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In animal experiments, the pathogenesis of lung hemorrhage due to exposure to clinical diagnostic
levels of ultrasound has been attributed to an inertial cavitation mechanism. The purpose of this
article is to report the results of two experiments that directly contradict the hypothesis that
ultrasound-induced lung hemorrhage is caused by inertial cavitation. Elevated hydrostatic pressure
was used to suppress the involvement of inertial cavitation. In experiment one, 160 adult mice were
equally divided into two hydrostatic pressure grodpd or 1.1 MP& and were randomly exposed

to pulsed ultrasoun.8-MHz center frequency, 1-kHz PRF, 1.48-pulse duration, 10-s exposure
duration). For the two hydrostatic pressure grouf@® mice each 8 in situ peak rarefactional
pressure levels were used that ranged between 2.82 and 11.8dPaice/group. No effect of
hydrostatic pressure on the probability of hemorrhage was observed. These data lead to the
conclusion that lung hemorrhage is not caused by inertial cavitation. Also, the higher hydrostatic
pressure enhanced rather than inhibited the impact of ultrasonic pressure on the severity
(hemorrhage area, depth, and volyraElesions. These counterintuitive findings were confirmed in

a second experiment using &3 factorial design that consisted of two ultrasonic pressure levels
and five hydrostatic pressure levgls00 mice, 10 mice/groyp If inertial cavitation were the
mechanism responsible for lung hemorrhage, then elevated hydrostatic pressures should have
resulted in less rather than more tissue damage at each ultrasonic pressure level. This further
supports the conclusion that the pathogenesis of ultrasound-induced lung hemorrhage is not caused
by inertial cavitation. ©2000 Acoustical Society of Amerid&0001-4966)0)01309-4

PACS numbers: 43.80.Gx, 43.25.Y{\wD]

INTRODUCTION thermal effects that alter tissue integrity and cellular func-
tion. Heating results from absorption, the transfer of me-
The clinical use of diagnostic ultrasound has had a rechanical energy from the ultrasound wave to tissue, and the
markable safety record with no reported adverse effects ifgjlure of tissue to dissipate that energy efficiently. A rise in
human beings. However, concerns for its safety have beefhe temperature of several degrees Celsius can result in cell
raised recently following the publication of experimental jnjury ranging from altered function of enzyme systems to
findings documenting lung hemorrhage in mice,rats’  coagulation of cellular proteins and cell death. However,
rabbits;"> monkeys| and pig§~*°at levels of ultrasound ex- several studies have indicated that heating is not responsible
posure and pulsing conditions consistent with those used fagr yltrasound-induced lung hemorrhalge.
ultrasonography in human beings. Thus there are questions Nonthermal effects in lung could occur through both
of fundamental clinical significance regarding the safe use ofayitational and noncavitational mechanisms. Inertial cavita-
ultrasonography. Can diagnostic ultrasound produce lungon (cavitational mechanisjrinvolves the growth and col-
damage in human beings and, if so, under what exposuf@gpse of small microbubblegand requires the presence of
conditions does the damage affect pulmonary functionayitation nuclei-stabilized gas microbubblest ultrasonic
Credible answers to these questions must come fromvo  yressures typical of medical ultrasound. Other mechanical
laboratory animal studies that are focused on the mechanicglfects (noncavitational mechanismsan occur in the pres-
and biological mechanisms responsible for ultrasoundgnce of larger gas bodies within tissues or in tissues lacking
induced lung hemorrhage. Comparisonsrofivo studies on  cayitation nuclei. Noncavitational mechanisms include radia-
the safety of ultrasound, using animal species with lunGjon force, radiation torque, and microstreaming and can
structure and function similar and dissimilar to human be-.;se tissue injury due to stress and shedfing.
ings, can provide the scientific basis for extrapolation to hu-  g,dies on ultrasound exposure conducted over the past

man beings. decade have provided indirect evidence implicating cavita-
Exposure to ultrasound can produce thermal and nongq, i the pathogenesis of lung hemorrhagé:1 Aeration

of the lung is necessary to produce hemorriaBecause of

dElectronic mail: wdo@uiuc.edu air in alveoli, it has been hypothesized that small bubbles
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TABLE I. Experiment 1 ultrasonic exposure levels for the 0.1- and 1.1-MPa hydrostatic pressure study. The means of the axial maximum wateebased valu
of the peak rarefactiondd, i, ,itro) @and peak compressiongln ,itro) Ultrasonic pressures are reported for a hydrostatic pressure of 0.1 MPa. The estimated
in situ (at the pleural surfagevalues of the peak rarefactiongln siry) and peak compressiongn sity) Ultrasonic pressures are reported for both hydrostatic
pressure conditions. The Mechanical Index is determined according to the ODS prodé&tkfie28. The pulse repetition frequency was 1 kHz for all
exposure conditions except the sham-exposure conditions for which the PRF was 10 Hz.

