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ABSTRACT 

This study invest igated morpholog ical effects of d iagnostic pulsed Doppler  

u ltrasound on adult and feta l  rat lungs f rom 1 6 to 22 days gestat ion.  A c l in ica l  

u ltrasound m achine with two types of focused transducers ( 3 . 5  MHz,  5 M Hz) was used 

w ith an adjustment for an experimental animal as smal l  as a rat. Three levels of 

exposure were represented by a mechanical index (M I) of 0.5 ,  0 .6 and 1 .0. Subpleural  

m ultifocal i ntra-alveolar haemorrhage was found to a s ignif i cant degree in exposed 

adult rat lung and less s ign if icantly in fetal lung . The threshold for adult lung 

haemorrhage was considered to be between M l  0.5 and 0 .6. 

Fetal l ungs were mi croscopical ly i nvestigated by sectioning through the whole  

fetal body, which faci l itated the d iscovery of haem orrhage at  other sites . The 

percentage of exposed fetuses with haemorrhage is sig n ificant . 

A threshold for fetal  haemorrhage could not be determined because a 

s ignif i cant var iation due to age within each exposure group affected the results. The 

o ldest 2 1  and 22 day o ld  fetuses had no lung haemorrhage or signif icant non- lung 

haemorrhage .  The r isk for haemorrhage at a l l  three exposure levels is  m ore than double 

that of non exposed fetuses .  Fetuses with lung in  the canal icu lar  stage of development 

( 1 8- 1 9 day)  showed the greatest degree of lung haemorrhage.  

Fol lowing laparotom y  of  the dam to achieve a precise and uniform exposure, a 

smal l  number of fetuses with in  each exposure group was exposed d i rectly .  There was 

no higher degree of haemorrhage in these fetuses than in others ind i rectly exposed 

through the dam's abdomina l  wal l .  

The fetal age dependency of fetal l ung haemorrhage found in this study adds 

complexity to the issue of adult and fetal lung sensitivity to u ltrasound and to the 

question of the pathophysio logical ro le of cavitation i n  the presence of a i r .  In addit ion,  

our result in 2 1 -2 2  day fetuses does not support the hypothesis that fetal  haemorrhage 

is associated with deve lop ing bone . 

The results in this stu d y  were ach ieved using conditions commonly  used 

in echocard iography and o bstetri cal u ltrasound examinations. Therefore, caut ion i s  

suggested i n  the medical use  of u ltrasound.  
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Chapter 1 

INTRODUCTION 

1 . 1 Use of ultrasound in medicine 

The d iscovery of x-rays in 1 8 9 5  by Wi lhelm Roentgen (Webb, 1 98 8 ;  Harding, 

1 9 97) and the x-ray image of his wife Bertha's hand i mpressed al l  the wo rld . it was 

the beg inn ing of medical imaging science .  lt real ised the longstanding dream of 

physicians and scientists to see inside the l iv ing human bod y  and to use this to 

diagnose d isease . 

From 1 895 to the present, med ical i mag ing science has been developing 

dramatica l l y  through the improvement of d iagnostic x-ray m achines and techniques 

of x-ray exam ination .  This trend has resulted i n  the d iscovery of new techniques other 

than x-ray i m ag ing such as u ltrasound in the ear ly 1 960s (Webb,  1 988)  and nuclear 

magnetic resonance (NMR) in  the late 1 970s (Pettergew, 1 989 ;  Andrew et al . ,  1 990) . 

The invention of co mputer x-ray to mography and its introduction i n  cl in ical medicine 

by Hounsfie ld and A m brose in 1 9 7 2  (Webb, 1 9 88) had a p rominent ro le in 

developments of al l  three medical imaging techniq ues. Each of these three i m aging 

methods employ sources of d i fferent energy; electrom agnetic rad i ation for x-ray, sonic 

spectra for ultrasound and nuclear resonance energy from a strong magneti c field and 

rad io-freq uency electro m agnetic radiation for nuclear magneti c  resonance . 

U ltrasound is no w the second most co mmonly requested i mag ing procedure after 

plain chest x- rays and this demand sho ws no sig n  of level l ing out (Cosgrove, 1 997). 

The addition of pulsed Doppler ultrasound and colour flo w imag ing has extended the 

use of u ltrasound to vascular p ro blems (Bude and Rubin ,  1 996) especial ly 

echocardio graphy. This is a co mmon med ical examination (Cosgrove, 1 997) ,  highly 

effective in the d iagnosis of heart and vascular disease. The use of ultrasound in 

obstetrical examination has increased d uring the past ten years part icular ly si nce the 

addition of pulsed Doppler ultrasound and co lour flo w imaging ( Tarantal et al . ,  1 993) . 

lt has beco me a routi ne procedure ( Lyons et al . ,  1 9 8 8 ;  Fisher at a l . ,  1 994) in  the early 

detection of p regnancy, multiple gestation and the estimation of  fetal age . Also,  

u ltraso und is widely used in  the screening of fetal development, ear ly diagnosis of 

fetal m alfo rmations and other problems which would influence decisions with regard 

to ear ly treatment or abortion (Boyd et a l . ,  1 99 8; Steinhorn , 1 99 8  ) .  
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Transrectal ultrasound scanning is the standard method of assessing the prostate 

and is part icular ly useful for biopsy guidance (Cosgrove, 1 997 ) .  M usculoskeletal 

ultrasonography del ineates soft tissue components of d isease processes with high 

rel iab i l ity. lt is particular ly useful for shoulder and Achi l les tendon injuries and for 

muscle tears (Cosgrove, 1997 ) .  Also, ultrasound is a necessary tool for the screening 

of neonates for h ip  malformation (Vrdoljak, 1 9 8 9 ) .  

U ltrasound is  commonly  used in  therapeutic appl ications a s  a n  adjunct in  the 

management of soft tissue dysfunctions, i ncluding joint contractures, tendinitis, 

bursitis, skeletal m uscle spasm, and pain (Ziskin and Lewin,  1993 ) .  In  addition, 

ultrasound has been employed in the treatment of stasis ulcers, bone fractures, and 

in the selective ki l l i ng of cancer cells ( Feig l  et al. ,  1 996) . In extracorporal l ithotripsy, 

the most powerful ultrasound produced by d ifferent types of l ithotripter is  used to 

disintegrate kidney, gal l  b ladder and sal ivary stones (Cleveland et al . ,  1 9 9 8). 

1 .2 Ph ysics of u ltrasound 

1 .2. 1 Ultrasound (sound) wave 

The part of the sonic spectrum outside the range of human hearing i s  a special 

form of sound ca l led ultrasound.  Al l  sound is p roduced by the mechanical  v ibration of 

a source . The v i bration is transfered to the surround ing medium producing 

d isplacement of particles, alternately compression (a condensation area w ith positive 

pressure) and stretching (a rarefaction area w ith negative pressure) of the molecular 

structure of the medium (Evans, 1988) . This osci l latory pressure disturbance transfers 

sound from the source through the med ium as a longitudinal sound wave such as an 

ultrasound wave . The wave is shown in Figure 1.1 as a sinusoida l  curve , w ith defin ite 

ampl itude, wave-length and frequency which are dependent on the sound source . 

The Cycle (Cy) consists of the positive port ion or condensation and the negative 

portion or rarefaction (Figure 1 . 1 ) .  

The period (p) i s  the t ime i t  takes for o n e  cycle to occur and is expressed i n  

mi l l iseconds ( m s) . 

The frequency (F) is the num ber of cycles of u ltrasound wave per unit tim e  expressed 

in ki lohertz (kHz)  or megahertz (MHz ) .  The l i m it of human hearing is normal ly about 

20kHz. U ltrasound ranges from 20kHz to 1 OOMHz (Evans, 1 988 ;  Lockwood , 199 6 ) .  

l t  can be subd ivided in three main regions: power ultrasound (20-1 OOkHzl used i n  

physiotherapy, h i g h  frequency ultrasound ( 1  OO kHz-1 M Hzl used in l ithotripsy , and 

d iagnostic ultrasound ( 1 -1 OOMHz) .  Conventional  d iagnostic ultrasound m achines 
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commonly operate over a range of 1 - 1 0 MHz,  although some new units can operate 

at frequencies 1 0  to 20 times higher. By using this high frequency, a m icroscopic 

resolution can be achieved ( Lockwood, 1 99 6 ) .  

The wavelength (A) i s  the d istance over which u ltrasound waves travel  during one 

cycle ( Reef, 1 998) .  l t  i s  equal to the d istance between two adjacent m aximum points 

of the positive or negative portion of the ultrasound wave (Sears et al., 1 98 2 ) .  

The w avelength of d iagnostic ultrasound i s  in  the range of 0 .02- 0 .3mm in a i r  , and 

between 0. 1 mm and 1 . 5 m m  in body tissues (Ba l l  and Moore, 1 997) .  

Frequency and wave-length are inversely  re l ated i f  the propagation speed of  

ultrasound within the  medium remains constant. 

The displacement amplitude (A) is the maximal  particle displacement in  the 

condensation or rarefaction area of the med ium through which the ultrasound wave 

travels. lt is expressed as the magnitude of the m aximum value of the positive or 

negative portion on the ultrasound wave ( Figure 1 . 1  ) .  

The propagation spee d  (c) is the speed at which an ultrasound wave m oves through 

a mediu m .  lt is dependent on the density and mostly the stiffness of the medium 

(Reef, 1 998 ) .  

The density o f  a medium (d) i s  expressed as  a concentration or m ass per  unit volume. 

An i ncrease in density of a medium results i n  a decrease in the propagation speed . 

The stiffness of a medium is the resistance of a m edium to compression .  Propagation 

speeds are genera l ly  h ighest in sol id  tissue, lower in fluid f i l led structures, and l owest 

in air-fi l led structures because of decreasing stiffness (Table 1 . 1 ) .  

The va lues shown i n  Table 1 . 1 are funda mental to u ltrasound imaging . 

1 .2.2 · Acoustic pressure and pressure amplitude 

An osci l latory p ressure d isturbance or ultrasound (sound) wave produced by 

transfer of vibration from an ultrasound source to its surrounding med ium h as an 

ampl itude cal led the a coustic pressure amp l itude (Figure 1 . 1 ) .  lt  is the m aximum 

pressure variation with in the condensation area ( positive pressure ampl itude) o r  within 

the rarefaction area ( negative pressure a mpl itude )  of the medium throu g h  which an 

ultrasound wave transfers. 

The acoustic pressure amplitude (Ap) is  d i rectly proportional to the 

displacement ampl itude (A) of the ultrasound wave and also depends on the 

wavelength . Waves of shorter wave length have g reater pressure variatio ns as well 
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acoustic pressure amplitude for a g iven d isp lacement ampl itude and the maxi m a  and 

m in ima are squeezed together .  Acoustic pressure (units of megapascal, M Pa) is  used 

as the threshold parameter for effects of u ltrasound on exposed tissue (Hartman et al . ,  

1990, Penny e t  al . ,  1993,  Da lecki e t  a l . ,  1997 A ,  B ) .  

1 .2 .3 Acoustic power and  u ltrasound (sound) intensity 

Ultrasound waves carry energy.  The amount of energy transported per second 

by an ultrasound wave is ca l led the acoustic power (units of Watt, W ) .  

The intensity ( I )  o f  a travel l ing ultrasound wave i s  def ined as the acoustic power that 

p asses perpend icularly through a surface (Figure 1 . 2 )  d ivided by the area of that 

surface . The unit of ultrasound intensity is power per unit area, or W m·2 (Cutnel l  and 

Johnsoon, 1 9 9 8 ) .  The effect of ultrasound on the medium depends on the acoustic 

p ressure ampl itude of its waves and thei r  i ntensity.  

I is  re lated to ultrasound p ressure by : 

I 2 -1 d-1 =p c 

p :  acoustic p ressure ampl itude 

c :  ultrasound propagation velocity 

d :  density of m edium 

Acoustic po wer output (A POJ of an ultrasound source i s  the total power 

carried across a surface of a medium through whi ch ultrasound energy propagates as 

an ultrasound wave . The A P O  equals the product of intensity at the surface and the 

surface area of a med ium w here ultrasound propagates .  Intensity is a fundamental 

acoustic output parameter regulated by the U nited States Food and Drug 

Administration, FDA (Table 1 .  2) and displayed on the screen of an u ltrasound m achine 

as SPTAd (Spatial Peak Tem poral Average) derated intensity (A l U M ,  1992) . SPTAd is 

re lated to a thermal bioeffect mechanism of ultrasound energy.  lt is derated ,  or 

adjusted for tissue attenuation, from an intensity measurement taken in water .  

1 .2 .4 Propagation of ultrasound through a medium 

As ultrasound propagates through a medium its intensity changes due to several 

p rocesses. The most important of these are reflection, refraction, and absorption.  

A coustic impedance (Z) of a medium is  a parameter used to d i fferentiate between the 

u ltrasound p ropagation properties of d ifferent media (Ba l l  and Moore, 1997) and it is 

expressed by: 

Z = density of medium (d) x propagation speed of u ltrasound (c) . 

Some typical values of acoustic impedance are g iven in  Table 1 . 3 .  
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Reflec tion and refraction of ultrasound 

At the interface between two d ifferent media,  ultrasound is reflected or its 

d i rect ion is changed (refracted ) (F igure 1 . 3) as it passes through the interface (Bal l  

and M oore, 1997 ) .  The fraction of  incoming ultrasound wh ich is reflected at an 

interface depends upon the change in acoustical impedance across that interface . 

When the two media  forming the i nterface have very different acoustic i mpedances, 

the or ig inal ultrasound wi l l  mostly be reflected,  as between air and tissue . I f  there are 

only s m al l  d ifferences in values of acoustic impedance (Z), most sound is transmitted 

without reflection, but it is refracted . The fraction of reflected ultrasound energy at 

an i nterface is cal led the reflection coefficient (R) . In Table 1 . 4  some typical values 

of R are sho wn.  The cond itions under which reflection of ultrasound occurs at an 

interface are that the size of the i nterface must be large compared to a wavelength, 

and that the roughness of the interface must be smal l  compared to a wavelength. The 

m id l ine of the fetal brain is a good example of a biolog i ca l  interface with good 

condit ions for reflection of ultrasound during obstretrical ultrasound screening . Large 

blood vessel wal ls  (aorta and vena caval and organ boundaries are also good 

interfaces for reflection of u ltrasound . In Figure 1.4 (Cutnel l  and Johnson, 1 998) is 

show n  a case of sound reflection where the total sound po wer that passes through 

the surface is the sum of the d i rect and reflected po wers . Thus, the total sound 

intensity at a d istance from the source is greater than that of the d i rect sound alone . 

Absorp tion of ultrasound energy i s  the conversion of a part of the ultrasound energy 

into heat, during propagation of ultrasound through a medi u m .  In soft tissues it is the 

dominant source of u l rasound energy loss . The absorption fal ls off exponentia l ly with 

d istance.  lt is more convenient to define an absorption coeficient as a 'half-value 

thickness' for each t issue (Table 1 . 5 ) .  

A ttenuation of ultrasound energy 

The overal l  loss of ultrasound energy during travel from an ultrasound 

source through tissue with a d ecrease of intensity and ampl itude of the ultrasound 

waves is cal led attenuation.  The attenuation coefficient (units of decibels, d B  cm·1 per 

1 M Hz or neper, Np cm·1 per 1 M Hz)  is specifi c for every tissue (Table 1 . 6){Breyer and 

Andreic,  1 98 9 ) .  I nflated lung has the highest attenuation coefficient of any t issue of 

the body (Penney et a l . ,  1 9 92 )  because of the gas content. H igh frequency ultrasound 

such as diagnostic ultrasound is attenuated more than low-frequency ultrasound, 

l imit ing the depth of tissue to which the ultrasound beam can penetrate ( Reef, 1998) .  

Increasing the resol ution of the  u ltrasound i mage by increasing the frequency used 

decreases its penetration through the exposed tissue. 
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1 .2 .5  Sourc e  of ultrasound (transducer) 

An ultrasound transducer with an array of quartz crystals is the source of 

u ltrasound and the main  part of every ultrasound m achine. 

A quartz crystal becomes a vibrating sound source, because of the piezo-electric 

effect. When a n  electrical potential  d ifference is appl ied across a crystal of quartz 

(F igure 1. 5 )  its polar molecules alter the i r  or ientation s l ightly, causing the thickness of 

the crystal to change. The crystal expands or contracts according to the polarity of the 

potential d i fference appl ied,  and produces ultrasound at the same frequency as the 

change in  po lar ity. The same crystal can receive reflected sound from exposed tissue 

and transform it to an e lectri cal i mpulse, w hen it is in the 'quiet' stage (no ultrasound 

production ) .  The record of this electrical impulse on the screen of the u ltrasound 

machine contri butes to the formation of an ultrasound i mage . 

Each transducer is constructed to p roduce a specific frequency of ultrasound . 

A higher-freq uency transducer produces shorter wavelength ultrasound ,  an i mage with 

better resolut ion,  but less depth of propagation.  In ultrasound med ical i m aging, a high 

frequency transducer is used to i mage surface tissue structures and o rgans such as 

the thyroid and other superficial g l ands . A low frequency transducer is used to image 

deeper tissue structures and organs such as the heart, l iver or  kidney .  

Different types of transducer prod uce a d ifferent shaped ultrasound beam 

( Figure 1 . 6 ) .  

