threshold induction temperature of the

. . 90-kDa heat shock protein is subject to acclimatization in eurythe-
been measured, at or near bone/soft tissue interfaces, ., goby fishes (genusillichthys). Proc Natl Acad Sci USA

during exposure to conditions similar to those used in  1992;89:3389-3393.
Doppler diagnostic equipment. The effects of elevated Drewniak JL, Carnes KI, Dunn Hn vitro ultrasonic heating of fetal

P : . bone. J Acoust Soc Am 1989;88:26-34.
temperatures may be minimised by keeping the time Duck FA, Henderson J. Acoustic output of modern ultrasound equip-

for which the beam passes through any one point in  ment: Is it increasing? In: Barnett SB, Kossoff G, eds. Safety of
tissue as short as possible. diagnostic ultrasound. Cardiff: Parthenon Publishing, 1998: pp.

: ; : 15-26.
e It has been demonstrated in studies with unperfused Duggan PM, Liggins GC, Barnett SB. Ultrasonic heating of the brain

tissue that, for transcranial applications, the transducer of the fetal sheejn utero. Ultrasound Med Biol 1995;21:553-560.
itself can be a substantial source of heating_ Edwards MJ. Congenital defects in guinea-pigs: Fetal resorptions,

; ; _ ; ; ; abortions and malformations following induced hyperthermia dur-
e The acoustic output from simple B-mode imaging is ing early gestation. Teratology 1969:2:313-328.

controlled to levels that are not capable of producing Egwards MJ. Hyperthermia as a teratogen: A review of experimental
harmful temperature rises in tissue. Ultrasound scan-  studies and their clinical significance. Teratog Carcinog Mutagen

; ; _ ; T 1986;6:563-582.
hing in B-mode is not contraindicated on thermal Edwards MJ. Hyperthermia and birth defects. Cornell Vet 1993;83:1-7.
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® Chapter 2

NONTHERMAL ISSUES: CAVITATION—ITS NATURE, DETECTION AND
MEASUREMENT

INTRODUCTION RADIUS vs TIME
1 [ L}

100

Acoustic cavitations defined as sonically induced activ-
ity of gas-filled cavities; it is eitheinertial or noniner-
tial.

Inertial cavitationoccurs when a gas-filled cavity in
a liquid,i.e.,a bubble, expands during part of an acoustic
cycle, then contracts very rapidly (“collapses”) to a
small fraction of its original volume. During contraction,
liquid is drawn inward and, as pointed out by Flynn
(1964), its inertia largely controls the bubble motion. 12 13 14

Toward the end of the collapse, the predicted wall Time, cycles
speeds and accelerations are high, and shock waves cal
propagate through the gas and be emitted into the liquid.
Polytropic models of the collapse of a bubble containing
homogeneous gas predict pressures in the range of hun-

dreds of megapascals and temperatures in the range of,picaly induced activities involving bodies of gas. The
thousands of degrees Kelvin when the volume is mini- |5iter may be either relatively free to move, as for bub-
mum. These transient temperatures and the gas shoCkg)jes in a liquid €.g.,echo-contrast agents in large blood
are capable of generating free radicals by hydrolysis, yessels), or more constrained, as for gas-filled channels
which subsequently yield reactive chemicals. Electroni- jn pjant tissues, insects and (nonfetal) mammalian lung.
cally excited species, in turn, can cause the emission of xamples of noninertial cavitation activity are: transla-
alight flash, a phenomenon knownsmoluminescence.  tipnal motion of free bubbles, surface distortions (includ-
After reaching minimum volume, the bubble re- jng formation of liquid jets and gaseous microbubbles),
bounds, emitting a pressure pulse into the liquid. It then growth by rectified diffusion or by coalescence, heat
may fragment, immediately or after undergoing a small generation, radiation forces exerted on neighbouring par-
number of rebounds. However, it recently has been ticles (including other bubbles) and small-scale acoustic
found (Gaitan and Crum 1990) that, under special con- streamingj.e., microstreamingof the gas on the interior
ditions, a spherical bubble maintains its identity during and of the liquid in the exterior.
collapse and repeats an expansion—contraction cycle dur-  Figure 2.3 shows the results of radiation force ex-
ing each period of a continuous sound field for an indef- erted by a vibrating gas body (H) of microscopic size, in
inite number of cycles. The entire repeated cycle may a pore of hydrophobic Nuclepdtenembrane, on human
include several reduced rebounds, as shown in Fig. 2.1.red cells (C) in a saline suspension, exposed to a 2.1-
Under other conditions the bubble collapses asym- MHz continuous-wave ultrasound field of low pressure
metrically, then disintegrates into smaller fragments, amplitude. The cells have gathered around the gas-filled
which may or may not dissolve. A liquid jet may form pore, and each cell is somewhat distorted as a part of its
which projects through the bubble with high speed. This membrane nearest the pore is pulled toward it.
is seen in Fig. 2.2, which shows computed surface pro- Figure 2.4 shows stream-lines followed by small
files of a bubble located near a solid surface, at various indicator particles in the vicinity of a gas bubble in
times after the deformation begins. The jet may deform liquid; the bubble rests on a boundary while exposed to
or erode the solid surface. a 10-kHz sound field. The four patterns apply for differ-
Noninertial cavitation includes various types of entliquids and different vibration amplitudes. Analogous

Radius, microns

Eig. 2.1. Repeated inertial cavitation at 22.3 kHz. [Reproduced
with permission from Gaitan and Crum (1990).]
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Fig. 2.4. Patterns of flow in the microstreaming observed near
a vibrating bubble. [Reproduced with permission from Elder
(1959).]

itation, such as those depicted in Figs. 2.3 and 2.4, can
occur when stabilized gas bodies are present. Natural
Wall biological structures present such gas bodies in the form
Fig. 2.2. Formation of liquid jet at various times after the of plant .tlssue ga_s spaces, Insect Iarvag gas channels,
deformation begins. A= 0.63 ms; C= 0.97 ms; E= 1.03ms; ~ Mammalian lung tissue and gas pockets in the mamma-
J = 1.12 ms. [Reproduced with permission from Plesset and lian gut. In clinical practice, gas bubbles are to be ex-
Chapman (1971)] pected during infusions and intravenous injections and
are present when gaseous echo-contrast agents are used
(since the latter consist of suspensions of small encap-
microstreaming occurs near bubbles set into vibration by sulated bubbles). These forms of cavitation are of par-
ultrasound in the megaHertz frequency range and, to- ticular interest here because of their potential for produc-
gether with the bubble—cell attraction illustrated in Fig. ing effects under conditions where acoustic pressures are
2.3, leads to effects on cells in the vicinity of the bubbles below the threshold for inertial cavitation.
at moderate vibration amplitudes. Special forms of cav- Whether a given bubble responds to a sound field
with inertial or noninertial cavitation depends on the
pressure amplitude in the local sound field, the initial
bubble size, the acoustic frequency and other factors,
including physical properties of the liquid. Below the
inertial cavitation threshold of a sample only noninertial
cavitation occurs, whereas above the threshold a com-
plex variety of phenomena can occur. Based on theory,
proposed criteria for distinguishing inertial from nonin-
ertial cavitation include: 1) the profile of the major col-
lapse portion of the radius vs. time curve; 2) the maxi-
mum relative radius achieved; and 3) the maximum
temperature reached by the gas. Proposed criteria based
on experiment include detection of chemical reaction
products and of sonoluminescence. Typical cavitation
fields are complex. Commonly, there are many bubbles
present, of varying size, and the sound field is nonuni-
form. In many examples where inertial cavitation is
produced in a liquid sample, noninertial cavitation occurs
simultaneously.

BIOPHYSICAL CONSIDERATIONS

A wide variety of physical, chemical and biological
Fig. 2.3. Cells are drawn to a vibrating gas body=Chuman effects can be produced by ultrasound through the action

red Ce"; H= Vibrating gas body [Reproduced with permission of inel‘tial or n0ninertia| CaVitation. In general, the cav-
from Nyborg and Miller (1982).] itation activity is very complex, but considerable insight
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has been obtained from physical studies of simplified Heat production

models. In particular, much attention has been given to Of the energy extracted from an ultrasound wave by
acoustic theory for the volume oscillations of a spherical a gas body, the part that is not scattered is converted into
gas-filled bubble, surrounded by liquid and subjected to heat. Calculations, based on linear theory for pulsations
a continuous-wave sound field. In the following discus- of a spherical bubble, have been made for the heat
sion of cavitation activity, the aspects dealt with first are generated by free resonant bubbles (abowin3in ra-
those of noninertial cavitation, which occur when the dius) at a frequency of 1 MHz. It is estimated that if such
oscillation amplitude is in the small-to-moderate range. bubbles were present in soft tissue at a concentration of
100 mL~* (corresponding to a volume fraction of about
10°8), the absorption coefficient would double and,
hence, the rate of heat production by an ultrasound beam
of given intensity also would double (Nyborg 1991).
Hynynen (1991) has shown experimentally that the tem-
perature rise produced by ultrasound in mammalian tis-
sue is increased when cavitation occurs. (The tempera-
ture rise referred to here is the average over a sonic cycle
or over a repetition period and, of course, differs greatly
from the submicrosecond duration temperature “spikes”
that occur during the instant of minimum radius, as in
Fig. 2.1, during inertial cavitation.)

Linear resonance

Although the general differential equation for the
vibratory motion of a bubble is nonlinear, it reduces to a
linear equation when the oscillation amplitude is not too
large. For a spherical gas bubble, if the acoustic pressure
in the liquid varies sinusoidally in time with frequenty
the bubble radius also varies sinusoidally in time with the
same frequency.

Under linear conditions, a bubble responds as a
harmonic oscillator with a resonance frequency that is
inversely related to its equilibrium radius. For example,
the resonance frequentyof a free spherical gas bubble
in water at 20°C and atmospheric pressure is given, for
bubbles of radiu®}, about 10um or larger, by:

Diffusion and rectified diffusion

As a bubble expands and contracts in response to
the time-varying pressure in a sound field, gas diffuses
inwardly and outwardly. Even in a sound field in which
fo = 3.3R,, R, > = 10pum (1) the acoustic pressure varies sinusoidally with time the
net inward flow during a cycle often is positive, causing
the bubble to grow in a process callezttified diffusion
(Crum and Hansen 1982). In experiments with supersat-
urated gels, rectified diffusion is believed responsible for
the appearance of gas bubbles during exposure to ultra-

gvﬁﬁzzﬂate:;‘é rmchr(f:;'?féy :ssogfcgefaesei;';?c:n?;;s sound fields from equipment designed for physical ther-
u nw w Ius | Y wmi apy (Crum et al. 1987). The bubbles evidently are en-

or smaller, resonance properties depend on s_urface ten'Iarged to detectable sizes (10n or larger in diameter)
sion at, and heat transport across, the gas-liquid interface

) g from smaller gas bodies normally present in the gel.
(Coakley and Nybo_rg 1978; Flynn 1964.’ Leighton 1994). Evidence also has been given for bubble growth pro-
Other expressions have been derived for resonance

. ) - . “duced by therapeutic ultrasound in mammalian tissues
frequencies of particles or structures containing undis-

solved gas. Some of these exoressions apply to as(ter Haar 1986; ter Haar and Daniels 1981). The time-
ved gas. L Xpressi PPl 9 averaged intensities used were comparable to those used
bodies encapsulated with viscoelastic shells and hence to.

. ] In some applications of Doppler ultrasound. However, it
particles used for contrast agents (Church 1995; de Jong
and Hoff 1993): others apply to small bodies of gas has not been demonstrated that Doppler ultrasound can

trapped in pores (Miller and Nyborg 1983) or contained produce such bubble growth; the typical frequency, beam

in intercellular channels of plant tissue (Miller 1979). \;Vr'gtgif?g:jegtu iilgr? ;}ersiﬁntit;;;gr diagnostic Doppler

Theory shows that diffusion also plays a major role

Scattering in the bubble dynamics induced by lithotripsy fields

When an ultrasound wave impinges on a small gas (Church 1989). Here the diffusion is primarily “one
body, such as a free bubble or a gas-filled cavity con- way,” that is, into the bubble during its initial prolonged
tained in a structure, much of the energy is reradiated, expansion phase.
i.e., scatteredjnto the surrounding medium, especially
under resonance conditions. It is for this reason that Radiation forces on bubbles
gas-containing particles have proven highly effective as Cavitation activity is influenced strongly by the net
contrast agents for diagnostic ultrasound (Bleeker et al. forces, calledacoustic radiation forcesyhich act on
1990). bubbles. According to theory (based on the linear ap-

wheref, is in megaHertz wherR, is in micrometers.
According to this equation, if the radius is 10m, the
resonance frequency is 0.33 MHz. This simple formula
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proximation for the vibrational motion), the radiation uted to shear stress associated with intracellular mi-
force on a bubble in a sound field is proportional to the crostreaming resulting from vibration of intercellular gas
square of the local pressure amplitude; its direction and bodies (Miller and Thomas 1993b).
magnitude depend on the nature of the field and on the
size of the bubble relative to that required for resonance. Surface waves and jet formation
These forces cause free bubbles to move about and Sound fields typically cause patterns of transverse
combine with each other. For example, in a standing waves to be set up at gas-liquid interfaces, including
wave the radiation force is toward pressure-amplitude bubbles. Even at moderate amplitudes the waves may
maxima for bubbles smaller than resonance size and inbecome distorted and chaotic, with microbubbles form-
the opposite direction for larger bubbles. Near a solid ing on the liquid side of the interface, while jets of liquid
boundary, the radiation force on a gas bubble may draw are formed on the other side. Large bubbles can com-
it toward its “image.” pletely break up into microbubbles. The microbubbles
In a plane travelling ultrasound wave at large dis- serve as new sites for cavitation activity. For a bubble
tances from the source, the radiation force on a bubble is pulsating on a solid boundary, the liquid-jet impact dis-
in the direction of propagation and is maximum for cussed earlier (Fig. 2.2) has been proposed as a contrib-
resonance conditions. A free bubble may be caused touting process in the destruction of kidney stones by
move at high speed, which is an important consideration ultrasonic lithotripsy (Coleman et al. 1987).
for in vitro research. In a progressive-wave field, air
bubbles rapidly cross the exposure chamber and remainHarmonics, subharmonics and other frequency compo-
there unless the exposure chamber is rotated to continu-nents in cavitation spectra
ally recycle the bubbles (Miller and Williams 1989). This At even moderate levels of the pressure amplitude,
type of behaviour exemplifies the many differences be- features of bubble response appear that are absent under
tweenin vitro andin vivo conditions that complicate the linear conditions. For example, if the driving acoustic
interpretation of bioeffect reports. field is a continuous wave of frequenéythe acoustic
Bubbles smaller than resonance size will attract pressure field scattered by the bubble contains spectral
each other and may coalesce. Such coalescence is awomponents of harmonic frequencyf,(3f/2, etc.), sub-
important process for bubble growth caused by ultra- harmonic frequencyff2, /3, etc.) and ultraharmonic

sound in a liquid medium. frequency (82, /3, etc). When the acoustic pressure is
measured in a medium (such as an aqueous suspension)
Attraction of cells to a vibrating bubble exposed to ultrasound, the appearance of harmonic or

Radiation forces in the liquid near a small gas body subharmonic components in the pressure spectrum can
executing volume oscillations attract any small particle, be used as an indicator of nonlinear bubble motion.
such as a biological cell, to the vibrating body, especially
if the density of the particle is greater than that of the Inertial cavitation
liquid (Nyborg and Miller 1982) (see Fig. 2.3). In an The phenomena associated with inertial cavitation
erythrocyte suspension of high hematocrit, cell collection (see Introduction) can occur in water or other aqueous
at vibrating bubbles can influence cavitation damage media, even at frequencies and pressure amplitudes com-

(Brayman and Miller 1993). monly used in diagnostic ultrasound, if small gas bodies
(cavitation nuclei) of appropriate size are present. These
Bubble-associated acoustic microstreaming phenomena include the sonochemical reactions resulting