Number of Number of pr(in vitro) pc(in vitro) pr(in situ) pc(in situ) Mechanical pr(in situ) pc(in situ)
mice (0.1- mice (1.1- (0.1-MPa (0.1-MPa (0.1-MPa (0.1-MPa index (0.1- (1.1-MPa (1.1-MPa
MPa MPa Hydrostatic Hydrostatic Hydrostatic Hydrostatic MPa Hydrostatic Hydrostatic
Hydrostatic Hydrostatic pressurg pressurg pressurg pressurg hydrostatic pressurg pressurg
pressurg pressurg (MPa) (MPa) (MPa) (MPa) pressurg (MPa) (MPa)
15 (sham 15 (sham 0.28 0.28 0.25 0.26 0.14 a a
10 - 3.13 3.46 2.82 3.12 1.54 - -
10 10 4.19 4.46 3.78 4.02 2.06 3.42 3.64
10 - 5.33 6.24 4.99 5.63 2.72 - -
10 10 6.42 7.20 5.79 6.50 3.15 5.24 5.88
10 10 7.49 8.35 6.76 7.53 3.67 6.11 6.81
10 10 9.02 10.8 8.14 9.77 4.40 7.37 8.84
10 10 10.2 13.0 9.21 11.8 4.97 8.33 10.6
10 10 11.4 15.1 10.2 13.6 5.51 9.26 12.3
- 10 12.8 19.9 - - 6.16 10.5 16.3
- 10 145 22.9 - - 6.96 11.8 18.7

#Positioning of the ultrasound focal region on the lung surface was done at a hydrostatic pressure of 0.1 MPa prior to the mouse being placed arithe hyperb
chamber. This procedure was required to maintain blinded exposures so that the mouse handler did not know the hydrostatic pressure condition.

(1-5 wm in diameter may exist in the surfactant layer and . MATERIALS AND METHODS

serve as cavitation nucléilf cavitation nyclei are prgsent, A. Animal handling and experimental design

then exposure of these gas bubbles to high ultrasonic stresses

may result in their violent oscillation and rapid collapse, a  TWo experiments were conducted. The second experi-
process known as inertial cavitation. Under these conditionghent was designed to test counterintuitive findings from the
the motion of the gas—liquid interface may reach supersoniéirst experiment. The experimental protocols were approved
speeds(producing shock wavésand bubble collapse may by the campus’ Laboratory Animal Care Advisory Commit-
generate chemically reactive free radicals, extremely higtiee and satisfied all campus and NIH rules for the humane
temperatures, and microjets, which could easily damage thése of laboratory animals. Animals were housed in an
air—blood barrier resulting in lung hemorrhageAs a result, AAALAC approved animal facility, placed in groups of four
investigators have suggested that inertial cavitation is thé polycarbonate cages, and provided food and watehi-
mechanism responsible for lung hemorrhage in at leadditum

mice! rats® and monkey¢,and it is thus important to deter- For experiment ITable F®) there were a total of 190
mine conclusively if inertial cavitation is the mechanism re- six-to-seven-week-old 27:82.1-g female ICR micéHarlen
sponsible for lung hemorrhage. Sprague Dawley Laboratories, Indianapolis,).IlDne hun-