Focusing an ultrasound beam (focal depth) 

The resolution of f ine detail of tissue structure i n  an ultrasound i mage is better 

when a focussed , narrow or convergent one used rather then an unfocused, divergent 

one [F igure 1 . 6  (A) ] .  A h igher ultrasound frequency is more suitable for achieving fine 

focusing than a low ultrasound frequency. The best i mage is an i mage of tissue 

structure at the level of the focal p lane. 

1 .2.6 Ultrasound scanning 

An ultrasound i mage is based on the detection of reflected ultrasound waves (an 

echo) during w ave propagation through exposed tissue. Electri cal pulses are appl ied 

to the transdu cer to generate ultrasound pulses . A w ide spectrum of frequencies is 

present within an ultrasound pulse. The shorter the pu lse, the g re ater the frequency 

range of ultrasound that is  emitted by the transducer . A short pulse of  ultrasound is 

produced and d i rected as a narrow beam i nto the pat ient's body .  The ultrasound 

beam wi l l  eventual ly  meet an interface between d ifferent tissues and reflection wi l l  

occur (Figure 1 . 3 ) .  If the interface is orientated at  90° to the beam ,  the reflected 

u ltrasound w aves will return to the transducer along the same path as the waves of 

the original pulse and may be detected as an echo. The t ime between the generation 

of the orig i n al pulse of ultrasound and the detection of  the returning e cho, com bined 
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with a knowledge of the propagation speed of  ultrasound through the t issues al lows 

an estimate to be m ade of the total d istance travel led by the pulse. Strength of a echo 

signal depends on the frequency of ultrasound, the depth of the interface and the 

values of acoustic i mpedance of the two tissues forming this interface . 

Fol lowing transformation by a piezoelectric crystal to an e lectrical s ignal and 

e lectronic ampl i f i cation, a detected echo is recorded on the screen .  Echoes 

recorded dur ing the ultrasound exposure of some body structure results in an 

u ltrasound i mage or scan. U ltrasound scans are either A- scans or 8-scans (Figure 

1 .  7) . 

In an A- scan every echo from an interface is d isplayed as a peak on the graph 

where the d istance of the interface is shown on the horizontal axis .  The vertical axis 

shows the mag nitude or strength of the echo.  All d isplayed echoes represent the 

number of i nterfaces detected during ultrasound exposure . Measurement of the 

d istance between some echoes can give useful information. For example,  the 

d istance between interfaces of the external and internal contours of parietal bones of 

the sku l l  of a fetus (biparietal d i ameter)  g ives an indication of fetal m aturity. 

A B-scan shows an i m age of organs of structures in two d imensions. The image 

i s  made by bright points . Different echo signa l  strengths are reproduced as points of 

d i fferent br ightness g iving a so-cal led grey scale image . For example,  an echo from 

an interface between soft tissue and bone is strong and is displayed as a b right point 

on the image but an echo from an interface between soft and fi brous tissue is less 

strong than the p revious interface and is d isp layed as a less bright po int .  

The blackest part of  a 8-scan is without bright points because reflection has not 

occurred.  This anechoic space usual ly  represents air or l iquid in a cavity such as a 

cyst . A B-scan can be a scan plane (Figure 1 . 8 ) of a transverse section, or a 

long itud inal  or o bl ique section of a body reg ion depending on the posit ion of the 

transducer dur ing imaging . A series of these scans recorded on v ideotape creates an 

anatomical map  of a body region in three d imensions . 

1 .2 .  7 Operating mode in ultrasound imaging 

There are three possible operating modes obtained by using the same 

transducer. 20- mode is used for 8-scans. Doppler mode is for Doppler i m aging and 

colour flow mode for a special Doppler i maging technique which shows d ifferent 

colours for b lood vessels accord ing to their blood flow.  The use of duplex mode is 

com mon. For example,  a machine with two screens can display a 8-scan along with 

Doppler, which is routine in echocard iography .  
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1 .2.8 Doppler ultrasound 

The Doppler shift 

When a source of sound, or a receiver ( l istener) ,  or both, are in motion relative 

to each other, the pitch of the sound, as heard by the l istener, is  not the same as 

when source and receiver are at rest . The most com mon example is the sudden d rop 

in pitch of the sound from a car horn as one meets and passes a car proceeding in the 

opposite d i rection.  This p henomenon is called the D oppler effect and it was defined 

by Christian Johann Doppler ( 1 803- 1 853)  in 1 842 . 

A l i stener (receiver) moving toward a source of sound hears a la rger 

frequency and higher p itch than a stationary l istener .  S imi larly, a l i stener moving away 

from the source hears a lower pitch with smal ler  frequency. These changes of 

frequency are the Doppler  shift (Wei l l ,  1996) .  

Doppler ultrasound imaging (pulsed Doppler) 

The type of ultrasound i m ag ing commonly cal led Doppler ultrasonography rel ies 

on the a bi l ity to detect a Doppler shift as sound is reflected off moving red blood cel ls .  

If red blood cel ls are moving toward the source (transducer), the u ltrasound is reflected 

back to the transducer at an increased frequency. If they are moving away, the 

ultrasound is reflected back at a decreased fre q uency.  The m agnitude of that 

frequency or Doppler sh ift is  determ ined by the velocity of blood f low which can be 

calculated.  

M ost ultrasound i m ages including Doppler u ltrasonography, are obtained 

using pulses of ultrasound (pulsed Doppler) ,  rather than continuous u ltrasound 

waves ( continuous-wave Doppler) . A pulse from the transducer in pulsed Doppler u ltra 

sonography is sent out into tissues, and echoes reflected from tissue interfaces at 

predetermined depths and received before the next ultrasound pulse is  sent . 

Continuous-wave Doppler  continuously sends out sound and continuously receives 

sound . The frequency shifts are d etected al l a long the ultrasound beam with no 

frequency range resolut ion because a two d imensiona l  i mage is not provided and there 

is no w ay of detecting a depth of the reflected sig n al ( Boon, 1 9 9 8 ) .  

The pulse repetition frequency (PRF) i s  the number  of pulses occurring per second and 

is expressed in ki lohertz (kHz ) .  High pulse repetit ion frequency Doppler is usual ly used 

to measure high red b lood cell velocity in blood vessels at shal low depths of t issue 

because the echoes return q uickly .  However, at greater depths, a slower pulse rate is 

needed to wait for returning echoes ( Reef, 1 99 8 ) .  
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1 .2.9 M echanical Index, M l  

Mechanical Index is def ined as the derated peak rarefactional acoustic pressure 

of an ultrasound beam in  M Pa d ivided by the square root of the ultrasonic frequency 

(MHz)  from the central part of the ultrasound beam.  

MI = p F-0·5 

p: acoustic p ressure 

F :  frequency 

The use of mechanical index for on-screen l abel l ing of an ultrasound machine has 

been proposed so that the potential for harmful effects on exposed tissue can be 

ind icated . The use of mechani cal index is i ntended to provide a real-t ime d isplay that 

wi l l  a l low the operator to adjust acoustic output, thereby min imizing pat ient exposure 

and employing the 'as low as reasonably achievable ' ,  ALA RA princip le .  

1 . 3 Risk of using of ultrasound in medicine 

1 .3 . 1 G eneral opinions 

X-rays were used for medical i maging some t ime before their harmful effect on 

tissue was suspected (Hard i ng ,  1 997 ) .  Eventual ly, fol l owing research into the effects 

of x-rays on bio logical materi a l ,  techniques and exposure l im its have been developed 

to min imise their  harmful effects. But because of the continuing technolog ical  

i mprovement of x- ray i maging machines w ith a potentia l  increase in  the r isk of harm , 

research on safety must continue (Ziskin & Lewin, 1 99 3 ) .  

Ultrasound has been used extensive l y  for 30 years, without a n  appreciation of 

its potential harmful effects on exposed tissue (Haar,  1 990; Fisher et al . ,  1 994; 

Jochle et al . ,  1 996 ) .  This a lso possib ly appl ies to nuclear magnetic resonance imaging 

(Andrew et a l . ,  1 990) .  The number of both pre- and postnatal humans and other 

an imals exposed to ultrasound each year continues to rise . There is  a widely held 

view that d i agnostic u ltrasound, as currently used, is  safe and presents no 

measurable h azard to the p atient (Wagai and Fukuda,  1 98 8 ;  Bal l  and Moore, 1 99 7 ) .  

This v iew is supported b y  the publ ished l i terature ( Brent e t  al . ,  1 99 1 ) i n  which 

adverse effects have not been convincingly demonstrated in  repeatable stud ies.  

However, ind iv idual reports of effects ar is ing from d iagnostic levels of ultrasound 

w arrant further  consideration, especial ly s ince there is  good evidence that the power 

from d iagnostic machines continues to rise . The mean tota l  power levels in  pulsed 

Doppler mode have increased considerably (Haar, 1 99 6 ) .  

There h ave been some recent ind ications from animal  research that biological 

changes, especial ly in  the l ung ( Baggs et al . ,  1 996 )  can arise from u ltrasound 
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exposure . Evidence for ultrasonical ly induced lung haemorrhage in experimental 

anim als  continues to a ccumulate ( O'Brien and Zachary, 1 99 6 ;  Dalecki et al . ,  1 997b) . 

Although lungs are rarely examined d irectly their close physical re lationship w ith the 

heart m eans that they are frequently exposed d uring echocardiography (Baggs et al . ,  

1 99 6 ) .  D amage i s  a l l  the more possible since echocard iography today usual ly  uses 

pulsed D oppler ultrasound . 

The widespread use of d iagnostic ultrasound in pregnancy reflects a concensus 

among c l inicians that the technique is safe as well as beneficia l ,  and this view is  

genera l ly  supported by the epidem iological l iterature (Brent et  al . ,  1 9 9 1  ) .  Dalecki et  a l .  

( 1 997  A )  produced l ung and other fetal haemorrhage with a l ithotri pter in m ice , but 

since pregnancy is a contraindication for l ithotripsy, fetuses are not in danger c l in ical ly .  

Signifi cant damage of fetuses using diagnostic u ltrasound i n  appropriate diagnostic 

condit ions has not p reviously been demonstrated for any species.  Further studies on 

fetuses are needed because exposure to pulsed Doppler ultrasound is common during 

pregnancy. 

1 .3.2 Previous studies on the possible risk of ultrasound in adult lung 

Chi ld et a l . ,  ( 1 9 9 0) used a l ithotripter to produce lung haemorrhage in 7 week 

old m ice and determined the threshold for it at the acoustic pressure of 1 MPa.  This  

level is  very much less than the 1 OMP a levels commonly used to  frag ment kidney 

stones . Hartman et al . ( 1 990) exposed adult and fetal m ice of 1 8  days gestation with 

a l ithotripter .  This p roduced signif icant damage to the adult mouse lung, but no 

signif i cant haemorrhage to fetal lung using the same intensity of u ltrasound energy for 

both . The threshold for lung haemorrhage in adult m ice was less than 2MPa. The 

presence of air in  adult lung and its absence in  fetal lung was considered by these 

researchers to be the main reason for this result. However, the presence of gas in 

Drosophilia l arvae w as considered by Carstensen et al . ,  1 990 to be the reason for their 

death fo l lowing u ltrasound exposure .  Penny et al. ( 1 993 )  demonstrated lung 

haemorrhage in  adult mice exposed to an isolated source of pulsed Doppler ultrasound 

(not a c l in ical ultrasound machine) and determined a threshold of 1 .6 MPa for this 

harmful effect. 

Tarantal and Canfield ( 1 994) induced lung haemorrhage in monkeys, using a 

com m er cial c l in ica l  u ltrasound m a chine p laced in  "triple mode" (two-d imensional 

imaging + calor and pulsed Doppler) as the source of ultrasound . They did not 

determine a thresho ld  level because they used on ly  one level of exposure . lt was the 

maxi m u m  l i mit of m echanical index ( 1 . 8) that it was possib le to achieve with this 

ultrasound machine . 

O'Brien and Zachary ( 1 9 94) also produced lung haemorrhage in m ice and rabbits 

from exposure to pulsed Doppler ultrasound but they did not find this effect in juveni le 

swine, e ven at levels g reater than a mechanical index of 2 .  The same researchers in  
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1 996 used continuous ( nonpulsed)  30-kHz ultrasound induced l ung h aemorrhage in  

1 0- 1 2 week o ld  crossbred pigs, rabbits and mice .  There w as a signif icant inter

species d i fference in sensitivity to ultrasound . The sensitivity ratio p i g : rabbit: mouse 

was 1 :  3. 7 : 1 4, support ing a conclusion that ultrasound sensit ivity is i nversely related 

to body  s ize .  However, Baggs et al . ( 1 9 96)  induced lung haemorrhage in neonatal 

swine using pulsed Doppler ultrasound and determined threshold levels between 0 . 6  

and 1 . 0 MPa , o r  a mechanical i ndex o f  0 . 6, values which 

are si mi lar  to those previously reported for adult m i ce .  

1 . 3 . 3  Previous studies in fetuses 

There are two types of studies of possible harmful effect on exposed fetuses 

in different ani mal models .  These are morphological  studies wh ich look at changes 

recorded in exposed fetuses soon after exposure, and terato log ic stud ies on long 

term effects on prenataly exposed fetuses. 

Acute morphological studies 

Hartman et al . ( 1 9 90) exposed 5 0  1 8  day mouse fetuses to a l ithotri pter .  

In  on ly  2% was lung haemorrhage seen as a s ign of lung damage.  Th is  effect was 

produced using ten t imes higher intensity of ultrasound (20MP a) than the threshold  

ultrasound exposure intensity for  adult mouse lung damage.  Atkinson et  al . ( 1 990) 

stud ied effects of ultrasound exposure on placental transfer during the last third of 

gestation in the rat (days 1 5  to 2 2 ) .  They concluded that the f ind ing of p lacental 

vasostasis could be an effect of ultrasound exposure . 

Dalecki et a l . ,  ( 1 996 )  exposed 43 1 8  day mouse fetuses to a l ithotripter over 

the abdominal  wall of their dams . At 1 0  MPa of exposure intensity, a l l  exposed dams 

but only 2 per cents of exposed fetuses suffered i ntestinal haemorrhage. The same 

researchers repeated this study in  1 9 9 7 .  This t ime they found that in a significant 

number of fetuses with haemorrhage occurred in t issue near develop ing bone of the 

head , l im bs, ribs. The threshold for the haemorrhage was determined as 1 MP a. 

Teratologic studies 

Experi m ental efforts to impl icate u ltrasound in  an effect on i n  utero development 

have been inconclusive (Brent et al . ,  1 99 1 ; Brown et a l . ,  1 99 1  ) .  Some studies have 

reported increased malformation rates (Shojy et al . ,  1 975) ,  whi le  others have found 

no such effects ( Kimme l  et al . ,  1 98 9 ) .  Effects of u ltrasound exposure on fetal body 

weight h ave also been reported in  some studies (Tarantal and H endri ckx, 1 99 3; 

H ande and Devi, 1 993 ) ,  but not in  others ( Ki m me l  et a l . ,  1 98 9 ) . Fisher et al . ( 1 994) 

after their study  in  prenatally exposed rats using d iagnost ic  pulsed ultrasound, 

concluded that there were no changes in  fetal weight and no increase in skeletal or 

visceral m al formations. The results of an  in vitro experiment on rat e mbryos (Angles 
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et al . ,  1 990) suggest that if pulsed ultrasound caused signif icant hypertherm ia, it could 

affect development dur ing early organogenesis of the neural p late and in particular they 

suggest that the e mbryo is at greater risk of d amage during hyperthermic  conditions. 

C arnes and Dunn ( 1 995 )  have shown that u ltrasound exposure in utero is capable of 

d isrupting fetal d evelopment of the fetal mouse testis and having of potential for 

subsequent effects on ferti l ity  in the adult m ale .  

Wi lson and Waterhouse ( 1 984) made a cancer ep idemiology study of chi ldren 

which were exposed in utero , or not, to d iagnostic ultrasound . They found that 

exposure was not corre lated with the incidence of cancer. 

1 .4 Aim of the present study 

This study attempts to answer the fol lowing questions as an approach to 

d etermine patho mechanisms of any harmful effect of ultrasound on b io logica l  materia l .  

( i )  Can pulsed D oppler ultrasound as produced by a cl inical ly current ultrasound 

m achine damage adult lung ? 

( i i )  What is the th reshold for this damage? 

( i i i )  Can d iagnostic pulsed Doppler  ultrasound p roduce fetal damage in the l ast third of 

the gestation period ? 

( iv)  Is fetal lung less sensitive than adult lung to d amage from p ulsed Doppler 

u ltrasound ? 

(v)  Can histo log ica l  or physio logical d ifferences in adult and fetal l ung tissue halp to 

explain the apparent difference in lung sensitivity to pulsed Doppler ultrasound ? 
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Table 1 . 1 Values of compressibility, density and speed of sound in  biological 

material . 

Materia l  Compressibility Density Speed of sound 

( 109 m s2 kg1) ( 1  03 k g  m·3) (m s·1) 

Bone (sku l l )  0 . 08- 0 .05 1 . 3 8- 1 . 8 1  3050-3500 

Liver 0 . 3 8  1 . 0 6  1 5 70 

K idney 0 .40 1 .04 1 5 6 0  

Blood 0 .38  1 . 0 6  1 5 70 

Fat 0. 5 1  0 . 9 2  1 46 0  

Lung 5 . 92 0 .40 6 5 0  

Data fro m  Lersk1 ( 1 9 8 8 ) .  

