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CONDI TI ONS OF Bl OLOG CAL Tl SSUES The present invention relates to a nethod
of determ ning characteristics of 5 biological tissues in humans and
animals. In particular, it relates to determ ning the characteristics of

ti ssues such as the lungs and airways by introducing a sound to the tissue,
and recording the sound. The invention further includes an apparatus
capabl e of sucMEEHOD ANENAPPERANISGFRORNDE TERMHRING\GORDDNOWS - Omvasi ve
determ nation of the condition qf biol o tissues is useful in

particul ar where the patient is%959@%3§%$ate or the tissue is

i naccessi ble for easy nonitoring. 15 Techni ques presently used in

determ ning the characteristics of biological tissues include x-rays,
magnetic r eﬁbﬂafbfesemlnﬁg'iengor(l VBldtesmnd a aoktbed saft dgecminiegiahgraciivsties asfe
general Ly ¢ and inyvol ve sone deqgree of risk which |s sual |

associ at‘r}/ed @BF EHS'SEE%S H\‘h%“laﬁ??”dr%'in%kcf” partichias, it sglatest 09C§??ﬁli§nlﬁ 20
emi ssion. Ayt Bﬁéﬁé@fe@rsﬂ&é‘%?%s&@@é‘@h@ﬁ'ea% %e:uagg'ec{r@' éngﬁ%g 5@6

requi re equi prent which i1s bul ky and expensivé to I nst

cases, canndeunskia meeiitﬁstu@, Bhd reeatdingethecscamde $ be binadrdigndarthed mslmdealam
patients Wn%%[? thess ents t hem bei qg noved. The present invention
provi des a 6 sﬂ/\?ﬁ‘% gwi}j{l‘ggsp%@ @i fficulties, provi ding a

non-i nvasi ve, cost- effectlve and 25 anbul atory nmeans for assessing and
nonitoring the condition of biological tissues in humans and ani mal s alike.
Sound viVes, particul arly BACKEROUNE Q5 HE INVENTH@Ne been used to
nmonitor and observe the condition of patients or of selected tissues, such
as the 30 placenta or fetus. However, the process requires sophisticated

and somet i NNeneKREsiSs \GtéeanandoY thekaraImRM oD BidISGEal ﬂséde%sléeﬁséfm whi Ch
there is a substanti al (%uantlty of gas, such as the |ung. 2 0 OCT ppp~ 2

Every year Particyarveierg B%W'GBU@OJH%W)@W -PRewwie or theytissue ia ipacdesdibes

i ntensive cgj q,(g? c’%‘m&: Report, 1996-1997). Respiratory failure is the
nost common pro emrequrting support and is usually treated wwth a period
of mechtni cal ventilation. Over the |last decade the nmortality of infants
suffering 5&'636!?!' ratory failure has shown an i npressive decline,

attri but abl AbgSt Piesephly tuses! inpAeloeriningc Mg oﬁi‘@%ﬁ@éﬂthﬁw ofrekinlogicshl
ventil ati ongggsk r C obe,
1993). The :[/Isast n‘a@q€§ rggyl m‘%m@é ﬁ%%v&{saﬁﬁ&?%aq]ﬁgt(@ acut € r(gaspl ré'gory
il ness, buimaging. i Thipse W@geuera#ym;)mmhe randhamlcalson@ﬂ&d;r@éldimskandﬁets many
infants to devel chr oni H ﬁ gg ronic lung disease is
charact eri s&¥ W%@@Qﬁt‘cﬁc@w‘t fiie Heg Sﬂ]raé(ﬁdfaﬂ'%t’?@ateﬁﬁlér%&?m‘ﬂﬂﬂaﬁauses
over 9 of i S ﬁe.h%]'\ d 30%
of thoggeg of egg‘g%ﬁﬁmigﬂé}ggjs}tba%@%%%&m%e depe e Il%ﬁ&@éh@ﬁéﬁe@#g gjra @gygen
at 28 days eﬂum@ent@hfchﬁbu!kgwed dmbhszsmtd) insrt@tmmd én mq:ailoamtcmnyaoblwgen

when they h t,- t {36 15 weeks gestat ANZNN
“Annual ?Zpofqvkeera@@é“ 0008 01 S seise RIcaL Jissine JnsPaR e (WhosH s
pressure (CRARerts tA&H Bexﬁg%ow@tTth@tﬂr@éhdﬁn@érﬁfe»ncﬂms\'a e ege\ﬁ'huch

Hi storically, barotraunma and oxygen toxicity have been consi to be t
20 prl mary @Ue\ﬂﬁtetSs these hdiffieulties, o gpyoddinghreonian- lmmglvel, s casfesf{ddtive haagi et

| : h | d 1976 . tri
?n mechanl ca?’%‘é%ﬁ ﬁegﬁy&ﬁ{ cﬁ%sﬁﬁ"ég) &V\fﬂ\ft%ﬁ"ggr@i?ﬁ n@'&?ﬁt? aEWgO ;gf
exposure totiesyeeh havandbh@anindist(iappoi ntingly little inpact on the

i nci dence of chronic. lung disease (H FI Study G oup, 1989; Bernstein et al,
1996; Bauner) 2000). 25 Conparison of strategies of conventi onal nechani cal

ilati d h |
el umee: oy SrRWERGS Savigdatiy i e Blra- At e b0 hE8h St 8 mil "
‘led to the amicepsente tholoshtiftioneof q:laeieh& ov &jf- sélbtiatl ﬂé‘suﬁs tdighl B@gtheAt

the sa eri_ence th high frequency oscillatory ventilation
(HFOV) nﬁ% Plagenta o feWat PYRInEe BAoCsS (pties; sophigticatechand semetimes) y

- i mpor t ant . R e t 0 jur oyi ng
exceptional ly sﬂglf“(lta {&ggpﬁ\%f%ﬁgsbgﬂm%hbé%ﬁ \L;[%?’léég IH l’\%}?ﬁ% 2
frequency. doNvetantial quastity et lgasgswectf @8 the lungconf er benefit, if the aver age
| ung volune is |ow (HLFI Study G oup, 1989), yet it appears to be
successful if a normal volune is maintained (MCulloch et al, 1988;

Ger st mann : ' ‘




2 0 OCT ~~p~~ 3 et al, 1996). This highlights the irrpo?t&rﬂﬁ' Qmﬁ(eepi ng the
atel ectasi s-prone lung 'open' (Froese, 1989). Evidence of this kind has |ed
to the concept that a 'safe window of |ung volune exists within which the
| i kel i hood of lung injury can be mnimsed. The key to preventing |ung
infjury may lie in maintaining lung 5 volunme within that safe w ndow t hereby
avoiding either repetitive over-inflation or sustained atel ectasis. (See

Fi gure 1 ). Exenemgasint/lsiealintabiont 5000 plewiaim infagts\retjuife ai pericdeofGhiensical
setting are frustu a_lack of ' | t hods by which the degree of
| ung infl ati8f° c(é\w 1‘5“%% ?‘Sﬁp&ﬁﬁ' f#éﬁg?aqrﬁs%@t%'efalwgl igatheormest
Oxygen | eauicoRTRoN Srabint a8 akiAG: SAbnG AN WA 1EBfed WS RD8ALH%r
princi pal techni ques enpl oyed. vvevper, oxygen requi renents nay d

i nfluenced tyednadicn! yeptiladipnt River thedastodecasie( frer mextalinl of Intdta-suifering

t i [ .| ef hunt i d the, h ds. of di ati _
orevent § aararuton BILE bag AhBih B mtBeene deshra miiinvietingt feasgdeney
required. Mimiimproved tethhijLastusedun lﬂﬁCWﬁﬁ@é\W&ﬁiLat%ﬁptahb gﬁé%‘tﬂﬁﬁ:&?ﬁg&

significantly inProved over the | ast decade by the i1ncorporation o
pneunot acho§HEPRIEHE replacemest Hiesapyédehe,i 1998)1 Tiee dest gmjaity minyfangonekal
ventilators L ho t QL.S;..2 ov) des..a val yabl e tool, for nonitoring tidal
vol ume and ggﬁ{ﬁ?aﬁ?&i ?Fﬁtgel Srggﬁiaﬁt'o tﬂ@e?‘ﬁ)sg’ugn@nﬂeé‘f‘lgﬂhd‘?%ﬁl@l%ﬁd_(’PW m t he
shape of t henguhemical ventilation causashaly iMBRINRY ddfas ¢ rﬁéhic"iehg%?séa%eb.e' ng
del |,ver$8 i r&gﬁos_ettl ng of under-inflation, optimal i1nflation, or

at i~oR:

over-in nigypgedlispae Iswehpercierisadiby parsigting snflashmatorg aandh @broties ur ed

usi ng " gol d- r, j i trogen . shout or 25 Helium (He)
10t o, ¢ KEEROEE Sh ESSIR U Rdh JfRBS Rl BT iStest i aheredking
vol ume is nm@estadionedndn30%te of sedse of PO wedhangesiaiich, ebk WiherRBAL bhon
may mani fest due to the general damaged or underdevel oped condition of the

| ung. FI ui d SHRA'EHISBAYNRYYIRE @Rt @aYsn of rage. LA therss i oner3Dalfdsilt femuire

threats to i . QN W oscope of audible so S

whi ch ori gi tr?gF g%ﬁ%@n@% ?E})@ért’ﬁgle] u%ﬁé&}( ﬁ?@%ﬁ%&‘@ﬁas‘?"%ﬂ%’? rqagtarg?dﬂggg into