The purpose of this article is to report the results of adred and sixty mice were dividech& 80/group) into two
series of experiments that directly contradict the view thathydrostatic pressure group8.1 MPa(1 atm and 1.1 MPa
ultrasound-induced lung hemorrhage is caused by inertiglll atm]. Each hydrostatic pressure group was subdivided
cavitation. To test whether inertial cavitation was responsiblénto eight-ultrasonic pressure groups consisting of ten mice
for lung damage, this study was designed to determine iper group. The other 30 mice were dividen={15/group)
overpressuréi.e., increased hydrostatic pressuceuld sup-  into the 2 hydrostatic pressure groups and were the sham-
press lung damage. Increased hydrostatic pressure has bem¢posed animals.
used to suppress cavitation in studies of the biological effects  For experiment 2Table Il) there were a total of 115
of ultrasound®?~*8as well as to suppress cavitation associ-six-to-seven-week-old 26:83.1-g female ICR micéHarlen
ated with extracorporeal shock wav€s?! The effect of the =~ Sprague Dawley Laboratories, Indianapolis,).IlOne hun-
overpressure may be to reduce or eliminate the negative totdred mice were dividedn=10/group) into ten groups based
pressure during the pulse, which will increase the thresholén a 2<5 factorial design. There were two situ peak rar-
for inertial cavitatior?>?3 However, overpressures that were efactional pressure groupé.0 and 10.9 MPaand five hy-
small compared to the peak negative pressure associatedostatic pressure groug6.1, 0.4, 0.7, 1.0, and 1.3 MPa
with lithotripsy pulses have been shown to reduce or elimi-The other 15 mice were dividedh €& 3/group) into the 5
nate inertial cavitatiorin vitro,2®=?! and it has been sug- hydrostatic pressure groups and were the sham-exposed ani-
gested that this may be associated with the elimination ofmals.
cavitation nuclef®?! Regardless of the mechanism, these For both experiments, animals were assigned to each
studies utilized the fact that elevated hydrostatic pressure irflydrostatic pressure group and ultrasonic pressure group at
creases the cavitation threshold, or suppressesandom. The sham-exposed animals were incorporated into

cavitation®*27 the randomization. The individuals involved in animal han-
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TABLE II. Experiment 2 ultrasonic exposure levels at the five hydrostatic pressure levels. The means of the
axial maximum water-based values of the peak rarefactipn@dl ,iro) and peak compressiongln yitro)
ultrasonic pressures are reported for a hydrostatic pressure of 0.1 MPa. The estinsitedat the pleural

surfacg values of the peak rarefactiong) i, siyy and peak compressiongln sir,y Ultrasonic pressures are
reported at the indicated hydrostatic pressure levels. The Mechanical Index is determined according to the ODS
proceduregRef. 28. The pulse repetition frequency was 1 kHz for all exposure conditions except the sham
exposure conditions for which the PRF was 10 Hz.

Hydrostatic

Number of pressure pr(in uitro)a pc(in vitro)a pr(in situ) pc(in situ) Mechanical

mice (MP3) (MPa) (MPa) (MPa) (MPa) index
15 (sham 0.1 0.28 0.28 0.25 0.28 0.14
10 0.1 6.45 7.26 5.95 6.69 3.09
10 0.4 6.70 7.79 5.99 6.96 3.21
10 0.7 7.09 8.60 6.05 7.34 3.39
10 1.0 7.22 8.87 6.07 7.48 3.45
10 1.3 7.22 8.87 6.07 7.48 3.45
10 0.1 11.7 18.3 10.8 16.8 5.52
10 0.4 12.2 19.2 10.9 17.1 5.72
10 0.7 12.8 20.5 10.9 17.5 6.02
10 1.0 13.0 20.9 11.0 17.7 6.11
10 1.3 13.0 20.9 11.0 17.7 6.11

®+(in vitro) » Pe(in vitro) » @Nd Mechanical Index are reported at 0.1-MPa hydrostatic pressure.

Positioning of the ultrasound focal region on the lung surface was done at a hydrostatic pressure of 0.1 MPa
prior to the mouse being placed in the hyperbaric chamber. This procedure was required to maintain blinded
exposures so that the mouse handler did not know the hydrostatic pressure condition.