Table 1 . 2 Current FDA l imits for SPTAd ( from U ltramark 9 H D I  referenc e m anual, 

1 994) . 

Clinical application FDA limit SPTAd display 

(mW cm·2) 

Fetal i maging & other 94 94 

Card iac 430 430 

Per ipheral vascular  720 7 2 0  
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Table 1 . 3 Values of acoustic impedance (Z) for biological materials. 

Material Acoustic impedance 

Bone 7 . 80 

Liver 1 . 6 5  

Kidney 1 . 6 2  

Blood 1 0 6 1  

Fat 1 . 3 8  

Lung 0 . 2 6  

Data from Lersk1 ( 1 9 8 8 ) .  

Table 1 .4 Values of intensity reflection coefficient ( R) for biological interfaces. 

Reflecting interface Intensity reflection coefficient 

(R) 

Muscle/blood 0 . 0009 

Fat/kidney 0. 006 

Fat/muscle 0 . 0 1  

Bone/muscle 0 . 4 1  

Bone/fat 0 . 48 

Soft tissue/ai r 0 . 9 9  

Data fro m  Lersk1 ( 1 9 8 8 ) .  
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Table 1 . 5 Thickness of various materials required to reduce the intensity by half (half 

value thickness) .  

M aterial Half value thickness(cm) Half value thickness(cm) 

for 2 MHz for 5 MHz 

Ai r  0 .06  0 . 0 1  

Bone 0 . 1  0 . 04 

Liver 1 . 5 0 . 5  

Blood 8 . 5  3 . 0  

W ater 340 54 

Data f ro m  Lersk1 ( 1 988 ) .  

Table 1 . 6 Values of attenuation coefficient for ultrasound for biological material 

Material Attenuation coefficient 

(Nepers cm·1 MHz-1) 

Brain 0 .029 

L iver 0 . 023 

M uscle 0 . 1 1 

Lung 2 . 0  

D ata f rom Breyer and Andre1c ( 1 989 )  and Penney e t  al . ( 1 99 2 ) .  
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Figure 1.1 Ultrasound ( sound wave ) .  A :  dis p l a c e m e nt a m p l i tude; Cy:  c y cl e ;  f...._ : 

wave l e n g t h ;  Cn: c o n d e nsati o n  are a a n d  Rf: rarefact ion are a o f  t h e  m e dium through 

w h i c h  u ltraso und trav e l s ;  Ap : a co u sti c p r e s s u re a m p l i tud e .  

( Modif ied from S e ar s  et  a l . ,  1 9 8 2\ 
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Figure 1.2 mtensi'ty (power p�r unit area) of sound {ultrasound) waves as the 
acoustic power that passes perpendicularly through an area. A 1 :  area 1 ; 11 : i ntensity 

of sound at th e area 1 ;  A2: Area 2; 12: i ntensity of sound wave at the area 2. 

(Modified from Cutnel l  and J ohnson,  1 99 7 ) .  
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Figure 1 .3  Reflection and refraction of sound (ultrasound) at an  interface between 
two media. M 1: m ediu m  1 ; M2:  medium 2; is: incident sound; ts: transmitted 

(refracted) sound; rs: reflected sound; i: angle of incidence; r: angle of reflection.  

(Modified from Bal l  and Moore,  1997 .) 
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Figure 1 A A case of sound reflection {singing in the shower) where the total sound 

power that passes through the surface is the sum of the power of direct and reflected 

sound. ds: di rect soun d ;  rs: reflected sound; S: the i m aginary spherical surface .  

(Modif ied from Cutnel l  and J ohnson, 1 998) . 
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Figure 1 . 5 The piezo-electric effect. Piezo-e lectric crysta ls whose m olecu les posses 

po lar  properties are shown in the three d ifferent states: (a)- normal; (b)- expanded 

after applying a potential d i fference ; (c)- contracted as the result of reversing the 

appl ied potent ia l  (mod ified from Bal l  and M oore, 1 99 7 ) .  
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Figure 1 . 6  Different types of transducer. (A) focused transducer w ith focused 

ultrasound beam ; (B) u nfocused transdu cer w ith paral le l  u ltrasou n d  beam; (C) 

unfocu sed tran sdu cer with d iverge nt u ltrasound beam.  

(Modif ied from Ultramark 9 HDI reference m anual ,  1994 and Ball and  f:v'l oore, 1997} 
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Figure 1 .  7 Ultrasound scans. (A) A-scan (Modified from Bal l  and  Moore, 1 997)  

(B) B-scan  (human fetus) .  
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Figure 1 . 8  Scan plane. Scan p lane of a longitud inal section of a body region ( I ); scan 

plane of a transverse sectio n  of a body region (t ) .  

(Modification from U ltramark 9 H D I  reference manua l ,  1994) .  
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Chapter 2 

M ATERIALS AND METHO DS 

2 . 1  Experimental animals 

Al l  animal  procedures employed in  this stud y  were approved by the Massey 

University Animal Eth ics Committee . Forty-one white Sprague Dawley rats aged from 

1 0  to 26 weeks (32 ultrasound exposed and 9 controls )  were used [Table 3 . 1  

Chapter 3)] .  The ani m als were kept in an air conditioned room (22 + -2° C ,  60% 

relative humid ity) i l l um inated 1 2/24 hours and suppl ied with food and water a d  

libitum . 

Thirty-four rats were pregnant (27 exposed and 7 controls) i n  the l ast third of 

gestation and 1 88 of their fetuses were also used in this study  ( 1 4  7 ultrasound 

exposed and 4 1  controls) [Table 4. 1 (Chapter 4)]. Females were caged with m ales of 

the same strain at 6 . 00 p . m .  The occurrence of copulation was establ ished the 

fol lowing morning at 9 . 00 a . m  by checking for vaginal p lugs. The d ay on which a 

vag inal p lug was found was cal led day 0 of gestation (Schneider and Norton,  1 9 79) . 

Seven rats were intentional ly  not pregnant ( 5  exposed & 2 controls ) .  

For 2 0  o f  the pregnant rats used, 5-6 fetuses in the left uterine horn were 

ind i rect ly exposed by placing the transducer over the left ventral abdominal wal l .  

After lung exposure, the abdominal  wall o f  6 pregnant rats was opened and the 

fetuses were exposed d irectly through the uter ine wal l .  Eighteen fetuses of another 

3 pregnant rats wh ich had laparatomy were control fetuses unexposed to ultrasound . 

I n  total, 1 12 fetuses were indirectly and 3 5  d i rectly exposed . Twenty fetuses 

were contro ls for the indirectly exposed fetal g roup and 1 8 for the d i rectly exposed 

group . 

2.2 Ultrasound machine 

2.2. 1 General i nformation 

The ultrasound m achine used in this study  w as an U ltram ark 9 H D I  (F igure 2.1 l 

produced in 1 994 by ATL (Advanced Technology Laboratories, Inc . ;  Bothel l ,  WA,  

USA ) .  This is  a com mercial ultrasound system s im i lar to  many scanners currently in  

cl in ical use . 
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All u ltrasound exposures were performed with two convex focused transducers, 

P5-3 and P7-4, also produced by ATL. P5-3 is the most commonly used transdu cer i n  

echocard iography and P7-4 in  obstetrical u ltrasound examinat ion.  Table 2 . 1  shows the 

main technical characteristics of the transducers . 

2.2.2 Adjustment of focal depth 

The focal depth of each transducer in this study w as adjusted by using specia l ly  

made perspex boxes {F igure 2.2) f i l led  with LA5 HRS a coustic standoff {a medium 

with an attenuation of  u ltrasound energy of zero)  produced by ATL Professional 

Medical Supply {USA) . 

The s mal l  body size of  the exper imental anim als requi red this adjustment to 

achieve exposure of the adu lt and fetal lung at particu lar  focal depth and know n  M I .  

As explained in  Chapter 1 ,  the values o f  M I  on the screen, for every type of transducer 

and modal ity of operat ion,  i s  measured at the focal depth.  For example,  the ultrasound 

exposure of adult rat lung at Ml 1 . 0, using the P5-3 transducer in Doppler mode, can 

be achieved only at a focal depth of between 3 to 5 c m . The depth of a rat lung from 

the surface of the thorax is 3-5 mm. Therefore an addit ional depth of 3cm was made 

using standoff between the transducer and the an im a l .  

The perspex standoff holder was f irmly c lamped t o  the transducer and closely  

appl ied to  the body surface of  each rat {Figure 2.2) .  

2.3 Experimental procedures 

2 .3 .  1 Anaesthesia 

Before u ltrasound exposure, all experimental an i m als were anaesthetized using 

Sodium Pentobarbital {Nem butal ; Virbac Laborator ies Ltd ; Auckl and,  New Zealand)  

administe red intraperitoneal ly at 60 mg/kg of body w ei g ht. 

2.3.2 Shaving and depilation 

Hair was removed from the areas on the surface of the dorsal r ight thoracic wal l  

and left l ateral abdomina l  wal l  of  anaesthetized rats .  This was accomplished by 

cl i ppers fol lowed by app l ication of depi lation paste {Veet- creme dep i latoi re ;  Reckett 

& Colman Ltd ;  Auckland,  New Zealand) to avoid the loss of u ltrasound energy from 

the presence of air on the surface of hairs, which wou ld  attenuate u ltrasound energ y .  

2 . 3 . 3  Ultrasound exposure 

The general features of exposure 

All  experi mental rats, excluding the controls, were exposed to 6 minutes of 

pulsed Doppler u ltrasound over the r ight lung and 6 m inutes over the fetuses. 

In this study there were four groups for the adu lt  rat l ungs and the rat fetuses 

{three exposed g roups and one control g roup) w ith d i fferent intensity as set by four 

values of mechanical index.  These values were 0 . 0  {controls),  0 .5 ,  0 . 6  and 1 . 0 .  
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M l  0 . 6  w as the fi rst chosen value for ultrasound exposure as this is the 

p redicted threshold value based on previous research data for mouse lung 

haemorrhage ( Hartman et a l . ,  1 990 , Dalecki et al . ,  1 99 7  A) . MI 1 .0 was chosen for 

this study as a value over 0 . 6  but much less than the max imal 1 . 8 .  lt is also a 

com mon value during cl in ical  ultrasound examination.  M l  0 . 5  was chosen as a value 

under 0 . 6  and also a frequent value in ord inary cl inical situations. Other parameters 

of u ltrasound exposure for e ach of the four g roups are shown in Table 2 .2 .  

Al l  u ltrasound exposures were performed at maxi mum output i n  pulsed Doppler 

mode, which is com monly used in  echocard iogaphy and o bstetric ultrasound 

examinations. 

U ltrasound gei (Vi brage l )  manufactured by Polyganic Enterprises Ltd . 

(Chr istchurch, New Zealand)  was spread over the exposed reg ion .  The gel  min imised 

the loss of u ltrasound energy between the transducer and the exposed body region. 

Specific features of exposure of adult rat lungs 

The right l ungs of a l l  ad ult  rats, excluding the contro ls, were exposed dorsal ly. 

The transducer was placed on the surface of the r ight side of the chest about 3mm 

from the vertebrae and over a transverse l i ne between the vertebrae and the end of 

the sternum (F igure 2 . 3) .  The position of the transducer during exposure provided a 

transverse d i rection of the u ltrasound beam as would be used to p roduce a transverse 

sectional i m age  (scan) of the examined reg ion [Figure 1 . 8  (Chapter 1 ) ] .  

The specific features o f  exposure o f  fetuses 

1 1  2 fetuses, each with in  a left uter ine horn, were exposed ind i rectly for 6 

minutes. The t ransducer was p laced over the dam's left abdominal  wal l .  The position 

of the transducer provided an ultrasound beam such that it produced a sagital 

sectional image (scan) of the examined region [Figure 1 . 8  (Chapter 1 ) ]. 

Thirty-five fetuses were exposed d i rectly after laparotomy of the dam (Figure 

2 . 4 ) .  Every second fetus from both uterine horns was exposed separately for 6 

minutes. Anaesthesia, and exposure of the whole dam,  was therefore prolonged in  

an ima ls  treated in this way.  

2.3 .4 Euthanasia 

All experimental anima ls  were anaesthesied throughout ultrasound exposure and 

were subsequently ki l led w ith an overdose (400mglkg of body weight)  of sodium 

pentobarbital i njected intraperitoneal ly, or intrarenal ly for  rats on which l aparatomy 

had been performed . Because this drug crosses the p lacenta (Pl u m b, 1 999)  this dose 

also k i l led the fetuses. 

2.4 Light microscopy 

2.4. 1 The adult lung 

Within the f i rst 25  m in utes after death the adult rats' lungs and heart were 

removed as a whole and m acroscopical ly investigate d .  The lungs were infl ated by 

fi l l i ng them with 1 . 5 to 2 . 5  ml of formol  sal ine through the trachea.  They were fixed 
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in formol sal ine, for at least 24 hours .  The lungs were separated into lobes and 

dehydrated progressively  to absolute alcohol , cleared using chloroform and xylene, 

and paraffin embedde d .  The samples were sectioned at a thickness of 7 nm, p aral lel  

to the costal surface at a depth of 1 mm to 3mm.  The sections were de-waxed with 

xylene, hydrated progressively and stained with haematoxyl in  and eosin .  

Transversely sectioned lobes 

The lobes of 8 rats' l ungs (7 exposed and one control )  with a p revious f inding 

of haemorrhage (on sections para l le l  to the pleural surface) were sectioned 

transversely to the p leural surface to determine depth of the haemorrhag ic  areas. 

2.4.2 Fetuses 

Within the fi rst 30 minutes after death, all exposed fetuses and contro ls were 

removed from the uterine horn, separated from the p lacenta and other layers, 

measured for body length and macroscopical l y  i nvestigated . Before fixing in Bouin's 

f luid for 24 hours, they were incised 2-3 mm to the r ight of the sternum to ensure that 

the p leura l  cavity was f i l led with f ixative and that the lungs were wel l  perfuse d .  For 

24 hours of fixation, the fetuses o lder  then 1 5 days were decalcif ied by immersion in 

Goodings & Stew art d ecalcifer (Cu l l ing et al . ,  1 9 8 5 ) .  Whole fetuses were progressively 

dehydrated to absolute alcohol ,  paraffin wax processed and sectioned from the dorsal 

body surface to a depth of 3-4 m m  (Figure 2 . 5 ) .  The sections were cut at 7 nm 

thickness . They were de-waxed with xylene, hydrated progressive ly and stained with 

haematoxylin and eosin .  

Serially sectioned fetuses 

Fol l owing examination of these fetal sections, six fetuses were selected to 

include three (aged 1 8 - 1 9 days) in w hich lung haemorrhage had been identified ,  and 

three in which lung haemorrhage was not apparent (aged 2 1 -22 d a ys) . These b locks 

were seria l ly  sectioned , giving sectio ns at approximately 1 mm spacing ,  through to the 

ventral body surface . 

2.5 Statistics 

2 . 5 . 1  S coring of microscopical findings 

The presence of haemorrhage as a pathological f inding was recorded as + 

(present) ,  - (not present) or + - (doubtful )  [Table 3 . 1  (Chapter 3 )  and Table 4. 1 

(Chapter 4) . Each s l ide was assessed also by an independent h istolog ist who scored 

each s l ide  bl indly ( Bi rks et al . ,  1 99 7 ) .  

2.5 .2 Statistical method 

Mantei-Haenszel method 

This method was chosen for this study  as a basic statistica l  method for binary 

data (presence or a bsence of haemorrhage) (McNe i l ,  1 996) .  
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Odds ratio and relative ratio were calculated as risk parameters for each 

experimental g roup (Figure 2 . 6 ) .  ' O dds'  m eans the ratio of the pro bab i l ity of an event

d isease occurring to the probabi l ity of it not occurring . A d isease (haemorrhage in this 

study) odds ratio is est imated ; this is the ratio of the odds of d isease in exposed 

individuals to the odds in  those unexposed (contro ls)  (Thrusfield ,  1 99 5 ) .  I f  the odds 

ratio is c lose to 1 ,  the exposure to the s uspected r isk factor (ultrasound exposure in 

this study)  i s  unl i kely to be associated w ith the r isk of disease (haemorrhage in  this 

study) ( Pfeiffer, 1 996) .  

Relative ratio (RR)  is a prevalence ratio for  a d isease or events resulting from 

exposure to a risk factor .  The d isease ( haemorrhage) is RR times more l ikely to occur 

among those exposed to the suspected risk factor ( in this study it is an ultrasound 

exposure) than among those with no such exposure . I f  RR is greater or smal ler than 

1 ,  the exposure is l i kely to be associated with the r isk of disease, and the gre ater the 

departure from 1 the stronger the assoc iation.  

The re lative r isk is the preferred parameter in a cohort study because, when the 

relative risk is greater than 1 ,  the odds ratio wi l l  a lways overesti m ate it, particularly 

when d isease not rare (Thrusfield ,  1 99 5 ) . 1f the d isease is rare ( less than 1 0%) ,  odds 

ratio can be used to est imate relative ratio (Pfeiffer, 1 996) .  

Logistic regression analysis 

This m ethod is used i n  this study ( S PSS program;  SPSS Inc .  Ch icago, USA) to 

predict a b inary dependent variable (haem orrhage) from a set of independent var iables 

(mechanical  index, fetal age and method of ultrasound exposure) (McNei l ,  1 996) ,  

calculating a logistic odds ratio as a parameter for  risk. The m ethod is especial ly 

useful to hand le covariates (fetal age and way of exposure) for each mechanical index 

group. 
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Table 2 . 1 The main technical parameters of the transducers used in  this study. 