Investigators have used special arrangements forfrom the generation of free radicals, and the production
studying biological implications of the microstreaming of sonoluminescence; the emission of rebound pressure
that occurs near vibrating bubbles (Fig. 2.4). According pulses and their contribution to erosion and acoustic
to reviews by Williams (1983) and Miller (1987), the emissions; and a range of phenomena associated with
following effects have been attributed to microstreaming motion of the bubble wall€.g.,extensive expansion and
generated by bubbles set into vibration by ultrasound: fragmentation). Measurements of the light generated
hemolysis; release of protein from bacteria; degradation from sonoluminescence, and of the products resulting
of DNA in solution; release of ATP from erythrocytes; from chemical reactions, can be used as measures of
and mechanical disruption of plant cells. The pressure inertial cavitation activity. Sonoluminescence has been
amplitudes required were usually low, sometimes as low observed in aqueous solutions exposed to ultrasound
as 1d Pa. In experiments with plant cells, the pressure- under acoustic conditions comparable to those character-
amplitude threshold for damage was found to be approx- istic of diagnostic fields (Fowlkes and Crum 1988).
imately proportional to the square root of the frequency Theoretical values of the threshold for inertial cav-
and given by 0.95 MPa/MHZ. The damage was attrib-  itation depend on the specific definition for the threshold,
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on the initial bubble sizes and, for pulsed ultrasound, on brating gas bodies have been studied in this way, often at
the center frequency and pulse shape (Apfel and Holland relatively low values of the pressure amplitude, so that

1991; Flynn 1982; Sponer 1991). inertial cavitation is absent. In experiments in which
stabilized gaseous nuclei are provided, cellular effects
Cavitation nuclei have been observed from exposures to ultrasound under

Small bodies of gas are ubiquitous in water and &coustic conditions comparable to those characteristic of

other liquids used fom vitro experiments with biolog- ~ diagnostic fields (Miller 1987).
ical systems. The gas bodies provide sites for cavitation, In most experiments in which larger quantities of
are commonly callectavitation nuclei,and would dis-  Cell suspension are exposed to ultrasound (as when the
solve or float out of the region of interest if they were not Cells are contained in a test tube or other vessel of
stabilized by some means. Nuclei may exist in the liquid comparable size), it is difficult, if not impossible, to
as small bubbles of gas coated with organic material that make direct optical observation of the activity occurring
slows or prevents diffusion, or as gas stabilised in cracks at individual sites. It then is necessary to use other
or pores at solid surfaces (which may exist in container methods to characterize the activity (see later section on
walls, small impurity particles, etc.) that reduce or elim- Cavitation Detection). In such experiments it often is
inate excess internal pressure caused by curvature of theletermined that little cell damage occurs, unless inertial
gas-liquid interface. Typically, the nature and distribu- cavitation is present. This is probably because effective
tion of nuclei vary from one experiment to another, nuclei for noninertial cavitation are not present initially.
unless steps are taken to control them (Apfel 1981; Crum At acoustic pressure amplitudes exceeding the threshold
1982). Media sterilised by filtering or autoclavirig for inertial cavitation, bubbles of microscopic and sub-
vitro, or the biologically clean conditions in a living Microscopic size move about at high speed and interact
animal, are examples of situations with a paucity of N complex patterns. Hydrodynamic stresses resulting
cavitation nuclei for which relatively high cavitation from collapse or from rapid translational movement of
thresholds are typically found. bubbles then may be the dominant mechanisms for cell
In one method for making nuclei available in a lysis (Carstensen et al. 1993). Chemical activity involv-
controlled manner, use is made of hydrophobic mem- ing free-radicals produced during collapse does not ap-
branes with uniform gas-containing pores a few mi- Pearto be animportant factor in cell lysis (see Chapter 4)
crometers in diameter. Vigorous acoustic microstream- although active sonochemicals that are produced can
ing occurs near the pores during the exposure to ultra- causé DNA damage in cells. For example,G3 pro-
sound, even at relatively low pressure amplitudes. At duces strand breaks in DNA (Miller et al. 19914, b, e).
higher amplitudes the gas leaves the pores and probably [N organized tissueggas body activationa form of
forms nuclei for inertial cavitation. Other methods for Noninertial cavitation, has been demonstrated for medically
providing nuclei make use of ultrasound contrast agents relevant conditions and has known bioeffects in plants
(Williams et al. 1991) or polystyrene particles (Atchley (Miller and Thomas 1993a), insects (Child et al. 1981) and

et al. 1988). Prediction of the likelihood of inertial cay- Mammalian lung (Child et al. 1990; Frizzell 1994). In
itation in vivo in the absence of such artificial nuclei Plants, membrane damage occurs and is attributed to vis-

would require knowledge of the availability of naturally ~Cous shear stresses associated with acoustic microstreaming
occurring nuclei. Characterisation of this natural nuclei 9Pserved in adjoining liquid-filled vacuoles, as noted ear-
populationin vivo has not been achieved with current lier. The microstreaming results from vibrations of the cell
techniques. wall that, in turn, result from volume oscillations of the
intercellular gas-filled channels. In insects and mammals,
structures analogous to the plant vacuoles are not seen in the
immediate vicinity of the gas-filled respiratory spaces, and
the mechanisms for ultrasonically produced damage are not
If appropriate nuclei are present, exposure to ultra- known. The possible consequences of gas body activation
sound may cause alterations of cells through mechanismsassociated with gas-filled lung tissue, intestinal gas pockets
of noninertial cavitation, at pressure amplitude levels and gas-containing echo-contrast agents represent specific
below the inertial cavitation threshold. Direct informa- instances of cavitation considerations relevant to clinical
tion on how noninertial cavitation affects biological sys- practice.
tems has come from use of arrangements in which nuclei
of effective size are provided and observations are made
through an optical microscope during ultrasonic expo-
sures, as in obtaining Fig. 2.3. In particular, effects of Investigations of biological effects attributed to
microstreaming and radiation forces associated with vi- acoustic cavitation, discussed in Chapters 4 through 6,

MECHANISMS FOR CAVITATION-MEDIATED
BIOEFFECTS

CAVITATION DETECTION
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Table 2.1a. Cavitation detection methods and applications.

Acoustical: Reference:
Imaging (B-scan);
Diagnostic,in vivo ter Haar et al. 1982
Diagnostic,in vitro Watmough et al. 1991
Hyperthermiajn vivo Hynynen 1991
Lithotripsy, in vitro Zeman et al. 1990a
Lithotripsy, in vivo, human Zeman et al. 1990b; Coleman et al. 1995
Decompressionin vivo Mackay and Rubissow 1978; Daniels et al. 1979, 1980
Ultrasound scatter;
In vitro Atchley et al. 1988; Roy et al. 1990
In vivo Holland et al. 1996
Subharmonic emission;
In vitro Neppiras 1968a, 1968b; Coakley 1971; Coakley et al.1971; Edmonds and
Ross 1986, 1988; Morton et al. 1982
In vivo Lele 1977; Sommer and Pounds 1982; Hynynen 1991
Second harmonic emission;
In vitro Miller 1981
In vivo Gross et al. 1985; Christman et al. 1986
Two-frequency n vitro Newhouse and Shankar 1984; Chapelon et al. 1988; Leighton et al. 1991
Broadband noise emission;
In vitro Neppiras 1968a, 1968b; Holland and Apfel 1990; Coleman et al. 1992
In vivo Hynynen 1991
Doppler;
in vitro Nishi 1972
In vivo Gillis et al. 1968; Evans and Walder 1970; Belcher 1980
Biological:
Damaged mammalian tissues in vivo;
Focal lesions Fry et al. 1970; Frizzell 1994
Endothelial cell damage Dyson et al. 1974
Hemorrhaging (by lithotripsy) Delius et al. 1990a, b; Hartman et al. 1990a, 1990b; Miller and Thomas 1995
Hemorrhaging (by ultrasound) Child et al. 1990; Frizzell 1994
Hind limb paralysis, influenced by
hyperpressure Frizzell 1994
Sonoluminescence:
Ultrasoundin vivo Leighton et al. 1990
Light scattering:
Fibre optics,in vivo Huber et al. 1994

in vivo = Exposures of living mammals; in vivo, human human exposures.

have depended on a variety of methods for detecting andmethod are given as examples only and are not intended
characterizing cavitation. Under some conditions, the to represent a comprehensive review of the literature.
occurrence of cavitation during an exposure to ultra-

sound is marked by the occurrence of intermittent or Detection of bubbles and cavitation in living mammals
continuous “hissing” or “clicking” sounds that are

audible to the unaided ear. When cell suspensions con- Diagnostic ultrasoundUltrasound imaging meth-

. . ds have been used in laboratory animals to study bubble

tained in a transparent vessel are exposed to ultrasoun . . )

. . : : growth produced by decompression (Daniels et al. 1979;
while illuminated in a suitable manner, arrays or cloudy

regions composed of bubbles, as well as streaks c)rMackay and Rubissow 1978), therapeutic ultrasound
streamers formed by rapidly translating bubbles, some- Egzrgnng itg ;1 ;1225!_';:;]; :It' ;gisgoanfggghbgtr$sg
times can be seen. Under other conditions, such direct : ' ' ; : y
methods either cannot be used or are inadequate also have been used to track boluses formed of gas-
| containing contrast agents in diagnostic procedures
Lauterborn (1980), ter Haar (1986), Young (1989)
and, more recently, Leighton (1994) have published (Wang and Sh“.”g 1994). (As noted abc_>ve the latter
comprehensive reviews of physical, chemical and bio- agents are effective because of the exceptional backscat-
logical techniques that have been’ used to detect theter characteristics of small gas bodies.) Single bubbles of

presence of bubbles and monitor cavitation activity. A 10 pm diameter can be detected.

list of the detection methods that are particularly suitable Ultrasound backscattelA system capable of send-
for in vivo work is given in Table 2.1a. Methods gener- ing and receiving pulses of focused 30-MHz ultrasound
ally confined to use witln vitro work are listed in Table  (Roy et al. 1990) has been used to detect short-lived
2.1b. The one or two references associated with eachcavitation events that result from vivo exposure of rat
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Table 2.1b. Cavitation detection methods and applicationsi{ro).

Sonochemical: Reference:
Oxidation reactions from OH radical release;
Teraphthalic acid McLean and Mortimer 1988; Price and Lenz 1993; Wang et al. 1993;
Miller and Thomas 1993a
Fricke solution Weissler reaction Ciaravino et al. 1981; Weissler 1950
Hydroethidine Suhr et al. 1991
Dichlorofluorescin diacetate Suhr et al. 1991
Spin trapping Makino et al. 1983
Other sonochemical methods Suslick 1988
Optical:
Sonoluminescence; Daniels and Price 1991; Roy et al. 1985; Saksena and Nyborg 1970;
Coleman et al. 1993; Negishi 1962
Chemiluminescence; Miller and Thomas 1993a; Crum and Fowlkes 1986
Imaging;
Holography, high-speed photography Neppiras and Coakley 1976; Lauterborn 1980
Electrical impedance:
Changes in impedance Lubbers and van den Berg 1976; Neppiras and Coakley 1980;

Manley 1969; Kryachko et al. 1989; Kovovin and Semenova 1989
Biological damage:
Plants and insects Carstensen et al. 1983; Miller 1987
Cells (hemolysis) by ultrasound Esche 1952; Carstensen et al 1993; Miller and Thomas 1993a, 1993b

lung to four-cycle bursts of focused 4-MHz ultrasound One method involves histologic examination of damaged
(Holland et al. 1996). tissue. The appearance of “holes,” or of irregularities in
focal lesions, has been taken as evidence of cavitation. In
another method, test animals are exposed to ultrasound in
a closed vessel, and the time required to produce an
effect (such as hind-leg paralysis) is determined for dif-
ferent values of the ambient pressure. Cavitation is indi-
cated as a mechanism if increase of the ambient pressure
leads to an increase of the time required to produce the
effect. A third method is association of observed tissue
damage with bodies of gas known to exist in the tissue.
It has been found, for example, that ultrasound produces
hemorrhage preferentially in adult lung and in the intes-
tine.

Acoustic emissions: subharmonic and noiSei-
dence of cavitation produceid vivo by ultrasound in
tissues such as cat brain, dog thigh muscle and pork
muscle have been obtained by monitoring emissions of
subharmonic or wide-band noise emitted from the ex-
posed regions (Hynynen 1991; Lele 1977; Sommer and
Pounds 1982). It is believed that the emissions observed
at the higher intensity levels are produced mainly by
inertial cavitation, whereas at the lower levels the emis-
sions probably come from noninertial cavitation. By
using focused detectors the spatial distribution of the
cavitation can be studied, with the resolution being de-

pendent on the applicable acoustic wavelengths. Detection of bubbles and cavitation in other systems

Acoustic emission: second harmonl@chniques Biological cell suspensions, plants and insects pro-
based on monitoring the second harmonic emissionsvide convenient systems for studying effects of acoustic
from bubbles (Miller 1981) have been used to detect cavitation as they occur in different situations. Most of
bubbles produced in dogs by decompression (Christmanthe techniques listed in Table 2.1a and 2.1b have been
et al. 1986), ultrasound (Gross et al. 1985) and lithotripsy used to detect cavitation in experiments involving expo-
(Williams et al. 1989). The device used in these studies sures of these systems to ultrasound.
is a cuff that is placed around a blood vessel (or other
fluid-containing tube) of interest. It is capable of count-
ing bubbles passing along the tube and is particularly
sensitive to bubbles of resonance size within a few mil-
limeters of the detector. Blood perfusion has been mea-
sured with methods based on detection of second har-
monic emission from gas-containing contrast agents
(Schrope and Newhouse 1993).

Optical methodsDirect observations have been
made through an optical microscope during ultrasound
exposures to study microstreaming and other effects of
noninertial cavitation in plant tissue containing gas-filled
channels and in cell suspensions under the influence of
gas-filled pores in Nuclepofemembranes; see review
by Miller (1987). Other optical methods involve use of
photodetectors to receive light from sonoluminescence

Nonacoustic method&lethods other than those or chemiluminescence associated with inertial cavitation
discussed above have provided basis for identifying cav- in aqueous solutions and suspensions (Daniels and Price
itation as a cause of biological effects (see Chapter 5). 1991; Leighton et al. 1988, 1990; Pickworth et al. 1988,
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1989a, 1989b; Roy et al. 1985; Vona et al. 1995; Walton
and Reynolds 1984) and light-scattering methods for
studying the dynamics of single bubbles in water and e
other liquids (Bradley and Putterman 1992; Holt and
Crum 1992; Keller 1972).

Sonochemical methods, including chemilumines-
cence Many tests for cavitation are possible, based on
measurements of free radicals and chemical reaction
products (Ciaravino et al. 1981; Christman et al. 1987,
Crum and Fowlkes 1986; Makino et al. 1983; McLean
and Mortimer 1988; Miller and Thomas 1993a; Price and
Lenz 1993; Riesz and Kondo 1992; Suslick 1988; Suhr et
al. 1991; Wang et al. 1993; Weissler 1950). Since free
radical production is required for such chemical effects,
these tests are means for detecting inertial cavitation.

Biological methodsBiological effects of cavitation e
can be viewed alternatively as means of cavitation de-
tection. Observation of hemolysis (breakage of red blood
cells) in a saline suspension is an adaptable method that
has been useih vitro (Esche 1952; Miller and Thomas
1993a, 1993b). Since hemolysis can result from cavita-
tion at relatively low levels, it is a means for detecting
either noninertial or inertial cavitation.

Electrical and mechanical method&n electrical
test is based on the change cavitation causes in the
electrical conductivity of a liquid (Kovovin and Sem-
enova 1989). A test for the ability of cavitation to pro-
duce mechanical point impacts on a solid surface makes
use of a film whose emulsion is sensitive to individual
implosions or jets associated with asymmetrical inertial
cavitation (Coleman et al. 1987; Geise et al. 1990).

WFUMB SYMPOSIUM CONCLUSIONS ON
CAVITATION; NATURE, DETECTION AND
MEASUREMENT
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safety of diagnostic ultrasound and other applications
of medical ultrasound.

Phenomena associated with noninertial cavitation in-
clude oscillation of gas-body-related structuresy(,
plant cell walls), the translational motion of bubbles,
bubble growth by rectified diffusion or coalescence,
heat generation, radiation forces on neighbouring par-
ticles and small-scale streaming. These phenomena are
predicted theoretically and their biological effects, as
in some cases of cell lysis, have been observed @fter
vitro exposures to ultrasound fields, for some of which
the characteristics were similar to those of fields used
in diagnostic ultrasound. Noninertial cavitation there-
fore warrants consideration in assessing the safety of
diagnostic ultrasound and other applications of medi-
cal ultrasound.

Present models for cavitation, whether inertial or non-
inertial, have not proven adequate for explaining the
rupture of capillaries, leading to bleeding, by ultra-
sound in animal lung. However, the occurrence of this
effect is consistent with findings that plant and insect
tissues, which are known to contain structurally stabi-
lized gas bodies, also are susceptible to damage by
diagnostic ultrasound.

e The extent to which cavitation effects occur in water

and other aqueous media is determined strongly by
stabilized gas bodies, typically of micrometer size, that
may be present and serve as nuclei. Little is known
about the concentration and characteristics of naturally
occurring nuclei in living mammals. Echo-contrast
agents that contain undissolved gas can serve as cav-
itation nuclei under some conditions and may do so in
mammals. Present techniques are not sufficiently sen-
sitive and accurate for detection and characterization
of small nucleiin vivo.
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® Chapter 3

OTHER NONTHERMAL MECHANISMS: ACOUSTIC RADIATION FORCE
AND STREAMING

INTRODUCTION (b) Surfaces separating two different acoustic materials
where the extent of the surface is significantly larger
than a wavelength. Skin—air and soft tissue—bone
interfaces are examples.