“the | un$b (byasksc (gastatign o(AmENmbcAhnaaiunéﬁbrtf 01996-4899% S Misithndar i@l any
routine nedi ca‘. xam natjon. . However, in the sick newborn, the infant’s

small 2 =G POSIYE airyaY; Prespure (ERAIDephtastifigial vestilgties cisc alsof

backgr ound I&@hﬁﬁoﬂyeé(ﬁ[hiyed_i mts the value of such techniques. Wil st

determ ning and nonitoring lung condition in newborn babies is difficult, 5

determning lung condition in adults can be equally as chall enging,

particul arl ygidf . tient is unconscious or_unable to cooperate. This

P hces ot ur el talraliha B Sya88 datioly dea! basre cooBRArastris biothe

- noni tor2fg lphngarg widhrks i e [ [ 3
non- i nvasi vgﬁandr?c%en?gmgﬁg?ﬁlggyg); %%ﬁ%%ag%ﬁslét@tgﬁm%&t%e@ Eﬁ ?’can
be closel y rgghizaded & Reynelds| il 87 6hlHaveevdrngialsl6f mwistratdgies inh@kenamical need

£ i npl = i d i.ent t hod of det 1 ni th

condi ti on o BIREoh AR el einedied hrediSrugasirapmen andiorc auprsie | 19
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their char aokggés hiavs ol Rag HiRapoM Fs?lg}yaﬁﬂfle(?& SEVBR the ﬁgch&%rﬂfeen%g%rph&e o
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present invention overcones or at |ea evli ates sone

of the priofung disegerniityl StudHEPNYHRBROBermstaint et at, 96 Bawrfer, o0 esent

i nventi t i i nethod of 20 determ ning characteristics of

tissue %? t@rﬁ%ég?)slo?g?) grsg%g?@?gn? Gogygnfona ifaeﬂﬁf}@ yeptlaiamdn animals

i ntroduci ng (Breyduss let eals4988) havé hadidassd that hibh' ®h pﬂgh,t‘.je?{}haggég%&%g t he
er-i

igh
sound at anot her ., osééi on spaced fromthe fi rs'tEJ pos?tl on a has
travel l ed t H@B‘(?@,\Rgﬁ R highy éntrapulmonary pressures, and has led to the concept of

‘volutrauma’ due tq over-inflation of the lung. At the same time, experience with
high frequency oscillatory ventilation (HFOV) has indicated that avoidance of
30 under-inflation may be equally important. HFOV offers the potential to reduce
lung injury by employing exceptionally small tidal volumes which are defivered
at a very high frequency. However, this technique fails to confer benefit, if the
average lung volume is low (HIFI Study Group, 1989), yet it appears to be
successiul if a normal volume is maintained (McCulloch et al, 1988; Geréif'nann




25 calculating the velocity and attenuation of sound Z ﬁagcﬁagiﬁﬁravel | ed
through the tissue fromthe first position to another position; and
correlating the velocity and attenuation of the detected sound to
characteristics of the tissue of the respiratory system 30 In another
aspect of the present invention there i; provi ded an apparatus for
determ ning characteristics of tissue of the respiratory system the

appar at us i schydigag). This BighiGhtsL@% Hpartaundr gesgingt thegadrbissis phirh
generates an audi bl,e sound; a recordi ng device which records the sound

after it ha¥"@r a0el| &GP Y- pysenre et diis tinsl hasjad i ey capoptihatiasue,
through t he‘s%\‘é%’(ﬁio&ﬁg)f ﬁ%gp@‘dﬁge; %)gst?%{ﬁiﬁ %i(ﬂ{tpreg\h‘ﬁ{e{jlﬁﬁcrgﬂupﬂinjgg% Q5

an anal ysi s device ich he "vel ocCi S

travel s thrbaghinimiseti dswekenrtd presentinceiwaf injury @ag ihirc maetairne igigbl v
perform pect!r al aqﬁj yf?l'@ﬁ ogethe data recorded. 5 In a preferred aspect of
the present VRHISWBY theh sple mandgw therely avriding gitesr repetitivs Avergindatiemt e of

the upper apf ¥@tained Akt %S%Mzi%tﬁl’%cﬂ in apatient in situ, said method
i ncludi ng: introducing an audible sbund ‘at first position in the upper
ai rways; detecting the sound after it has travelled through the upper

the veroct ¢ PP R Ieairk R e ERE R s thedmicdl SekingcpTernetigted he
upper airwayg 4 &R bheufthbet nRAsbdAd Wﬁicﬁr‘tﬂbgt?ég%rggsdftI}uﬂp;hinﬁgﬁoﬁ%léﬁ%@t' ng

. _ ®
the velocity and attenuation of the gound to a state o e upper airways.

10 monitored. In current practice, evaluation of oxygen requirements and
radiological examination of the lungs are the principal techniques employed.
However, oxygen requirements may be influenced by factors other than fung
volume (for example intra- or extracardiac right to left shunting), and the

hazards of radiation exposure prevent radiological examination being performed
15 with the frequency required.

Monitoring of infants during mechanical ventilation has been significantly
improved over the last decade by the incorporation of a pneumotachograph or
hot-wire anemometer into the design of many neonatal ventilators. Although this
20  provides a valuable tool for monitoring tidal volume and compliance, it gives
only the most indirect indication (from the shape of the pressure-volume curve)
of whether that tidal volume is being delivered in a setting of under-inflation,
optimal inflation, or over-inflation. Furthermore, while absolute lung gas volume
can be measured using ‘gold-standard’ techniques of Nitrogen {N2) washout or

25  Helium (He) dilution, these are impractical for routine clinical use.

Even when lung volume is maintained in the “safe window”, changes in the lung
condition may manifest due to the general damaged or underdeveloped
condition of the lung. Fiuid and blood may accumulate in the lung, posing
30 additional threats fo the patient. Evaluation with a stethoscope of audible
sounds which originate from within the lung (breath sounds) or are introduced
into the lung (by percussion, or as Vocéi sounds) forms an essential part of any
routine medical examination. However, in the sick newborn, the infant's small



15 Thismethod is particul arly useful for nonitorind?§ofC3I 2094 apnoea. In a
preferred aspect of the present invention there is provided a nethod. of
nmonitoring lung condition in situ said nmethod conprising: 20 introducing an
audi bl e sound transthoracically so that4the sound travels fromone side of

t he thorax, t hr,ou%,h, t he Iung, to anot her side of the thorax; rreasurl ng the
vel ocity an®iz&t N@RLiL Iuso-oPetate 20dURe PIgseRce; ofRATKrquNgmAis JEaally Iiptits he

t horax, thrguohy f AGEIPES: dsung, to the other side of the thorax; and
25 correl at1 ng tﬂ@é attenuat (';tﬁ1 Ssound vel ocity and velocity dispersion to

lung condition. Previous work shows that measurenent of sound velocity

| i tech f d
Mt gnt - nt 6 el BERS omotlieton i rf oSt e LAl peen
nmade to sevab@@trm:ﬁsngim @cﬂida@én wédulisycaﬁ bé Beumém@ﬁg[r@f pﬁﬂwmérwq# ocity

and attenuation as a clinical tool. !'n yet another preferred aspect of the
present i nvamatient tSH@?@FIS@OplﬁdmlH@@l%th@@Wﬁia@f Thisaglaees g fudher imtatian on,

sai d net hod i:

tr anst nor acPh o DAy B Yot R SRR Sn oAl rREB R 2

t hrough t hecleangectioexistetfoer singde ofori-heativerand c@m&dtngetriw mekdid y and
attenuation of the sound as it travels from one side of the thorax, through

and across Hi%e cPOAEON: BT the lyPHesariRfe cirsehhananitorey 4R : then glinigal §P‘§'f‘9ng
changesyg n ﬁle}ﬂ Fhoe i gya ABdq gbt ? %'g’rﬂfé! O oWiihth it Ind %HU@nu@HpMe%é@Bf on.