Footprint (F igure 1 . 6 ) ;  M l ,  mechanical index. The value of Ml shown is  the m aximal  

value possible at the indicated focal depth for each transducer. 

Values are taken from the U ltramark 9HD I  reference manual , 1 98 8 .  

Transducer Operating Doppler Footprint Focal M I  I ntensity 

frequency frequency depth Max . 

(size) (size) 

(MHz) (MHz) ( m m )  (cm) (W/cm) 

P5-3 3 . 5  3 .0  1 6  1 .  7 1 .4 3 1 4  

P7-4 5 . 0 4.0 1 1  3 . 0  1 .0 6 6 1  

Table 2 . 2  Parameters of ultrasound exposure for each of the three exposure groups 

as displayed on the screen of the ultrasound machine. PRF, pulse repetition frequency 

(Chapter 1 ) ; S PTAd, parameter for thermal effect of u ltrasound exposure (Chapter 1 ) .  

M I  Transducer Standoff height Focal depth PRF S PTAd 

( cm)  ( cm)  

1 . 0 P5-3 3 3 . 2 5  3704 92  

0 .6  P7-4 4 4 . 5  3704 78 

0 . 5  P7-4 1 2  1 2 . 5  3704 75 
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H A EMO R R H A G E  NO TOTAL 

HAEMO R RHAGE 

EXPO S E D  a b a +  b 

N O N - c d c +  d 

EXPO S ED 

TOTAL a +  c b +  d N 

R R  = ( a/{a + b } l / (c/{c + d } l  

O R  = ( a/b)/(c/d )= (axd)/(cxb) 

Figure 2 . 6  Calculation of the relative risk (RR) and the odds ratio (OR) for comparing 

risk factors (Modifi c at ion from Pfeiffer, 1 996) 
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F igure 2 . 1  Ultra m a rk 9 H D I ,  ultrasound machine used i n  this stu dy.  
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F igu re 2 . 2  Perspex box for the transducer fi l l ed with standoff for a dj u stment  of focal  

depth.  
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F igu re 2 . 3  Positio n  o f  the transduc e r  over the r ight dorsal chest wal l  duri n g  exposure 

of t h e  l u ngs i n  a dult rat ( Diag ra m ) .  R i g ht s i d e  of chest ( R ) .  S u rf a ce w here the 

t r a n s d u ce r  i s  p l ac e d  (St) . 
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Figure 2 . 4  Di rect exposure of fetuses after laparotomy of the dam . 

Fetus (f) ; t r a n sd ucer  (t) . M ag nif i cati o n : x 0 . 7 5 .  
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F igu re 2 . 5  Depth o f  dorsal feta l t issue section .  

(A }  R i g ht l atera l  v i e w  of fetu s ;  d e p t h  l i ne ( dl } .  M ag n i f i c atio n :  x 2 . 7 .  ( 8 }  D i a g ra m m at i c  

v i e w  o f  feta l l ung s e ct i o n  t a k e n  a t  the l i n e  dl . T h e  extent of lu ng v i s i b l e at t h i s  d e pth 

i s  m ax i m a l .  

C h a pt e r  2 .  1 2 



Chapter 3 

RESU LTS FOR ADULT RAT LUNGS 

Introduction 

The effect of pu lsed Doppler ultrasound o n  the lungs of rats was l im ited to 

varying degrees of lung haemorrhage. lt was necessary to examine the normal lung 

structure of the rat closely in order to interpret changes d ue to ultrasound exposure . 

These results therefore include anatomical o bservations on the rats stud ied,  with 

reference to the l iterature as necessery . 

3 . 1  Normal rat l ungs 

The lower respi ratory system of the rats, l i ke that of a l l  mammals,  consists of 

paired l ungs and a se ries of air passages that lead to and from the l ungs.  

3 . 1 . 1 Anatomy 

The r ight and left l ungs lie within the thorax (Figure 3 . 1 )  on each s ide of the 

med i astinum wh ich contains the heart, g reat vessels, trachea, r ight and left bronchi ,  

esophagus, l ymph vessels and nerves. Together the lungs a re  described as  a cone 

with an apex, a base, and costal surface . The apex is rounded and l ies crania l l y  in the 

thorax associated with the fi rst r ib and the blood vessels and nerves entering the 

neck. The base is concave and is associated with the thoracic surface of the 

d iap hragm. 

The costal surface i s  convex and is  closely associated with the costal carti lages, the 

r ibs and the i ntercostal muscles. The midd le part of the mediastinal surface , where 

the principal bronchus and the pul monary artery and vein enter the lung ,  is  the h i lus.  

The lungs are covered by a thin l ayer of v isceral p leura.  Costal p leura covers the 

inner surface of the thoracic wal l  and togethe r  with the mediastina l  p leura, and 

visceral pleura of the lung, build a closed f lattened sac containing and lubricated by 

a smal l  amount of serosal f luid . 
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3 . 1 .2 Structure 

The lungs are com posed of bronchi and smal ler a i r  passages, alveol i ,  connective 

tissue, blood vessels, l ymph  vessels and nerves. Conforming to the ram ification of the 

bronchial tree (Hebel and Strom berg ,  1 986) the r ight l ung is d iv ided ( Figure 3 . 2)  i nto 

four d istinct lobes: cran ia l ,  middle,  caudal and accessory. The smal ler left l ung is not 

separable into lobes. Each lobe is made up of m any lobules, composed of terminal 

bronchioles, rud imental respiratory bronchioles, alveol ar ducts and alveoli [ Figure 3 . 3  

(A) ] .  

The part o f  lung d istal to a terminal bronchiole which includes the short 

respi ratory bronchioles with only occasional alveolar outpockets (a lveolar ducts and 

alveol i )  is cal led the acinus (Mercer and Crapo, 1 9 9 1  ) . lt contains the gas exchange 

surfaces of the lung . 

A venti latory unit of an acinus includes a respiratory bronchiole and may have 

a d istal alveolar outpocket.  In Figure 3 . 3  (A) are shown two types of venti latory unit.  

The Type I venti latory unit includes a rudi mentary respiratory bronchiole d istal to the 

terminal bronchio le .  The terminal bronchiole has smooth muscle within its wal ls, and 

is l i ned by ci l iated resp i ratory epithe l ium, easi ly visible only at h igh  magnifi cation.  

There is an alveolar d uct with only a few alveo l i .  The Type 1 1  venti latory unit has a 

longer respi ratory bronch iole,  and each alveolar duct leads to more alveol i  with 

branching alveolar outpockets (Mercer and Crapo, 1 9 9 1  ) .  

Blood supply 

The lung has both a pu lmonary and a bronchia l  circu lation . The pulmonary 

circulation is provided by the left and r ight branches of the pulmonary artery to each 

lung . Within the lung,  each artery d ivides into many branches. From seg mental arteries 

branches arise at acute or r ight angles (Hebel and Stromberg , 1 9 8 6 ) .  Branch arteries 

arising at acute angles are conduits carrying blood to distant parts of the lung w hi le 

r ight angle branches d istr i bute blood local ly to a dense alveolar capil lary network 

around the walls of the alveoli (F igure 3 . 4 ) .  The pulmonary capi l l aries join up, 

eventual l y  becoming the pu lmonary veins which open into the left atr ium of the heat. 

In d istinction from the human lung , smooth m uscle is present in much smal ler 

pul monary arterial  vessels or  arterioles and the pu lmonary veins of the rat have a 

thicker m uscular wal l  ( Kay, 1 99 1  ) .  

The bronchial circulation i n  the rat arises from bronchial arteries from the aorta, 

and suppl ies the wal ls  of the bronchi and bronchioles but not pleura as in humans 

(Kay, 1 99 1  ) .  
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3 . 1 .3 U ltrastructure 

Internal ly, alveoli appear as irregular cavities . The structure of the alveolar wal ls 

is  s imi lar to that of other m a mm als (Hebel and Stromberg, 1 98 6 ) .  Alveol i  are 

surrounded and separated from one another by a thin connective tissue layer that 

contains numerous blood cap i l l aries cal led an alveolar septum [ Figure 3 . 3  (8) ] .  The 

alveolar septum is the site of the air-blood barrier .  Respiratory g ases are exchanged 

across cap i l lary, endothel ia l  and alveolar epithel ial cel l layers . 

The epithel ium consists of flat Type I cel ls (Type I pneumocytes) ,  and also Type 

1 1  cel ls (Type 1 1  pneumocytes) that secrete surfactant, a detergent-l i ke substance that 

helps prevent col lapse of the alveoli due to surface forces (Widd icombe at al . ,  

1 99 1 A) .  

3 . 2  Lung haemorrhage 

3 .2 . 1  General features of the haemorrhages 

Usual ly the haemorrhages found in this study were multifoca l .  Two or more 

circular foci with varying d iameters were g rouped together (F igure 3 . 5  ) .  Adjacent foci 

were often fused . This g eneral feature of haemorrhage was more noticeable by 

m ic roscopy than by g ross inspection of the lung . 

In each haemorrhag ic  focus, free blood cel ls  and p lasma effusions were located 

in the alveolar spaces (Figure 3 . 6  & 3. 7 ) .  Blood cel ls were densest in the central part 

and least dense at the periphery of a focus. An area with haemorrhage was wel l  

demarcated from unaffected l ung tissue (Figure 3 . 8) .  

3 . 2 . 2  Types of haemorrhage 

Frank haemorrhage 

Frank hemorrhage when v iewed macroscopical ly was usua l ly  located within a 

s ing le lobe as a d ark red colored area, containing a few circular d ark foci (Figure 3 . 5 )  

with d iameters rang ing from 3 to 5 m m .  Frank haemorrhage was microscopicaly 

observed and is described be low.  

Within the central part of e ach focus ( F igure 3 .6 )  and ( Figure 3 . 9 ) ,  the alveolar  

spaces were f i l led with dense aggregations of blood cel ls .  Per ipheral l y  to the foci , the 

density of blood cel ls within alveolar spaces was less and it was possible to see some 

free blood cel l s  separated from each other.  In a few cases, i ntensive haemorrhage 

w as m anifest by blood cel ls within bronchi (F igure 3 . 9  & 3 . 1  0) . 
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Microscopically detected haemorrhage 

M icroscop ic  haemorrhage was also seen without macroscopic change although 

in a fe w cases there was macrosco pical ly a s l ight change in  colour .  

Multifocal  or unifocal (s ingle)  haemorrhages were seen . Alveolar  spaces within these 

haemorrhagic areas contained loosely aggregated or separated red blood cel ls, denser 

at the centres of the foci ( Figure 3. 7 ) .  

Doubtful haemorrhage 

Extensive alveolar capi l lary vasocongestion i n  a region of insufficiently i nflated 

lung m ad e  haemorrhage d ifficult to identity (Figure 3 . 1 1 ) .  Compare this with normal 

rat lungs which were well inflated and without vasocongestion ( Figure 3 . 3 ) .  

This type of haemorrhage was scored as + - (Table 3 . 1 )  

Artifactual haemorrhage 

I n  sectioning l ung tissue for microscopy, red blood cel ls become placed outside 

b lood vessels. Three d ifferent expressions of artifactual haemorrhage [ Figure 3 . 1 2  (8) ]  

were seen:  

i )  A layer of blood cel ls col lected close to some blood vessels.  

This l ayer overrides alveolar wal ls and alveolar  spaces l i ke a b lood smear [ Figure 3 . 1 2  

(A) ] .  

i i l  A f e w  free blood cel ls within alveolar spaces seen in d i fferent areas of the lung . 

i i i l Free blood cel ls located outside the tissue section.  

Haemorrhage in the control lung 

A solitary haemorrhagic focus was seen in  only one of the control rats [Figure 

3 . 1 3  ( A ) ] .  A lack of  vasocongestion about the haemorrhagic area d ist inguished this 

haemorrhage from the focal haemorrhage seen in exposed l ung,  evidence that this 

damage was not acute . 

Severe vasocongestion seen in some of control lungs [F igure 3 . 1  3 (8)  was not 

seen to this intensity as a result of exposure to u ltrasound.  

3.2.3 Location of haemorrhage within a lung 

Regions of  the lung with haemorrhage are shown in  Table 3 .  1 .  Of  a l l  the 32 

exposed rats 1 2 l ungs had gross or  focal haemorrhage, 8 of which had haemorrhage 

in the caudal l o be of the exposed r ight lung . Three other rats had haemorrhage in the 

cranial  and two other rats in the middle lobe of  the r ight lung .  In two cases, the 

exposed lungs had haemorrhage in both caudal and middle lobes. Of the 9 control rats, 

only one had haemorrhage . This w as in the midd le  lobe . All haemorrhages were 
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located superf ic ial ly beneath costal v isceral pleura on  the costal surface. From serial 

transverse sections (Chapter 2) it was found that haemorrhage extended into the lung 

to a depth of  about 1 mm (Figure 3 . 9 ) .  

I n  t w o  exposed ( * Rp6,  * Rpd2 9 )  rats and one control * Rpdc8 rat, d i ffuse 

multifocal haemorrages occurred in the entire left lung and cranial  lobe of the left 

lung . These pathological changes, because of their extent and intensity were not 

consid ered 

to be the result of acute damage that could be attri butable to u ltrasound . These lungs 

were excluded from the analysis. 

Of four doubtful haemorrhages, three were found within the caudal l o be and one 

in  the crania l  lobe. One of these rats had doubtful haemorrhage in  both the crania l  and 

middle lobe of the lung . 

3.2.4 Threshold study 

Mechanical index (MI ) ,  as d isp layed on the screen of the ultrasound machine, 

was used to determine the thresho l d  v alue for l ung haemorrhage . The three d ifferent 

intensit ies of pulsed Doppler ultrasound exposure M l  0. 5, 0 . 6  and 1 .0 resulted in 

d ifferent p roportions of lung haemorrhage for each g roups (Table 3 . 1  ) .  

The h ighest incidence of haemorrhage (64. 2 p e r  cent) was in  the group exposed 

at the h ighest Ml ( 1 . 0 ) .  Also, 7 . 1 per  cent of doubtful haemorrhage was found in the 

same exposure group.  This result com pares with 1 2 . 5  per cent of  haemorrhage in the 

sham exposed group at M l  0 .0 .  The s ignificance of this is ind icated by a high value 

of the r isk ratio of 4 . 5 ,  and the odds  r atio of 1 0 .4 ( Thrusfie ld ,  1 9 95)  and a log istic 

odds ratio of 8 . 6  (F igure 3 . 1 4) .  In  the g roup exposed at Ml 0 . 5 ,  1 2 . 5  per cent of the 

exposed l ungs had doubtful haem orrhage . Therefore this level of exposure appears 

to be less associated with risk than the contro ls which had 1 2 . 5  per  cent of obvious 

haemorrhage . A calculated value of  the odds ratio of  1 also confi rmed that the risk 

of lung haemorrhage at Ml 0 . 5  is  neg l ig ible .  The risk of haemorrhage increases at M l  

0 . 6 .  

The threshold value for the lung haemorrhage appears t o  b e  between M I  0 . 5  and 

0 . 6  (F igure 3 . 1 5 ) .  
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Table 3 . 1  Effects on adult rat lung exposed to 6 minutes of pu lsed Doppler 
ultrasound.  
Effect of varying mechanical index (MI ) on the presence of haemorrhage ( + ) ,  
doubtful haem o r  rage ( + - )  a n d  on the absence of haemorrhage ( - )  i n  di fferent 
regions of the lungs [ right lung (Caudal lobe , Cd ; Middle lobe, Md ; Cranial  
lobe, Cr] and left lung,  LL] and the percentage of lung haemorrhage. Risk 
ratios and odds ratios indicate the incidence of lung haemorrhage for a l l  
lungs a t  each M l  o f  ultrasound exposure. Rats marked with an asterisk "*R" 
are excluded from the analysis (Chapter 3 . 2 . 3 ) .  Rats marked "Rd " had their 
fetuses exteriorised and exposed directly (Chapter 2 ) .  