2. Objects Smaller in Scale than a Wavelength

S(c) Small structural inclusions, of dimensions less than a
wavelength, with acoustic properties that are differ-
ent from those of the surrounding liquid medium.
Blood cells or cells in suspensian vitro are exam-
ples.

(d) Liquid inclusions in a surrounding matrix. The intra-
and intercellular liquid spaces are examples.

The propagation of ultrasound stresses the medium sup-
porting the wave; the medium experiences not only
forces in the direction of wave propagation, but also
shear and torque. When averaged over time, these force
are small at medical diagnostic intensities, although,
owing to the pulsed nature of the exposure, instantaneous
forces are higher than time-averaged forces. Whilst at
higher intensities biological effects may be dominated by
cavitation and heating, at intensities that are below a
cavitation threshold or give rise only to small tempera-
ture rises € 1°C), it may be suggested that these forces
could affect cells in a way that could modify their be- A macroscopic volume of tissue may include targets
haviour and future development. For this reason the in any or all of these categories, experiencing both os-
study of acoustic radiation forces is necessary for a Cillatory and steady forces. Mammalian tissue consists of
complete evaluation of the risks associated with clinical & complex acoustic structure, and at present there is only
ultrasound. a poor understanding of the acoustic forces that may act
General reviews providing useful background in- Within its structure and their biological significance. Any
clude those by Dunn and Pond (1978), Dunn and proper evaluation must take into account other forces at
O’Brien (1976), Fry and Dunn (1962), NCRP (1983) and the molecular and cellular levels, for example, osmotic
Rooney (1988). pressure, surface tension and cell adhesion, whose ef-
The acoustic forces can be grouped conveniently fects might be modified by the imposition of external
into two classes. The first is associated with the mechan-forces of acoustic origin.
ical oscillations of the wave itself in which, under linear
conditions, thg local time-averaged forc_e is zero. The FORCES ON LARGE-SCALE OBJECTS
second class includes stresses whose time averages are
not zero; the tissues and fluids experience both a unidi- Oscillatory forces
rectional force, usually but not always away from the Consider first the oscillatory forces due to the pas-
transducer, and rotational forces. In addition, it is useful sage of an ultrasonic wave acting on the particles of the
to consider several broad “ideal” categories of target or medium, causing microscopic displacements from their
tissue structure that may be operated upon by the acoushull positions. Peak particle velocities in diagnostic
tic forces. These may be grouped conveniently as fol- pulses are of the order of 1-g1*, nearly three orders of
lows. magnitude smaller than the mean thermal velocity of
1. Objects Larger in Scale than a Wavelength water molecules at 37°C, 660-sn’. Thus, it should not
(a) An absorbing continuum, without local acoustic in- be expected that extra forces due to mechanical wave
homogeneities, and whose dimensions exceed thosemovements would directly produce molecular damage.
of the ultrasonic beam. Liquid volumes such as urine When a sound wave is incident at grazing incidence
or amniotic fluid are examples. Also, to a first ap- on a liquid—solid boundary, a gradient in the particle
proximation, many large organs such as liver, spleen velocity occurs in a thin layer in the liquid adjacent to the
or brain often are considered to be homogeneous in boundary. In water at 1 MHz at room temperature, the
this context. boundary layer thickness is about Qu#n. Associated
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Table 3.1. Calculated time-averaged (ta) and pulse-averaged (pa) forces and pressures for maximum diagnostic
intensities exerted on several target arrangements, where fof2€1S)/c.

Time-averaged Time-averaged Pulse-averaged Pulse-averaged
Arrangement Coefficiend force R, (uN) pressure B (Pa) force F,, (MN) pressure F, (kPa)
Perfect absorber, normal 1.0 65 6.5 32.5 3.25
Perfect reflector normal 2.0 130 13 65 6.5
Acoustic velocity boundaryc# ¢, 1-c/c, 0.093 6.1 0.6 3.0 0.3
1 mm thick absorbing medium 1 odx 0.03 0.2 0.02 0.1 0.01
1 mm thick absorbing medium 2 odx 0.10 0.66 0.66 0.33 0.33

The direction of the force is towards the medium of higher acoustic velocity. The numeric calculations agsurhé50 ms * and ¢ = 1600
mrs* modelling a fat-muscle interface. The absorber is assumed to be thin enough for intensity through the slice to be approximately constant.
Absorbing medium 1¢ = 0.015 mm*, models a 3-MHz beam. Absorbing medium 2, with= 0.05 mm * and S= 1 mn?, models a 10-MHz
diagnostic beam at its focus.

Time-aver:?ge intensity: 1 W-cm™2; pulse average intensity 500 Wem™ 2, beam area= 10 mnt except for absorbing medium 2, in which beam
area= 1 mnr.

oscillatory viscous stresses at typical medical ultrasound D = 2«
intensities are of the order of 100 Pa.

For the pulse intensities used in extracorporeal litho-
tripsy, forces and radiation pressure gradients are greater.
Starritt et al. (1991) gave estimates of radiation pressure
gradients exerted on a soft tissue target during a pulse of
intensity 16 W-cm 2, mean frequency 0.5 MHz, of
about 10 kPenm™* depending on the level of nonlinear
distortion. The acoustic radiation force during such a
pulse on a perfectly absorbing target is 67 N within a
beam of 1 crf cross-sectional area, equivalent to the
gravitational force of a mass of approximately 6.5 kg.
There has been little attempt to explore the signif-
icance of these forces from large-scale pressure gradients
in tissues, or tissue-like materials, although Dyer and
Nyborg (1960) demonstrated that a weak agar gel was
displaced slightly in an acoustic beam (25 kHz), but the
E = DE. @) gel recovered its original position when the beam was
c turned off.
The forces exerted at a given intensity increase with
Values forD, and estimates of time-averaged and frequency because absorption does so. Starritt et al.
pulse-averaged forces for a number of conditions, are (1991) have carried out calculations giving estimates of
given in Table 3.1. For a perfect absorber and normal radiation pressure gradients in tissues in “typical” med-
incidenceD = 1, whilst for a perfect reflectdd = 2. No ical pulsed beams. They calculate “worst-case” pressure
perfectly absorbing interface exisis vivo. The closest gradients caused by the absorption of the full spectrum of
approximation is a soft tissue—bone interface. A lung or frequencies in fully shocked pulses at liquid—tissue in-
bowel gas boundary most closely approximates a per-terfaces as 1 kPam™* for a diagnostic pulse and 14.5
fectly reflecting boundary. The acoustic radiation force kPamm™* for a lithotripsy pulse.
exerted on a target is the basis for a standard method of If the medium is a liquid, and so free to move under
measuring total acoustic power. Forces at interfaces be-the influence of the force, it will do so, resulting in
tween two liquids, or at a liquid—gas interface, can result acoustic streaming, the so-called “quartz wind.” This is
in displacement of the interface. These forces are mostone of the most easily observable outcomes of the acous-
likely to manifest themselves vivo at highly reflecting tic forces under discussion. This topic is reviewed by
targets such as those involving lung and bowel gas. Nyborg (1965) and Rooney (1988).
Irrespective of the presence of large interfaces, ab- The equations giving estimates of maximum
sorption of sound energy of the beam by the medium streaming velocityu in a beam of radius and intensity
results in a force, the associated coefficient | are of the form:

Steady forces

Greater attention has been given to those forces
whose time average is not zero. The origin of these
forces lies in a second-order property of the acoustic
wave, the acoustic radiation pressure. The radiation pres-
sure field varies throughout the region of influence of the
ultrasonic source and, in a pulsed beam, varies with time.
Gradients in this pressure field are associated with a
transfer of momentum to the tissue and its components.

For a plane progressive wave of intensltythe
force F exerted on an ared depends on the energy
density(l/c), and a coefficienD (the force per unit area
per unit energy density [Hueter and Bolt 1955]):
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u = (al/mc)r’A @)
where 7 is the bulk viscosity andy is the attenuation
coefficient (Eckart 1948; Nyborg 1965; Tjotta 1959).
The constanA is a geometric factor that depends on the
dimensions of the beam and container. Both viscous and
boundary forces limit the velocities that may be
achieved. It only recently has been appreciated that di-
agnostic intensities of ultrasound are capable of causing
significant streaming; velocities up to about 10€m in
water have been reported (Duck et al. 1993; Starritt et a
1989). Streaming velocities of the order of 1-snt were
observed in imaging beams.

An exploration of the dependency of the streaming
velocity on absorption coefficient and viscosity [eqn (2)]
was undertaken by Mitome et al. (1993). Under the
highly nonlinear conditions characteristic of most diag-
nostic pulses in water (WFUMB 1992), absorption also
is locally increased, which also results in increased
streaming velocities. Streaming in biological fluids will
differ from streaming in water because of differing ab-
sorption, viscosity and nonlinear parameters. Attenuation
in blood, for example, is about 100 times that in water,
whilst its relative viscosity is only about 5, leading to the
conclusion that streaming velocities in blood could ex-
ceed those in water. However, in nonlinear pulsed
beams, other factors may dominate, and in these condi-
tions preliminary observations suggest that streaming
velocities in blood may be of a similar magnitude to
those in water.

The time required to establish a stable stream de-
pends, amongst other factors, on the width of the beam.
For pulsed Doppler beams this time is of the order of 100
ms in water and thus is well within the dwell times of
clinical practice (Starritt et al. 1989).

Remembering that the radiation pressure also varies
radially in an acoustic beam, it is clear that shear also is
experienced by the medium. Little exploration of acous-
tic shear forces has yet been carried out.

FORCES ON STRUCTURAL INCLUSIONS

The second general category of target is that of a

adiation Force and Stream8$gBARNETT S25

to the radiation pressure gradient at its surface. Estimates
of the magnitudes of some of these forces on qu@+
spherical inclusion of appropriate properties suggest val-
ues of the order of I0? uN in a beam of intensity 4

10" W-m~2 (Dunn and Pond 1978).

A special case in this category is that of a small
bubble. The behaviour of bubbles is dealt with separately
(see Chapter 2).

Radiation torque can be experienced by small tar-
gets (NCRP 1983). Spinning of intracellular particles in
ultrasonic fields has been observed in a number of spe-
cial arrangements involving small-scale field inhomoge-
neities. For example, Martin et al. (1978) examined the
rotation of organelles in plant cells produced in the field
of a Doppler fetal heart detector.

Streaming within small liquid-filled spaces has been
studied using local acoustic sources, such as oscillating
gas bubbles (see Chapter 2). A number of articles have
reported flow induced near a small gas-filled channel in
contact with a cell membrane. The gas body is induced to
vibrate and, in turn, to cause local vibration of the
membrane, thus generating acoustic streaming in the cell
protoplasm (Nyborg 1968). At frequencies below 100
kHz, using either bubbles or vibrating needles as the
acoustic sources, it was possible to demonstrate that flow
could be induced in plant cell cytoplasm, and this flow
was attributed to acoustic streaming arising from non-
uniform vibration of the cell membranes. Williams
(1977) and Frizzell et al. (1986) have demonstrated
thrombus formation induced by a vibrating wire or mi-
cropipette, apparently caused by shear associated with
microstreaming.

Dunn and Pond (1978) have evaluated theoretically
“quartz wind” streaming through narrow ducts. A num-
ber of authors have suggested that it might be possible to
cause liquid diffusion through tissue down the acoustic
pressure gradient, so-called “sono- or phonophoresis.”
However, experimental support for this direct action of
radiation force is very weak. Some reports of ultrasound-
enhanced transport of drugs through the skin may be
explained most plausibly by thermal vasodilatation, es-
pecially at megaHertz frequencies and when the trans-
ducer is in contact with the skin. Many vasodilating

small structural inclusion that differs in density and/or agents have been shown to enhance drug diffusion in a
compressibility from the liquid space surrounding it. The similar manner. Conversely when the skin is bathed in an
forces experienced by the target structure will depend on aqueous medium, cavitation-mediated processes seem
its attachment to the surrounding medium. Streaming most probable (Mitragotri et al. 1995; Tachibana and
will exert a small unidirectional force. The particle ve- Tachibana 1993).

locities due to the wave propagation will exert oscillatory
forces of greater magnitude, the “Stokes” force. There
will be an additional steady component in the direction
of the wave because the particle velocity waveform is not In the pulsed fields characteristic of diagnostic ap-
sinusoidal (the Oseen force). In addition to these viscous plications, all the forces discussed will be modulated by
forces, the target itself will experience a direct force due the pulsing regime, operating on the constituent tissues

OTHER ISSUES
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only during the duration of the pulse, of the order qid mor, ventricular cerebrospinal fluid) and may be ob-
The medium will experience very brief periods of stress, served during clinical scanning at high output levels.
at repetition rates of the order of 1 kHz, separated by This phenomenon is of diagnostic value in distinguishing
long unstressed periods. solid from liquid masses during diagnostic ultrasound
The variation of radiation pressure in a stationary examinations. Examples of fluids within which stream-
wave can give rise to greater forces than would be ing has been reportdad vivo include intracranial haem-
expected in travelling waves. For example, in the labo- orrhage (Betheras 1990), cystic breast fluid (Nightingale
ratory, artificial arrangements have been used to demon-et al. 1995) and abscess (Meire, personal communica-
strate these forces causing banding of erythrocytes intion). However, the process of stirring appears unlikely
capillaries of a chick embryo (Dyson et al. 1974) and in to be harmful. Shear at the boundary of a 2-mm-diameter
small mammals. Cell banding was demonstrated at ther- stream with maximum velocity 10 cms * in water is
apeutic intensities, but it is unclear if banding could ever about 10 Pa, below the threshold for haemolysis for
arisein vivo at the lower intensities used in continuous- erythrocytes given by Leverett et al. (1972) as 150 Pa.
wave Doppler fields. Banding also has not been demon- Nevertheless fluid motion induced close to a membrane
strated with diagnostic pulses, probably because thecan reduce the depth of the unstirred layer close to it and
pulse length is insufficient for equilibrium to be so alter the concentration gradients of diffusing sub-
achieved. stances there. When substances rapidly permeating
Streaming may affect the outcome of other bioef- across a membrane are rate-limited by diffusion across
fects mechanisms. Wu et al. (1994) report a reduction in the unstirred layer, membrane permeability can increase
ultrasound-induced bone heating when bone is in direct due to ultrasound streaming (Pohl et al. 1993a). The
contact with water compared with the heating under a same mechanism could be responsible for the altered
layer of tissue-equivalent material. The difference in membrane transport reported by Mortimer and Dyson
heating was ascribed to the convective cooling caused by(1988). Pronounced alterations of concentration profiles
the water stream flowing across on the surface. In exper-within the membrane unstirred layers (Pohl et al. 1993b)
iments studying cavitation in the presence of travelling suggest that local alterations of messengers and surface
waves, streaming will tend to transport bubbles through potential can be caused by the same mechanism. This is
the field, although the convection velocities are consid- supported by the observation of transient enhancement of
erably slower than those that may be achieved due to erythrocyte agglutination and aggregation by ultrasound
direct radiation forces on bubbles of resonant size (Pohl et al. 1995). The possibility of liquid transport
(Carstensen et al. 1993). An example has been given bywithin the tissue structure remains speculative and de-
Coleman et al. (1993). Shear has been suggested as aerves further study because of the importance of local
potentiating factor in cell damage caused by heating fluid balance on a variety of cell functions.
(Dunn 1985). Disturbance of soft tissue depends on its local me-
chanical properties, which are complex (Fung 1987). The
ultimate tensile strength of the weakest tissue noted by
Yamada (1970), kidney, is 50 kPa. It also was noted that
fetal tissue strengthened with gestational age, although
The question remains whether the forces predicted the measurements reported were only on fetal connective
are of biological significance at clinical diagnostic levels tissue, with strengthening occurring later in pregnancy.
and, if so, how they are manifested. Some approximate Further data on other strengths, including shear strength,
values for radiation forces and associated pressures forof a wider range of tissues are needed, together with a
conditions appropriate to the upper end of diagnostic deeper understanding of nonlinear mechanical properties
range are presented in Table 3.1. One example whereincluding thixotropy and hysteresis. Recently, evidence
radiation force could, with some confidence, be identi- has been reported of hemorrhage within mouse fetal
fied as the biophysical mechanism responsible for an tissue in the apparent absence of gas bodies (Dalecki et
observed effect is the transient blanching of the choroid al. 1997b), caused by an experimental piezoelectric litho-
layer of the eye with associated depletion of blood flow tripter (0.3 MHz, P< 1 MPa). Soft tissue damage was
reported by Lizzi et al. (1981). Whilst this effect oc- observed near developing bone and cartilaginous struc-
curred at time-averaged intensities that were capable oftures whilst adjacent soft tissues remained free of dam-
causing tissue destruction, the pulse average intensitiesage. In the absence of other known mechanisms for
were of the order of 100 Wem™ 2, i.e.,comparable with damage, the hemorrhage could have resulted from rela-
diagnostic pulses. tive motion between partially ossified bone and sur-
“Quartz wind” streaming must occur within large  rounding soft tissue caused by differential radiation
liquid spacesn vivo (urine, amniotic fluid, vitreous hu-  force. However, the consensus remains that mechanical

POSSIBLE BIOPHYSICAL SIGNIFICANCE OF
ACOUSTIC RADIATION FORCES
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damage to tissue from radiation force and streaming at
current diagnostic intensities appears to be unlikely. If it
were to occur, it would probably occur within weak
tissue close to a tissue—air or tissue—bone boundary. On
the other hand, relative displacement of cells, altering
their expected channels of communication, could be pos-
tulated as a realistic outcome of the weak forces de-
scribed. If this were to occur, and the cells failed to return
to their undisturbed position so that cellular links could
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ties measuredh vitro in water and blood are of the
order of 10 cm s~ * at pulsed Doppler intensities and
frequencies. Acoustic streaming has been obseirved
vivo within abscesses, cysts and intracranial haemor-
rhage during ultrasound scanning.