In yet anot eferred aspect o present 1T nvention, there Is provided
a 10 net hoddeifen]mlfmdg dhertgmﬂmcmnoé dthergb dicgped disisnes nildaoit sma;altm pedrfeo b

i ncl udi ng: trod . ib d.t II that th d
Lravel s 11 ofEHE B EhpRE e, BrOMLORROHY o ISP anot hor Si de. of |

the thorax; measuring the velocity and attenuation of the sound as it

travels fromone side of the thorax, through and across the lung, to the
ot her side epc:@qqlg)gﬂs thﬁmrgaentanmentlon overcomes or at least alleviates some of the

15  problems of the prior art.
SUMMARY OF THE INVENTION

In a first aspect of the present invention there is provided a method of
20 determining characteristics of tissue of the respiratory system in situ, said
method including: |
introducing an audible sound to the tissue at first position;
detecting the sound at another position spaced from the first position
after it has travelled through the tissue;
25 calculating the velocity and attenuation of sound that has traveiled
through the tissue from the first position to another position; and
correlating the velocity and attenuation of the detected sound to

characteristics of the tissue of the respiratory system.

30 In another aspect of the present invention there is provided an apparatus for
determining characteristics of tissue of the respiratory system, the apparatus

including:



conparing and the nmeasured sound vel ocity and attenGbﬂi@GTﬁﬂmﬂ that of a
normal lung in the absence of chronic lung disease. In yet another o
preferred aspect of the invention there is provided a nethod of 20

di agnosi ng | ung di sease, said nethod ingludi ng neasuring |ung vol une

i ncluding: introducing an audi bl e sound transthoracically so that the sound
travels fromone side of the thorax, through the lung, to another side of

t he thorax; measyr.i t Cl . at [ . nd as it
travels from 25 ﬁgnﬂ?ggﬁg¥ﬁﬁ%éh%ﬁg$§§Fﬁgﬁﬁﬁﬁgﬁg%ﬁuﬁggﬁgggﬁ?ﬁe | ung, to the
other side of thg reberding danidec@hictl @icbny gruscuveladter tityhad draatlied dadnhon
with lung density and conparing the density of the | ung being di agnosed
with the defRe PPsiienfibe respiainy systeaitissHe nlroyoh Hie Tsivg @’gci' F%agi)ﬁ‘&r’iosed
i s di'segsed ; ther preferred aspect of the present invention,

t here ig§pr%9§@ggggﬁﬁéﬁﬁ@%'of preventing lung injury, said nmethod including
nmoni toring |lung condition by: 2 0 OCT ~p~4~- 7 introducing an audible
sound transthoracically so that the sound travels fromone side of the

t horax, through the lung, to another side of the thorax; neasuring the
vel.ocity and attenuation of the sound as it travels fromone side of the
thorax, through and across the lung, to the other side of the 5 thorax;
correlating the sound velocity and attenuation with |ung vol une; and

mai ntaining a lung volune at an optinmal volune such that the lung is
substantially free of atelectasis or over-inflation (volutrauma). 10 In yet
anot her preferred aspect of the present invention, there is provided an
apparatus for nonitoring lung condition, said apparatus including: a sound
generating nmeans to generate an audi ble sound transthoracically so that the
sound travels fromone side of the thorax, through the lung, to another
side of the thorax; 15 a recording neans to record the sound after it has
travelled fromone side of the thorax, through and across the lung, to the
ot her side of the thorax; an analysis device which cal cul ates the
attenuation and velocity with which the sound travels fromone side of the
t horax, through and across the lung, to the other side of the thorax, and
whi ch can preferably perform spectral 20 analysis on the data recorded.

BRI EF DESCRI PTI ON OF THE FI GURES Figure 1 shows a pressure-volunme curve of
a noderately diseased lung 25 illustrating two hazardous regions of |ung
volunme, and indicating an optimal "safe" w ndow there between (from Froese,
1997). Figure 2 shows (A) Sound pressure |level (dB) and sound velocity
(m's) versus frequency (Hz) for pooled results taken from5 adult subjects
during breath 30 holds at residual volunme (RV), functional residual
capacity (FRC) and total lung capacity (TLC). (B) shows results from an

i nfant of 26 weeks gestation with healthy lungs, each data point
representing the pooled mean S.E. of 5 neasurenents.-The results were
obtained froma reference position in the adult with the transducer at the
2" right intercostal space on the anterior chest wall 8



2 ~ OCR~L. and. in the newborn over the right upper chxﬁ UQ-P mﬁ%h adult
. and infant, the m crophone was placed on the opposite chest
directly.-in line with the transducer. 5 Figure 3 illustrates the

rel ati onshi p between sound velocity andg he volunetric fraction of tissue h
and the average lung density. Figure 4(a) illustrates an electric circuit
whi ch nodel s t he aaceosiysis ddhacastiach shlcotates tlndﬂe!elduiiyamiih Fitgelt dahel$b)md

illustrates noderate a ) acoust c l.oss

measur ed usﬁ@e S‘n@ @f%ﬁejtbssb’?r@” fSﬁﬁ&BPa%é{H a\mnB]WCIPéﬁpg‘éﬁf%b'Y RE BUE‘put

SPL as woul dpeetrarasalysis oftth@ defedcofdsd ophone when the input SPL is 105dB.
Figure 5(a) shows the SPL neasured at a chest m crophone, recorded before

15 (pre) and after (post) adm nistration of surfactant in 3 preterm

i nf ant h
(Shor daf 2000) PretPfedcdel BY fhe Brevtth delioh, Beh R B i s Rt gur e
5(a), dermnstetairmnglgtdmtawlaﬁm ippdrhrwBils imeasgpiestont tradten ahestienti Situ,

following a 3- e in lung gas conpliance, wherein the sound |evel
produced by s@i‘fL"P?'&?fg QNas 20 again, dB. Figure 6 shows the

rel ationship bet Wﬁ%ﬁJd‘r@Qﬁ%ﬁH:tﬁé‘go&ﬁ@aﬁﬁﬁs?D%lﬁf Eﬁrh g%q%égeg_ﬁg%y gd plotted

with tissue fraction as a paraneter I'h a first
aspect of. the pr @@éemtlrlgnthenmmﬂ after & has paveliakthraugte tiw dppér detvaysiati ng
ti.ssue of .th Lesp iratory systemin situ, said nethod

h
anlr 38} ﬁgl °4 %ﬁ?ﬁ poogJHrhsgDa&ﬁdaf[ﬁﬂpﬁhee E%Bﬁﬁ'rt'gﬂ the tissue at first position;

detecting the SoumbumdtingeN@EIoBRF ahil tteTRAGEH Jfrtﬁglédﬂu@.dfth%%a@qwénea
after it has travelled through the tissue; 8A cal cul ating the

vel oci ty andhmugérbatpear afrwaps fram Hetfi rﬁta@oeaﬁvcam ar@dhemmw@mﬂ tanel ti ssue

e "ot anunt+on” SPoMaL e ERR, AR R AR FRLETLE 7% bR L8 Y

t he respi ratupper airates a c ocT 9 Characteristics of biological ti ssues
can be g term ned by nmeasuring the velocity and attenuati on of a sound as
it prop gat es through the tissue. This can be achieved by introducing a

d | 1 ow h
sound to a paid histh ro%hgﬂ&ulﬁﬂ %eﬂnﬁ)ﬁirtrh@ﬂtg@gtfﬂﬁs@ep ai)%\k}% allow ng the

sound to propagate t e tissue an uring elocity and
attenuation with which the sound travels fromits source to its

In a preferred aspect of the present invention there is provided a method of
monitoring lung condition in situ said method comprising:

20 “introducing an audible sound transthoracically so that the sound travels
from one side of the thorax, through the lung, to another side of the thorax;

measuring the velocity and attenuation of the sound as it travels from

one side of the thorax, through and across the lung, to the other side of the
thorax; and

25 correlating the attenuation, sound velocity and velocity dispersion fo lung
condition.

Previous work shows that measurement of sound velocity alone may provide a
technique for assessing lung density and gives an insight into the degree of
30 lung inflation. However, no attempt has been made to evaluate the potential

utility of the measurement of sound velocity and attenuation as a clinical {ool.