MI Rat Age Body Pregnant Lung Region of % lung Risk Odd 
( weeks) weight haemorrhage haemorrhage haemorrhage ratio ratio 

( g ) 

Re1 1 0  3 5 0  + + Cd 

R1 1 2  3 0 7  

R2 1 2 3 2 7  + + Cd 

R3 1 2  3 7 7  + + Cd 

Re4 1 3  4 0 8  + + Cd 

1 . 0 R4 1 2  4 0 0  + + Cr 6 4 . 2 (+)  4 . 5  1 0 . 4  

R8 1 3  3 8 2  + + Cd 7 . 1  (+ - ) 

R9 1 2  3 3 5  + 
R 1 6  1 8  3 8 4  + 

R 1 7  1 7  4 4 3  + Cd, Md 

R 1 8  1 8  4 6 4  +- Cd 

R 1 9  1 8  4 0 1  + Cd 

R20 2 6  4 5 1  + 

Rd26 2 6  4 1 2  + + Cd 

Re3 1 0  3 4 2  + + Md 

R5 1 2  4 0 8  + 

R6 1 2 3 4 3  + + Cr, LL 
R7 1 2  3 6 7  + 2 2 . 2( + )  

0 . 6  R 2 1  2 6  4 1 3  + + - Cr 33 . 3 ( + - ) 1 . 7 2 

Rd22 2 8  4 6 4  + + - Cd, Md 

Rd27 2 4  3 4 6  + 

Rd28 3 2  4 6 2  + + - Cd, Md 

Rd25 3 2  4 6 5  + 

R 1 0  1 6  3 9 1  + 

R 1 1 1 6  3 8 3  + 

R 1 2  1 6  4 0 4  + 

R 1 3  1 6  4 1 0  + 
0 . 5  R 1 4  1 6  3 7 4  + + - Cd 1 2 . 5 ( + - )  

R 1 5  1 6 4 4 2  

R23 2 8  4 1 8  + 

Rd24 2 4  3 9 8  + 

• R d 2 9  2 4  3 8 6  + + All lungs 

Rce1 1 0  3 1 8  + 

Re1 1 2  3 4 3  + 

Rc2 1 3  3 3 5  + 

0 . 0  Re3 1 6 3 4 3  + + Md 1 2 .5 (+) 
Rc4 1 6  3 3 2  

Re5 1 8  3 3 5  

Rcd6 2 8  4 0 0  + 
Red? 3 2  4 4 3  + 
• R e d S  2 4  3 6 4  + + - All lungs 
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Figure 3 . 1  Normal rat lungs (dorsal v iew) a nd relationship with the ribs .  

R at R c 1 : r ight l ung ( r )  ; l e ft l ung ( 1 ) .  
M ag n i f i cati o n :  x 1 . 7 
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Figure 3 . 2  Divisio n  of the right lung i n  normal  rat lungs .  Rat R c 1 : (A)  ventra l  v i e w ;  

r ight l u n g  ( r) ; left l u ng ( I )  ; accessory l o be ( a c ) . (B )  l ate r a l  v i e w  ; c a u d a l  l o be (cd ) ;  

m i d d l e  l o b e  ( md) ; cran i a l l o be (er ) . 

( H a e m atoxyl i n/Eos in  sta i n i n g ) . M a g n i f i cat ion : x 1 . 7 
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F igure 3 .3 Terminal a i r  passag e s  and alveol i .  R at R c 6 :  (A) - te rm i n a l  bronch io l e  (tb) ; 

s m ooth m uscle (sm) ; resp i ratory bronch io le  ( rb )  ; a l veo l a r d uct ( a d )  ; a lveolus (a l ) . 

c a p i l l a r y  with in a lveo l ar septa (c) . Venti l atory un it  type I ,  and type 1 1 .  
( H a e m atoxyl i n/Eosin sta i n i ng ) .  M a g nif i cati o n :  x 1  0 8 .  

( B )- a l v e o l a r  septum (as ) . C ap i l l a ry (c ) . ( H ae m atoxy l i n/Eo s i n  sta i n i ng ) .  M ag nif icat ion 

· x4 3 0 .  
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Figure 3 . 4  Diagram of the c api l lary network surrou ndi ng the a lveol i  - ( a d apted fro m 

W i l s o n ,  1 9 90) . 
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F igure 3 . 5  Multifocal l u ng haemorrhage in a dult  rat l u ng (gross} . R at R 4 :  ( A )  - D o rsal  

v i e w  o f  t h e  l u n g s .  M ag ni f i catio n :  x1 . 6 .  ( B ) - r i g ht l ateral v i e w  of  the l u n g s  w ith 

h a e m o r r h a g e  (hm}  in the cran ia l  l o b e  of  the r i g ht l u ng . 

H a e m o r r h a g i c  f o c i  ( f )  w it h i n  the h a e m o rrhag i c  a r e a .  M ag nif i c at i o n :  x 1 . 6 .  

( C )  d i a g r a m  o f  a l o b e  w it h  the h a e m o r r h a g i c  foc i . 
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F igure 3 . 6  G ross hae m o rrhage ( h a e m o rrha g ic  fo cus ) . Rat R 1 9 :  ( A ) - M ag n i f i cat ion : 

x 4 3 0 .  ( H a e m atoxyl i n/Eos in  stai n i ng ) .  ( B ) - D i a g r a m  o f  m i crosco p i c  a p p e a r a n ce of a 

h ae m o r r h a g i c  focus i n  gross hae m o rrhag e .  A l v e o l a r  septa (as )  ; c a p i l l ary (cp ) ;  

c o n g l o m e rates o f  b l o o d  cel ls (cm ) ; p l a s m a  effu s i o n  ( p e ) .  
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F igure 3 . 7  Focal haemorrhage (haemorrhagic focus) . Rat R 6 :  ( A) - M ag nif i cati o n :  x43 0 .  

( H ae m atoxyl i n/Eos i n  stai n i n g ) .  ( B ) - Diagram o f  m i crosco p i c  a p p e a r a n ce of a 

h a e m o r r h a g i c  focus i n  focal  h a e m o r rh ag e .  A l v e o l a r  septa ( as )  ; c a p i l l ary ( cp)  ; 

sep arated b lood c e l l s  ( c )  with in  a lveo l u s .  

C h a pter  3 . 1  3 



Figure 3 . 8  Demarcati o n  of haemorrhagic area from no rmal lung ti ssu e .  

R at R 1 9 :  (A)- M a g n i f i c at ion : x 1  08 ; ( 8 )- M a g n i f i cati o n :  x4 3 0 .  ( H ae m atoxyl i n/Eos in  

sta i n i n g ) .  Haemo rrh a g e  (hm)  ; n orm a l (nm)  lung w ithout hae m o r r h ag e .  
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Figure 3 . 9  Depth of the l u n g  haem orrhages. R at R e 4 :  ( A ) - Secti o n  cut p ar a l l e l  to the 

p l e u ral  s u rface and ( B )- t ra n sve rse section to the p l e u ral  s u rface o f  the c a u d a l  l o b e  at 

the h a e m o rr h a g i c  r e g i o n  with g ross mult i foca l  h a e m o r r h ag e .  M a g n i f i c at i o n :  x1 0 8 .  

( H a e m atoxyl in/Eosin sta i n i n g ) . P leura  ( pi ) ;  h a e m o r rh a g e  ( hm ) ;  l i m i t  o f  h a e m o rrhage 

( lm) ; bronch io le  (b) ; i ntra b ronch i o l a r  h ae m o r r h a g e  (c )  . 
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Figure 3 . 1 0 G ross haemorrhage with p resent of blood cel ls withi n  a bronchus .  R at R 3 :  

M a g n i f i cat i o n :  x2 1 5 .  ( H ae m atoxyl i n/E osi n  sta i n i n g ) .  B lood ce l l s  ( c )  w i t h i n  b r o n c h us (b ) . 

H ae m o rr h a g i c  r e g i o n  ( h m ) .  
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Figure 3 . 1 1  Doubtful hae morrhage . R at R 1 4 :  ( A)- p o o r l y  i nf lated l u n g .  M ag n if i c at io n :  

x2 1 5 .  ( H ae m atoxyl in/Eos i n  sta i n i n g ) .  R at Re4:  ( B ) - v a socongest ion  i n  poor ly  i nf l ated 

l un g . M a g n i fi cati o n :  x4 3 0 .  ( H aem atoxy l i n/Eos i n  sta i n i n g ) .  Doubtfu l  hae mo rrh a g i c  ( hm)  

reg i o n .  
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Figu re 3 . 1 2  A rtifactu al h a e morrhage .  R at Rc4 : ( A ) - M agnif i cati o n : x 2 1 5 .  

( H ae m atoxyl i n /Eosin stai n i n g ) .  ( B ) - D i ag ram o f  d i fferent types  o f  art ifactual  

h ae m orrh a g e .  B lood s m e a r  (a )  ; a fe w blood c e l l s  w i th in  a l v e o l a r  s p a ce s  ( b ) ;  free 

b lood cel ls o uts ide o f  the lung s e ct ion  ( c ) . 
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F igu re 3 . 1 3 Control lungs .  Rat R c 3 :  (A)- S o l i tary h a e m orrhag e ( hm ) .  M ag ni fi cat ion : 

x 2 1 5 .  ( H ae m atoxyl i n/Eos i n sta i n i ng ) .  Rat  R c 4 :  ( B )- S e v e re v a s o co n g e st io n .  

M ag ni f i cati o n :  x 4 3 0 .  ( H a e m atoxyl i n/Eo s i n  st a i n i ng ) .  

C h apter 3 . 1  9 
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C l a s s i f i cat ion Table for LUNG_HM 
Pred i cted 

. 0 0 1 . 0 0 Percent Correct 

Observed 
. 0 0  0 

1 .  0 0  1 

0 

1 7  

3 
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4 8 0 . 9 5 %  

9 7 5 . 0 0 %  

I Lavera l l  7 8 . 7 9 %  1 
- - - - - - - - - - - - - - - - - - - - - - - Variabl es in the Equ a t i on 
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B_WEIGHT 
Constant 
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- 6 . 9 1 7 4 

2 . 1 6 12 
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Correla t i on Mat r i x :  
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. 0 2 1 2  
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1 , 4 5 0 1  
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M I ( 1 )  
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- . 9 9 5 3 6  
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. 0 0 6 5 2  
- _ 0 4 7 0 7  

_ 0 5 5 0 3  

B_WEIGHT 
- . 4 7 6 4 6  

_ 0 5 5 0 3  
- . 0 1 6 0 2  
- . 0 0 6 0 3  

. 0 8 8 1 3  
- .  7 6 2 0 7  
1 . 0 0 0 0 0  

d f  

3 
1 
1 
1 
1 
1 
1 
1 

M I ( 2 )  
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- - 9 9 5 3 6  
1 . 0 0 0 0 0  
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- . 0 0 6 1 1  
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. 8 0 3 4  
- 8 1 6 2 
• "7-Tfr_ 
. 3 2 3 5  
. 22 8 5  
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0 0 0 0  
0 0 0 0  

. 0 0 0 0  
. 0 0 0 0  
. 0 0 0 0  
. 0 0 0 0  
. 0 0 0 0  

M I ( 3 )  
- . 8 6 2 0 8  

, 9 8 5 7 7  
- . 9 9 6 1 6  
1 . 0 0 0 0 0  

, 0 2 2 1 5  
. 0 0 3 5 8  

- - 0 0 6 0 3  

ixp ( B )  

3 . 8800 
. 0 0 1 0  

8 . 6820 
. 8 2 6 2  
. 8 9 9 3  

1 . 0 2 0 6  

PREGNANT ( 1 )  
- . 0 0 1 6 3  

, 0 0 6 5 2  
- . 0 0 6 1 1  

. 0 2 2 1 5  
1 . 0 0 0 0 0  
- . 0 5 3 0 2 

- 0 8 8 1 3  

Figure 3 . 1 4  Logistic regression of the results for adult rat lung haemorrhage. 
This statisti ca l  model provides an overal l  fit for the data classif ication of 7 8 . 7 9 % .  
O f  the varia bles, Exp (8)  is  a logistic odds ratio (parameter for r isk) . M l  ( 1 ) i s  0 . 5 ;  M l  
(2 )  i s  0 . 6 a nd M l  (3 )  i s  1 .0 .  

S . E .  is standard error which i s  the h ighest fo r  M l ,  0 . 6 .  This affects Exp . (8 )  w hi ch 
showed no risk ( its value is less than 0 .5 )  for lung haemorrhage at this intensity of 
u ltrasound exposure. 
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Chapter 4 

RES U LT FOR FETUSES 

Introduction 

The effect of  pulsed Dopp ler ultrasound exposure on rat fetuses in  the last third 

of gestation was l im ited to varying degrees of haemorrhage in the l ungs and other 

tissues, particularly in  the head . 

The o bservations on a l l  fetuses stud ied (Table 4 . 1 )  were made from a single 

dorsal histological  section in  the dorsal plane one third of trunk depth from the dorsal 

surface [Figure 2 . 5  (Chapter 2 ) ] .  Add itiona l ly, seri al sect ions of six selected em bryos 

were made through the remai ning two-thirds of the trunk.  

4 . 1  Results i n  fetal rat lung 

The interpretation of pathological f ind ings in  the fetal l ung were based on 

observations of normal feta l  lungs at d ifferent stages of  development in  the last third 

of gestation assisted by p u bl ished descriptions of rat lung embryo logy .  

4. 1 . 1 Normal lung in  the last third of  gestation 

The lungs form by a g land-l i ke budd ing process control led by a epithel i al

mesenchymal i nteraction ( Farre l ,  1 982) . I n  the rat two l ung buds appear after 1 2  days 

of gestation as an outgrowth of the foregut (Hebel and Stromberg, 1 9 8 6 ) .  The lung 

buds subsequently branch w ithin the enclosing mesenchyme to form the g as

conducting portion of the lung (Figure 4 . 1 ) .  

There are three stages  o f  lung deve lopment in  rat, as in other l a boratory animals 

as well as humans. These are the glandular, canalicular, and saccular stages (Farre l l ,  

1 982) . Striking d ifferences in  morphology are especia l ly  evident in  the rat. Because 

of the short gestation period of 22 d ays, advances from one stage to the next can 

occur in a period  as short as 24 hours. All  three stages of  rat lung d evelopment were 

seen in this study and they a re shown i n  F igure 4 .2 .  
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During the glandular stage ( 1 6, 1 7  days) l oose mesenchymal t issue surrounds lung 

buds of endodermal  cel ls .  Vascularisation of  the mesenchyme is becoming apparent . 

The a i rway pattern has been formed . Respiratory epithel ium is characterised by a 

near ly homogenous p opulation of high columnar  epithel ia l  cel ls  which are transparent 

to l ight .  

In  the canalicular stage ( 1 8- 1 9  days) the acinar region of the lung i s  f i rst 

recognized and increasing vascularization o ccurs; the terminal ends of endodermal lung 

buds branch and grow to form the future air sacs. High columnar epithel ia l  cells 

differentiate (F igu re 4 . 3) into two cell types: p rospective flattened l i n ing cel ls (Type 

I pneumocytes) and cuboidal secretory cel ls (Type 1 1  pneumocytes) . 

The final intrauterine phase was former ly termed the alveolar stage but 

is now kno wn as the terminal sac period or  saccular stage (2 1 ,  22  d ays ) .  

l t  i s  characterized by  further d ifferentiation of  t h e  respiratory region . Saccules with thin 

septa become prominent .  In  respiratory epithel ium, type I pneumocytes become 

progressively  thinner  and they form broad cytoplasmic extensions over capi l lary 

endothel ia l  cel ls m i n i miz ing the barrier to gas exchange (Farre l ,  1 98 2 ) .  This leads to 

a m arked increase in the internal surface area of the lung . By morphometric 

assessment , it m a y  be determined that the relative d i mensions of tissue space and 

potentia l  air space are reversed during the saccular stage of development .  During the 

saccular  stage ,  the p otential air spaces are f i l led with a l iqu id,  " fetal pu l monary f lu id " ,  

whi ch begins t o  b e  secreted d uring the g landu lar  stage . 

(Farre l l ,  1 9 82 ) .  

4. 1 .2 Fetal lung haemorrhage 

The haemorrhage found occurs unifocal l y  ( Figure 4.4 ) or multifocal l y  (Figure 4 . 5  

and 4 . 6 ) .  In  mult ifocal haemorrhage, foci are either separated or  g rouped (Figure 4 .  7 ) .  

The haemorrhag ic  foci d iffer in  shape fro m  tr iangular t o  e l l ipt ical a n d  a range from 

about 0 .03 to 0 . 1 4  m m  in  d iameter .  All are wel l  demarcated from normal lung tissue. 

Each haemorrhag i c  focus contains evenly d istr ibuted aggregations of  b lood cells within 

loose mesenchy m al tissue . Free blood cel ls are not seen within the respiratory 

passages. Fetal l ung haemorrhages are located beneath the costal surface of the 

visceral pleura in the caudal half of usua l ly  one lung (F igure 4 . 8 ) .  

Severe vasocongestion is seen in some fetal l ungs (Figure 4 . 9 ) .  

4 . 2  Non-lung fetal haemorrhage 

Haemorrhages in  tissues other than lung were found in the l iver and soft tissues 

of the head, neck, parascapular region of the shoulder, axi l la and parasacral 
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region (Table 4 .2)  in dermis, subcutaneous tissue and muscle adjacent to bone . 

All haemorrhages were seen only m icroscopical ly,  with the exception of one fetus 

(F6,  Rt 1 1 )  which had frank haemorrhage on the head [Figure 4 . 1 0  (8) ] .  

The haemorrhage was usual ly a sol itary, dense, i rregular ly shaped col lection of 

blood cel ls ,  well d istinguished from the surrounding less dense loose connective 

tissue of the dermis, subcutaneous tissue and within developing bone (Figure 4 . 1 1 

and 4. 1 2 ) ,  and less d istinguished in  muscle ( Figure 4 . 1 3) and l iver (Figure 4 . 1 4) .  

Haemorrhagic regions ranged from about 0. 1 to 0 . 2 5 m m  in  d i a m eter. Only in the 

fetus with g ross haemorrhage on the head were multifocal haemorrhages located in 

the dermis and subcutaneous tissues of the head [ Figure 4 . 1 0  (A)] ,  neck and 

parasacral region. 

4.3 Effect of varying mechanical index (MI) on the incidence of fetal haemorrhage 

The proportions of fetuses with any haemorrhage, and specif ica l ly haemorrhage 

in l ungs or tissues other than lung (non-lung) relative to the total number of fetuses 

(both ind i rectly and d i rectly exposed ) for each exposure group and in the contro ls are 

shown in Table 4 .3  (shaded areas) and Figure 4. 1 5 . 