Acoustic radiation forces increase with intensity.
Streaming velocities increase with time-averaged in-
tensity and with acoustic attenuation and decrease with
increasing shear viscosity. Forces and streaming also

be reestablished when exposure ceased, the subsequent are enhanced at larger ultrasound amplitudes because

development of the cellular structure might be disturbed.

The relationship between the radiation stresses and stress

gradients associated with pulse propagation and the in-
tercellular cohesive forces is poorly quantified. There is
a need to explore thresholds for permanent cell displace-
ment, particularly for weakly bound tissue structures.

Another reference point might be the forces associ-
ated with surface tension. The interfacial tensions for
water against olive oil and water against air are 20 and
71.2 uN - mm™ %, respectively. Cell processes that de-
pend on surface tension could be modified by the addi-
tional stresses implied in Table 3.1.

The direct action of ultrasound on skin and on

deep-seated nerves causing sensations of warmth and,..ns such as those found in the lung

pain has been related to a threshold in displacement
amplitude (Gavrilov 1984), whilst thresholds for tactile
sensations have been related directly to radiation force
(Dalecki et al. 1995). Foster and Wiederhold (1978) and
Magee and Davis (1993), amongst others, have reported
the direct stimulus of auditory responses by pulsed ul-
trasound. Magee and Davis demonstrated that the puls
repetition frequency of a pulsed Doppler beam could be

of nonlinear propagation.

Radiation forces are the most probable cause of some
observed physiological responses to ultrasound; for
example, retinochoroidal blanching, tactile sensation
and auditory stimulation in the adult. Of these, only
auditory stimulation has been reported at diagnostic
exposure levels.

Neither acoustic radiation forces nor streaming are
likely to cause mechanical damage under diagnostic
conditions.

Note that these conclusions concern the acoustic
radiation forces exerted throughout an ultrasonic beam,
excluding considerations of any soft tissue—gas bound-
intestines and
echo-contrast agents.
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® Chapter 4

FREE-RADICAL PRODUCTION: ITS BIOLOGICAL CONSEQUENCES

INTRODUCTION tures of several thousands Kelvin and pressures of sev-
eral hundreds atmospheres. A gas shock may propagate
through the bubble. On rebound, a shock wave may be
generated in the liquid. The high temperatures and the

and Gutteridge 1989). A free-radical is any species ca- passage of shock waves can generate free-radicals within

. . . a gas (Leighton 1994). It is not certain whether either of
pable of independent existence that contains one or more . . X
. . these mechanisms or some other mechanism dominates
unpaired electrons. It is well known that some free-

. . ) : for the production of free-radicals during a given cavi-
radicals, especially hydroxyl radicals (OH radicals) react ,_.. . . .

. ; ; . tation event. However, what is known is that the cavita-
rapidly with almost all biological molecules at nearly

diffusion-limited rates (rate constants are more thah 10 tion thaf[ accompanies th? passage .Of high-amplitude

dm*mol~*s™%) and can alter biomolecules, such as uItrgsonlc waves in a liquid can readily generate free-

DNA, proteins, and lipids (von Sonntag 1987). Conse- radlcl?lrS]a(sS gzltla%ksitoal/hltagf )s;onochemical reactions take

quently, ultrasonically induced free-radical formation is . : ) .

of considerable interest in terms of: 1) potential risks place in three different regions (Riesz and Kondo 1992).
. . . - . The first is the high-temperature region within the gas

associated with patient exposure to diagnostic and/or

) ) . ; contained by the collapsing bubbles. In this region, hy-
therapeutic ultrasound, 2) exploring possible uses in can- :
. L Lo - drogen atoms and OH radicals are formed by thermal
cer therapy in combination with ionizing radiation and/or

anticancer drugs, and 3) understanding the mechanismsdlssomat'on of water. Any volatile solutes in this region

will give rise to radicals typical of combustion processes.
whereby ultrasound can affect cells. Such research also T .
. . ) . The second region is the interface between the hot gas
can provide important information on the alteration of

sonicated samples and the acceleration of reactions viabUbees and the bulk of the liquid, where large temper-

. I ature and pressure gradients as well as high radical
free-radical processes for laboratory application. : . : .
concentrations exist. Nonvolatile solutes with charged

groups that anchor them in the aqueous phase also may
FREE-RADICAL PRODUCTION BY give rise to radicals by pyrolysis.€., degradation due to
ULTRASONIC CAVITATION high temperature), if they are present at high concentra-

Biophysica' modes Of u|trasonic action can be C|as_ tions in the interfacial region. The th|rd I’egion iS the bUIk
sified into two categories: 1) thermal mechanisms, and 2) of the solution at ambient temperature where the radicals
nonthermal mechanisms. The nonthermal mechanismsthat have escaped from the hot zones react with solutes to
involve two processes: cavitational and noncavitational. 9ive rise to products that are similar to those observed in
When an acoustic wave propagates through a ||qu|d’ aqueous radiation Chemistry (RieSZ and Kondo 1992)
pressure fluctuations occur, whereby the liquid is succes-
sively subjected to compression and tension. Such ten-gonochemistry of water
sion, or negative pressure, can cause the rapid growth of
previously existing seed-gas nuclei (which may be mi- Hydroxyl radical formation induced by ultrasound
croscopic gas pockets stabilized through attachment toin vitro. When cavitation occurs in response to the pas-
solid motes in the liquid or proteinaceous shells stabi- sage of high-intensity ultrasonic waves through water,
lized through the presence of a hydrophobic skin, or the dissociation of water vapour into H atoms and OH
unstabilized gas pockets recently generated by ionizing radicals is readily observed. The H atoms and OH radi-
radiation). This bubble-growth phase may be followed cals either combine to form K H,O, and water or
by a rapid adiabatic collapse, which serves to concentrateattack solute molecules that are reduced or oxidized.
energy from the sound wave into the bubble system. The Ultrasound exposure in the presence of oxygen leads
compressed gas within the bubble may attain tempera-to the formation of oxygen atoms. Hydrogen atoms

In biology and medicine, free-radicals are now of
wide interest because they appear to be involved in many
different aspects of metabolism and disease (Halliwell
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react with oxygen to form HQradicals, the acid form

of superoxide anion radicals. Recently, it has been
shown that HQ radicals are formed directly by the
sonolysis of water in the absence of, (Kondo and
Riesz 1996). There are several reviews on different
aspects of free-radical formation induced by ultra-
sound (Henglein 1987; Riesz and Kondo 1992; Riesz
et al. 1985; Suslick 1988, 1989, 1990).

The H and OH radicals are extremely reactive and
consequently survive in aqueous media for only abouf10
s. Some molecules (called spin-trapping agents) have chem- Ne
ical structures that can stabilize an unpaired electron by o He
delocalization, so that the free-radical form of those mole- ©

: o
cules may be stable for prolonged periods. Thus, one of = 0 h . , ) . . .
these molecules could interact with an OH radical to form © 600 800 1000 1200 1400 1600 1800 2000 2200
a new macroradical that is stable; the accumulated stable
macroradicals are then identified and quantified by electron Final temperature (°K)

spin resonance (ESR) spectroscopy. ESR Spln'tr":‘pp"ﬁ'gFig.4.1. The relationships between the electron spin resonance

with 5,5-dimethyl 1-pyrroline N-oxide (DMPO) has been (gSR) signal intensity of the DMPO-OH adduct and the final
applied to aqueous sonochemistry, and DMPO-OH and temperature of the gas contained within the collapsing cavity,

DMPO-H adducts induced by ultrasound have been ob- as estimated by Young (1976). For the assumptions inherent in

served (Makino et al. 1983). When the yield of OH radicals these estimations, see Leighton (1994: 472). Redrawn from
. . . . data of Kondo et al. (1988).

was measured by spin trapping with DMPO after sonication

of water saturated with different rare gases, the DMPO-OH

yields were in the order X Kr > Ar > Ne > He (Kondo

et al. 1988)j.e.,in the sequence of their vapour pressures. sonochemistry of various polymers including DNA.

When the relationship between the ESR signal intensity of Production of carbon monoxide, formed by thermal

the DMPO-OH adduct and estimates of the final tempera- decomposition of the polymer, was greatest for poly-

ture of the collapsing cavitation bubbles was examined, the ethylene glycol and least for DNA (Henglein and

ESR signal intensity increased with increasing values cal- Gutierrez 1988).

culated for the final temperatures of the inertially cavitating

bubbles containing these noble gases (Fig. 4.1).
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BIOLOGICAL EFFECTS OF ULTRASOUND-

INDUCED FREE-RADICALS

Free-radical formation in amino acids and DNA constit- o o
uents in vitro DNA, Enzymes and lipids, in vitro

In spin-trapping studies of the sonochemistry of The review by Elsner and Linblad (1989) is use-
dilute aqueous solutions of amino acids, only radicals ful for understanding the history of ultrasonic degra-
formed by abstraction of specific atoms and/or additions dation of DNA. It has been shown that the decrease in
to double bonds by OH radicals and H atoms were transforming activity oHaemophilus influenza@NA
detected. The radicals were similar to those observed ininduced by ultrasound was inhibited by aminoethyl
aqueous radiation chemistry (Krishna et al. 1988). In the iSothiouronium bromide (Bach 1971). The contribu-
sonochemistry of dilute aqueous solutions of pyrimidine, tion of ultrasonically induced free-radicals to DNA
both nucleoside and nucleotide radicals formed by the degradation and to the loss of biological activity of
addition of OH radicals to the 5,6 double bond of the DNA was suggested. Ultrasound exposure induced
pyrimidine ring were identified by ESR spin-trapping. Single- and double-strand breaks in aqueous solutions
However, at higher solute concentrations, additional new of calf thymus DNA, but when sonication occurred in
radicals (typically methyl radicals) produced by thermal the presence of cysteamine, a free-radical scavenger,
decomposition of solutes in the interfacial high-temper- the number of single-strand breaks decreased, whereas
ature regions were observed for amino acids and nucle-the number of double-strand breaks remained virtually
otides (Kondo et al. 1989b, 1990). The occurrence of unaffected (Kondo et al. 1985). Therefore, in aqueous
thermal decomposition due to high temperature in the DNA solutions, the double-strand breaks were exclu-
interfacial regions between the gas and the aqueoussively induced by the mechanical shearing stress and
phase of cavitation bubbles was observed in the agueoushe majority of single-strand breaks were produced by
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Table 4.1. Protection on cell killing induced by ultrasound in the presence of cysteamine.

Cysteamine Change of %
Frequency Experimental Intensity Temperature concentration Biological Results survival with
Cells (MHz) Set-up W-cm? (°C) (mM) endpoint (+/-=) cysteamine Reference
V-79 1.1 Rotating tube 20 37 8 c.fu. + (1-2.5) Fu et al. (1979)
10 + (7-10.5)
lysis -
CHO 11 Chamber with 1 3-37 50 c.f.u. + (15-90) Armour and Corry (1982)
thin film lysis +
EMT6 1 Rotating tube 5 37 8 c.fu. + (3.4-13) Dooley et al. (1984)
lysis -
L 1 Rotating tube 5.8 20 2 c.fu. + (80-100) Kondo and Kano (1988)
lysis -
CHO 0.05 Fixed tube 25 50 lysis — Kondo et al. (1988)
CHO 1 Chamber with 1.8 3-37 145 c.fu. + (10-70) Inoue et al. (1989)
thin film 7.2 lysis + (75-100)

c.f.u. = colony-forming unit.

OH radicals and H atoms resulting from sonolysis of 1990) but not by superoxide dismutase (SOD), histidine,
water. In addition to causing strand breakage, free- dimethylfuran org-carotene. Acting through a mecha-
radicals can attach to the bases of DNA and changenism of OH radical scavenging, HEPES buffer can pro-
them, so that repair enzymes then may substitute antect against lipid peroxidation, as demonstrated for
incorrect base at that location. model membranes, when polyunsaturated phospholipids
The protection by cysteamine against thymine base are subjected to ultrasound (Fiorentini et al. 1989).
damage induced by ultrasound inside EMT6 mouse mam- The results of the collective studies in this section
mary sarcoma cellg vitro is an example of intracellular  indicate that biomoleculeis vitro can be inactivated or
DNA damage due to ultrasonically induced free-radicals altered not only by mechanical breakdown but also by
(Dooley et al. 1984). Although single-strand breaks in the ultrasonically induced free-radicals. There is a possibility
intracellular DNA were readily observed to be induced by of DNA damage due to free-radicals in cells that survive
ultrasound by inertial cavitation (see Chapter 2), the DNA inertial cavitation.
damage appeared to reside primarily in Chinese hamster

ovary (CHO) cells, which did not survive sonication (Miller ~ Effects of free-radicals on cell killing

et al. 1991a). However, some formation of single-strand
breaks in DNA of fresh cells added to sonicated medium
resulted from residual hydrogen peroxide (Miller et al.
1991b). Induction of single-strand breaks in DNA of mouse
mammary carcinoma FM3A cells was confirmed in cells
not surviving ultrasonic cavitation but double-strand breaks
were not observed (Kondo et al. 1993). Recently, DNA
damage was detected by “comet” assay (single-cell gel
electrophoresis) in cells surviving inertial cavitation (Miller
et al. 1995).

The inhibition by 2-mercaptoethanol, acting as a
free-radical scavenger, of the inactivation of alcohol

The contribution of mechanical and sonochemical
effects to cell killing of mouse L5178Y cellm vitro
induced by 1-MHz ultrasound was investigated initially
by (Clarke and Hill 1970). Although prolonged sonica-
tion of the medium can reduce the capacity to support
cell growth, such indirect sonochemical effects are in-
significant in the short duration of sonication required to
kill 99% of cells, and the mechanical action of ultrasound
is suggested as the primary mechanism of cell damage.

There are several reports on the use of sulfhydryls,
such as cysteamine, as a radical scavenger for the esti-
mation of free-radicals induced by ultrasound on cell

dehydrogenase, induced by 20-kHz ultrasound, has beerkilling (Armour and Corry 1982; Dooley et al. 1984; Fu

shown (Coakley et al. 1973). Additional effects of free- et al. 1979; Inoue et al. 1989; Kondo et al. 1988; Kondo
radicals induced by 0.88-MHz ultrasound on the inacti- and Kano 1988). The contribution of cysteamine to the
vation of the enzymes hexokinase and erythrocyte ace-protective effect in cell killing induced by ultrasound
tylcholine esterase also have been reported (Braginskayavaried from about 1.5% to more than 70% depending on
and Zorina 1987; Braginskaya et al. 1990). acoustic fields, intensity and cell type (Table 4.1).