dling, exposure, and lesion scoring were blinded to the exposed to pulsed ultrasoun{2.8-MHz center frequency,
posure conditions. The exposure conditions were revealet-kHz pulse repetition frequency, 1.4& pulse duration,
only after the final results were tabulated. 10-s exposure duratigpnFor animals exposed at the elevated
Mice were weighed and then anesthetized with ketamindydrostatic pressure, the hydrostatic pressure was increased
hydrochloride(125.0 mg/kg and xylazine(25.0 mg/kg ad-  to its maximum level in about 6 min and then decreased back
ministered intraperitoneally. For each animal, the skin of theo 0.1 MPa in about 4 min, a procedure that was adhered to
left thorax was exposed by removing the hair with an electridor all animals. Following the ultrasound exposure proce-
clipper, followed by a depilatory agentNair®, Carter- dure, the animal was removed from the chamber and holder,
Wallace, Inc., New York, NY to maximize sound transmis- and euthanized under anesthesia by cervical dislocation.
sion. A black dot was placed on the skin at approximately = The 2.8-MHz center frequency was used since it was
the sixth to ninth rib. The anesthetized animal was placed imwithin the lower end of the diagnostic ultrasound frequency
a specially designed holder, to which the ultrasonic transrange. The 10-s exposure duration was used to simulate in-
ducer was attached. A removable pointer, attached to theidental exposure to lung tissue since, in clinical practice, the
transducer, was used to position the ultrasonic beam perpehing is generally not intentionally exposed to diagnostic ul-
dicular to the skin at the position of the black dot and in thetrasound.
beam’s focal region. The thorax was opened, and the thickness of each left
The holder was placed in a separate degassedhoracic wall(skin, rib cage, and parietal plevrat the point
temperature-controlle@B0 °C) water tank for transducer po- of exposure was measurégkperiment 1:2.89 0.90 mm for
sitioning. The transducer was not in direct contact with theall 190 mice; experiment 2: 2.320.36 mm for all 115 micg
mouse. Water served as the coupling medium between thesing a digital micrometetaccuracy: 10um). These chest
ultrasound transducer and the mouse in order to align thevall measurements were used for later calculation ofithe
transducer’s focal region on the pleural surface. The lowsitu ultrasonic pressures at the visceral pleural surface
power pulse-echo signal of the exposure syste@M 5000, (Tables | and IJ. The lungs were removed from each animal,
Ritec, Inc., Warwick, RI displayed on an oscilloscope was and the left lung lobe was scored for the presence or absence
used to adjust the transducer’s axial position so that the focalf hemorrhage. Lung hemorrhage formed along the pathway
region was within 1 mm of the lung surface. The low-powerof the ultrasound beam, and the lesion assumed a conical
exposure conditions were as follows: 2.8-MHz center fre-shape. The base of the lesion originated at the visceral pleu-
qguency, 10-Hz pulse repetition frequency, 142pulse du- ral surface and was elliptical in shape. The lesion extended
ration, 5—-20-s exposure durati¢gee sham in Tables | and Il into lung parenchyma to form its apex at varied depths
for these low-level ultrasonic pressure leyelBhe lung sur-  within the lung. The left lung was fixed by immersion in
face provided distinctive echo characteristics that allowed fod0% neutral-buffered formalin for a minimum of 24 h. After
the precise positioning of the focal region of the ultrasoundixation, the elliptical dimensions of each lung lesion at the
beam on the pleural surface. The holder was then removedsceral pleural surface were measured using a digital mi-
from this separate water tank and placed in a specially faberometer where &” is the semi-major axis and B is the
ricated hyperbaric chambé&r!%1” and the animal was ex- semi-minor axis. The lesion was then bisected and the depth
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*“d” of the lesion within the pulmonary parenchyma was The in situ (at the pleural surfagepeak rarefactional

also measured. The surface arearap) and volume pressure levels were estimated from

(mabd/3) of the lesion were calculated for each animal. T e (AX) 1)

Each half of the bisected lesion was embedded in paraffin, Pr(in sitw= ' Pr(in vitro) ’

sectioned at fum, stained with hematoxylin and eosin, and Wherep i, ,itro) IS the maximum peak rarefactional pressure

evaluated microscopically. at 0.1-MPa hydrostatic pressureA™ is the mean attenua-
tion coefficient of the chest wall (3.300.86 dB/cm at 2.8
MHz; Ref. 32 measured from 35 separate chest walls using

B. Transducer characteristics and ultrasound field a broadband through-transmission insertion loss techﬁ?que,

calibrations and “X’ is the mean chest wall thickness (2.89

N ) . N
Ultrasonic exposures were conducted for both experi—_o'go mm). The transducer’s relative pressure efficiency

ments using a focused, 19-mm-diamefét, lithium niobate 'tT V\Ila: gs;i”:]'ggg 2};1g%eg?&nl—?zt?rzniléicc;m!5?:&';in
ultrasonic transducerValpey Fisher, Hopkinton, MA IS puise- ' ' P