4.3 . 1  Fetuses with lung haemorrhage 

No lung haemorrhage was found in the controls. For fetuses exposed to 

ultrasound,  the proportion of fetuses with lung haemorrhage is not related to the level 

of exposure . 

4.3.2 Fetuses with non-lung haemorrhage 

Some haemorrhage was seen in u nexposed fetuses, less than the incidence in 

exposed fetuses, with a sl ight increase as the mechanical index increased . 

4.3.3 Fetuses with haemorrhage in  any tissue 

Nine of 38 exposed fetuses with haemorrhage were affected in both lung and 

non-lung t issues. 76 per cents had haemorrhage in one or the other, but not both. At 

any level o f  exposure, there was over twice the incidence of haemorrhage than in the 

contro ls at 1 0 . 3 % .  The proportion of fetuses with any haemorrhage (either in the lung 

only, i n  tissues other than lung, or i n  both lung and non-lung tissues) d id  not increase 

with mechanical index ( Figure 4. 1 5 ) ,  as shown by the risk and odds  ratios (Table 4 . 1 )  

that were less for M l  1 .0 than for M l  0 . 5  and 0 . 6 .  

For the proportion o f  fetuses with any haemorrhage, regression values were 

negative [ Figure 4 . 1 6 (8)] . There was g reater r isk of haemorrhage in  exposed fetuses 

than w as i n  controls {the logistic odds ratio for M I  [Exp (8)]  w as greater than 0 .5 )  but 

the effect was not dependent on the intensity of ultrasound . 
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4.4 Effect of method of exposure on the incidence of fetal haemorrhage 

Each experi mental group had fetuses exposed indirectly or d i rect ly.  Table 4 . 3  and 

Figure 4. 1 6  show the d istri bution of lung, non-lung and any haemorrhage for each 

method and level of exposure.  

The results for both the d i rect and ind irect methods were widely d ivergent 

at d i fferent levels of exposure (Figure 4 . 1 7 ) .  Particularly consistent is  the f ind ing 

of no hemorrhage in d i rectly exposed fetuses at M l  0. 6 . Directly exposed fetuses at 

this level were a l l  aged 2 1  d ays after conception (Table 4. 1 )  suggest ing that the age 

of the fetus m a y  have affected these results . The applied multip le regression method 

does not sho w that method of exposure s ignifi cantly i nfluenced results for each 

exposure group [ Figure 4. 1 6 (A) ] .  

4. 5 The effect of fetal age on haemorrhage 

Because fetuses were not selected for treatment based on d ai ly  age, the 

d istri bution of age through the various treat ments is very uneven, from 0 to 62 per 

cent (Table 4 .4 ) .  There are therefore values m issing from the histogram in Figure 4 . 1 8  

and Table 4. 5 .  N o  fetuses at 20 days were used.  Lung haemorrhage was not seen in  

fetuses of  1 6 , 2 1  and 22 d ays . In  only one fetus of  21  or  22 days was haemorrhage 

seen, and this was not in the lung.  M u ltiple regression sho ws that fetal age 

signifi cantly inf luenced the results for e ach exposure group [Figure 4 . 1 6  (8 ) ] .  The 

negative regression coeficient (R) shows that the risk of any fetal haemorrhage is 

higher in younger  than in o lder fetuses. 

4.6 Results for serially sectioned fetuses 

In order to i nvest igate the d istri bution of haemorrhage throughout entire 

lungs, three fetuses in which l ung haemorrh age was found in a s ing le section 

were studied in serial sections through the remainder of the body.  Several new 

haemorrhagic foci were found at a depth of 4 to 9 mm in both lungs in two of these 

fetuses and in on ly  one lung of the third fetus (F igure 4 . 1 9 ) .  Al l  haemorrhagic foci are 

seen subpleural l y  in  the cauda l  half of the l ungs with d iameters ranging from about 

0 .03 to 0. 1 4  m m .  

I n  one o f  t hese fetuses, additional haemorrhage was also seen i n  the skin (F igure 

4. 20), face and l iver at depth of 5-6 mm from dorsal surface of body.  

I n  the three fetuses in  which no haemorrhage had been previously found in  any 

tissue, on ly  one haemorrhagic focus became evident. This was at a depth of  5mm in  

the lung of  the 2 2  day o ld  fetus. 
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Table 4 . 1  Effects o n  rat fetuses in the last third of gestation exposed indirectly or 
directly to 6 minutes of pulsed Doppler u ltrasound. 
Effect of varying m echanical index (MI ) including control (MI 0.0) according to the 
p resence of haemorrhage in lung or non · lung tissue. A fetus with haemorrhage i n  lung 
ti ssue,  non ·lung tissue, or in  both lung and non - lung tissues are counted as a fetus 
with any haemorrhage. The risk ratio and odds ratio are shown for fetuses at each Ml 
of ultrasound exposu re, to identify the risk of any fetal haemorrhage produced at 
different levels of exposure. Fetuses marked with an asterisk "*R" are excluded from 

the analysis (see Chapter 4 ) . Rats ma rked "Rd " h ad their fetuses exteriorised and 
exposed directly. 

MI Rat No. of Fetal age Fetal length No. of fetuses No. of fetuses No. of fetuses Risk Odds 
fetuses (days) (mm) with lung with with any rat io ratio 

haemorrhage non-lung haemorrhage 
haemorrhage 

Re1 5 1 6 . 0  1 5 . 0  0 3 3 

R2 6 1 8 . 0  2 3 . 0  0 

R3 6 2 1 . 0  3 2 . 0 0 0 0 

R4 6 2 2 . 0  4 0 . 2  0 

Re4 6 2 2 . 0  4 1 . 5 0 1 1 

1 . 0 R8 7 1 8 . 0  2 0 . 8 2 2 2 . 4  2 . 9  

R9 6 1 6 . 0  1 2 . 3  0 1 1 

R 1 6  6 1 9 . 0 2 6 . 8  2 0 2 

R20 6 1 9 . 0  2 6 . 0  1 2 

Rd25 5 2 1 . 0  3 1 . 5 0 0 0 

Rd26 6 1 8 . 0  2 0 . 7  4 4 

Re3 7 1 7 . 0  1 7 . 5  3 4 

R5 6 1 9 . 0  2 6 . 4  1 2 

R6 6 1 8 . 0  2 1 . 2  1 1 
0 . 6  R7 6 1 8 . 0  2 1 . 3 2 2 3 2 . 7  3 . 8  

R21 6 1 9 . 0  30 . 6 1 2 2 

Rd22 6 2 1 . 0  3 4 . 5  0 0 0 

Rd28 6 2 1 . 0  3 7 . 0  0 0 0 

R 1 0  5 1 8 . 0  2 0 . 2  2 2 2 

R 1 1  5 1 8 . 0  2 0 . 4  1 2 

0 . 5  R 1 2  5 2 1 . 0  3 6 . 0  0 0 0 

R 1 3  6 2 1 . 0 3 3 . 8  0 0 0 2 . 7  3 . 7  

R 1 4  6 1 9 . 0  2 6 . 6  1 • 1 2 

Rd24 6 1 8 . 0  2 1 . 7 2 2 3 

" R pd29 6 1 8 . 0  2 1 . 0 2 4 5 

Rce1 6 1 8 . 0  2 4 . 0  0 0 0 

Rc1 6 1 8 . 0  2 3 . 0  0 

Rc2 5 1 6 . 0  1 3 . 5  0 1 1 

0 . 0  Rdc6 6 1 9 . 0  2 8 . 7  0 0 0 

Rdc7 6 1 8 . 0 2 1 . 7 0 1 1 

· R d c 8  6 1 9 . 0  2 5 . 5  2 2 4 

" R c 2 3  6 1 9 . 0 2 4 . 6  2 
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Table 4 . 2  Location of non- lung fetal haemorrhages. 

L o c a t i o n  

Head - skin 

Head - muscle 

Head - developing bone 

L i v e r  

Axi l l a  - skin 

Axi l l a  - muscle 

Neck - muscle 

Parascapular region - sk in  

Parascapular region - m uscle 

Parasacral region - skin 

No of regions % of total number 
with haemorrhage of haemorrhagic 

regions  

7 

4 4 8 . 0  

3 

6 2 0 . 6  

6 . 8  

3 . 4  

2 
1 4 . 6  

2 

2 6 . 8  
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Tablf 4,3 Percentage of rat fetuses with lung, non-lung or any haemorrhage exposed to 6 minutes 
of pulsed Doppler u ltrasound of varying mechanical i ndices (MI ) .  
Fetuses are exposed indirectly or d irectly. 

M I  Lung Lung Lung Non-lung Non-lung Non-lung Fetuses Fetuses Fetuses 
haemorrhage haemorrhage haemorrhage haemorrhage haemorrhage haemorrhage with any with any with any 
by indirect by direct by indirect by indirect by direct by indirect haemorrhage haemorrhage haemorrhage 

exposure exposure and direct exposure exposure and direct by indirect by direct by indirect 
exposure exposure exposure exposure and direct 

exposure 

1 .  0 7 . 4  9 . 0  7 . 7 1 8 . 5 36 . 3 2 2 . 0 24 . 0 36 . 3 2 6 . 1 

No . of fetuses 5 4  1 1  6 5  5 4  1 1  6 5  5 4  1 1  6 5  

0 . 6  1 9 . 3  0 . 0  1 3 . 9  2 9 . 0  0 . 0  2 0 . 8  3 8 . 7  0 . 0  2 7 . 9  

No .  o f  fetuses 3 1  1 2  4 3  3 1  1 2  4 3  3 1  1 2  4 3  

0 . 5  1 4 . 8  3 3 . 3  1 8 . 4  1 4 . 8  3 3 . 3  1 8 . 1  2 2 . 2  50 . 0 2 7 . 8  

No .  o f  fetuses 2 7  6 3 3  2 7  6 3 3  2 7  6 3 3  

0 . 0  0 . 0  0 . 0  0 . 0  1 1 . 7  8 . 3  1 0 . 3  1 1 . 7 8 . 3  1 0 . 3  

No . of fetuses 1 7  1 2  2 9  1 7  1 2  2 9  1 7  1 2  2 9  
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Table 4.4 Distribution of fetuses by age, as a percentage of total  fetuses 
within each m echanical index (MI ) exposure group. 

M I  1 6  days 1 7  days 1 8  days 1 9  days 2 1  days 22 days 

( No) ( % )  ( % )  ( % )  ( % )  ( % )  ( % )  

1 . 0 1 6 . 9  0 . 0  2 9 . 0  1 8 . 4  1 6 . 9  1 8 . 4  

( 6 5 )  

0 . 6  0 . 0  1 6 . 2 2 7 . 9  2 7 . 9  2 7 . 9  0 . 0  
( 4 3 )  

0 . 5  0 . 0 0 . 0  4 8 . 4  1 8 . 1  3 3 . 3 0 . 0  
( 3 3 )  

0 . 0  1 7 . 2  0 . 0  62 . 0  2 0 . 6  0 . 0  0 . 0  
( 2 9 ) 

Chapter 4 . 8  



Table 4. 5 Percentages of fetuses with lung, non- lung and any 
haemorrage at each fetal age within each mechanical index 
(MI) grou p .  

M I  Age (days) No of fetuses Fetuses with Fetuses with Fetuses w ith 
l ung non-lung any 

haemorrhage haemorrhage haemorrhage 

(%) (%) (%) 

1 6 1 1  0 . 0  2 7 . 2  2 7 . 2  

1 7 0 

1 . 0  1 8 1 9 1 0 . 5  3 6 . 3  3 6 . 3 

1 9 1 2 1 6 . 6  8 . 3  3 3 . 3  

2 1  1 1 0 . 0  0 . 0  0 . 0  

2 2  1 2 0 . 0  1 6 . 6  1 6 . 6  

1 6 0 

1 7 7 1 4 . 2  4 2 . 0  5 7 . 1 

0 . 6  1 8 1 2 2 5 . 0  2 5 . 0  3 3 . 3  

1 9 1 2  1 6 . 6  1 6 . 6  3 3 . 3  

2 1  1 2 0 . 0  0 . 0  0 . 0  

2 2  0 

1 6 0 

1 7 0 

0 . 5  1 8 1 6 3 1 . 2  3 1 . 2  4 3 . 7  

1 9 6 1 6 . 6  1 6 . 6  3 3 . 3  

2 1  1 1 0 . 0  0 . 0  0 . 0  

2 2  0 

1 6 5 0 . 0  2 0 . 0  2 0 . 0  

1 7 0 

0 . 0  1 8 1 8  0 . 0  1 1  . 1 1 1  . 2  

1 9 6 0 . 0  0 . 0  0 . 0  

2 1  0 

2 2  0 
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Figu re 4 . 1 Lung development at 1 6  days i n  a rat fetus. The futu re  gas- conducting 

portio n  of the lung has formed by bra nch i ng of the lung buds within the enclosing 

m esenchym e .  

R at R c 2  ( Fetus F 1 ) : d o rsa l  l o ng itud i n a l sect i o n  t h r o ug h t h e  e n t i r e  l u ng i n  t h e  rat . 

R i g ht l u n g  ( r ) ; l e ft l u n g  ( 1 ) . M a g nif i c a t i o n :  x 2 6  
( H a e m atoxyl in/Eos in  stai n i ng ) .  

C h a pt e r  4 .  1 0 



G LAN DU LAR STAGE 

16d 

CANA LICULAR STAGE 

1 8d 

SACCU LAR STAG E 

2 1d 22d 

F igure  4 .  2 Lung development in the l a st third of gestati o n- G e stat ion  a g e  i n  d a ys . ( i )  

1 6  d ays ( Re 1 -F 1 ) :  M a g n i f i cati o n :  x4 3 .  ( i i )  1 7  d ays ( R e 3 - F 1 ) :  H i g h  c o l u m n a r  

resp i r atory e p ithe l i u m  ( re ) .  M ag ni f i cat ion : x 2 1 5 .  ( i i i )  1 8  d ay s  ( R d 2 6 - F 1  ) :  

M ag ni f i cati o n :  x 2 1 5 . 

( iv )  1 9  d ay s  ( R 5 - F 2 ) :  M ag n i f i cati o n :  x 2 1 5 .  (v) 2 1  d a ys ( Rd 2 2- F 3 ) :  M ag n i f i c at i on 

x 2 1 5 . (v i )  22 d ays ( R4- F 2 ) : A i r  s p a ce ( a s ) . M ag n i f i c at i o n :  x 2 1 5  

( H a e m atoxyl i n /Eosi n stai n i ng ) .  
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1 1  pneumocyte 
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Canalicular stage 
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_ _  t _ _ _ _ _ _ _ _ _ 

Figure 4. 3 Differentiation of the terminal respiratory epithelium in the last third of rat 

gestation (diagramatic view adapted from Farrell ,  1 982) .  
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F igu re 4 . 4  U nifocal fetal lung haemorrhag e .  R a t  R 1 6 ( Fetus F 3 ) :  H ae m o rr h a q i c  reg i o n  

_( hm ) . M ag n i f i cat io n :  x43 0 .  ( H ae m ato xy l i n/Eos i n sta i n i ng ) .  

C h a pte r  4 .  1 3 



Figure 4 . 5  Multifocal  fetal lung haemorrhage . R at R 5  ( Fetus F 5 ) : (A)  M ag n i f i c at io n :  

x 2 6 .  ( H a e m atoxyl i n /E o s i n  stai n i ng ) .  Rat R 1 6 ( Fetus F 3 ) :  ( B )  M ag n if i cati o n :  x 1  0 8 .  

( H a em atoxyl i n/Eos i n sta i n i ng ) .  

H ae mo r r h a g i c  reg i o n  ( hm ) .  

Ch apter  4 .  1 4 



F igure 4 . 6 Multifocal fetal lung  haemorrhag e .  Rat Rd 2 6  ( Fetus F4) : ( A )  M ag n i f i c at i o n :  

x 1  0 8  ; ( B )  d e e p e r  lung  s e ct i o n .  M a g n if i cat i o n :  x 2 1  5 .  

( H ae m atoxyl i n /Eosin stai n i ng ) .  

H ae morrha g i c  reg ion ( hm ) .  

C h apter  4 . 1 5 



F igure 4 . 7  Multifocal  fetal l u n g  haemorrhage with grouped foci . Rat R6 ( Fetus F 5 ) :  

H a e m orrh ag i c  focus ( hf) . M ag n i f i c a t i o n : x4 3 0 .  ( H ae m atoxy l i n /E o s i n sta i n i n g )  . .  

C h apter  4 .  1 6 



Figure 4 . 8  Location of rat fetal lung h aemorrha g e .  Rat R 5  ( Fetus F 5 ) :  H ae m o rrhag ic  

focus ( hf ) ; r i b  ( r )  ; lung apex (Ap)  ; l iver ( Lv)  ; d i a p hragm ( d ) . M ag n if i cati o n  26x .  

( H ae m atoxyl in/Eos in  stai n i n g ) .  

C h apter  4 . 1 7 



F igure 4 . 9  S evere vasocongesti on in  

M a g n i fi c at i o n :  x 2 1 5 .  Rat R c 7  ( Fetus F 6 )  

( H a e m atoxyl i n /Eos in  stai n i ng ) .  

fetal lungs .  Rat R d 2 4  ( Fetus 

( B )  M ag n if i cat i o n :  x 2 1  5 .  