The formation of malondialdehyde (MDA) can be Reduction of cavitation-induced cellular damage by
used as an indicator of lipid peroxidation. Its formation vitamin E has been reported recently (Suhr et al. 1994).
in the liposomal membrane under the influence of 20- After an in vitro exposure to shock waves, increased
kHz and 3.5-MHz ultrasound has been shown to be amounts of free-radicals were found in intact MGH-U1
inhibited by several OH radical scavengers (Jana et al. cells, in which mitochondria and numerous intracellular
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vacuoles were damaged. Excess free-radicals may haveaddition of histidine but not by mannitol. Since SOD
originated from within the cells, or they may have come had some protective effect against cell damage, it was
from damage produced intracellularly by extracellular postulated that superoxide anion radicals also are in-
bubble activity, without damage to the cell membrane. volved in the enhancement mechanism (Umemura et
The effects of shear stress and free-radicals inducedal. 1990). Kessel et al. (1994) observed enhancement
by 50-kHz ultrasound on damage to erythrocytes have of ultrasound cytotoxicity by porphyrins in the incu-
been examined. The membrane fluidity, permeability and pation medium but not by intracellular porphyrins, and
the deformability of remaining unlysed cells after soni- there was no correlation between the efficacy of a
cation with or without free-radical formation were un- given porphyrin for light- versus ultrasound-induced
changed and identical to those of the control cells cytotoxicity. Although the mechanism of the enhance-

(Kondo et al. 1989a). mentin vivo is not well understood, future develop-
Cell lysis induced by ultrasound appears not to be ,ants are expected.

drl:e toda free-rad|ca_1l m(ka)chamsm b‘?cause sevefral r(ra]ports It seems reasonable to conclude that the cell lysis
showed no protection by cysteamine, except for those ;4 a large fraction of cell killing (so-called reproductive

f;%d'ssoirlixs:?a? Sgsangebn;vihla thin anechoic film and death) are not due to free-radicals induced by ultrasound.
9 peratures 1. However, a very modest role for free-radicals is pro-

It appears unlikely that free-radicals form directly . . : : .
inside cgﬁs from uItragound exposure, since the higgerJeCted for induction of deleterious effects by sonochemi-
! cals for those cells that survive the inertial cavitation

viscosity of cytoplasm inside the cell tends to mitigate

against cavitation and the potential for nucleation ap- events.
pears to be less. The short lifetime of the free-radicals
produced extracellularly means that they have a limited Free-radical formation induced by ultrasound simulated
diffusion distance and so are unlikely to be able to for medical use

migrate from outside the cell to sensitive sites within the There is evidence for free-radical formation in
cell, such as nuclear DNA. Additionally, the serum in aqueous solutions, or in bio|ogica| fluids, induced
culture medium contains large amounts of proteins that yitro by exposure to ultrasound at acoustic frequencies
are likely to scavenge extracellular free-radicals. Free- and pressures similar to those used for therapeutic and
radicals could, however, form long-lived sonochemicals gjiagnostic purposes. This includes continuous-wave and
(€.9.,H;0;) that might penetrate cells and affect intra-  tone-purst exposures (Armour and Corry 1982; Clarke
cellular target molecules in the absence of catalases,znq Hill 1970; Crum et al. 1987: Dooley et al. 1984;
which are ubiquitous in mammalian tissues. Eastwood and Watmough 1976; Edmonds and Sancier

_ _dThef miﬁraﬂo” gf f][e‘?;_radi%a'bs from outside to the 1 9g3. £ et a1, 1979; Inoue et al. 1989; Jana et al. 1990;
Inside of cells may be facilitated by a transient increase 4, and Kano 1988; Kondo et al. 1985; Leighton et

in the |c|)terr?eab|_lt|t3t/_ofthel ctel(ljm(;mbr_anef, for exa}mtplz, as al. 1988; McLean and Mortimer 1988; Miller et al.
a result of cavitation-related shearing forces. Introduc- 1991a, 1991b; Pickworth et al. 1988).

tion of macromoleculese(g.,plasmid DNA) into living Theoretical models of Flynn (1982) and Apfel

mammalian cells by sonication has been reported (Fech- . . ; . .
: y catl b ( (1986) have predicted that inertial cavitation can occur in

heimer et al. 1987). To explain the protective effect of i ith mi d oul b tain intensit
cysteamine, a cell-permeable scavenger, it has been proyva er with microsecond puises above a certain Intensity
threshold for an assumed optimal nucleation situation.

posed that extracellularly produced free-radicals may be )
injected into the cell by cavitation microjets (Inoue et al. ~Of Water exposed to a pulse duration of S of
1989); however, this mechanism is only known to oper- 1-MHz ultrasound and tgmpgral maximum intensities
ate near rigid surfaces. There are some difficulties in from 8.4-140 Wlerfy,  significant ESR signals of
estimating the free-radical contribution to cell killing by PMPO-OH spin adducts were found (Carmichael et al.
using only the radical scavenger cysteamine. Further 1986). The cavitation threshold for chemoluminescence
studies of cell survival in the presence of different types resulting from microsecond pulses in a buffered aqueous
of free-radical scavengers with various diffusion rate solution at pH 10.9 was shown to be within the range of
constants would be useful. some imaging and Doppler units (Crum and Fowlkes
With regard to a combined effect of ultrasound 1986). As an example of a biological effect of diagnostic
with drugs, the involvement of single oxygen was pulsed ultrasound, the suppression of cultured cell
suggested as a causative factor, since cell damage agrowth after sonication of s pulsed ultrasound at an
evidenced by decreased viability was enhanced by theintensity (L) of 240 mW/cn? with 1000-Hz repetition
combination of ultrasound and the photosensitizer he- frequency for 30 min has been demonstrated (Maeda et
matoporphyrin; the damage was suppressed by theal. 1986).
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FUTURE SUBJECTS TO BE INVESTIGATED

Although comparisons among different experimen-
tal protocols and results are difficult and more research is
required, the expected overall concentrations of free-
radicals resulting from cavitation are small compared
with those produced biochemically in the bods.d.,
from smoking, inflammatory response) (Halliwell and
Gutteridge 1989); also lifetimes are very short. However,
preliminary experiments on ultrasound-inducedGsl
production suggest that the local concentration of ultra-

sound-induced free-radicals may be comparable to the

concentrations that can be biologically significant, if
found at a biochemical sensitive site (Miller and Thomas
1994).

The quantification of free-radicals formed by ultra-
sound and the possibility of intracellular production of
free-radicals by bubble activity, which is highly likely to
be extracellular, remain subjects for further investiga-
tion.

Now becoming popular are certain diagnostic
procedures in which the tissues to be interrogated with
ultrasound are deliberately infused with a large num-
ber of stabilized microbubbles, which are just about
the “right size” for explosive growth at the frequen-
cies and amplitudes used in diagnostic ultrasound.
Thus, what was once considered a ‘‘not-gas-nucleat-
ed” medium has become richly endowed with such
nuclei, thus raising the potential for inertial cavitation
to occurin vivo.

WFUMB SYMPOSIUM CONCLUSIONS ON
FREE-RADICAL PRODUCTION AND
BIOLOGICAL EFFECTS

The following conclusions were adopted by voting
by participants at the WFUMB Safety Symposium,
Kloster-Banz, 1996.

Free-radical formation by ultrasound is due to inertial
cavitation and therefore is strongly dependent on its
threshold acoustic pressure at specific frequencies.
Free-radical formation by ultrasound cavitation in
agueous systems is initially due to the dissociation of
water and any solutes. Radicals can chemically modify
biomolecules €.g., enzymes, DNA and lipids) with
potentially serious consequences.

Free-radical formation has been obserweditro in
aqueous solutions and biological fluids following ex-

posure to continuous-wave, tone-burst and microsec-

S33

role is not established. Free-radicals or their chemical
products have been shown to cause intracellular DNA
damagein vitro.

e Since inertial cavitation has not been shown to occur
in vivo under diagnostic exposure conditions, free-
radical formation is not expecteith vivo under the
same conditions.
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OTHER NONTHERMAL BIOEFFECTS:

INTRODUCTION

The nonthermal mechanism that has been studied

most widely in the search for biological effects result-
ing from ultrasonic exposures is cavitation. Interpre-
tation of the published literature must be carried out
with caution, since effects produced by cavitation may
be introduced from the experimental technique itself.
Differences in exposure conditions and cellular envi-
ronment usually mean that samples exposed to ultra-
soundin vitro may be more likely to exhibit cavitation
activity than those exposed vivo. For example, cells

exposed to ultrasound in suspension are in an aqueous

medium in which any bubbles may freely expand and
contract, unlike those that may be trapped within
intercellular spaces in tissués vivo. It also is clear
from published work that design, position in the field
and rotation of the sample holder are all significant
factors in the amount of cavitation produced. How-
ever, results fromin vitro exposures give valuable
insight into the mechanisms by which ultrasound can
produce biological effects.

Therefore, this chapter will review the evidence
for biological change induced by ultrasound both in
cell culturesin vitro and in organised tissués vivo.

NONTHERMAL BIOLOGICAL EFFECTS

Suspensions of single cells

One advantage of using cell culture for the study
of biological effects is that it is possible to examine
the direct effect of ultrasound on a specific cell type
without the reaction being affected indirectly by a
systemic response to the exposure. In addition, it is
possible to design experimental conditions such that
the bulk temperature does not rise during the ultra-
sonic treatment.

Where violent cavitation takes place, cells may
come into contact with either the oscillating bubbles or

with the high shear stresses created by them, and lysis is

ORGANS, CELLS AND TISSUES

to the free-radicals produced during violent bubble col-
lapse.

Altered transport of ions across cell membranes has
been attributed to a form of “mixing” caused by the
streaming patterns set up by stable cavitation bubbles. This
may be the basis for the therapeutic action of ultrasound in
enhancing wound healing (Dyson 1990; Mortimer and
Dyson 1988). It also has been suggested that intracellular
cavitation may occur (Inoue et al. 1989).

Organised tissues in vivo

There are two main problems in the study of
cavitationin vivo. The first is that absorption of the
incident sound beam leads inevitably to a local rise in
temperature. It is possible, however, to arrange the
incident energy levels and/or the pulsing regime in
such a way that this is kept below a biologically
significant level. The second problem is that many of
the methods used to detect cavitationvitro are not
suitable for use in opaque media such as tissue (see
Chapter 2). The majority of evidence for the occur-
rence of cavitation events in mammalian tissues comes
from histology.

Hug and Pape (1954) found groups of “bubbles” in
rat and mouse liver and in brain following exposure to
ultrasound. Bell (1957) reported so-called “pseudocavi-
tation” holes in murine liver, which also occurred even
when the tissue was cooled sufficiently during exposure
to ultrasound to prevent the temperature from rising to
damaging levels. Mechanical disruption (including
“holes”) in histologic sections has been attributed to
cavitation damage (Curtis 1962).

The hind limb paralysis reported by Lee and
Frizzell (1988) following exposure to ultrasound could
be suppressed by the application of excess hydrostatic
pressure. This is commonly believed to be an indica-
tion that the observed effect is due to a cavitational
mechanism.

There is a considerable body of evidence pointing to

a common consequence. Wherever genetic damage hashe occurrence of cavitatiom vivo as a result of the

been reported (Doida et al. 1990, 1992; Kaufman et al. high-intensity tone burst or continuous-wave exposures
1985; Miller et al. 1991), inertial cavitation has been such as those used in focused ultrasound surgery. For
implicated. It seems probable that genetic damage is dueexample, Fry et al. (1970) described lesions in cat brain
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that were attributed to cavitation damage, as did Frizzell output is unique in that there is no significant tissue
et al. (1988) in cat liver. heating because of the low total power used. Thus,

Hynynen (1991) reported cavitation during hyper- results from lithotripsy studies are of interest. How-
thermia treatment of dogs. Lee and Frizzell (1988) ever, there are significant differences between litho-
showed that the intensity at which ultrasound-induced tripsy pulses and the short pulses used in diagnostic
cavitation events were seen was reduced as the ambientltrasound. Lithotripsy pulses have a longer negative
temperature increased. These results are not surprisingpressure portion and a greater peak positive pressure.
As the tissue temperature increases, it is to be expectedTherefore, biological effects may occur with litho-
that gas solubility in tissue decreases, and so the avail-tripter pulses in tissue that do not occur in the same
ability of gas nuclei improves, as would their ability to way with diagnostic ultrasound.

grow in an ultrasonic field. The probability of seeing a Tissue effects of lithotripters are best character-

cavitation event would therefore rise. ised in the liver, kidney and lung (Delius et al. 1987,
1988b, 1990b) and recently in the gut (Miller and

Effects due to existing gas bodies Thomas 1995a) (Table 5.1). The effects generally con-

It has been reported that biological effects may be sist of vessel wall damage, especially of capillaries
induced when ultrasound is incident on organised tissuesand medium-sized veins; focal lesions in arterial walls
containing large stabilised gas bodies. Effects have beendo occur, but less frequently. The consequences of this
demonstrated both in planElpdeg leaves and in fruit  type of damage are hemorrhage of a variable degree,
flies (Drosophila melanogastgr [see, for example, which may range from being either only detectable
Carstensen (1987) and Miller (1987)] and also in the microscopically, up to being severe enough to neces-
murine intestine (Dalecki et al. 1995). This work will not  sitate surgical intervention, or to the formation of
be dealt with in detail here, but it has demonstrated that venous thrombi.
considerable cellular damage may be induced in organ- Cavitation from lithotripsy pulses can be visual-
ised structures at diagnostically relevant exposure levelsized by diagnostic ultrasound since the pulses generate
if stabilised gas bodies are present. relatively stable gas pockets in tissues (Delius 1990a).

Recently, evidence has been presented that pulsedt occurs along the axis of the shock wave field and
ultrasound can lead to hemorrhage at the surface ofpersists long enough to enable the interaction of a
mammalian lungs (Child et al. 1990). This occurred at shock wave with the remnant gas from the preceding
levels that were low compared to those required to pulse. The importance of this shock wave—gas bubble
produce cavitation in other tissues that do not contain interaction for the generation of tissue damage has
gas bodies, a finding substantiated by Frizzell et al. been derived from an increase in tissue damage at
(1994) in neonatal mice. Alveolar flooding and protein higher shock wave administration frequencies of 15 or
leakage into alveolar spaces were seen in the alveoli100 Hz (Delius 1988a, 1990b). This is further sup-
that contained erythrocytes. Vascular lesions were ported by the fact that effects of lithotripters and the
seen, with endothelium, epithelium and basal laminae cellular level (hemolysis and membrane permeabilisa-
disrupted (Penney et al. 1993). It seemed clear that thetion) are considerably reduced by minimal static ex-
damage occurred during exposure and did not progresscess pressures as low as 100 kPa. Moreover, the ad-
afterwards. Cell death appeared to be due to lysis. ministration of preformed, stabilised gas bubbles dur-
Raeman et al. (1993) found that a brief exposure of the ing the shock wave application led to a dramatic
lung at a high repetition frequency was less likely to increase in tissue damage (Prat et al. 1991).
cause damage than an exposure with the same total The lung is the organ most sensitive to shock waves.
on-time applied over a longer duration. Also, lung Hartman et al. (1990) showed that fetal murine lung had
hemorrhage has been produced in the lunflataque a higher threshold for lithotripsy damage than did adult
monkeys following exposure to diagnostic ultrasound lung. This again was presumed to be due to the absence
(Tarantal and Canfield 1994). The mechanism for this of preformed gas bubbles in the fetal lung, as compared
(clearly nonthermal) effect is not clear, although it with the air-filled alveoli in adult lung.
does appear to be mediated by an existing stabilised
gas body in tissue (Table 5.1). CONTRAST AGENTS
Cavitation due to lithotripsy pulses A rapid development of gas body-based ultrasound

Lithotripters produce pulses of microsecond contrast agents has occurred over the last few years (Gold-
length and of several hundred atmospheres peak presberg et al. 1994; Fowlkes 1995). AlburieXMolecular
sure. The acoustic pulse energy of 10-150 mJ is Biosystems Inc., San Diego, CA, USA) and Levobist
repeated at a low pulse repetition rate of 1-3 Hz. This (Schering AG, Berlin, Germany) have been approved for
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Table 5.1. Intensities at which cavitation has been observed in organised mammalian tissues.