Pulse-echo field distribution measureméhis degassed wa- the hyperbaric chamber, and the echo amplitude reflected

ter yielded the following transducer characteristics: 2.8-MHzZ§.r: a't?\t?gizi Ssteeil trheglfgg (;Iti?tsdrf;zgsalni;zergszn;
center frequency, 11.6% fractional bandwidth, 18.9-mm fo- IS W u u y

cal length, 466um, 6-dB beamwidth at the focus, 2.73-mm a function of hydrostatic pressutgom 0.1 to 1.45 MPa in
6-dB dept'h of focus T ' 0.15-MPa incremen}sFive Ritec drive voltage levels were

A special procedure was developed to routinely caIibrateus?d that bracketed the ultrasonic pressure levels of both

the ultrasound fields in degassed water. This procedure w imal experiments. The pressure efficiency experiment was

based on accepted national stand&fd8.The source trans- conducted on two different days, and there was no apparent

ducer’s drive voltage was supplied by Ritec’'s RAM5000 thatdlfference _between the two data ;ets. Therefore, the pulse
o . . echo amplitude results at each drive voltage were averaged

has the capability to deliver up to a 5-kW single-cycle pulse i i
or each hydrostatic pressure level. The pulse-echo ampli-

l,n;%se?jotghdrgtleﬁ'nQqhzugoergiesxfseicgagLogfi?,gr\e,ovrggg ude_: results as a function of .hydrostatic pressure were nor-
This search procedure was based on the maximum value {;Eal'zed to that at.a hydrostatic pressure of 0.1 MP".’I o yield
the pulse intensity integralPll). The maximum PIl value etvxslgur?rgl(rjogﬁitcl:vergrsesisrzrsev(vegrlgirg ';grr \?Vf]_ﬁ)_;'inggt
was determined at various axial positions using a computerl’ Y P . p h.
controlled micropositioning systertthree orthogonal axes, (0.1_MPa) and 0.91(1.1 MP3. For experiment 2, five hydro-
each with a linear accuracy of Zm). The coordinates of static pressures were used for whit# 1.00(0.1 MPg, 0.97

these maximum PII values were used to determine the bea :a)M'I;r? 0.93I(t0.7 MP?,dOr.]91 (.1'0 MP_a,tand 0'91(.1‘3
axis using a linear regression procedure. The same calibrat - The results reported herein are in termspofin sic
hydrophone used to determine the beam axis was scann ables 1 and Il

along the beam axis and through the focal region apB0-
intervals. At each interval, the rf hydrophone waveform was
digitized (500 Ms/s, LeCroy Model 9354TM, Chestnut Sham-exposed mice were included in the randomized
Ridge, NY). These digitized hydrophone waveforms weredesigns of both experiments. These mice received low-level
processed off-line (Matlal®, Natick, MA) on a Sun ultrasonic exposurésee Tables | and Jiduring the beam
UltraSparc workstation to yield the following axial profiles: alignment procedure. Thirty sham-exposed mice were in-
rarefactional pressure, compressional pressure, pulse intecluded in the first experiment, fifteen for each hydrostatic
sity integral, and their respective derat@d3-dB/cm MH2 pressure condition. Fifteen sham-exposed mice were in-
profiles. Twelve independent axial calibrations were con-<luded in the second experiment, three for each hydrostatic
ducted over the two-month period of the experiments usingressure condition. In all cases, none of the sham-exposed
two calibrated PVDF membrane hydrophori€onic Tech- mice demonstrated lung hemorrhages.

nologies Model 804-010, Hatboro, PA and Marconi Model Data analyzed for each animal included the presence or
Y-34-6543, Chelmsford, U.K. standard deviations were absence of a lesion, the lesion surface area, and the lesion
less than 15% of their respective mean values. The watedepth. Lesion volume was not statistically analyzed as an
based exposure quantities determined from the calibratedutcome because it did not provide information independent
axial profiles were the maximum values of the peak rarefacef lesion area and depth. The effectsppfi, sir,) and hydro-
tional p(in yitro) @nd peak compressiondli, ,itro) Ultra-  static pressure, and the interaction of these factors, upon the
sonic pressuregTables | and I). The axial locations of presence or absence of a lesigercentage of animals with
Pc(in vitro) @Nd Pr(in vitro) Were determined, and their axial lung lesion$ were analyzed using multiple logistic regres-
differences ranged from about 10n for the sham-exposure sion analysi¥' (Fig. 1). There was no significant difference
level to about 80Qum for the highest exposure level. The in percentage of lesions between the two hydrostatic pressure
Mechanical Index was calculated using the ODS procéfure groups.