In yet another preferred aSpect of the present invention there is provided a
method of measuring lung inflation, said method including:



. separated fromthe sound's source. 10 Characteristics o

desti ndti on,. wherein the destination includes a recei ve? MQCTh 208% spatially
t he bi ol ogi cal
tissue may include a feature of the tissue including but limted to its
make-up, volune, condition or positiondn the body. Biological tissues may
include any single tissue or a group of tissues making up an organ or part
or region of thénsedcingRE Fudiglgesorngd tf@mihﬁ@@'@“!fﬁ%&@b@@@@ﬂ@ d@vels ar
mat eri al oOf J Yo i t £ i.0. regi ons
ot he- body TheT B ofEYFRES VT oRbb} i, TBHaRer S orifi MereRing
tissue, gas, skehedslrirg #rueeclanily mnsichitedus®ucof theweveartd astit itiveRr froeul arly
preferred that t he%fti ssfgg) i s porous which conprises a conposite structure
made up of XEseHE Anireghorar. HERUILENERCTESS HigHHnghdo) iR dbrsside alubie as
that fognd g0 knahgne tissue. Preferably the tissue is of the respiratory
system More preferably the tissue is lung tissue or fromthe upper airway
of the respirat moyredatsigeohariasf ior sdnd vélecinpped atenwajionvwittulley vdlantzuccal

regi on exten%i.nﬁ to the trachea before 25 entering the lungs. Throughout
the descri (VYJA"@YH cl ai ms of this specification, the word "conmprise” and
vari ations of the word, such as "conprising" and "conprises", is not

intended to exclude other additives, conponents, integers or steps. 30 2
Q OCT 2n0 10 vet mnathere pEafafad mppsct hdhe Hyesent nypnieipelbese ¢ Psolided a
transnigsi in Lt j: atial for the. LG- tic data
whi ch 12 obpehader FEdetie ERRATR diftade FhfERls 83 rionUididis’ of Souna
propagati on t hr onigddudieg lanngudinieesmmdraransthbhaicdiifessthat dhe sband tiyaviess | ess
than that expected . for_either tissue 500 ns') or air, (34 ~). This can
be expl ai i PReRidg of @gﬁ R, mrﬁggh&éem,éo aepﬁﬁr@ﬁ&wfptﬁﬁgﬁs\r@én sound
velocity v and thesdlhke BieRe S t rﬁH@ Keh the
sound is propagati&?]g. @hﬁ? Pleqroat ongﬁ?%&?%%tmﬁobt?%lg%%qj%s)#t erﬁeb B’BIMS; t he
density andng siget dfetheothomax, rthcoughnphi aaresoithe hwey, do thel ativet side et tifd ness
per un%é v-gé_lurre._ Iq determning the velocity of sound in air, substituting
an air ‘den _?rﬁ'x_ofm .2 kgm- and an air conpliance of 7.14x10 Pa ~ yields a
sound vel oCity idon@ddrir®f akd thdheasuldd Eb@R{ 18183ty BAg AReatibh alith thias of
relationship al so holds for conposite porous materials with a closed cell
structure whil@maldurg A therahsencaf chfoniglinadigeassit where ,0 and C are
repl aced by the tissue's average or conposite val ues. Expressing these
values in terns of the volunetric fraction of tissue h and of 20 gas (i-h)
and t he constyet ueothaleprefdrreas agpectcompki iatesitorgtheds is ipssuided ensiettyod pf
=C -h)Pg +hp, (2) and volumetric conpliance; C=(1-h)C8 +hC, (3) where p,
pg, p~28re diagn o&nge disgaseanthiti Siiaodelnsiuding Medpwiid ViBng yelumey
C CB,c, aregydihgnsonposite, gas and tissue volunetric conpliances
respectively. Substituting equations (2) and (3) into equation (1 ) yields
an expr essi on whntroducihgaesasdiviedsmeidbtrangthoraccally so tatgbsiscendttravgiare to
_t- h;e vol U ont O];IIéaS(l:éé 8F'the %O%X%Iro%%g%hé qung, to another side of the thorax;
measuring the velocity and attenuation of the sound as it travels from
25 one side of the thorax, through and across the lung, to the other side of the
thorax; and
correlating sound velocity and attenuation with lung density and
comparing the density of the lung being diagnosed with the density of a normal
lung fo determine if the iung being diagnosed is diseased.
30 '
In yet another preferred aspect of the present invention, there is provided a
method of preventing lung injury, said method including monitoring lung

condition by:



and the physical properties of both the tissue and gas 2@ @QDTC fjiose the _
material: __ i ((1-11)Pg +hP,)((1-h)Cg +hC,) 5 It nust dal'so be nhoted that
the-density of air is approximtely 3 orders of magnitude | ess than that of
nost tissues and the volunetric conpliafce of air is sone 4 orders of

magni t ude | arger. than at _of t 1.1 I 1 ne
the velocity of g’é@?’b“’t@o%%%&?@% P hb(?)Eﬁg{rﬁg&g@%ga&o?&éqﬁggggR((j)]g RAEIT

vol uretri c froacdheBrRieWTithe tiisrax] ihk&ligh the ey Seemottiertside blthg,th¢@xpP5 at TLC
to 0.5 10 to 0.9 for a fully atelectatic/collapsed Iun%gI These velocities

can be det er ni nefaRpUENGINeFRioRIeaN@tEAUALaR of §1g sQNRd \2s | travel) Tramy._ )
p, Cg Equati idd i ' i i Lyt 2SothBE ghdence

t hat sound \E}Q?o%é?‘%y%fﬁggqgﬁ%lhgﬁ\?gphn%@r ?gfoﬁsig?i]gﬁaooaﬁhi scs)ue, S’?ﬁeg e

vol unet r ¢ firaaaxj on of air, 15 the tissue density and the gas conpliance.
The tissue conpliance. .and the s depsit | ay essentially no role in the
determ nati on of OBFBENGYHe BB velEBERrd antaime bhilRe 80 s
deternined in papdaiMyidife L[RGUGSIURe Bhant e RARETSLCANthat HGe 9@ty is
conpliance. The result of this is that the I.un? 20 parenchyma appears to
act |ike hogulgeiastially fres of Atederdasiaior oxsr-fndatien (voduirAlMrlopagat i on i s
concerned, such that the velocity of sound propagation through the tissue
is markedly sl ower than through air. Substitution of known val ues for
tissue HENSIA yet Bnotied [aferdBspENad, thE€presertduadition, Shgieviepronided arr
h(1_h) 6 25 Differentiation of v in equation 6 wth respect to h determ nes
a m ni mum varparates fafenenitaripgdung cenditipnesaid peparafug Inclyeiig:yval ues of h<o. s
the velocity incgea it - 2AS| ng, deps angn conyfbie! ¥olf h >
"0.'s the vel oci ty%e%?ggdsmesébvﬁ%ﬁﬁcrrﬁ%%é%gg?u 0 gré%tgi‘t yr.] Tﬂiys 'S c?%r?(?fi ed
by way of i tlansthomadicallyi so 8tatRhgwoand.travek 0gT @@didéf thahieorguathratglc

properties qf uation 6 result jn the presence of two values for h for any
particul ar B}ﬁ E@‘Qoio ABRAGF §lﬁie\fgltb‘?:iﬂfc§7?x"l'hese_ val ues are: 5h=0.5

- 0. 25- 1385 56~0~ () reblofdifh IhBand 16 reed@r thensdurlNafér it hashehPsilednfrom aheove or
bel ow 0.5 nust be nmade on physical grounds or by making paired velocity

measur enent sidghefrtberthoraxc huadell apdtaneess thedung. dedhe sthetTswledlitBe theraxof "t he

associ at ed change,_ i ye Lty J:nc i SN g e
Gaed o [ndi oat o S ardle¥ yoTEl RbE GHAHRY P AREEERHI Rhhc i
vol unmet ri c iwtacH itloe selind i thauets #oth @ae dide tdfiché Wngraanthrbagle enduacroderbet y
can be determ ned directly from neasuring, the veloc%hg BB sound as it1
propagat es 141bdgrhe when sideof the therax.sithyhighycanePielitrRBlURIEP ThSR@
non- i NVas§i v rcussi on, or using any nechani cal,
electriggl %ngﬁﬁgémPﬁgﬁg%ﬁgggxﬁﬁﬁch i s capabl e of generating acoustic
sounds. It is preferable that the sound which is introduced to the tissue

possesses properties whic . i i istingui shed from

envi ronment al noi se whi ch ﬁFg@tbbé@gﬁﬁ?ﬁéﬁaﬁﬁ%e&%$ggo include a single
tone or a sinusoidal wave. In a preferred enbodi nent of the invention, a
pseudo-random noi se i s produced by an el ectro-acoustic transducer and

i ntroduced iFigwet He shpwsua. prEssure-spkine @uNe gfr af mogdpratelyt diseread t ¥nghe
surface,pf t [ ical _ti e _thrqu i u 144-e -RAI Ng
roasur o2t 1 IRLBRu A B bR oo B B SRR o Pl B e T
25 has char assfel wihd®s tivdre etaten $iroinl ibes®, 9T t e noi se signal, but with
mat hemati cal properties which allowits anplitude to be defined at any
monment in tine. Furthernore, it .is preferred that introduction of the
pseudo-r and I | I L I i RS aBFausof
DT to 20 s e S S B e o Y v

f r equenci es frdguecy sty for pooled results taken from 5 adult subjects during breath-

30 holds at residual volume (RV), functional residual capacity (FRC) and total lung
capacity (TLC). (B) shows results from an infant of 26 weeks gestation with

healthy lungs, each data point representing the pooled mean * SE. of 5

measurements. The results were obtained from a reference position in the adult
with the transducer at the 2™ right intercostal space on the anterior chest wall



30 from20 Hz to 25kHz and at a sound pressure |evel of t
Pascal . 2 Q OCT ~pp~. 13 The sound can then be recorded at a | ocation
spaced fromthe position at which the sound is introduced, preferably en --
the surface of the biological tissue whgch is spatially distinct fromthe

| ocation of the transducer, using a sound detection neans such as a

ni cr ophone @Rd. dn herngwhpindevercihsr lighfueppeischast atic By adett and BIfaiMi &e has a
frequency r i i : ! [ QN I ween
20" and 25 RpEnone Wk pificed Bh thE bl RARLTLE fhd SRR PP EIRRNE B

det ect or s usaosduremeasure the sound, wherein one detector is positioned
near a sound-generating acoustic transducer, and another is located at a
position spaced fromthe first position of the tissue being assessed. This
enabl es g herihQrs QUMdsPARSIHE GelatbRbhip RiAREen A0ANHNRIERCHNS BY 98kttt he
signal which7is produced by the acoustic transducer (the input signal) to
be accur at efrgctitaf ohlisbueek and the averagetieny dendity. t he spatially separat ed
second detector. Placenent of the second detector is preferably
substantially in line with the acoustic transducer and the first detector.