Frequency Exposure
Effect studied (Reference) (MHz) Pulse length  time (s) Intensity (Pressure)
Mammalian tissues
in vivo Liver damage (1) 1 cw 480 1.6-2.0 W/ém
Brain damage (€)) 1 480 1.3-1.6 W/egm
Lens damage 1) 1 480 1.8-2.2 WkASA)
Mouse liver
“pseudocavitation” (2) 1 cw 15 < 20 W/cnt (SA)
Cat brain 3) 1-3 cw < 0.04 2000 W/crh
Cat liver 4 3 cw 0.03 2500 W/ctn
Cavitation in dog thigh (5) 0.2-1.68 cw 1 0@ 1 MHz (5 MPa/MHz)
Lithotripsy Shock wave damage;
in pig liver (6) 80 MPa
in dog liver and gall
bladder wall (@) 80 MPa
Murine lung haemorrhage;
Adult (8) 1.7 MPa
Fetal (8) 20 MPa

System containing
pre-existing gas  Murine lung haemorrhage 9) 1.0-3.7 81:1,000) 180 0.007-0.1 W/GniTA)
(P~ 0.4-1.4 MPa; P 0.7—
3.0 MPa). (1.1-3.7 MHz)
Murine subscapular lung  (10) 1.1 10us (1:1,000) 180 0.04 W/ch(TA) (1.6 MPa)

haemorrhage
Neonatal lung haemorrhage 1.0 18 (1:1,000) 2.4 300 W/cA(SPPA)
(1:10,000) 180 30 W/ch(SPPA)
Neonatal hind limb (11) 1.0 10us (1:200) 2.4 125 W/cR(SPPA)
paralysis
Murine lung damage (12) 11 0.03 27 WRIBPPA) (1 MPa)

SA = spatial average; TA= temporal average.

(1) Hug and Pape 1954; (2) Bell 1957; (3) Fry et al. 1970; (4) Frizzel 1988; (5) Hynynen 1991; (6) Delius et al. 1990a; (7)
Delius et al. 1990b; (8) Hartman et al. 1990; (9) Child et al. 1990; (10) Penney et al. 1993; (11) Frizzell et al. 1994; (12) Raeman
et al. 1993.

clinical use. These companies and several others arecavitation-free systems (Miller and Thomas 1995b).
pursuing development of second-generation agentsTherefore, injection and ultrasound exposure of gas
that use special gases to improve the persistence of thebody contrast agents introduces the potential for cav-
contrast effect. Imaging benefits of gas body contrast areitation into the body under otherwise cavitation-free
thought to apply to a quarter of all ultrasound examina- conditions. Recent research indicates that a gas body
tions, which implies a large potential market for these contrast agent can cause hemolysis upon exposure to
agents by the year 2000 (Wight 1995). The newer agents1-MHz ultrasound under some conditions, even in
show promise for diagnostic ultrasound, particularly for whole blood (Brayman et al. 1995; Miller et al. 1995;
power Doppler modes to display and quantify actual Williams et al. 1991). The ability of gas body contrast
perfusion of organs. In addition, a second harmonic agents to initiate ultrasonic cavitation, and the known
technique is being evaluated on newer diagnostic instru- potential for biological consequencés vitro and in
ments, which takes advantage of the nonlinear scatteringvivo, enhances the relevance of nonthermal bioeffects
of the gas bodies at twice the imaging frequency to considerations for risk evaluation and sonographer

enhance greatly the contrast effects (Burns 1995). guidance during diagnostic ultrasound examinations
The advent of gas body contrast agents has re- with contrast agents.
markable implications for the consideration of non- Table 5.1 summarises the work on mammalian

thermal bioeffects of ultrasound. Circulating blood tissue referred to in this chapter. The acoustic param-
normally contains very few gas bodies or cavitation eters given are quoted from the articles as those at
nuclei (Williams et al. 1989). Gas body-based contrast which some form of cavitation has been seen. Inten-
agents are certainly resonant gas bodies as shown bysities quoted are a mixture of pulse average, temporal
theory (de Jong et al. 1992), measurement (Bleeker etaverage and spatial average intensities. Exposure
al. 1990) and the second-harmonic contrast techniquetimes are given. These are total times, not on-times. It
in vivo (Schrope et al. 1992). In addition, these agents is not clear what role exposure time plays in deter-

can serve as inertial cavitation nuclei in otherwise mining cavitation threshold.
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Administration rate dependence. Ultrasound Med Biol 1988a;

WFUMB SYMPOSIUM CONCLUSIONS ON 14:689-694.

OTHER NONTHERMAL BIOEFFECTS Delius M, Enders G, Xuan Z, Liebich H, Brendel W. Biological effects
of shock waves: Kidney damage by shock waves in dogs—Dose

The fo”owing conclusions were adopted by Voting dependence. Ultrasound Med Biol 1988b;14:117-122.

.. . Delius M, Denk R, Berding G, et al. Biological effects of shock waves:
by participants at the WFUMB Safety Symposium, Cavitation by shock waves in piglet liver. Ultrasound Med Biol

Kloster-Banz, 1996. 1990a;16:467—472.
e In vitro studies of ultrasound biological effects have Delius M, Jordan M, Lieblich HG, Brendel W. Biological effects of

demonstrated cellular effects that include Ivsis and shock waves: Effect of shock waves on the liver and gallbladder
Yy wall of dogs—Administration rate dependence. Ultrasound Med

changes in ion transport across membranes. These Bjol 1990b:16:459—466.
studies give useful insight into the nonthermal mech- Doida Y, Miller MW, Cox C, Church CC. Confirmation of an ultra-

nism which ultr n n or ioloaical sound-induced mutation in two mammalian cell lines. Ultrasound
anisms by ch ultrasound can produce biological Med Biol 1990:16:699..705.

effects. However, caution is requ'red n applylng these Doida Y, Brayman AA, Miller MW. Modest enhancement of ultra-

results to medical ultrasound exposunesivo. sound induced mutations in V79 ceiisvitro. Ultrasound Med Biol
e Cavitation effects have been shown to ocicuvivo in 5 199’%/;1234|65—]c4??- di A healing. In: Kloth LC. Mecu
. . . yson IVl. Role Of ultrasound In woun ealing. In: Klo , McCul-
mammalian tissues. The exposure threshold for cavi- logh JM, Feedar JA, eds. Wound healing: Alternatives to manage-

tation effects decreases with increasing temperature.  ment. Philadelphia: FA Davis, 1990;259—-286.
Effects seen include mechanical disruption of tissue Fowlkes JB. Ultrasound contrast agents. In: Goldman LW, Fowlkes

; ; ; P JB, eds. Medical CT and Ultrasound: Current technology and
structure (obvious under histologic examination) and applications. Madison, WI: Advanced Med. Publishing; 1995;

hind limb paralysis. Such effects have not been ob-  259_247.
served with diagnostic exposures. Frizzell LA. Threshold dosages for damage to mammalian liver by high
e In the air-filled mammalian Iung, bleeding from alve- intensity focused ultrasound. IEEE Trans Ultrason Ferroelec Freq
| illari h . . I Contr UFFC 1988;35:579-581.
olar capilfaries has been induced experimentally by Frizzell LA, Chen E, Lee C. Effects of pulsed ultrasound on the mouse
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® Chapter 6

THRESHOLDS FOR NONTHERMAL BIOEFFECTS: THEORETICAL AND
EXPERIMENTAL BASIS FOR A THRESHOLD INDEX

INTRODUCTION from an abrupt change in the temperature itself with
increase in acoustic intensity.

There are other interesting differences between the
biological effects of heat and cavitation. Heating is a
relatively slow process. Typically, even the most ex-
treme exposures encountered in conventional medical
applications of ultrasound must last for seconds to pro-
duce biologically significant tissue temperature changes.
In contrast, the collapse associated with inertial cavita-
tion may occur within a single pressure cycle, and a
single collapse may cause tissue damage. Whereas the
heating rate is directly related temporal averagen-
tensity or power, the occurrence of cavitation depends in
a general way upon theemporal peakpressure in the
sound field. Although there are exposure conditions in
which both heating and cavitation should be considered,
it is possible to have significant heating from the absorp-

In addition to heating, there are at least two physical
phenomena associated with ultrasonic radiation that have
been implicated causally in biological effects. The most
important of these involves the interaction of ultrasound
with gas bodies or bubbles called acoustic cavitation
(Chapters 2 and 5) and the second involves the unidirec-
tional radiation force that is exerted by the acoustic field
on tissues and tissue components (Chapter 3). No ad-
verse biological effects have been related directly to
radiation force up to the present time and, therefore,
there is no motivation to develop an index to describe
diagnostic ultrasound exposures from the point of view
of radiation force. This topic examines physical pro-
cesses as well as relevant bioeffects data leading to
criteria that may be useful in predicting possible adverse,

ggvnatmlj—rellated, bglogmalheffects from (fexE.osgre © {ion of sound without cavitation. Furthermore, cavitation
lagnostic ultrasound. For the purposes of this discus- may occur at temporal average intensities of pulsed ul-

sion, dlagnostlcglly relevant exposure conditions include {.2sound that are much too small to produce significant
carrier frequencies above 1 MHz, pulse lengths up to 10 heating.

s and repetition rates small enough that tissue heating is

not an important factor. Frequency dependence of the cavitation threshold

Flynn (1982) computed thresholds for inertial cav-
itation for microsecond length pulses of ultrasound with

As discussed in Chapter 2, the transition from com- center frequencies in the range from 1-10 MHz. The
paratively stable bubble oscillations (noninertial cavita- threshold values depend upon the equilibrium size of the
tion) to the condition of violent collapse (inertial cavita- nucleus. For optimally sized bubbles and for the low
tion) may occur with a very small increase in acoustic diagnostic frequency ranges.g., 1-2 MHz, Flynn’s
pressure amplitude. This is in sharp contrast to macro- threshold levels are of the order of 0.3 MPa. In a general
scopic heating by absorption, in which temperature in- sense, his threshold values increase with center fre-
crements for a given source are related linearly to local quency but, in addition, for frequencies above 5 MHz,
intensities over a very wide range of acoustic intensities. the change in collapse pressure with increase in acoustic
This highly nonlinear response of bubbles to acoustic pressure becomes less abrupt and the “threshold” itself
excitation leads to a physical threshold for inertial cav- is more difficult to define.
itation, the point in the relationship between the bubble Apfel and Holland (1991) developed a simple rela-
response and the driving acoustic pressure at which ationship between acoustic pressure and the onset of in-
very small increase in acoustic pressure causes an abrupértial cavitation under the assumption that optimally
increase in amplitude of the bubble oscillation. If there sized bubbles are present. The theory assumed isother-
are sharp thresholds for biological effects of heat, they mal growth, adiabatic collapse, an incompressible host
arise from the strong temperature dependence of critical fluid and neglected gas diffusion into the bubble. In
chemical processes in the biological material rather than addition, they assumed that the pulse of ultrasound con-

CAVITATION THRESHOLD
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sisted of a single cycle. Their thresholds were of the been observed in kidneys exposed to 10 spark-generated,
order of 0.5 MPa for optimally sized bubbles at 1 MHz. spherically diverging shocks at peak positive pressures
They showed that the threshold acoustic pressure levelas low as 3 MPa (Mayer et al. 1990). However, when the
increases approximately inproportion to the square root same organ was exposed to pulsed ultrasound, no evi-
of the center frequency.p®ner (1991) addressed the dence of hemorrhage could be found with peak positive
same problem but used a “Gaussian” envelope for the pressures in excess of 10 MPa even though the total
acoustic pulse. He found that the threshold for inertial numbers of individual shock waves in the pulsed ultra-
cavitation for an optimally sized bubble increases ap- sound exposure exceeded one million (Carstensen et al.
proximately as the first power of the center frequency. 1990c). Clearly, it is impossible to extrapolate from
Whereas other investigators (including those men- studies with lithotripter shocks to pulsed ultrasound
tioned above) have based their analyses on single sphergiven the present knowledge of these processes. Chick
ical bubbles in an infinite fluid, Miller and Thomas embryos exposed to three spark-generated shocks at
(1993) used a linear model to compute the shear stressepressure amplitudes of 10 MPa had significantly elevated
generated by ultrasonically driven oscillations of cylin- rates of early deaths, delayed deaths and malformations
drical gas bodies trapped in the intercellular spaces of (Hartman et al. 1990a). Rat and mouse fetuses are dam-
Elodealeaves (a form of noninertial cavitation). They aged by exposure to commercial lithotripters (Dalecki et
found that the acoustic pressure required to maintain aal. 1997b; Ohmori et al. 1994; Smith et al. 1992).
given shear stress increases as the square root of the  The pressure threshold for adult murine lung hem-
frequency in the range from 1-10 MHz. Thus, although orrhage with spark-generated shock waves is comparable
the details of the models of bubble interaction with to that with pulsed ultrasound (Hartman et al. 1990b). In
ultrasound vary, there is general agreement that the contrast, fetal murine lung did not show signs of damage
acoustic pressures required to produce effects increaseat 20 MPa (Hartman et al. 1990b). Similar threshold
with frequency. levels have been found lethal for the larvae of the fruit fly
Drosophila melanogastgCarstensen et al. 1990a). Peak
positive pressure thresholds for hemorrhage in murine
intestine exposed to a piezoelectric lithotripter are of the
Cavitation-related effects in tissue range of 1-3 MPa (Dalecki et al. 1995a). Many soft
There is evidence from both lithotripsy and contin- tissues become susceptible to hemorrhage in lithotripter
uous-wave (cw) ultrasound that cavitation can occur in fields of the order of 1 MPa when microbubbles are
tissues in which stabilized gas bodies are not known to injected into the blood (Dalecki et al. 1997d).
be present. With current knowledge and understanding of Hynynen (1991) used 1-s exposures to cw ultra-
the mechanisms and processes involved, it is not possiblesound during which the temperature of the tissue in-
to extrapolate from studies either with cw or with litho- creased significantly. His thresholds for cavitation in dog
tripter shocks to pulsed ultrasound. However, the re- muscle in the frequency range from 0.25-1.7 MHz were
search community should be alert to the possibility that 5 MPaMHz . Fry et al. (1970) observed what appear to
cavitation may occur in tissues even when there are nobe cavitation-generated lesions in cat brain with a single
obvious gas bodies present. 40-ms exposure of 1-MHz ultrasound with focal inten-
Assuming that the appearance of bubbles following sities of approximately 2000 W2 (8 MPa). Related
exposure is a result of growth from preexisting smaller studies by Lele (1977, 1978) provided similar results and
ones, evidence that gaseous nuclei do exigivo comes additional evidence to support the cavitation mechanism.
from such disparate sources as exposures of guinea pigdVith similar exposure conditions, Frizzell and coworkers
to megaHertz frequency ultrasound (ter Haar and Daniels (Chan and Frizzell 1977; Frizzell 1988) produced lesions
1981) and from exposures of pigs to lithotripter shock in cat liver that were histologically similar to the cavita-
waves (Delius et al. 1990a). Typically, the increased tion-generated lesions in cat brain. Other studies using
scattering develops only after many shock waves. This much longer exposure times suggest that cavitation can
suggests that the bubble population is built up slowly by occur in other tissues. Suppression of hind limb paralysis
the treatment from a relatively nucleus-poor medium in neonatal mice by application of hydrostatic pressure
and/or the medium itself is modified by shock wave supports the conclusion that cavitation is in part respon-
damage in such a way that cavitation is enhanced. sible for this effect at cw ultrasound exposures as low as
There are many examples of cavitation damage to 60 W-cm 2 (1.3 MPa) (Lee and Frizzell 1988). O'Brien
soft tissues as side effects of lithotripsy. Delius and and Zachary (1994a, 1994b) produced hemorrhage in
coworkers showed damage to kidney (Delius et al. lungs of mice, rabbits and swine with 30-kHz ultrasound.
1988a, 1988b), liver (Delius et al. 1990a, 1990b) and Taylor and Pond (1972) reported hemorrhages in rat
lung (Delius et al. 1987). Extravasation of blood cells has spinal cord with long pulselsaving peak intensities 25

NONTHERMAL BIOEFFECTS
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Adult, Juvenile and Neonatal Mouse Lung (10 ps) [Child/Dalecki]
Adult Mouse Lung (1 ps) [Child]

Rat (1 ps) [Holland]

Neonatal, Young Swine Lung (10 ps) [Baggs/Dalecki]
Mouse Intestine (10 ps) (Dalecki)
Hemolysis, Mouse (10us) (Dalecki)
Drosophila Larvae (1 ps) [Child]
Elodea Leaves (5 ps) [Carstensen]
Elodea Leaves (3 ps) [Miller]
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Fig. 6.1. Threshold, negative acoustic pressimestu for known nonthermal biological effecis vivo of diagnostically
relevant ultrasound exposures. Pulse durations are shown in parentheses in the legend. All exposures consisted of
repetitive short pulses{( 10 us). Total exposure times were5 min. In all cases, the tissues contain identifiable, small,
stabilized gas bodies. Sources: adult, juvenile and neonatal murine lung hemorrhage (Bailey et al. 1996; Child et al.
1990; Dalecki et al. 1997a; Raeman et al. 1993, 1996); rats (Holland et al. 1996); neonatal and young swine lung (Baggs
et al. 1996; Dalecki et al. 1997e); mouse intestine (Dalecki et al. 1995b); hemolysis in mice (Dalecki et al. 1997c);
killing of larvae (Bailey et al. 1996; Child et al. 1981); lysis of cells in leaves of aquatic plants (Carstensen et al. 1990b;
Miller and Thomas 1993). To help in the assessment of frequency dependence of the thresholds, lines have been drawn
through the point (1 MPa, 1 MHz) with slopes proportional to frequency to the one half and to the first power of
frequency.