from p, 3/ \/f., wherep, 5 is the peak rarefactional pressure The effects ob, i, sity and hydrostatic pressure, and the
derated by 0.3 dB/cm MHz at the location where the deratedhteraction of these factors, upon lesion surface area and
pulse intensity integral PJk is a maximum andf; is the depth were analyzed using multiple linear regression
center frequency of 2.8 MHz. analysis® (Fig. 2). At low ultrasonic pressures, lesions were

Il. RESULTS
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FIG. 1. Percentage of lesions < 10/group) as a function b, i sity) at E 0.9 l .
hydrostatic pressures of 0.1 and 1.1 MPa for experiment 1. The multiple o, ~*

logistic regression analysisnodel y?=101.4; p<0.0001) indicates there 8 p
was no apparent effect of hydrostatic pressure on whether or not a lesior o 0.6 - FL [L .
occurred. However, increasqs i, sityy Was associated with an increased © /" l/
probability of a lesion occurringg<0.0001). There was no apparent inter- 48 03 - l /,/’
action between the experimental factors. N .
el
0.0 . — . .

—
(@)X

: i C
nonexistent or small, and there were no significant effectss~

L}

due to hydrostatic pressure. A% sity) inCreased, lesion £ 5

area and depth increased. Increase in lesion area with in& J]
creased, (i, sityy OCcurred at a greater rate at 1.1-MPa hy- & 41 h]
drostatic pressure than at 0.1-MPa hydrostatic pressure. Wit 5 3 | ‘L

respect to lesion depth, there was no significant effect of.Q

hydrostatic pressure or an interaction @f;n s,y With hy- o 2 -

drostatic pressure. These data indicate that increases in h)-g 1 I:IJ

drostatic pressure enhangather than inhibijtlesion surface 3 &1 ]

area; however, hydrostatic pressure did not appear to modif 0 —ae—oKne-—.
the effect ofp, iy ity IN pPeNEtrating lung tissue. 0 2 4 6 8 10 12

Based on the results of experiment 1, a second experi
ment was conducted to confirm the counterintuitive findings.
The second experiment had ax3 factorial design(two  FIG. 2. Me;’:lndbSion_ are@), depthf(g)y ang Volumdcf) as a function of

: ; in situ) at rostatic pressures of 0.1 and 1.1 MPa for experiment 1. Error
Pr(in situ) levels and five hydrostatic pressure leyefSne of E;Irg(sgﬁ)own ?/n only ong directionrepresent standard error. E)I'he fitted lines
the Pr(in situ) levels (6.0 MP3 was selected to be near but are regression functions determined from natural log transformation
slightly greater than the 5.5-MR®&i, sity) Crossover point of  [In(measure-1)] of lesion area and depth as a function @, siw at
the two regression lines from the first studsigs. ZA) and hydrostatic pressures of O($olid line) and 1.1(dashed Iir)b MPa for all
2(B)], where no substantial hydrostatic pressure effect wadf0 Mouse lungélé groups with 10 mice/groupThe logarithmic transfor-

mation of lesion area and depth was conducted to correct for nonnormality

noted. The othepr(m situ) level (10.9 MPa was selected to and heterogeneity of residual variance. The linear regression analysis indi-
be much higher, where the hydrostatic pressure level wagated there was an interaction betwegp, <y and hydrostatic pressure in
observed to affect lesion size. The water-based calibrategffecting lesion surface are@€0.017). There was no significant interac-
value of Pr(in vitro) Was varied in order to keepr(in situ) tion betweenp, i, sityy and hydrostatic pressure in affecting lesion depth

. (p=0.12). Lesion depth increased with increasing ultrasonic presgure (
constant at either 6.0 MPa or 10.9 MPa for each of the hy'<o.0001).[|v|ode| R2=0.39 for surface area= 0.31 for depth,

drostatic pressure levels.