F 3 ) :  ( A )  

C h a pter 4 .  1 8 



Figure 4. 1 0 Multifocal rat fetal  haemorrhage in the head.  R a t  R 1 1  ( Fetus F 6 ) :  (A)  M ag nif i cati o n : x 2 5 .  (B )  M a g n i fi c ati o n  2 . 7x .  H a e m o rrha g i c  reg i o n  (hm) ; h a e morrh a gi c  focus (hf) . 

( H ae m atoxyl i n/Eos i n  sta in ing ) .  

C h ap te r 4 . 1 9 



A· 

F igur e  4 . 1 1  Sol itary rat fetal haemo rrhage in  the occipital part of head.  Rat  R e 3 ( Fetus 

F 2 ) :  (A)) M a g n i f i c at io n :  x4 3 .  ( 8 )  M a g ni f i c ati o n : x 2 1 5 . 

H a e m o rrhag i c  r e g i o n  ( h m ) ;  bone t issue (b ) . 

( H a e m atoxyl i n/Eos i n  sta in ing ) .  

C h a pt e r  4 .  2 0  



Figure 4 . 1 2  Solitary haemorrhage in the neck . R at R e 2  ( Fetus F 1  ) : (A) Mag n i f i c a ti o n :  

x26 . ( B )  M ag n i f i c at i o n :  x 2 1 5 .  

H ae m o r r h a g i c  reg i o n  ( h m ) ; bone t i ssue ( b ) .  

( H ae m atoxy l in/Eosin sta i n i n g ) .  
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Figure 4 . 1 3  H a emorrhage in parascapula r muscl e .  R at R 5  ( Fetus F 1  ) : ( A }  Mag nif i cat i o n  

x 1  0 8 .  ( B )  M ag nif icati o n :  x 2 1  5 .  

H ae mo rrhag i c  reg ion ( hm ) ;  b o ne t issue (b ) . 

( H ae m atoxy l i n/Eosin sta i n i n g ) .  

C h a pter  4 . 2 2  



• I 

Fiqure 4. 1 4  Haemorrhage i n  the fetal l iver .  Rat  R 2 0  (Fetus F 3 ) : ( A )  M a g n i fi cati o n :  
x 1  0 8 .  ( B )  M a g nif i cat io n :  x 2 1 5 . 

H a e m o rrhag i c  r e g i o n  (hm ) .  

( H a e m atoxyl in/Eos in  stai n i ng ) .  

Ch apter 4 . 2 3 
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Figure 4. 1 5  Percentage of fetuses with haemorhage i n  the lung, i n  
tissues other than lung and in a l l  locations, both directly and 
i n directly exposed, at each level of mechanical index u sed. 
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Figure 4 . 1 6  S PSS logistic regression method applied to the results for any fetal 

haemorrhage i n  all fetuses ( indirectly and directly exposed ) for the 4 different 

levels of mechanical index M l .  (A) Effects of method of exposure on the incidence of 

any fetal haemorrhage per e ach exposure group; 1: ind i rectly exposed fetuses, 0: 

directly exposed fetuses (B) Effect of mechanical index, M l  and fetal age on 

haemorrhage ;  R: regression coefficient ;  Exp (B) : l og isti c  odds ratio.  
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Figure 4.17 The effect of method of exposure on the incidence of fetal haemorrhage. 
Percentage of fetuses with haemorhage in the lung (A), in tissues other than lung (B) and 
in all locations(C), in indirectly (i), directly (d) and combined indirectly and directly (i+d) 
exposed fetuses at each level of mechanical index used. Chapter 4 .  2 6 
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Figure 4.18 Fetal age and the incidence of haemorrhage. 
The percentage of fetuses with lung (A), non-lung (B) and any haemorrhage 
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F igu re 4 . 1 9 Lung haemo rrhage i n  a ventral trunk section of a seri a l ly  sectioned 

fetus .  R 1 6  ( F 3 ) :  M ag n if i cat i o n :  x 2 6 .  H a e m o rrh a g i c  focus ( hf)  in  a t h i n  ventra l  

sect i o n  of  left l u n g  ( I )  and a c cesso ry lobe ( ac ) . 

H e a rt ( Ht) . 

( H a e m atoxyl i n/Eos in  sta in i n g ) .  

C h a p t e r  4 .  2 8 
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Figu re 4 . 2 0 Haemorrhage i n  the s k i n  of a ser ia l ly  s e ct ioned fetu s .  

Rd 2 6  ( F 3 ) :  M ag n i f i cat i o n :  x 1  0 8 .  H a e m o rrhag i c  re g i o n  (hm) . 

E p i d e r m i s ( e p ) ,  d e r m i s  ( de ) ,  s u b cut is  ( se )  and m u s c l e ( m s )  

( H ae m atoxy l in /E o s i n  sta i n i n g ) .  
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Chapter 5 

DISCUSSION 

5 . 1  Experimental methods as a model of clinical conditions 

5 . 1 . 1  Experimental equipment 

Previous research on possible tissue d amage caused by ultrasound has used a 

customised transducer under laboratory cond itions, rather than a c l in i cal machine . 

This study therefore d iffers from that of  Chi ld et a l .  ( 1 9 90) ; Penney et a l .  ( 1 993 ) ;  

Dalecki et  a l . ( 1 997  A)  in that the transducer w as manipulated by the contro ls of a 

regular machine that could also provide a screen i mage o f  the region being exposed . 

The transducers selected for this study were P5-3 and P7-4 which are commonly 

used in c l in i cal d iagnostic u ltrasound exam inations (Chapter 2 ) . 

The exposure levels were a lso typ ica l  for cl ini cal use, regarding their  type (pulsed 

Doppler) , location (a model for echocard iography and o bstetrical use ) and duration .  

5 . 1 .2 Mechanical index ( M I )  as  a threshold parameter 

Previous studies on tissue effects measured acoust ic  pressure at the surface by 

a means of a h ydrophone (Hartman et a l . ,  1 990 ; Dalecki et al . ,  1 997 A; Dalecki et 

a l . ,  1 9978; Coleman et al . ,  1 998 ) .  This study has instead used mechanical  index (M I ) .  

U ltrasound m achines d isp lay this parameter, as a function o f  acoustic pressure and 

frequency of the sound w ave,  on the screen (Harris, 1 996) .  lt is calculated for the 

frequency and focal depth of  each transducer type. By changing the setting on the 

m achine, variations in M l  sufficient to determine threshold levels of exposure are 

possib le (AUIM,  1 992) . Th is  method has the special  advantage that it provides 

i nform ation to the u ltrasonographer enabl ing control of  the exposure levels. 

5 . 1 .3  Adjustment of the ultrasound machine for use with small laboratory animals. 

The choice of the rat as an experimental model p resented a special problem .  The 

average depth of its chest ( location of the lung surface) and abdominal  wa l l  ( location 

of fetuses) is a bout 5 m m .  The desired i ntensity of u ltrasound expressed as a varying 

value of Ml has to be achieved at the focal depth of  the transducer. However, the 

focal d epth of any part icular transducer is  over 1 Omm .  This problem was overcome 

by the use of  standoff medium (Chapter 2 )  that effectively p laced the desired focal 

po int further from the transducer. The value of Ml on the screen of an ultrasound 
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machine is calculated for average tissue ( l iver-l i ke soft tissue} attenuation , which i s  

assum ed to  be 0. 3 d B  cm-1 M Hz- 1 (derati ng factor} (A lUM,  1 9 9 2 } .  Because the standoff 

med ium has an attenuation of  essentia l ly  zero, M l  values used i n  this study are 

underesti mated for this derating factor .  The extent of this error cou ld  not be 

est i mated but wi l l  be smal l  (A l U M ,  92} .  S ince it appl ies across all exposures, this error 

should not affect the signifi cance of the results. 

5.2 Damage in adult rat lungs 

5 .2 . 1  Lung haemorrhage 

In this study lung haemorrhage, as seen by l ight m icroscopy, was a pathological 

change in exposed lung tissue . The threshold for this lung haemorrhage was 

consid ered to be between Ml 0 . 5  and 0 . 6 .  Three aspects of  the f indings suggest that 

these haemorrhages are indee d  due to ultrasound exposure : 

i )  There is a g reater risk of haemorrhage with higher levels of exposure . 

i i )  The location of haemorrhages was commensurate with the position of the 

transd ucer on the dorsal surface of the thoracic wal l ,  being predominantly in the r ight 

cauda l  lobe.  Also the location w ithin the lung was predominat ly subpleural . Subpleural 

hae m o rrhage has previously been recorded as a result of ultrasound exposure in adult 

lung ( Penney et al . ,  1 993 } .  

i i i }  The  highest proportion of doubtful haemorrhage o ccurred at exposure levels 

i m med iately above the threshold . Since this was in part d ue to doubt in interpreting 

severe vasocongestion which m ight wel l  precede haemorrhage in  exposed lung tissue, 

this result could represent further evidence that ultrasound can cause l ung 

haem orrhage.  

Anaesthesia and lung haemorrhage 

General anaesthesi a  affects both the dam and the fetus, and it is i mportant to 

rea l i ze  the consequences (Fiecknel l ,  1 996} . The most o bvious result is to induce 

hypoventi lation of the dam (Dawes, 1 968 ) .  

Pentobarbital is the recom mended anaestheti c  fo r  m in imal cardiovascular 

depression ( Fish , 1 997;  Wixson and Smi ler, 1 997; Chesterfield and Parton, 1 997 } .  

Prev ious u ltrasound research on anaesthetized anim als has  used most ly Ketamine 

(Hartman et al . ,  1 990; D alecki et al . ,  1 997 A ; Tarantal and Canfie ld ,  1 994} or  

Pentobarbital (Dalecki et  al . ,  1 997B} .  The possibi l ity that anaesthesia can contribute 

to haemorrhage has not previous ly been d iscussed.  In the present study, as in earl ier  

work,  anaesthetized animals were used as sham controls and exhibited no significant 

rate of haemorrhage, suggesting that anaesthesia was not a signifi cant contributing 

factor .  
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5 .2.2 Possible sources of variations within experimental groups 

Pregnanc y  

Most the rats used i n  this study were pregnant (Table 3 . 1 ) .  To reduce the 

number  of experimental animals, pregnant rats were used to i nvestigate the effects 

of ultrasound on both adult and fetal  lungs. The number of nonpregnant rats used 

was insufficient to d etermine if pregnancy influenced the sensitivity of lung tissue to 

u ltrasound .  Haemorrhage could be more prevalent in lungs with a greater blood flow 

as in pregnancy ( Weir  and Reeves, 1 989) . Such a d ifference has been demonstrated 

in rats exposed to ozone, where lung damage is g reater in pregnant rats (Gunnison 

and F inke lstein, 1 99 7 ) .  Studies of the effect of pregnancy on l ung damage d ue to 

ultrasound have not yet been made.  

Variations in experimental procedures on experimental rats 

Compared to other rats, those i dentified in Table 3 . 1 as " Rd  " were under 

anaesthesia 30-40 m inutes longer, because they had their fetuses exteriorised by 

laparotom y  for d i rect exposure to ultrasound . The number of these rats ( 4  exposed 

and 2 controls) was too smal l  to a l low comparison of how this procedure may have 

influenced the results in their lungs .  Although the bodies of preg nant rats overal l  were 

exposed several ti mes,  the lungs were exposed d i rectly only once and the other 

exposures were on the fetuses . lt is not expected that this difference could affect the 

results . 

5 . 3  Damage in  the tissues of rat fetuses 

5 . 3 . 1  G eneral observations 

This study appears to be the f irst to observe a morphologica l  effect by diagnostic 

levels of  pulsed Dopp ler ultrasound exposure on fetal tissues, particulary lungs. 

Previous researchers ( Dalecky et a l . ,  1 997 A) induced haemorrhage in  fetal lung and 

other fetal tissues by the much higher energy levels produced by a therapeutic 

ultrasound source used for l ithotripsy.  Also, the present study appears to be the fi rst 

to apply a d i rect method of exposure to fetuses.  

S ince 1 88 rat fetuses were investigated in the present stud y, i t  was necessary 

to develop a method of sectioning the fetus for h istology (Chapter 2) that could 

enable both lungs, and all adjacent tissues includ ing the head,  to be studied from a 

sing le section. A section of the fetus in the dorsal plane achieved this wel l  w ith the 

additional  advantage that the lungs were not d isturbed by d issection. The time

consum i ng removal of the lungs a ided by a d issection microscope, as by Dalecky et 

a l .  ( 1 9 9 7  A), was thereby avoided . 
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5 .3.2 Fetal lung haemorrhage 

Since neither M l  setting, nor the d i rectness of exposure of fetuses, had a 

consistent effect on the incidence of haemorrhage in  the lung, even low levels of 

exposure appear to be effective in causing haemorrhage.  That d i rect exposure of 

fetuses caused no more damage than ind i rect exposure was an unexpected result. 

Results from d i rect exposure of exterior ised fetuses have not been previously reported . 

Dalecky et al . (  1 997  A)  exposed fetuses of m ice l ate in gestat ion ( 1 8  days) with 

l ithotripter u ltrasound i ntensity. They found haemorrhages on the surface of the lungs 

which appeared as an evenly spaced row of dots correlated spatia l ly  with the areas 

of  insertion of the r ibs at either the sternum or vertebrae. The threshold for these 

haemorrhages was 1 M Pa which is s im i la r  to the threshold for hae morrhage in adult 

mouse lung ( Hartman et al . ,  1 990) .  This result agrees with the present f indings of 

petechia l  s ize haemorrhage ,  its sharp d e marcation from surrounding tissue and its 

subpleural location . The f ind ing that haemorrhage was located only in  the caudal lobe 

of the lung could be explained by the attenuation of the thick muscle and reflection 

from the bones of the forel imbs .  Also, advanced m aturation of the cranial lobe in 

histological development (Farrel l ,  1 982 )  could affect the result .  

5.3.3  Haemorrhage in  fetal tissues other than lungs 

The r isk of haemorrhage was signif i cant in non-lung tissues as wel l  as i n  lungs. 

Mostly, haem orrhage was located in the head (Table 4 .2 ) ,  in the skin and muscle. Al l  

haemorrhages in  the head were located close to developing bones, as were those in  

the proxim al forel imb,  suggesting a ref lection or  boundary effect. Vykhodtseva et  al . 

( 1 99 5 )  have found haemorrhage and tissue damage in rabbit brain produced by high 

power pu lsed u ltrasound (0 ,9- 1 . 7 2  MHz ) .  In  the present study no haemorrhages were 

found in  neural tissue, even though the brain had developed into a relatively large 

organ in the fetuses stud ied .  

The l iver  was the second most com mon location of non-lung haemorrhage.  

Dalecki et  a l .  ( 1 997 A) d i d  not report l iver  damage . In  the present study, 

haemorrhages in the l iver,  evidenced by irregular shaped col lections of blood cel ls 

apparent ly enclosed within endothel ia l  w al ls, were not easy to see. 

5 . 3 .4 The effect of age on fetal haemorrhage 

All fetuses used in this study were in the last trimester, from 1 6  to 22 days o ld . 

Although there was a reasonably even d istri bution of ages over a l l  fetuses used , this 

was not so w ithin and between the levels of exposure (M I )  and in the controls (Table 

4.4) .  The results for al l  va lues of M l  (0 . 5 , 0.6 and 1 .0) show that the highest risk of 

haemorrhage in the lungs was for fetuses at the canal icu lar  stage of lung development, 

and that the number of lung haemorrhages decl ines subsequently .  
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The morphological events occurring in  this period [Figure 4 . 2  (Chapter 4) ]  are : 

( i )  i ncreasing vascularisation, characterised by completion of pre-acinar  blood vessels 

within loose m esenchymal tissue and the invasion of the developing acini by 

capi l laries (Fare l l ,  1 982 ) .  The vascularisation process occurs in a centripetal fashion, 

with the l ast phase having extension to the respiratory bronchioles.  

( i i ) The transitio n  to the saccular stage of lung development (Plate 1 )  i n  which loose 

mesenchymal t issue is reduced and the saccular spaces are f i l led with "fetal 

pu lmonary f lu id " .  

( i i i )  The thoracic wal l  becomes thicker with development of intercostal muscle .  

There was also n o  lung haemorrhage in the youngest fetuses, at  1 6  d ays of gestation .  

At  this stage, the vascularisation of  the mesenchyme was not apparent. 

This  stud y  therefore suggests that the risk of haemorrhage from ultrasound 

exposure is g reater at certain stages of l ung development. Confi rmation of this wi l l  

require careful t iming of gestational age in  future experiments. Fetuses would be 

better studied at the t ime of most risk, apparently at 1 7  to 1 9  d ays . By standardising 

age, a better com parison of fetuses exposed to varying intensity of u ltrasound would 

be possi b le .  

Tissues other than lung were also less sensitive to haemorrhage in the older 

fetuses. 

5.4 Possible pathophysiology of haemorrhage produced by ultrasound 

The pathophysio logy of u ltrasound induced tissue d am age is unknown, despite 

more than 30 years of using of ultrasound in medicine and several morphological 

studies on exposed animal models. Even in extracorporeal shock wave l ithotripsy, the 

physical p rocess by which kidney stone comminution is  induced is not well 

understood (C leveland et a l . ,  1 998) .  