15 ‘The det egigofe OuU(HY efigsiiey aarm elepRONGIraURt PhichBYmbaeMthif | fbudsE ng
| ow noi se isolation anplifiers and band-pass filtered with cut-off

f r equenci escharactesisticeof the hefaxerigste 40 hiliLrates pehi@res @hénedasata ard

proper t4£s i i j i e (g lexrtni
reacur ol &) S 20SHE e s hedFlidd RERR dectitortif MG shluiph
bet ween S50HzpaaskfKlitae wiutfutaSPIo bk afduliMbeaheasunedsgiandsesdtanichahovie whéh "
order linear phase I:’ l.ter éhese filters renove any very | ow frequency
envi r onment 1€ ABHEE késd%g low 10Hz) that can adversely affect the
performance of auto-scaling anplifiers into which the filtered signal may
be fed. 25 The anplified output signal fromthe detector or m crophone can
t hen be proEigssed(ayshnys tealdsd Inecassmdyat amticat oicrophooer edcatdeshbafaeysi s

of the jhpui_ _and qutput, signal s rforned. 30 The c¢ross-correlatjion .
P uner ol PaterBl Snd it e B B nRiAlCY ¥ Surdtent i SRR RS hifric
| ocat ed in geOs@urd RYeNbloduted bbehéﬁfahﬁ@d}&rt\ﬁéﬁwml(Sﬁéridé’tﬁZD(DID’}JFigﬂrgna| ,
x(t) and the output of the second mcrai%gone | ocated on the ot her side of

the tissue 8&)tHhowsttpbatelertiisamodgl sjmilatieai of Fissirerdas- eemosstiaties the
function ca ] I ~ (29 ¢354 T1 ] (t +
2yt 0 whor S AEH §8 SEMERuradattrZchestih iioviig efibidly Hidedsd K b,
x(t) and y(tas combphsnceh itieein( the issundlleutlapadiucétdeby rthal tsengdesponsas, of
the systemin the tinme domain can also be determned. It is preferable that
the i npafl se@9@8p8Rse t hen undérgoes Fast Fourier Transformation so that the
signal is transforned into the frequency 10 domain and the transfer
function of the tissue can be determ ned. This transfer function provides a
quant i t at i vEiguneli 6ashowsothe Irelatihashipt betverdre Jrarfuanioy Bindsthe attenusition (a)
t he magni tude oaf. t he tr@n foilrp %I‘O\fi d{as g‘ata rel atipg to the transm ssion
of the sounfPYECHE B‘r’ﬂB %‘if’vé 5 P%ur&ﬁ PHE 35 LOFGEEESY f unction of frequency
(Rife 15 and Vander kooy, 1989); and (b) the phase of the transform (after
"unwr appi ng") can be used to cal cul ate the phase difference, tinme delay and
vel oci t36 of the sound for each BEE&U{E@PES‘&RIREC&N esent in the
psuedo-random noi se signal which is introduced to the tissue by the
acoustic transducer. 20 Comerci ally avail abl e acousti c hardware and

sof t war e pankaﬂer&smfbet Wi ethet prauneriaventidre theree do-pranidieth aohsthsd gofal |,
and to performinitial data processing. External noise which js pot .

i ntroduced f8tarmnipg seharagieristicy st g5 theigespkalony rtystamsingsdy, said
strongly Suﬁﬁtﬁéﬁﬁ%lﬁmn he cross-correl ation 25 process thereby inproving
the quality of the neastrenents nade. A separate analysis of the relative
transm3&i on of - inteodwingan hudibighsolred ta hedssoarat hestyssitiany i dentify
resonant and anti.-fesonant freguencies of the tissue ich.is.being...
assessed. ChangeSelgrinale podiliah dredrdaposiien SPacHd Jiom thes gt fésition
regi onal di kfter @ maedrdvelied dsrdegh @ tiegye;whi ch may be rel ated to pathol ogy.



2 Q OCf_2p4 15 Despite nunerous experinmental investigatzgngcgﬁziﬁ=n 1983,
Goncharoff et al. 1989, Wdicka and Shannon 1990) of trans-pul nonary sound
transm ssion where the source of sound is placed at the nouth, there has
been no theoretical nodel which describ84 sound transm ssion through the

el | 1 ansm 51 oninS: i \Bbelicind AaRifodcols ravnd Bk Ahes Tkl 156s)

to descri betﬁrb@gﬁﬂhé\ﬂsﬁléﬁ‘@r‘ﬂ&hbﬂﬁﬁst%ﬁsﬂ@h t@farfémé? f%smlnl angeparated by a
conpliant air layer, as is present in the |ung 0O The essential features

of this nodel asCpieladingt e rveledily aner @kte@aat!cme ofethesdgteelgdbpodnd to
el ectrical descri be the pertinent
features of soa\é?rﬁrﬁgﬁgﬁﬁl?go#enﬁ&%%g%’f &?%gragn This nodel is
illustrated in Figure 4(a). This approach to the analysis of acoustic
transm ssion across the thorax facilitates anal ysis using sophisticated
circuit enulation 15 software such as SPICE to explore the effect of
changi ng nodel paraneters. In the equivalent electric circuit nodel where:
Xx~~ is the | oss conponent associated with the chest wall and parenchyma; 20
M""MP is the surface nmass of the chest wall and parenchynma respectively;
c8, is the lung gas conpliance; P, ,Pa are the acoustic input and out put
- sound pressure levels respectively; and 25 xo is the acoustic inpedance of
free space (414 MKS Rayls). As illustrated in Figure 4(b), the nodel can be
used-to sinmulate the effect that changing R~~ has on the transfer function
of the equivalent circuit which represents the chest. This transfer
function can be described mathematically as 30 Po(f)~Pb(f) where f is the
frequency and r;,~ and roU7 are the input (transducer) and output (chest
m crophone) sound pressure levels (SPL) respectively. As x~, is decreased,
the transfer function becones progressively nore peaked or resonant as
illustrated by curves 1 to 3 in figure 4(b). 0 OCr 4 16 At sufficiently
hi gh frequencies, the output sound pressure |level for all three curves
falls asynptotically at a rate of 60dB per decade. As the frequency is
i ncreased above the resonant frequency, the response is domnated by the 5
inertial nmass of the proximal and distal chest walls, and the shunt gas
conpliance of the lung. These act together to produce the 60 dB per decade
fall-of f, such that the thorax is, in effect, acting like a third order
| ow- pass electrical filter. Analysis of the equivalent circuit, neglecting
| osses, shows that the resonant frequency of the thorax,  fo , can be
determ ned using: 10 2~c CByM~~+Mp) Furthernore, if the transfer function
is neasured at fo and at another frequency well above ~o, say, 3fathen
using an analysis of the equivalent circuit, an explicit expression for
| ung gas conpliance, cg, ,can be deduced in the form 15 c8t=a.isxio0-2G 9 fo
() where c= ~P(j~~pn(j~) and is the magnitude of the transfer function of
the thorax neasured at 3fo. This equation has been verified using SPlI CE
si‘mul ation. It follows that gas volune v8, can be conputed using equation
9: 20 ( ) var = rPoCBr 10 where y is the adiabatic gas constant and Pa is
t he at nospheric pressure :



A further:inportant application of this nodel is ill ustra g

- 5(a) and 5(b). Figure 5(a) shows the experinmentally measure thorax .
transfer function in 25 a preterminfant soon after delivery but before
surfactant admi nistration (pre) and aft®r the adm nistration of surfactant
(post) (Sheridan 2000). There is a steep fall-off in sound transm ssion for
frequenci es above 1000 Hz pre surfactant and the leftward shift of This
fall-off acChapprRtichyoBidiAFERAESEshes a;%hebeaab@am%dl%ﬁ]ééﬁulnﬁg e
sur f act ant adm nistration. A simlar 10dB chan can be
si mul at ed iYPIPFEY arshaltemyationafensoung agit pwpaﬂﬁgm thiougle the fl%ﬁuet Rhisecathi | e
mai ntai nin r r i t (