If the relationships identified in experiment 1 were rep-

. : . ressure, although the main effectmf;, siry in increasing
“C.ated.’ then lesion depth and ;urface area quld Increasngsion area was still appare(fig. 4). This lack of interac-
with higher p;in sity» and for lesion area these differences

. . tion betweerp, i, sityy @nd hydrostatic pressure suggests that
would be predicted to be greater as hydrostatic pressur Pr(in sitw) y P 99

Re eff itive f he individual i
increased. This prediction was supported in part. The resuI’f[(se effects are additive from the individual observations

of experiment 2 confirmed an increase in the probability of a "r (" itV and/or hydrostatic pressure
Iespn, lesion area, and lesion depth.wnh.mcreasmg uItrai”_ DISCUSSION
sonic pressure. There were new findings in the second ex-
periment. Increased hydrostatic pressure was associated with A considerable amount of work has been published re-
increased probability of a lesidiFig. 3) and increased lesion garding lung hemorrhage caused by ultrasotin@ihere is

depth(Fig. 4). However, in contrast to the first experiment, agreement that gas in the lung plays a role in the ultrasound-

there was no interaction between, sit,y and hydrostatic induced damage mechanism, and that the mechanism is non-

In Situ Peak Rarefactional Pressure (MPa)
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thermal. However, a distinction must be made between
mechanisms involving large gas bodies, such as gas in the
alveoli of the lung(38—49 um; Refs. 36—38 and classical

inertial cavitation that involves small microbubbles as nuclei

15- l
2

lume (mm?)
O

(radii on the order of lum or less; Ref. 3P Evidence has 9
. . ©
been slowly accumulating that suggests that the mechanisn>
of damage in the lung is not inertial cavitation. There seems § 61 <I>
to be no dependence on whether the negative or positive'g 3 <£
pressure components of the ultrasonic pulse cause= b .
lithotripter-induced lung damage whereas inertial cavitation 0 +—e— + G *
is associated with the negative presstirghe frequency de- 00 02 04 06 08 10 12 14
pendence may not be the same as that associated with effec Hydrostatic Pressure (MPa)
due to the presence of contrast agents that quite clearly
nucleate inertial cavitatioft FIG. 4. Mean lesion are@d), depth(B), and volume(C) as a function of

: : drostatic pressure @iy, sir,) values of 6.0 and 10.9 MPa for experiment
These two experiments using overpressure to suppre§§ Error bars(shown in only one directionrepresent standard error. The

iner_tiall Cayitation indicate quite conclusively that ir.‘ertial fitted lines are regression functions determined from natural log transforma-
cavitation is not responsible for the lung damage. If inertialtion [In(measure-1)] of lesion area and depth as a function of hydrostatic
cavitation were the responsible mechanism, then the highearessures ap;n siw values of 6.0solid line) and 10.9(dashed ling MPa

hydrostatic pressure results would have resulted in Ioweﬁ"r all 100 mouse Iung10 groups with 10 mice/groupThe logarithmic
ransformation of lesion area and depth was conducted to correct for non-

!’ather than _high_e_r tiS_SUE qamage at elam sit) level. The  normality and heterogeneity of residual variance. The linear regression
interaction identified in this study indicates that the mechaanalysis indicated that both increasipg;, siny and hydrostatic pressure

nism is more complex. At lowp, i, siry (@round 5.5 MPR increased the lesion aré®2=0.57], and lesion deptfiR?=0.47] [both p

there was no apparent effect of hydrostatic pressure on |un§ﬂues<0.000]]. However, the interaction effect betweppn siwy) and hy-
ostatic pressure in affecting lesion surface area was not apparent. Ultra-

hemorrhage. ASpr(in_situ) increased, lesions became more g, g exposure contributed most to the lesion surface (atemunting for
common and larger in area and depth, and hence volume. A% of the variance in surface area and 41% of the variance in lesion