W-cm~2 (0.8 MPa). Lehmann and Herrick (1953) reported question of hazards associated with cavitation produced
petechiae in the intestines of mice with therapeutic expo- by diagnostic ultrasound, the exposures were applied in
sures of cw ultrasound< 3 W-cm™ 2, 0.3 MPa). Hemor- repeated short pulses with temporal average intensities
rhage is suggestive of acoustic cavitation, but it must be low enough to make it possible to eliminate heating as
granted that heat development may have been a factor inthe primary mechanism of the effect. Fig. 6.1 provides a
most of the studies cited here. In fact, after replicating and summary of the thresholds for reported effects that sat-
extending the study of Lehmann and Herrick, Miller and isfy these criteria. In each case, even though inertial
Thomas (1994) concluded that heating is the dominant cavitation in the classic sense may not be involved, it is
mechanism in intestinal hemorrhage with cw exposures. clear that gas bodies stabilized in the tissue play an
Heating and cavitation may interact synergistically under essential role in the events.
diagnostic conditions. But, since the detailed nature of cav- Miller and Thomas (1993) found a threshold for
itation activity is unknown, none of the observations cited lysis of the cells in leaves of the water liflodeato be
here can be extrapolated to applications of diagnostic ultra- approximately 1 MP#Hz? in the frequency range
sound. 0.7-15 MHz. This was with a s pulse and total
on-time of 60 ms. The threshold was not critically de-
Bubble-related biological effects at diagnostically rele- pendent on pulse duration. Carstensen et al. (1990b)
vant exposures found the same threshold levels for similar exposure
Biological systems that contain bubbles are far conditions in the 1- to 3-MHz frequency range. This
more complex than the models that have been used inoccurs only with gas channels in the leaves. However, it
most theoretical and experimental studies of acoustic is unlikely that inertial cavitation is involved (Miller and
cavitation. In studies that are most directly relevant to the Thomas 1993).
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Studies have shown that there is a sharp thresholdthe order of 1 MPa. The threshold levels are approxi-
for killing of larvae of the fruit fly Drosophila, with mately the same for neonatal, 2-week-old and adult mice
pulsed ultrasound at peak pressures of 0.3—0.5 MPa(Dalecki et al. 1997a), rats (Holland et al. 1996) and
using diagnostically relevant pulse durations and repeti- neonatal and 10-day-old swine (Baggs et al. 1995; Da-
tion frequencies (Child et al. 1981). A statistically sig- lecki et al. 1997e). As with fruit fly larvae, the threshold
nificant lethal effect occurred at temporal average inten- is only very weakly dependent upon pulse repetition rate
sities as low as 3 mwm 2. However, as long as the  (temporal average intensityi)e., temporal peak param-
peak pressure was held constant, the temporal averagesters rather than temporal average parameters of the
intensity could be increased 100 times (by increasing the sound field are predictors of this biological effect.
pulse repetition rate) with little change in the killing Thresholds for lung hemorrhage (expressed in terms of
effect. That there is a threshold for kllllng and that it Spatia| peak pressures) are the same for focused or un-
depends upon temporal peak as opposed to temporakocysed fields. Positive and negative pressures are
average exposure has been demonstrated by experimentsqually damaging to murine lungs (Bailey et al. 1997).
showing that, with a temporal maximum intensity of 4 Tarantal and Canfield (1994) have presented evi-
W-cm# and pulse repetition rates great enough to bring gence that lung hemorrhage may be produced in mon-
the temporal average intensities up to 80 roW 2, keys using a commercial diagnostic ultrasound system.
there was no evidence of an effect even with total expo- |, their studies, the transducer was held in direct contact
sure times as long as 20 min. In a study of the effects of it the chest wall in a reasonable simulation of standard
pulsed ultrasound at low temporal average intensity on ¢|inica| procedures. Holland et al. (1996) demonstrated
Drosophilaeggs, it was found that the sensitivity of the oy hage in rats with a commercial scanner and de-
organism increased dramatically at the stage of develop-yooq cavitation activity in association with the lung
ment when the respiratory apparatus of the fully devel- damage. Zachary and O'Brien (1995) produced lung

oped larva within the egg shell fills with air (Child and hemorrhage in mice and rabbits using a commercial

Carsiensen 1982). This sqgges_ts_that the S't‘?s of aCtlondiagnostic ultrasound system. Although their studies
for ultrasound are gas bodies within the organism. How-

. L were n ign ificall rmine threshol
ever, killing of larvae does not have characteristics ex- ere not designed specifically to dete e thresholds,

L o . their results are consistent with the threshold data for
pected for inertial cavitation of unconstrained bubbles. . . . ) .
The biological response is no greater for negative pres- mice ﬁescrlbed at;ovre]:. k‘:’heyl d|d|;(ot find the effec)t n

o . . ~ 30-kg swine at the highest levels @ MPa at 3 MHz
sures than it is for purely positive pressures (Bailey et al. available with their system. Frizzell (1994) reported
1996). thresholds at 1 MH ing f 0.3te 1 MPa fi

Although general knowledge and confidence comes | resho S ah iz ralr:jglng ro:nl - Dal all(. ort |

from theory and from experiments with plants, insects 32997 eTorrdage n C_? nedo_fr;aa mice. ha er:: ' i Iz;.
and experiments with cells vitro, specific decisions ( a) found no signi icant di erencesmt e thresholds
about thresholds in patients must be based primarily on " lung hemorrhage in warm neonatal mice, 2-week-old

studies with mammals. Thresholds for lung hemorrhage mice or ad‘_Jlt_ mice. o .
in mice (Child et al. 1990) fall between those for cell Superficially, cavitation is perhaps the most obvious

lysis in Elodealeaves and killing oDrosophilalarvae. mechan.ism to be examined when considering biological
When the mouse lung is exposed to pulsed ultrasound at€fects in the lung. Holland et al. (1996) recently re-
threshold levels, the damage is limited to subcapsular pgrted deteptmg the signs of cavitation in or near rat lung
petechiae near the surface of the lung corresponding toWith an active bubble detector at roughly the level that
the site of incidence of the sound beam. The extent of Corresponds to hemorrhage. Leighton et al. (1995) ad-
damage increases markedly with exposure level. At dressed the behavior of cylindrical bubbles in pulmonary
twice threshold pressure levels, the lesion penetrates thecapillaries.
entire murine lung and its lateral extent increases (Rae-  As bioeffects information continues to accumulate,
man et al. 1993). Lesion boundaries are sharply defined.it becomes less obvious that cavitation is responsible for
No histologic abnormalities have been seen outside thelung hemorrhage. Thresholds are somewhat lower for
regions that are characterized by extravasation of blood lung hemorrhage than for hemorrhage in tissues with
cells (Penney et al. 1993). Studies of the repair of su- obvious cavitation nuclei available to support the phe-
prathreshold focal lesions in murine lung indicate that nomenon. Negative pressures cause no greater effect
damage is limited to the original hemorrhagic region and than positive pressures (Bailey et al. 1996) as would be
that there are no clinically significant long-term alter- expected for classic cavitation. Adding nuclei to the
ations to the lung tissue (Penney et al. 1996). blood has no apparent effect on the severity of hemor-
Thresholds for extravasation of blood cells in lung rhage (Dalecki et al. 1997d). The frequency dependence
with center frequencies in the range 0.5-5 MHz are of (above 1 MHz) of bioeffects that are clearly related to
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acoustic cavitation is stronger than the frequency depen-or the killing of Drosophilalarvae—in which classic
dence of lung hemorrhage (Fig. 6.1). inertial cavitation is less likely to be responsible for
The intestine also contains gas bodies. It can be the effects, are less strongly dependent upon fre-
speculated that the range in sizes for these bubbles in-quency.
cludes those that would be resonant at the frequencies It is interesting that, in each case in which nonther-
used in diagnostic ultrasound. However, almost nothing mal effects have been observed under diagnostically
is known about the distribution of these bubbles through- relevant conditions, the organisms contain rich collec-
out the organ. The thresholds for hemorrhage in the tions of stabilized gas bodies. This suggests that other
intestine of adult mice range from approximately 1 MPa regions known to contain gas bodies, such as the follicles
at 1 MHz to 3 MPa at 3 MHz (1Qes pulse, 100-Hz  of the ovary following flushing maneuvers used in col-
repetition frequency) (Dalecki et al. 1995a). Fetal intes- lecting oocytes, may be susceptible to biological effects
tine is essentially free of gas bodies (Caspi et al. 1993). of ultrasound.
The immunity of fetal murine intestine to hemorrhage in
a lithotripter field at levels that cause massive damage to
the maternal intestine supports the hypothesis that cavi-
tation is involved in this biological effect (Dalecki et al. Thus far, the discussion has ignored the ambigu-
1996a). ity that arises in specifying acoustic pressure when
Hemolysis has been observed in mice exposed to nonlinear propagation distorts the waveform. Particu-
1-MHz pulsed ultrasound when microbubbles were in- larly at high pressure levels, the positive portion of the
jected into the blood (Dalecki et al. 1997c). No hemoly- wave tends to travel more quickly than the negative
sis was seen without the addition of microbubbles. At a portion. So, instead of the wave propagating as the
frequency of 1 MHz, the threshold was approximately 2 pure sinusoid that was generated by the source, the
MPa for the negative pressure. No significant hemolysis wave becomes progressively distorted as it moves
was observed at more than twice that pressure amplitudethrough the medium. Under conditions typical for
when the exposure was performed at a frequency of 2.4diagnostic ultrasound, diffraction and dispersion phe-
MHz. The high pressure threshold and the strong depen-nomena interact with this nonlinear propagation pro-
dence of the threshold on frequency suggest that hemo-cess in such a way that the wave becomes asymmet-
lysis is unlikely to be a concern with existing diagnostic rical, with the positive pressures being somewhat
ultrasound systems. Brayman et al. (1996) reported agreater than the negative pressures. It appears that
“pseudothreshold” for hemolysisn vitro at approxi- neither positive nor negative pressures can be ignored
mately the value shown in Fig. 6.1 for mice. In view of when predicting the occurrence of biological effects in
this similarity of threshold value® vivo andin vitro, an tissues containing bubbles (Bailey et al. 1996). Fur-
important finding of Brayman et al. (1996) should be thermore, nonlinear propagation produces complex
mentioned. They used the term “pseudothreshold” be- changes in the attenuation of the wave that make it
cause they observed small, but statistically significant, very difficult to relate measurements made in water at
levels of hemolysis below the “pseudothreshold” pres- high ultrasound levels with the levels that would be
sure level. found if the wave had propagated through tissue. In
Thus, we must acknowledge the possibility that a the extreme, the attenuation arising from nonlinear
small, undetectable amount of hemolysis may occur even propagation becomes so great that the acoustic levels
in vivo below the threshold levels reported in Fig. 6.1. in the field saturate, i.e.,the field pressures reach

NONLINEAR PROPAGATION

The question is largely academic. levels at which they no longer increase with increase
The experimental data summarised in Fig. 6.1, in the source levels.
like the models for the interaction of bubbles with These ambiguities can be avoided if we rely on

ultrasound, show an upward trend with frequency. the small-signal, experimental characterization of the
Two lines have been added to Fig. 6.1 to assist in sound field as the basis for tissue field predictions that
evaluating that frequency dependence. Hemolysis andwas recommended by World Federation of Ultrasound
intestinal hemorrhage, in which the physical mecha- in Medicine (WFUMB 1992). Specifically, the fields

nism may approach the classic phenomenon of inertial of each source should be characterized by hydrophone
cavitation, are strongly dependent upon the frequency measurements at levels low enough that it is possible
of the ultrasound. Thresholds for these effects are high to relate linearly each point in the sound field, includ-

in comparison with the maximum output levels of ing the focus, to the source power. Basing estimates of
commercially available ultrasound systems and are tissue fields on small-signal field determinations

strongly dependent on frequency. Thresholds for lung avoids experimental errors associated with hydro-
hemorrhage—as well as lysis of cellskhodealeaves phone measurements of sound fields at high output
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levels and simplifies the theoretical and computational the thresholds for nonthermal damage to most of the
aspects of the derating problem as well. Once the field tissues of the body are higher than those used in
has been characterized through measurements in watediagnostic procedures. Yet, almost all of the soft tis-
for a given low source power, it can be derated linearly sues are subject to hemorrhage if microbubbles are
by an appropriate attenuation factor for the tissue path. injected into the blood (Dalecki et al. 1997d). This
These derated fields are linearly related to source says first of all that cavitation can occur vivo if
power. Since, for almost all diagnostic systems, the appropriate nuclei are present. However, it also tells
source acoustic power is linearly related to the elec- us that cavitation nuclei in the normal mammal are
trical input to the transducer, it is relatively simple to extremely rare. Much of the safety of ultrasound in
provide a real-time indication of the linearly derated normal practice depends upon this fortuitous property
field values for any operating condition. These linearly of tissues.

derated estimates of tissue fields are good approxima- In communicating the field conditions so that users
tions of the true fields in tissues for a large range of can estimate the probability of the occurrence of specific
input values and, at very high field strengths at which nonthermal biological effects, the most direct approach
nonlinear propagation does modify the output, the would be to describe completely the pressure, center

linearly derated values are conservatively large,, frequency, pulse duration, repetition rate and total expo-
the estimates tend to err on the high rather than the low sure time. Of these parameters, however, pressure is by
side of the true values. far the most critical. Changes in pressure by as little as a

The common practice of linear derating from high- factor of 2 can make the difference between no effect and
level measurements in water is undesirable because itextensive damage to lung tissue. It is important to specify
can lead to substantialnderestimatesf the tissue fields.  pressure as described in the preceding section. Measure-

Because it is now clear that the acoustic output of ments of pressure in water at saturation levels have
some diagnostic ultrasound equipment is capable of limited predictive value for fields in tissues. Acoustic
producing biological effects, it is essential that man- pressure alone can serve as a first-order index of the
ufacturers provide a convenient way to transmit output exposure conditions.
information to the user. Various strategies are possi- The next most sensitive parameter is the center
ble. For a relatively low-power uncomplicated device, frequency. There are theoretical arguments suggesting
it might be satisfactory simply to report upper limits that pressure thresholds for bubble activity should
for various operating conditions in the user’s manual. increase with frequency to a power between 0.5 and 1.
For these devices, the user might determine after read-Thresholds for hemolysis and intestinal hemorrhage
ing the manual that no foreseeable application would have a relatively strong dependence upon frequency.
require concern for adverse biological effects. At the That, plus the absolute magnitudes of the thresholds,
other extreme, manufacturers of more advanced sys-make it unlikely that either of these effects will be a
tems that have high outputs may choose to provide a significant concern in normal diagnostic procedures.
real-time, on-screen, output indicator. This type of For three of the effects summarized in Fig. 6.1, an
linear output indicator is relatively simple to imple- increase in center frequency by a factor of 4 doubles
ment and may be adequate for all but the highest the threshold for its occurrence. Lung hemorrhage
acoustic levels. When greater accuracy is desired, could be a practical concern in some diagnostic pro-
corrections for the effects of nonlinear propagation cedures.

can be made either theoretically (Christopher and Consensus groups in the United States have com-
Carstensen 1996) or experimentally (Preston et al. bined the two exposure parameters, prespuia MPa)
19914, 1991b). and frequency (in MHz), in a single mechanical index

(MI) defined as:
INDICES OF EXPOSURE

Whether or not cavitation-related damage occurs Ml = — 1)
when tissues are exposed to ultrasound depends first \
upon the preexistence of suitable gaseous nuclei. All
of the biological effects shown in Fig. 6.1 occur in wherep is the derated peak negative pressure (in MPa)
tissues that are known to contain stabilized, micro- atthe location of the maximum pulse intensity integral
scopic gas bodies and, in each case, there is indepen{AIUM/NEMA 1992). By taking account of the ob-
dent evidence that the effects either disappear or areserved frequency dependence of diagnostically rele-
markedly reduced in the absence of these bubbles.vant, nonthermal biological effects, the mechanical
Given the present state of knowledge, it appears thatindex tends to simplify the description of thresholds

p
f
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for bioeffects in tissues known to contain stabilized
gas bodies (Fig. 6.1) and, therefore, is useful for

certain purposes such as on-screen labelling. Thresh-

olds for known effects in mammals in the diagnostic
frequency range are &l > 0.6.