A though o rescriued ERRRENT S8, RatRiEE 5t dh, BL ALt o e
experi mént stjssamd aﬂlewmgtthbmriml ® psipagataltirengh thavtisslakind meabintipee it

woul d be exp cted 5 th such ap increase in conpliance (associated with an
i ncrease in' &/@Pﬂ e'W%'PH WE'&U‘?’h‘Sﬁ“ttBP %‘BH‘T%gt;%éfﬁls ﬁam HF s3qUEee dA. itsan

i npor t ant Cdlémmeﬁaﬁ HfheEPUHd Q:{és'hﬁaﬁcﬁﬂ SALRABeY: CRdeRRr Bih Eﬁde s ?)QUH@ ng
the equivalent electric circuit is | oss conponent Row illusttate

Figure 10 4geparaigiddromitied edesd'asoustsi.c | oss in the chest wall and
parenchyma. Because the chest wall is acoustically thin, the dissipative
loss in the wall is negligible but the loss in the parenchyma, which

i ncl udeg a d:ameteﬂsnberofofheserat@dlcélaﬁm:amﬁud@tﬂémﬁ dfofheeflssiom t he
ti ssue and gas conprising the parenchymaf structure, may be considerable.
One nodel  TRaUdRESOWdBNterstogtsopakedip: ¥olasi wendition aipestiondnitoe Hody. t he
parenchyma conprises air bubbles in water, for which an anal ysis al ready
‘exists. In this nodel, absorption occurs because acoustic work is required

t o al t er natRibjogicalicesss araaqi lﬁtxtpd@dnylwfgie bisblt e6a g2bup of Hesudzepakmigonwm
(Wodi cka 1989) that the plane wave ten;@tl on }produced by N bubbl es over
("

di stance x 3% Yi9#8n ObyPANCP(RYIPoE dy11 Ihestisgyer gnay comprise a
0=l 6nzg%pp, I%fﬁ%érﬁedﬂs' ééI@Ta?r RleXih) be lttrﬂ%bﬁgLa @Bm?o?ﬁe IS&HEM?? ?Bl:haats thap o

bubbl e radi us e, sound spee In tissue n,~.r are ective
mechani cal foestdn segiens phthe body inchidlingtiecthoirax wmdimﬂmbluﬁam@spmmomdiq 2

0 OCT 2004 dB/ t tte

. oo 171g SR8 Kkoctal it e abE MR b b 11w P eftiotarty
expressi on pgrefertdibttat #id BURL s Poré@wWhRHdesHpRSbDY cbﬁmﬂe%ltrﬂ@tdréaﬁacﬂ@e
acoustic vibration of the bubbles (alveoli) 1s dom nated ¥| bubbl e

conpl i ance P &f tissusyaes greLrldsdRalNe ohiiah lapddpw drnsity arcthatifeund ~
10kHz Hher rigddnatddsyal veoli sizes). Therefore, attenuation can be reduced
to: . ’

Preferably the tissue is of the respiratory system. More preferably the tissue is

lung tissue or from the uprper airway of the respiratory system. Preferably the

upper airway includes the buccal region extending to the trachea before
25  entering the lungs.

Throughout the description and claims of this specification, the word “comprise”
and variations of the word, such as “comprising” and “comprises”, is not
intended to exclude other additives, components, integers or steps.

30



=2.36x10-~ 06f3N ~ , (13) The number of bubbles per unit vdEuGETNQl4
approximately related to the gas fraction (t-h) by: N= 3(1-h) 114) 4~r' 15
hence equation 13 can be witten as =l.3sxio-" |'(l-~=)Z (15) N Fromthese
equations, it can be seen that: (a) absorption is related to the square of
the gas fraction (i-h) ; a small 20 increase in the tissue fraction his
associated with a marked decrease in highGfrequency attenuation (Figure 6).

Thi s may exphai i r .$sion of sound across the chest wall
whi ch can be gb@ﬁgghgﬁgﬁ?ﬁfgﬁ% {yegfgtﬁﬁazﬁSPe?tPéﬁlfé’HEHéE‘?“SF%‘ﬁﬁ'QwlﬂdtSpuetRmni c
consol | dat | ofsasntishdot they bestdisebp aid-EuaicOBatad which KO BBIINIF I, G bot
t he frequenc%{ré‘seﬁ?pvt h’? al veolac 25 radius ro. This nmay explain, I Ft,
the rapid fal'l=o WHY¥%nsmitted sound at hi gh frequenci es seen in both

adult and neonatal subjects. The dependence on 2 0 CCT ~r 19 _ bubble
radi us may explain the reduced transm ssion through the thorax during

enphyseng Fuyr, t ions ipdicate that: 5 (a) absorption is
related to tﬁedrlsft%{iﬁa%%rfe § he%gwﬁjgg?ﬁ%ﬂ( U@) ?F}e Q’ﬁé Rasgneienina is that the
transm ssi orsundevelacityis less thast thap expewsd feitfer RO L m?%to'; @ggﬁggé@f 6%{]30' the

al veol ar rad’ﬁgs Uzli_l.ng thg}se rel ati onshi ps between sou

velocity in sbuebhisrcam bey rEPlginad, dncpait.aby epiantining thee meslcv Rftatidrishis
possi bl e to whhvakR sHUARMKAOLE | i onshi.p between acoustic neasurenents
and | ung pat hol ogy or WtBhe p%@h%§h§§hgpﬁgﬂﬁﬁi QrPBﬁﬁl?tS fithe lung tsaug badugh

ti ssues. Thiwhishthedopndis pepagating! Tald ﬂéié?c%%hig,qus real -ti me measurement
of tissue 15 characteristics by analysing the velocity and attenuation of a
- defined sound as it propagates thr0fgh the tissue. The nmethod is applicable
in both1@dults and infants, and £or-humans and ani nal s. 1I n particular, the
present invention can be used in thgCdeterm nation of r(‘as)pi ratory
conditions in infants who cannot cooperate with presently avail abl e
convent i onalygedet hpscopi thods of 20 respiratory condition analysis

whi ch requires r\%oggl ig;cf)H-F"gpe Voﬁf’gl £is ti‘lesdol'@é‘?fm opfeplandee guatnverde i s
critically iMAlumeBicUREMRSS NRY $ini Seunahl respond or nerate a sound
whi ch can be ysed to det_err%%nenftﬁfrg)éd@%'ngﬁ??geﬁ}"?mﬂgiﬁ%?’@lp@ftyggs%%m agf the
present inv Bitingasy airidensityoif de?l kgmteaid dn afir %n?l‘i’érﬁfe”bf‘? R9xfosEye of
the upper aijagys d j rator act in a patient in situ, said rnethod
i ncl udi ng: iyE\t roguégar'?g Vée?@cg{y,m aéﬁgff#‘{%msaosi tion in the upper airways;

det ecti the sound after it has travelled through the upper airways at
anot her position spaced fromthe first position; 30 calculating the
velocity an?gat §g5? ion of the sound travelled through the upper airways
fromthe fi ?e(lﬂ P{iNgS $hovemdbatethip selationship aisb toidsefdrt taldpbits YetqR ty

and attenuamaerab Wik £ W4 Gt Wruh Srith i€ Similar to that of the lung, but

where O and Care replaced by the tissue’s average or composite values.

Expressing these values in terms of the volumetric fraction of tissue % and of

20 gas (I-%) and the constituent densities and compliances gives tissue density:
pP=(-k)p, +hp, (2)
and volumetric compliance:
C=(~h)C, +hC, (3)
where p,p.p are the -composite, gas and tissue densities respectively
25 andcc,c are the composite, gas and tissue volumetric compliances

respectively.

Substituting equations (2) and (3) into equation (1) yields an expression which

relates sound velocity through a composite structure to the volumetric fraction



upper airways. 2 0 CCT ZQ~ 20 The state of the upper ai g@gg-[rméi ncl ude
any condition of the upper airways such as obstructed or o% n yS.