these higher ultrasonic pressures, a modifying effect of hydepth.
drostatic pressure became apparent. However, instead of in-
hibiting lung hemorrhage, higher hydrostatic pressure enthreshold(ultrasonic pressure level at which there is no ef-
hanced damaggs indicated by higher lesion areas, depthsfect) difficult. In any case, an approximate range of thresh-
and volumes(Figs. 2 and 4 with this enhancement of hem- olds can be estimated from the results reported herein. It
orrhage increasing with increasimgi, sity - must be emphasized, however, that the basic experimental
The absence of lung damage at I, sir,) levels for  design was not intended to identify definitive thresholds.
both hydrostatic pressures from experimeniFillys. 1 and 2 Best-fit straight lines for the two hydrostatic pressure data
suggests there is a threshold for ultrasound-induced lungets (using eight values each of Fig) Yielded p,in sity)
hemorrhage that is independent of hydrostatic pressure. Thetercepts of 3.1 and 3.0 MPa for 0.1- and 1.1-MPa hydro-
imperceptible differences in the level of damage at the low-static pressures, respectively. It is clear from Fig. 1 that the
estpy(in sity) 1€VElS, however, makes the determination of ap, i, sity threshold is less than 3 MPa and therefore an esti-
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mated threshold range around 2.0 MPa seems more reasaii-slight increase irg,ng from 336 to 338 krayl. Since the
able. This value is slightly greater than the values reporteghtercostal tissue is reasonably modeled as incompressible, it
by others** with adult mice near this ultrasonic frequency is shown that there is essentially no change in the reflection
using longer exposure durations. and transmission coefficients as a function of hydrostatic
The results shown in Fig. 1 indicate that thginsity  pressure at a constant lung inflatiG@onstanix,;,=0.31). It
threshold for hemorrhage occurrence was approximately thig interesting to note that under these conditions, the sound
same at hydrostatic pressures of 0.1 and 1.1 MPa. This fingsower transmission coefficient is 41%, indicating that 41%
ing leads to the conclusion that the initiation of lung hemor-of the incident power at the intercostal tissue-lung boundary
rhage is not caused by inertial cavitation. Even though thes transmitted into lung. Thus as a function of hydrostatic
hydrostatic pressures used were not large enough to comressure, this impedance difference alone cannot explain the
pletely eliminate a negative total pressure, based on previousnhanced effects on hemorrhage at the higher hydrostatic
work in vitro™ and in vivo?® these levels were sufficient to pressure.
significantly change the threshold for effects of inertial cavi- If the mouse’s breathing pattern was somehow altered as
tation, should it occur. a function of hydrostatic pressure, and this alteration affected
It is interesting that the hemorrhage areas, depths, anghe volume of air inspired and expired, a supposition, then an
volumes were greater under increased hydrostatic pressufi@crease in the power transmitted into lung might occur.
which initially seems counterintuitive. Recent studféS  From the above two-component lung model at 0.1-MPa hy-
have shown that increased hydrostatic pressure can increaggstatic pressure, if the volume fraction of aif, varied
the damage caused by cavitation on metal foils where cavipetween 0.25 and 0.40, then the respective sound power
tation nuclei are trapped in crevices. However, these samgansmission coefficient would vary between 66% and 48%.
studies showed that inertial cavitation effects on cells weref the increased hydrostatic pressure caused the mouse to
eliminated by overpressure in the absence of the metal foilssxpire more air, and hence result i;<0.25, then the
These data lead us to suggest that some other phenomengsund power transmission coefficient would be greater than
must be responsible for the enhanced effects on hemorrha@go% at maximum expiration, i.e., at;=0.20, 72% of the
at the higher hydrostatic pressure. incident power at the intercostal tissue-lung boundary would
The change in acoustic impedance difference betweepe transmitted into lung. For this supposition to account for
intercostal tissue and lung was evaluated as a possible explgve enhanced lung damage at increased hydrostatic pressure,
nation for the enhanced lung damage with increased hydrahe argument would also have to include a causal relation-
static pressure. A planar boundary was assumed between ighip between the sound power transmission coefficient and
tercostal tissue and lung with the incident ultrasonic field injung damage, one that is not yet available.
the intercostal tissue and the ultrasonic beam axis normal to  |n summary, the results of these two experiments indi-
the boundary. Lung was modeled as two components cortate that the pathogenesis of ultrasound-induced lung hem-
sisting of air and parenchyma where density orrhage is not caused by inertial cavitation, because lung
@) damage is not inversely correlated with hydrostatic pressure.

=X, air+ X . oo : :
Plung™ airP air™™ ZparenchymR parenchyama Also, there is no significant change of the acoustic properties

and adiabatic bulk modulus of lung tissue as a function of hydrostatic pressure to account
35 for the enhanced effects of hemorrhage at elevated hydro-
Blung: XairBair+ Xparenchyan@parenchyama (3) Statlc pressure

and where the volume fractions axg,+ Xparenchymz 1. This
model was selected because it fit the experimental measuraCKNOWLEDGMENTS
ments of reflection coefficient versus lung inflation in the
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