5.4. 1 Cavitation hypothesis 

Cavitation includes a variety of phenomena and processes unique to biophysical 

ultrasonics (M i l l er et al . ,  1 996) .  lt may be considered general ly as an interaction 

between an ultrasound f ie ld and any gaseous inclusion in  a l iquid med ium (Mi l ler and 

Thomas, 1 99 5 ) .  For example, a form of c avitation cal led gas-body osci l lation occurs 

when preexisting bodies of g as or gas bubbles are exposed to ultrasound . When the 

acoustic pressure varies rapid ly, equi l i brium between the pressure in the bubbles and 

the pressure in the l iquid surrounding them may not have t ime to o ccur, and some 

bubbles wi l l  col l apse producing a large gas pressure and marked local  heating (F l int 

and Susl ick, 1 9 9 1  ) .  
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Tissue damage is caused by the impact of high-speed l iquid jets striking surfaces, 

producing tiny p its or  craters on the d ifferent tissue layers with a mechanical lysis of 

the cel ls  (Tavakkoli et al . ,  1 997 ) .  A lso there is evidence for production of free radicals 

during coll apse of cavitation g as bubbles in ultrasound 

exposed l iquids which could have i mplications in cel l injury (Christman et a l . ,  1 987 ) .  

The state of  g as nucleation of tissues and o rgans in vivo i s  not we l l  understood 

Mi l ler  et a l . ,  1 99 6 ) .  Because previous studies of adult and fetal mouse l ung and 

intestine suggested that only tissues in which gas was present showed haemorrhage 

(Hartman et al. , 1 990 ; Dalecki et al . ;  1 99 5 )  cavitation was a l i kely mechanism for 

tissue damage by u ltrasound . Later, Dalecki et al . ( 1 997 A)  found a significant 

proportion of ultrasound exposed fetuses w ith l ung and non-lung haemorrhage. This 

result could not support cavitation as the only or pr imary pathomechanism of 

ultrasound produced tissue damage.  As inform ation accumulates it becomes less 

apparent that cavitation is responsible for lung haemorrhage (personal correspondence 

with Prof. Carstensen from the Rochester University Research Group, USA) .  

The results of the present study do not support cavitation as a prim ary cause of 

hae morrhage but this does not completely  e l im inate its possi ble involvement . 

The highest proportion of haemorrhage was 64 % in adult ( M I  1 . 0) and 1 8 .4  % ( M I  

0.5 )  in fetal rat lung . The result for fetal lung is  based on find ing haemorrhage from a 

tissue section at a single depth (Chapter 2 ) .  With serial sectioning to deep levels, more 

haemorrhage is l i ke l y  to be located ,  and the actual incidence may be h igher making 

cavitation, based on the presence of air interfaces, an even less l ikel y  cause . 

The present study shows that because haemorrhage in  fetal l ung is age 

dependent, an experi ment comparing adults with fetuses c lose to the ful l  term (without 

haemorrhage) would be l ike ly to support the cavitation hypothesis.  An experi ment 

using 1 8 day o ld fetuses would fai l  to support the concept, since they are l ikely to 

show l ung haemorrhage.  

In  future, the d evelop ment of a method to detect cavitation in vivo in  d ifferent 

tissue exposed to ultrasound would be useful to check the cavitation hypothesis . The 

fo l lowing methods h ave been used in vitro: 

( i )  The measurement of hydroxyl free radical concentration resulting from acoustic 

cavitation col lapse i n  aqueous terephthal ic acid solution (Christman et al . ,  1 987) . 

( i i ) Magnetic resonance i maging of ultrasound fields used to visual ize long itudinal 

acoustic wave propagation in tissue, by mapping the minute parti cle d isplacement that 

accompanies propagating ultrasound waves (Walker et a l . ,  1 998) . 

5.4.2 Hypothesis on  the association of developing bone with fetal 

haemorrhage. 

D alecki et a l .  ( 1 997 A) found a significant p roportion of h aemorrhage i n  1 8  day 

but not 9 d ay old rat fetuses. The haemorrhages were found associated w ith tissues 
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near developing bone or  carti lage. In 9 day fetuses there was no skeletal develop ment 

and therefore no calcification of the primord ial e m bryonic bone or cart i lage. 

I n  the present study,  most fetal haemorrhage w as also seen associated with 

developing bone or cart i lage .  However, the lack of haemorrhage in 2 1  day old fetuses 

and the low incidence in 22 day old fetuses indicate that presence of harder tissues 

does not have a prim ary i nfluence on the incidence of haemorrhag e .  

5.4.3 Speculations on possible pathomechanisms 

Vulnerability of tissues 

The present study reports d ifferences in the proportions of haemorrhage between 

adult lung and fetuses of different ages. This may occur because of effects of 

morphological ly d ifferent tissues on propagation speed, attenuation and reflection of 

ultrasound waves (Chapter 1 ) .  

The frag i l ity o f  blood vessels,  when affected b y  ultrasound, m a y  also depend on 

their support by the connective tissue matrix within the different tissues that they 

supply. Also, haemorrhage is l i ke ly to be more prevalent in  t issues with a high 

capi l l ary density, especia l ly  so in lung t issues ( Astrand and Rodahl ,  1 98 6 ) .  

Adult lung with a m osaic o f  ai r-tissue interfaces wi l l  have m any abrupt changes 

in  propagation speed,  and attenuation, and opportunities for reflection.  Capi l l aries in 

fetal lung may be better supported at the saccular stage when they might be 

protected by fetal lung f luid . 

Site of extravasation 

Penney et al . ( 1 9 93) provided l ight and e lectron microscopic evidence that 

haemorrhage in lung caused by ultrasound arose from capi l laries within alveolar septa, 

resulting in blood cells free in alveolar spaces. This observation is confi rmed in the 

present study although w ithout the benefit of e lectron m icroscopy.  

Heat 

Petechia-l ike haemorrhages were seen in feta l  l u ng in  the present study, as wel l  

as in a study on mouse intestine by M i l ler and G ies ( 1 998)  using a low power l evel 

of continuous ultrasound (400 kHz) as used in physiotherapy .  They considered that 

the petechiae were due to local heat ing . They also used low power pulsed ultrasound 

of the same frequency and produced h aemorrhages l arger than petechiae which were 

considered attributable to cavitation .  Tissues such as m uscle and l iver, lacking gas 

bodies and marked interfaces, m ay be heated by u ltrasound exposure ( M i l ler and 

Gies, 1 998 ) .  Heat is  thus a possible factor in the p athomechanism of non-lung fetal 

haemorrhage found in p resent study. However to test a heating hypothesis, there are 
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d ifficulties i nherent in measuring the heat produced, both during and fol lowing 

exposure, because of interference by the measuring dev ice in the tissue . 

Relative motion 

A further hypothesis was advanced by Dalecky et al . ( 1 997 A) ,  invoking the 

motion of part ia l ly ossif ied bones, especial ly ri bs, relative to surrounding softer 

tissues . This  re lative motion may be sufficient to cause enough shear to tear frag i le  

b lood vessels in exposed mouse fetuses . 

In the present study no lung haemorrhage was found in 2 1 , 2 2  day rat fetuses 

in which the r i bs and vertebrae are wel l  ossified (Hebel  and Stro m berg, 1 986 ) .  

Blast injury 

Acoust ic  pressure is  a unique physical property of a sound wave (Chapter 1 )  and 

it  is used as a threshold parameter for ultrasound induced tissue damage.  From this 

point of view a comparison of blast lung injury and u ltrasound produced lung 

haemorrhage might be usefu l .  

Blast injuries to  l ungs  result in haemorrhages ( H i rsch and Zumwalt, 1 9 8 5 ) .  A 

sudden compression (pressure) wave p ropagates from a source through air (a i r  bl ast) 

or water (hydro-blast) . I njury to lungs is not a result of contusion from the impact of 

the ribs on the lung . Rather "extension strain forces" produced by d istortion of the 

wave front in passing through the acoustical ly heterogeneous r ib cage produce bands 

of l ung haemorrhage corresponding to the intercostal region. 

Dalecki et al . ( 1 997 A) concluded that fetal lung haemorrhage was associated 

with the r ibs rather than intercostal spaces. Fetal l ungs were examined grossly.  In  the 

present study,  the re lat ionships between the r ibs and l ung were maintained in the 

sections. Nevertheless there was no precise relationship apparent between the ribs and 

haemorrhage location (Figure 4 .  7) .  Haemorrhages did, however, occur subpleural l y  on 

the costal surfaces, but  as foci rather than bands that  m ight be compared to a blast 

injury effect from the r ibs .  

Reflection of  ultrasound waves ( Figure 1 .4) f rom an ultrasound beam passing 

through an acoustical ly heterogeneous rib cage could focus ultrasound power on the 

exposed lung surface resulting in the type of multifocal lung haemorrhage found in 

adult and fetal rat lung in p resent study.  

Rapid volume and pressure changes 

Exercise-induced pulm onary haemorrhage commonly occurs in  racehorses d uring 

severe exercise. Birks et a l . ( 1 997)  have shown that it results from stress fai lure and 

d isruption of pulmonary capi l lary endothel ium, presumably caused by h igh pressures 

across capi l l ary wal ls.  The threshold value of the capi l lary p ressure for the 

haemorrhage measured in that study was from 75 and 1 OOmmHg.  During exercise 
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when card iac o utput may increase five t imes or more, pulmonary capi l l ary pressure 

remains low because the pul monary circulation has a remarkable abi l ity to reduce its 

already low resistance (Widd ico m be and Davies, 1 99 1 ; Dawson et a l . ,  1 988 ) .  

U ltrasound induced haem orrhage is not attri butable to  a change in cardiac 

output, and it is  local  rather than general ise d .  Nevertheless, a comparable pulse of 

capi l l ary pressure might occur by rapid vasoconstriction of pul monary arterioles 

( Figure 3 .4) resulting from ultrasound stimulation of their smooth m uscle wal ls .  

Hyninen et a l .  ( 1 996)  demonstrated that short (1  s ) ,  high-intensity focused 

u ltrasound ( 1 .49M Hz) exposure can cause vascular spasm, and rupture with 

haemorrhage. U sing the magnetic resonance and x-ray angiograms they showed that 

the vessel d iameters re laxed back to their in it ia l  d iameter during the fi rst week after 

exposure . 

In  the present study vasostasis has been seen within capi l laries in haemorrhag ic  

regions of  adu lt  rat lungs, especial ly in association w ith doubtful haemorrhage 

(Chapter 3 ) .  As a result of sudden vasoconstriction, the pulse could be sufficient to 

rupture capi l lary wal ls in  a m anner s imi lar  to a 'water hammer" effect (Walshaw and 

Jobson, 1 97 2 ) .  A lung capi l l ary bed may be more susceptib le than systematic 

capi l l aries, since flow regulat ion is d ifferent within lungs (Widdico m be and Davies, 

1 9 9 1  ) .  

The find ing o f  free blood cel ls and plasma effusion within alveol i  i n  local ised 

parts of u ltrasound exposed adult lungs in the present study  is s imi lar  to the 

m icroscopical f inding in lungs w ith pul monary oedema ( Kobzik et al . ,  1 994) . If  the 

haemorrhage w as located in  we l l  inflated lung the alveola septa would be expected 

to be obviously thickened were pul monary oedema is present, but this was not so. 

Although p lasma effusion to the alveol i  was seen in adult lung in the present study, 

it was invariab ly  associated w ith free blood cells and the situation is not similar to 

that of pul monary oedema caused by circulatory interference ( Kobz ik  et al . ,  1 994) . 

Production of surfactant is found to be important in lung flu id  balance and 

the pathophysiology of pul m onary oedema.  Its severe d i lution with plasma effusio n  

within alveoli could cause the col lapse o f  the lung which i s  common in  pulmonary 

oedema ( Carlton and Bland , 1 99 5 ;  Morgenroth and Newhouse, 1 98 8 ) .  Also, col lapse 

of the haemorrhaged part of adu lt rat lung w as a common finding in the present 

study .  An increased secretion of surfactant occurs over the l ast third of fetal 

d evelopment, expecial ly in fetuses around b i rth ( Wasowicz et al . ,  1 996 ) .  This could 

have  a protective role for the o ldest fetuses, which did not show lung damage in  the 

present study .  But the presence of a combination of surfactant with gas within alveol i  

in  a dults could induce cavitation  during ultrasound exposure . This could explain the 

find ing of a higher risk to adult  rat lungs than to fetal lung in 2 1 -2 2  day old rat 

fetuses in the p resent study.  
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5.4.4 Ultrasound induced haemorrhage and the repair process 

Local  haemorrhage , such as that found in the present study, should be repaired 

in the same m anner as other local ised haemorrhages from various causes such as a 

common bru ise. Fol lowing haemorrhage, the erythrocytes are p hagocytised by 

macrop hages and haemoglobin is  eventual ly  transformed to haemosiderin by 

lysosomal  enzymes ( Robbins et al . ,  1 994) . 

After acute i njury, repairs to the vascular wal l  and its endothel ia l  l in ing are made 

by a physiological process. Sometimes, however, thickening as a healing response 

becomes exaggerated ,  resulting in i nt imal thi ckening hyperplasia, stenosis or occlusion 

of sma l l  and medium-sized blood vesse ls, and possibly a base for atherosclerosis 

(Schoen,  1 994) or  pul monary hypertension (Rounds, 1 9 89) .  In  l ungs with pu lmonary 

oed e m a  caused by ozone inhalat ion, a thickening of smal l  pu l monary arteries was 

found as a long-term effect (Friedm an, 1 98 8 ) .  

U ltrasound p roduced hae morrhage appears t o  involve only capi l l aries . Were there 

to be a risk to health from the repai ring of damaged endothel ia l  wal ls, an 

epidemiolog ical study of the fi rst p re- and neonatal ly exposed humans born in the 

1 960s would be a check on the safety of u ltrasound exposure . 

5 .4. 5 The animal as a model for humans 

One cannot i nfer that exposures to u ltrasound which produce e m bryonic and fetal 

effects in the mouse and rat would have the same results in the human (Brent, Jensh 

and Beckman, 1 99 1 ) . Different anim al species used as models are usual ly of d ifferent 

body size, and there are morpholog ical d i fferences in l ungs as wel l  as other organs. 

Apart from mice and rats there have been studies on non-human pri mates (Tarantal 

and C anfield , 1 994) and rabbits and pigs (O ' Brien and Zachary, 1 996 and Baggs et al . ,  

1 996)  that do not conclusively sho w that any  species is especia l ly  re levant to  humans 

However, mechanical injury is probably better extrapolated across species than are 

drug, m etabol ic,  and toxicolog ical effects for which ani mals are so often used . 

Tarantal and Hendr ickx ( 1 989)  investigated the potential  terato log ica l  r isk of 

d iag nostic u ltrasound on the fetuses of monkeys . Their equ ipment also closely 

mode l led the situations in humans. No long-term effects were found in these fetuses. 

5 . 5  Precautionary conclusion 

This study, i n  common w ith studies on other animals, has shown tissue damage 

by ultrasound exposure, and a d a m age threshold has been indicated for adult rat lung.  

The results in fetuses emphasize the complexity of examining these issues . Further 

studies are requi red with more precise experimental design especia l ly concerning fetal 

age, uniform level of exposure and fetal position. The fetuses of p igs and monkeys are 

recom mended as models for h u mans in further studies, because of their l arger size and 

closer physiological s imi larity to human infants (Tarantal et Hendrichx, 1 994; Tarantal 

Chapter 5 .  1 0 



and Canfie ld,  1 994; O ' Brien and Zachary, 1 996) .  

A number of  epidemiological studies ( Brent et  al . ,  1 99 1 )  have shown no long 

term effects on exposed humans. The benefits of using ultrasound in med icine is 

enormous, and manufacturers of u ltrasound m achines continue to compete in  

technolog ical development of new and more powerful m achines.  

The pathomechanisms of possible tissue damage by d i agnostic  and also by 

stone com minution by l ithotripter (Cleveland et al . ,  1 99 8 )  remain unknown, 

necessitating continued research into adult and fetal animal mode ls .  

I n  add ition, the repair mechanism of  damaged tissue, and the possi ble effects 

on nervous tissue (Vykhodtseva et al . ,  1 99 5 ;  Paneth, 1 998)  and D N A  (Doida and 

Mi l ler ,  1 9 9 2 ;  Anon . ,  1 9 9 9) warrant further investigation . Unti l  these q uestions have 

been answered,  care should be exercised in the use of ultrasound when it is used in 

patients with bleeding d isorders and in  pregnant women . Mechanical ind ices higher 

than 0 . 5  should be avoided during echocardiography and especia l ly  during obstetrical 

exam ination when pulsed Doppler ultrasound is use d .  

There is  insufficient evidence t o  make recom mendations f o r  o r  against routine 

ultrasound examination of low risk women in the second trimester (Anon . ,  1 9 9 7 ) .  The 

canal icu lar stage of human lung development happens in the second tr imester from 

1 6 to 2 6  weeks of pregnancy ( Valdes-Dapena, 1 97 9  and Farre l l ,  1 9 82) and in the 

present study most fetal rat lung haemorrhages were found in this stage of lung 

deve lopment.  Careful reference to the mechanical index display is necessary and if 

possi b le mechanical ind ices higher then 0 . 5  should be avoided during 

echocard iography and especia l ly d uring obstretrical examination when pulsed Doppler 

u ltrasound is used . 

The results of research on experimental ani mals should not be ignored . Neither 

should researchers engender panic a mong the publ i c  with the i r  results. 
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