Measurenent of the closure or coll apse of the upper airway is particularly
useful for conditions such as in obstructive sleep apnoea or OSA. 5 Apnoea,
and particularly Obstructive Sl eep Apnea (OSA) is associated with closure
of the upper airway and | apses in respifétion during sleep. Using the

present inv 1428, - r (o] i ; i nt uced, i nto the airway
Gsi ng an acandi T2 pRERBROMARCHY BEUARY T enE ARl BTG et 4 1 n
the 10 uppemadgriatay preferably via a Silastic nosepiece adapter. During
normal respiration, the airway is open and the sound is transmtted via the
airway to the lung via the trachea, where if subsequently@rﬁropagat es

t hrough the | ung parenchym“éWf_ o I rface of e chest. A
sound-det ecti on device such as % Her éfpﬁn@n@%@be attached in the chest
region. Variations in the 15 sound | evel which is neasured at the chest
region can then be used to nodel the degree of upper airway potency. The

chest regio BVt e i gr the buccal cavity

to bel O\i.\?t hg ﬁ@)r%d% Leﬂféagrntét)b y)tﬁ?%g{bm%ﬁ]g 6’2%‘"{' s'é)prqujiéﬁw@ﬁgyhg UPBEY 0ghest

regi on genem#gnyjtubelless B@intthet obrlostibues sindahe veldmetrit Wasnplidhes of Bg igi r way
rough the tissue decreases so that

[ I d, the t I SSi . dt s 2
I+ my be’ uRAREC PRATE SymAORRGECBHNENPE dGAa epst (seuohoteis cRRdve ised,

when the so Wﬁ ; i T kel .ndi he 25
cl osure of ﬁgegaiﬁllrﬁv%. é‘r?% {tﬁygﬁgﬁ%mﬁﬁﬂﬁbf‘éh@’é{d@% e“%‘ubg fép%rgﬁéﬁﬁ’ ne
det ect or or vblooatedc frastiohs wities bire Hgipto baldesnlinltbaviundg; €005 at Preseto.bimt,
an al ar istaﬁt' ated in ica{i.nﬁ:@gbstr ction of the airway. This alarm may
weke up'§ he & {1 iy GleliRiatcislanzad Woy ddeee veloaias Sabbediniermined

reopeni ng obyisfiApfyin udfloni4 af®YlcAert attending staff to a patient who
is being nonitored for 30 OSA or any other airway dysfunction. There are

several benefits associated with this nethod for detecting airway
Cud)

obstruction or closure which ine t he techni quéd) s non-i nvasi ve;
(b) the technique can be used in and adults alike, and in humans
cor inanimals; = 2 0 OCT 200 21 5 10 15 (c) the technique nonitors patency
of the airwiguation 5dépretmbimatifn witly fégurer3 ilastkates thedepenterse timtsbangase
i n other appoga.detecti deyi ces. a result of this, the susceptibility
of the subj gg_ﬁ’c{% y%ﬁﬁﬁé’&“g{'?@ﬁ f?%sd’&@t ctﬂséHebQTQ)V@iuﬂéﬁiriﬁtf?@ﬁoﬂtcgé:]"h
occur s, 15 edued Issudidehdilehhd aRélgat cipAanter thafidstd EaHbigAGRaRd e Gascan
. be caused by extended | apses or "pauses in regular respiration and oxygen
depri vat i ondempityplaptassentally ao soletie thesdefetruingtion ofigclopitymal | evel of CPAP
to apply to a patient in order to maintain airway patency. In yet another
preferred aspect of the present invention, there is provided a nethod of
nmoni toring laung condi.tion in situ said method conprising: introducing an
Rudi bl e SoustUPAETRHbY B RRRRHE gnetRie SR AICSRTRRLY i AT DY ot ROMId: e of
the thorax, NG deiSity Wi, triecgal BbRBliakid!eTRE kB A% HIECRW LAY t e
Ve|OCIt¥ and attenuation of the Sound as it travels Tromone side o he
t hor ax, 2@ hr Pagnchyhanappearsttheadt likg hormgeneons Massslodded firtdwefat lagrsmxndand

corr el ati ng o B iR A RBrd SR Wal BeoShiddy o SrdpottisR g
the tissue is markedly slower than through air. Substitution of known values for
tissue densi_ty, p,and gas compliance, C, in equation 5 gives:

11.82
(-

Y=

(6)

i

25

Differentiation of v in equation 6 with respect to » determines a minimum value
for velocity at n=05 where v=236ms™. For values of r<o05 the velocity
increases with decreasing lung density and conversely for 4>0.5 the velocity

decreases with decreasing lung density. This is clarified by way of illustration in
30 Figure 3.



25 30 lung condition. Previous work shows that neasurenzggggﬂ nd
vel ocity al one may provide a technique for assessing |lu nsgmv'and gi ves
an insight into the degree of lung inflation. However, no attenpt has been
made to eval uate the potential utility of sound velocity and attenuation as
a clinical tool. Lung condition may be selected fromthe group including
but is not limted to: (a) lung tissue dgnsity; (b) lung gas volune; (c)
regi onal collapse (atelectasis); (d) regional blood volume, interstitial
oedema; and (e) focal |ung pathology such as tunour and gl obal |ung disease

such as errph.ysema. TrtLese Iun,% caonditions may then be conpared with the
condi tion of 'F ABPHRANC RigREHIES of Rayation 6 tesutindbe esdreenebiur ealuesgor

condition, t h i nventiaon i referably applied by
i nt roduci ng gqggﬁﬁggtg g&glhéewgﬁh%:@l%géau%gn%%o@g't S@L}ngfﬁ %Plﬁ'er ably by
appl yi ng an acoustic transducer to the thorax on one side of the chest and
cal cul ating the sound velocity and attenuation using a detector or

m crophone 5 which is attached to the other side of the chest and which
detects Phe transmitted sound.hPUG&LEQ5~ﬂ@§§uwenents ofvﬁung condition or
vol une have been nmade by introducing sound to the lung tissue via the
trachea. However, there are problens associated with this nmethod for the

| ung which result fromthe unknown di stance between the trachea and chest

I, d | jrk i . sel iyel | Sti ish the eff f th
vy 1rom (eenrpolte bR BT SihhSia BPkove Gebak b Srmuside
| ntroduced suadel onlphystoaegratRas WraERkIHAGHNCA Rooi e RaMoL. BRARL At ed

by the subject by respiration, coughing O0r speech, or IS 1TAtro g% rough
per cussi on. ’ﬁ%6€?$ fvespmessHremanteeyThe direatidnoot thecmseeistéchanys i

ti . 15 dent db d trol,
par i cul or 1y oS aRARRD ot drtebifgh 3R aER TR Beeco & b hsiban e ne
desired sourabave eropstewd).5 THEhapERSE Nthel W@rﬁﬁb&rﬂﬁﬁr@égmng(%ﬁtﬁsﬁe%‘é%?%@f{ oach

to exam ni n_q t he acoustic properties of the biologic Ssues, i ng
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the upper ai'tU&'%aRaNesH il depsibineaaxbe isetemined wiienty Swun dseaddingthenown
d i | i (] t L ti ti t . F th
and precise \beidfﬁlfy'd?%@uﬁe%% i O\Rﬁﬁgﬁeeﬁr@f?qu@%f nvestigative too or e

lung, by utilising this soun B&8YCdirectly to the wall of
t he thorax, and by recording the sound after it is transmtted across the
t hor ax, 4sHncegt ai nti es assqci ated with noise introduced via the trachea are
el'i mnai 8d. WS HOWR b&iHg Beeditroduced By ame naneisrgsive emeaneh 26cis Uggdst S

o TS OSSR e

sound velocity as it propagates throug p Hyma;

the contri bifapehla of gerergting iacosstimdounds (VR PRISMbRGhaRtHEBYGhd Whidhieh | s

made by the.a S, i,s gnsi.gnificant. 30 Many |ung di seases are associ at ed
wi th char act[@ff(ﬁeé@e(g 2 6 bgsl{%zﬂoséﬁﬁs% Rieperdee awhishngllewsit ubt absin bef t he

hest (L distih ' ; f ' b
500 40055 a1 o ey eronnachmayfal (BB UATE rial Be drkEHE B aTER Biton,

respi r af¥on iRPude s singlestsme, orca simusidalonale. s i adsrefdriedBh{oREne AN 8t the

whi spered s . are._i i,bl e. ,By contrast, pneunonic ~ 0 ocr o 23
consgl i dat i gﬁk’%ﬁ'é’g'f 1 & H%%ggggaf'%%%atq(é%aﬁ on%QﬂCN ghYf eaquiecyo-sconstis

I ti I ravisduest aid fiti ' ' : '
i .| st e WSROy G AR EAB) P
known as ' \M%P 402 SUAgC & the binjegical tssplecthraigheihichi sounanvelbsitod Bes g,

classically gi P | ncreased attenuation of | ow frequency sound,
causing vocd éé%{jrﬁ s [ttlgeprb%rreac{ha%stﬁe pseudo-random noise signal which l)é used

25 has characteristics which are similar to a white noise signal, but with
mathematical properties which allow its amplitude to be defined at any moment
in time. Furthermore, it is preferred that introduction of the pseudo-randoh
noise signal to the tissue occurs in bursts, preferably of 0.1 to 20 seconds
duration, and the sounds are produced preferably With frequencies which range