As defined by the FDA derating process, the me-
chanical index fails to account for the effects of nonlin-

ear propagation and, as a result, may underestimate con-

ditionsin situ. This problem could be remedied by using

linearly derated pressures based on source power as

defined above. In this way, the value of the pressure in
the index will be conservatively high. For more precise
predictions of the true pressure, appropriate correction

factors may be applied (Christopher and Carstensen

1996; Preston et al. 1991a, 1991b). A second limitation
of the mechanical index lies in the fact that it describes
conditions only at the focus, not necessarily the point of
interest. The most common way for lung to be exposed in

diagnostic procedures is in echocardiography, in which e

the transducer is applied directly to the chest of the
patient. Typically, the focus of the sound field is well
below the surface of the lung during this procedure.

Because the attenuation of lung tissue is much greater
than the present values used for derating the field, a

knowledge of the mechanical index would have little
meaning in this application.
At present there is no single number (index) that can

be used to predict the occurrence of known nonthermal e

biological effects. The acoustic source and focal pres-
sures and the mechanical index may be helpful in making
risk—benefit decisions that are appropriate for specific
clinical applications. However, there is no substitute for
an informed user who is aware of the kind of data shown
in Fig. 6.1 and the biophysics of the application.

WFUMB SYMPOSIUM CONCLUSIONS ON
THRESHOLDS FOR NONTHERMAL
BIOEFFECTS

The following conclusions were adopted by voting
by participants at the WFUMB Safety Symposium,
Kloster-Banz, 1996.
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propagation does modify the field, the linearly de-
rated values are conservatively large. When greater
accuracy is desired, corrections for the effects of
nonlinear propagation can be made either theoreti-
cally or experimentally. The common practice of
linear derating from high-level measurements in
water is undesirable because it can lead to substan-
tial underestimatesf tissue fields.
Thresholds for nonthermally induced biological ef-
fects of diagnostically relevant ultrasound are related
more to the temporal peak than to the temporal aver-
age properties of the ultrasound field. For a given
tissue, the threshold of known potentially adverse bi-
ological effects depends strongly on timesitu acous-
tic pressure amplitude at a given frequency, but only
weakly on other acoustic parameters such as the pulse
duration and repetition rate, the exposed volume of
tissue and the total exposure time.
Thresholds for confirmed nonthermally induced bio-
logical effects in mammalian tissues in the diagnostic
frequency range of 2-10 MHz are above approxi-
mately 1 MPa. All of the biological effects that have
been confirmed under diagnostically relevant exposure
conditions involve tissues that are known to contain
gas bodies, such as lung and intestine. For tisaoés
known to contain such gas bodies, thresholds for non-
thermal effects can be assumed to be greater.
Capillary bleeding has been observed in the lung after
exposure of neonatal, young and adult mice, swine and
adult rats, rabbits and monkeys to diagnostically rele-
vant, pulsed ultrasound. Thresholds for capillary
bleeding in adult mice and neonatal and young swine
are of the order of 1 MPa at 2 MHz, which is within
the range of output values of commercially available
diagnostic ultrasound systems.
Bleeding in murine intestine and hemolysis in mice
injected with contrast agents have been reported.
Thresholds for these effecte.§., > 3 MPa at 2.5
MHz) are close to the highest estimatedsitu expo-
sure levels from commercially available diagnostic
ultrasound systems.

Note that these conclusions refer specifically to

e When considering ultrasonic fields in tissues, esti- diagnostically relevant ultrasound exposures.

mates of tissue field parameters should be based on

small-signal characterization of source—field rela-
tionships. Once the field has been characterized
through measurements in water for a given low
source power, it can be derated linearly using a
specified model and an appropriate attenuation fac-
tor for the tissue path. If these derated fields are
extrapolated linearly from the source power, esti-
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® Chapter 7

CLINICAL IMPLICATIONS

INTRODUCTION WFUMB 1992). Especially notable is a previous WFUMB
. . - symposium on “Issues and Recommendations Regarding
Ultrasonic imaging has been used clinically as an effec- . . .
tive diagnostic tool over the past 25 years. In spite of Thermal Mechanisms for Biological Effects 0 f Ultra-
' sound” (WFUMB 1992). There were several major recom-

literally m|II|ons_ of examinations, there is no verified mendations that resulted from debate by the international
documented evidence of adverse effects caused by ex-

posure to ultrasound in patients (Ziskin and Petitti 1988). e>§pe.r‘[ group. A recomrnendat!on based solely on a thermal
) . . . criterion was that a diagnostic exposure that produces a

There have been a number of epidemiological studies of . > i .

. . ) . maximum temperature rise of 1.5°C above normal physio-

intrauterine ultrasound exposure, including several case-

. ! . logical levels (37°C) may be used without reservation in
control and prospective randomized-control studies. In _~. L .
. L . . clinical examinations. The longer the temperature elevation
some studies, an association was identified of one or

another bioeffect, such as low birth weight (Moore et al. is maintained, the greater is the likelihood for damage to

1982: Newnham et al. 1993), delayed speech (Campbelloccur' Exposure of adult proliferative tlsgueg to heat can

et al. 1993), or increased incidence of left handednessCause damage comparable to that occurring in the embryo
' ’ i i and fetus, but with exposures to 42°C for up to 2 h,

(Salvesen et al. 1993). However, with the exception of :

low birth weiaht. th findi h b duoli complete recovery is expected.

OV;' dlr (;N;]'g T e.?e ]in mic]]st ?j\_/e r;]o et;an upli- Following extensive review of the subject of ther-

cated, and the majority ot such Studies nave Deen Nega-,, pigeffects (Chapter 1) the current WFUMB Sympo-

tive. There is no experimental basis for the positive

findi dth tb lained by k ttoct sium agreed on a recommendation: A diagnostic expo-
Indings, and they cannot be explained by Known ENeCtS o ynat elevates embryonic and fetesitu temperature

of diagnostic ultrasound. Based on the evidence to date'above 41°C (4°C above normal body temperature) for 5

there is insufficient justification to warrant a conclusion i, o more should be considered potentially hazardous.
of a causal relationship between diagnostic ultrasound

and adverse effect.
Although the apparent safety of clinical diagnos- CONCERNS INVOLVING NONTHERMAL
tic ultrasound is comforting, acoustic outputs of diag- EFFECTS

nostic instruments continue to increase (Duck and Nonthermal mechanisms are not as well understood as
Henderson 1998; Duck and Martin 1991), and labora- thermal effects. They include such phenomena as acoustic
tory studies clearly show that ultrasound is capable of cayitation, acoustic streaming, radiation force, radiation
producing serious biological damage if the intensity is pressure and acoustic torque. These phenomena set up
sufficiently high (Barnett et al. 1994) and the tissues stresses on cells and, if sufficiently intense, are capable of
sufficiently sensitive (Barnett et al. 1997). Biological |ysing cell membranes and destroying tissues. In general,
damage can result from both thermal and nonthermal these effects are studied in aqueous media in the laboratory
mechanisms. Both mechanisms are important, and ei-ynder conditions that may be different framvivo condi-

ther may predominate depending on the exposure con-tions, Consequently, predominant physical and biological
ditions. Knowledge of the mechanisms is important to jnteractions and mechanisms involved iniarvitro effect

any attempt to extrapolate research findings in the may not pertain to thim vivo situation, and extrapolation to
laboratory to predictions of effects in human expo- the clinical situation is difficult.

sures.

Cell lysis
Cells in agueous suspension are lysed readily when
Thermal mechanisms underlying ultrasonic bioeffects exposed to ultrasound at sufficiently high intensities at
have been reviewed in several publications (Barnett 1996; which inertial cavitation occurs. A number of studies
Barnett et al. 1994; Miller and Ziskin 1989; NCRP 1992; have shown that even less violent cavitation can cause

CONCERNS INVOLVING THERMAL EFFECTS
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changes in cell membrane permeability, temporary intra- echo equipment range from 0.58—4.3 MPa. Henderson et
cellular ion concentrations and increased cellular uptake al. (1995) reported a range of peak negative values of
of anticancer drugs. These effects have been reviewed0.45-5.54 MPa, with similar values for pulsed Doppler
recently (Barnett et al. 1994). The clinical consequences systems. These high pressures would appear to be sufficient
of such events depend on the type of cells involved. For to lead to adverse effects. So far, there has been no evidence
example, the destruction of several red blood cells of pulmonary extravasation following human diagnostic
(RBCs) would be insignificant compared to the estimated ultrasound procedures, but small amounts of extravasation
2.5 X 10" RBCs normally destroyed each day. How- would be clinically insignificant and would, no doubt, go
ever, the destruction of even a very few cells in the undetected. The same would be true for small amounts of
embryonic central nervous system may result in devas- extravasation in the intestinal tract. However, greater
tating biological effects (WFUMB 1992). In addition to amounts of extravasation, should it occur in neonatal ex-
that in the embryo and fetus, destruction of cells in the aminations, could be of concern.

adult brain and eye would have serious consequences. To A number of other cavitation-related bioeffects in
date, there is no direct evidence that this has occurred inmammals have been reported (ter Haar et al. 1986). They

diagnostic clinical practice. include focal lesions in the brain (Dunn and Fry 1971),

irreversible hind limb paralysis in neonatal mice (Bor-

Cellular and tissue lesions relli et al. 1968; Frizzell et al. 1985), as well as a variety
RBC stasis has been observed vivo in chick of adverse effects caused by exposure to lithotripsy de-
embryos during insonation with 1 W/énfl.,,) contin- vices (Delius et al. 1987 and 1988). For the most part,

uous-wave (cw) ultrasound in which a standing wave- these effects occur only when the acoustic intensities
field was created (Dyson et al. 1974). Capillary endothe- €xceed those used for diagnostic purposes (Carstensen
lial damage was reported and thought to be due to direct 1987). However, they do provide insight into the rela-
effect of cavitation, or to the anoxic effect of prolonged tionship and relative importance of physical parameters
RBC stasis. This effect would not be expected in diag- t0 the production of biological damage. In addition to
nostic examinations utilizing pulsed ultrasound in the Physical variables, exposure thresholds also depend on
absence of standing wave fields. However, intimal le- tissue properties. Because of the limited amount of avail-
sions resulting from cavitation could lead to thrombosis able data, it is not possible to specify precise thresholds
formation, which would constitute a significant clinical &t which acoustic cavitation will occur in mammals.

hazard. There is no evidence that this has occurred in ~ During the collapse of a bubble, the internal tem-
clinical practice. perature can exceed 1500°C and free-radicals can be

created (Suslick 1988; Christman et al. 1987). The free-
radicals are highly active chemical species that have the
potential to disrupt normal cellular function. The most
serious effect is damage to DNA (Miller et al. 1991a,
The presence of a gas bubble is a requisite for cavita- 1991b). For this to occur the free-radicals must reach the
tion. Gas collections are normally found in pulmonary DNA within the cell nucleus. Laboratory evidence indi-
alveoli and in the lumen of the intestinal tract. Therefore, cates that free-radical production by ultrasound occurs
these structures are sites for which nonthermal cavitation- outside the cell, and if sufficiently close the free-radicals
related bioeffects are most likely to occur. However, bub- can penetrate through the membrane. However, since the
bles also are to be expected in certain clinical conditions lifetime of a free-radical is short, there is little chance for
such as infusions, injections of contrast agents, surgical one to penetrate through the cell membrane and survive
procedures, decompression illness, gas gangrene, and trauthe naturally occurring intracellular radical scavengers
matic lesions with penetration of the skin, lungs or bowels. long enough to do any damage. It is uncertain if free-
The first finding of RBC extravasation in lung tissue was radicals can be produced by ultrasound within cells.
reported at an acoustic pressure threshold of 1 MPa in mice
(Child et al. 1990). Similar results were subsequently found Beneficial effects
in mice, pigs, rabbits, rats and monkeys (Holland et al. Any discussion of risks of ultrasound also should
1996; Tarantal and Canfield 1994; Zachary and O’Brien mention its beneficial effects. Besides the invaluable use
1995). The threshold for extravasation in neonatal mouse of ultrasound in diagnostic medicine, there are a number
lung is approximately 0.5 MPa at a frequency of 1 MHz. of therapeutic uses that result from nonthermal mecha-
The mechanism is not fully understood, but is considered to nisms. Microspheres of encapsulated gas bubbles can be
be nonthermal. Acoustic output measurements reported byinjected in blood vessels to enhance the effect of thera-
Duck (1989) and by Duck and Martin (1991) indicate that peutic applications as well as to increase the contrast in
the peak rarefactional pressure amplitudes of B-mode pulseultrasonic imaging. Renal calculus lithotripsy and gall-
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stone dissolution are used commonly in clinical practice. the benefits to patients of the prudent use of diagnostic
Other applications include clot lysis, sonophoresis, sono- ultrasound outweigh the risks, if any, that may be
dynamic chemotherapy, wound healing acceleration and present.

bone fracture healing acceleration (Dyson 1985; Dyson
et al. 1974).

SAFE CLINICAL DIAGNOSTIC PRACTICE

To aid health care practitioners to maximize pa-

WFUMB SYMPOSIUM CONCLUSIONS ON
CLINICAL IMPLICATIONS

The following conclusions were adopted by voting

tient safety, incorporation of continuously updated by participants at the WFUMB Safety Symposium,
on-screen indices in clinical ultrasound instruments Kloster-Banz, 1996.
has been recommended (AIUM/NEMA 1992). These e In vitro biological effects:

indices, the thermal index (TI) and the mechanical
index (MI), provide dimensionless numbers giving
information on the likelihood of an adverse biological
effect resulting from the current ultrasound examina-
tion. The indices were designed so that if either index

exceeded a predefined value, there was the potential

for harm. When this happens, the clinician should
assess if the examination could be performed with a
lower acoustic intensity, or consider mitigating factors
in reevaluating the benefit—risk ratio. Mitigating fac-

tors include the absence of gas-containing structures,

anatomical sites that would be particularly invulnera-
ble to damage and the perfusion rate in the region
being examined. Also, the duration of the examination
should be kept to a minimum to avoid any unnecessary
exposure. However, it is important to recognise that

Studies ofin vitro biological effects provide valuable
information about the underlying physical mecha-
nisms by which ultrasound can alter tissue.

e Noncavitational, nonthermal mechanisms:

Noncavitational, nonthermal phenomena, such as
acoustic streaming and acoustic radiation force, may
be involved in producing bioeffects. Red blood cell
stasis, retino-choroidal blanching and accelerated
wound healing are examples of bioeffects that most
likely are due to these mechanical mechanisms at
intensities above the diagnostic range. Ultrasound at
diagnostic intensities can induce body fluid move-
ments in cysts, abscesses and other fluid collections.
These movements can be visualized during ultrasound
examinations and can be helpful in diagnosis.

the potential harm from misdiagnosis can have greater e Tissue—gas interfaces:

consequences than that of ultrasound-induced bioef- Tissue—gas interfaces are known to exist in the post-
fects, and the examination, if performed, should not be natal lung and intestinal lumina. These interfaces
foreshortened to the point where the needed diagnostic greatly increase the potential for nonthermal biological
information is compromised (Ziskin 1990). effects. Evidence from mammalian studies shows that
pulmonary capillary bleeding can occur at diagnostic
ultrasonic pressure levels. Within the frequency range
of present diagnostic instruments (2-10 MHz), the
threshold for pulmonary capillary bleeding is approx-
imately 1 MPa, and the threshold for intestinal bleed-
ing is approximately 3 MPa. Ultrasonically induced
lung damage in the fluid-filled lungs of fetuses is not to
be expected.

SUMMARY

Diagnostic ultrasound has been in use worldwide
since the late 1950s. During this time, various diagnostic
techniques have been developed for numerous clinical
applications. These techniques use a wide range of ul-
trasound exposure levels. There is a continuing trend
towards increased acoustic outputs from diagnostic
equipment that has become evident in recent years (Ducke Cavitation:
and Martin 1993; Duck and Henderson 1998; Henderson Inertial cavitation is a threshold phenomenon. The
et al. 1995). acoustic outputs of current diagnostic instruments

It is important to note that no established adverse have not been demonstrated to exceed this threshold in
effects on patients or instrument operators caused by mammalian tissue.
exposure to diagnostic ultrasound instruments have been . o
reported. This is consistent with the body of knowledge ° Free-radlcal_ producnon. . .

. . . . . The acoustic generation of free-radicals will occur
of how ultrasound interacts with biological tissues only as a result of inertial cavitation
(NCRP 1983 and 1992; WFUMB 1992), including ther- '
mal and nonthermal mechanisms, and the knowledge ofe Contrast agents:

experimental biological effects and epidemiological
studies. Although the possibility exists that such effects
may be identified in the future, current data indicate that

The use of a contrast agent to enhance the diagnostic
value of an ultrasound examination is increasing. Al-
though no ultrasonically induced adverse effects from
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