30 from 20 Hz to 25kHz and at a sound pressure level of between 1 and 100
Pascal. '




have a hi gh pitched nasal quality known as 'aegophony'. 28 l6EQiave been
publ i shed which exam ne the effect of lung condition on sound attenuation
in the healthy human | ung. However, these studies have 10 failed to neasure
the effect of lung inflation on sound attenuation. The present invention
utilises transthoracically introduced sound and preferably nmeasures the
sound vel ocity and sound attenuation to1&eterm ne |lung conditjon. Lung

condi tions e i t.he present, invention may_inc)ude | ung density

a1 ung vor LRGSO S P e oF T ot o elion RBared o Wk ensiarat which

correl ati ng thé sohat gemnticdused Neref@iaBR/ diy ttaNsLIrkReF tﬁEttﬁ&Hgk%P@SdéMH[ \&Hicﬁr ©
I'8s and a

associ ated with known I.ung conditions with sound vel ocit enuation
whi ch are ndashatRllyUdistirrtdram thelocationlaf e trangdudkirs ssiagde ssiung detsctiba

| d usi ' | one. . d 20 att ti |
o nt r oduoan et Hith AELfichn Bt IR detdRh SR aiat B dunGmgter. *' *°
Ti ssue dénsiwhichrinashe fiequeasy resgdnddthati@aat irPthd hubgsiRy réﬁi%ﬁ%ﬂgﬁrgglge

tissue. In th?wl ung,@ it ma% al so indicate gas vol unme, region
(at el ect asi DEWEeR2OnHE andodd kriz lims, preferedsthiat there areeatdeastdwmoohtteseal

| di I ' h I ch
be 95 compar s Erodl b AEsHeB sol Mo RT3 bt P et e as pect
of the presesundrgaaeraing taceustic sramsduceecnd anbied ef lodBRsUBE 0 Jodivn

inflation, said thoc{ i r}cl udi n_g: i ntroduci ng an audi bl e sound
t ranst hor aciSPAPEY TN (e firsh ogition of ithe fissue Bping arsensedsiTdis enables theor ax,

2t anuat on o oha SSARAIEN, Bhate and TodeRER o U 0 ST HRh: & ongh

attenuation of the sound as it trave t'ﬁrough
and across tifediicatyby the ebeustidansduber ¢hetihputt dignalx to Betccurael) d&Bhedp0 24

correl ating,changes i.n, sou velocity and attenuation with | ung vol une and
i nflation. B?E%{eg'gés 98?‘%?&%‘51 i%¥ ‘ﬁﬁ\ﬁé}%@l'w sppdgid seerNd fetacterg Plresment efind
may be measuyprg&ds&cdied iV i aé]%sﬁg ah) y;.s0 e i,on.
Furt her nore, rregsur enertgaftégt?iltlﬁe%\%gfl%téc?{)fy 0 arﬁ{f@gn@ g'g%i ;‘m g‘r gééggt@gt rom
one side of taneduperrand the finshtetslséorl ung tissue to the other side of the

t hor ax Gan be correlated with a change in lung volune (inflation). This may
be done I'n isolation, or during or after clinical interventions which alter

the degree ofhd dsagectar bapremrabhy dvﬁﬂéﬂégﬁﬁﬁé‘toﬁtﬁlﬁ!(ﬁ%y”ﬁ% érﬂﬁl‘ﬂéﬁeﬂ%iﬁb 1B or e

and at intervals after treatnent with surfactant; fore and
i nterval s afftdse isohaHac amplifiers amd rhandypass Blbaredi with Aiutwdly fregesiscies an@PAP)

el ot asi o ONB ChatBierilabd Suller REBRRg Hhn, ME AcPUstie Prpmmians cidie Breue o'
nmechani cal weltith | 8t being ardegdedefor %)@ﬁ@blé,mﬁdirﬁéﬂdfieﬁ‘férﬁé ﬁgget bAcHgRAl

t ube sugéi oni %% alhe degr ee of change in the sound velocity and preferably
al so of “SoudtEobgtalfyng (aeinass bandys prefetabiyhetvean 50Hprodi GKHa with a roll-
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goneLusLve RS BrBbadlile 8960l B 4O HIeh 5ok BHptS 81 Fhegh gheRe
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| ung di sease_and ilts rcgaégrent. This has particular value in the treatnent
and noni t or iar‘i@efﬁeif LFFTEF i §i6r Berfermangs ateduipesoaling eamplifierseinta whichotheof

time. filtered signal may be fed.
25
The amplified output signal from the detector or microphone can then be

processed by any means necessary, and a cross-correlation analysis of the
input and output signals performed.

30 The cross-correlation function can be calculated using the output of the
microphone which is located in close proximity to the acoustic transducer as the
* input signal, x{r) and the output of the second microphone located on the other

side of the tissue as the output signal, y(t) wherein the cross-correlation
function can be calculated as




In yet another preferred aspect of the present inventi onz ﬂtﬂﬁl‘e’mé provi ded
a nethod of predicting chronic lung disease in infants said nethod

i ncludi ng: introducing an audi bl e sound transthoracically so that the sound
travels 30 fromone side of the thorax, through the lung, to another side
of the thorax; neasuring the velocity and attenuation of the sound as it
travels fromone side of the thorax, thrpugh and across the lung, to the

ot her side of the thorax; and 2 0 &' 2004-~ --- 25 conparing the
measured sound velocity and attenuation wifh that of a normal lung in the
absence of chronic |lung disease. Abnor mirl ung density due to over- or
under- inflation of the |ung nmawy Be) S gg{[@t(gﬂfygtth i ncreased lung injury
and the propensity for devel opnent of chfgni C 1ung di sease in infants.
Therefore, neasurenents of sound velocity and attenuation (which relate to
| ung density) in a premature infant may allow inflation to be optimsed and
ri sk of chronhere VRYiKH i cefl. +.10 urepents of the sound :
vel ocity and sound atrﬁeﬁgﬁgﬁ&ng@%?&g% %]rj? %‘%@Te stweengx(syand p(and 14
or any i it eratathither g@f iewsichid@sy.at weekly intervals until about 36 weeks.
As a conparison, and to conpl ement neasurenents nmade using the present

i nvention, absolute lung volunme may be neasured using the gol d-standard and
| ong- est abl iﬁ_lhed heliumdilution technique at the 15 tinme of the acoustic
measur ement s'"RIGINUWSE ('ERRANTS 9 ithe asisterhin sihibs inee rddryaide vahopigehmani ¢

| ung di seas ihagdueit en dependency at 28 days or at a
pos'? nenst r ugjlétggﬁelhg?' gGIS\AEg}c%@%@%e{E&ﬁﬁ%&éﬁ f\?,g??ﬂﬁee hen gmﬂﬁﬁgﬁ&shﬁgét who

do not. 20 Ifyier Emosfoemationf s test 8&DeRINPis tthaisk i efEq
provi dedga net hod ofqg_.iq nosi nﬂﬁlcung di sreggse,lssai gﬂewﬁﬁ)ﬁ?n%lguﬁgﬂﬁéncy

measuring | (R 8 ISI8Y RECtiphof diritissie aan hedidtbemimednThis transfer
he thorax,

t ranst hor acifgattion BV t 2 r ne sjde .of |

t hrough the | ung, Fo acﬂ%{ ﬁe(ﬁ\fasr?@éeﬁ%f htdﬂc\eé%bﬁo&%@'? d g'ﬁf'?%@tftt% tigebeci ty
and attenuatWhsteBt the sound as it travels fromone side of the thorax,

t hr ough and ro he lLung, to the other side of the thorax; and

corr elgati ng @gungﬁ%iﬁ'ﬁﬂﬂ‘%@%&f&ﬁ%ﬁa@ﬁ ™ pRVidesiiiata ngjatien 40 the Badsmissivar i ng
‘he d it e . AN . 0

[ ung ?25'getyS?E??a26‘#?w?ﬁé‘ﬁﬁﬁégﬁ%ﬁﬁﬁﬁﬁﬁgﬁ%‘&%ﬁﬁ?%s%ﬁ‘@ééﬁ%@%i&é‘g@é’éq@?dm%
techni qu c Andhéandrsioeys H8A)sand n di agnosi ng lung di sease wherein again, a
sound is intgodu he thorax.such that it travels fromone side of the
thorax, thr éégh 1(:% ﬁéej p%%ﬁé ?tﬂi')e %ﬁ&?f?ém @iﬁﬁé rwigpeinghbeark beThsedstowradculateoci t y
2 0 OCT 200 tRé phade pfiftenad) Hindt 4&BYak hels d.1$, $Den

conpar ed Wftﬁ that of a_normal, hegy{%ﬁgq{bd%{fg %@e%ﬁﬁ*oﬁi%a&i{ge%q?w

mani fests i AN@teiGuRiegent iy the Ipstredo-random adise sigrah WitchiSE thtr@iReR. fof fie
provi de an iﬁgg&@%iﬁ@a@éu#&nﬁg@gﬁer a subject's lung exhibits a propensity

for lung disease. nmon Ckases may i nclude enphysema, asthna,

~regionaklcol | apse (atelectasis), interstitial oedema and both focal |ung
~di sease (e. g: tum)uéﬂyI and gl obal |ung disease (e.g. enphysemmn). Each of
these may b&UBTEEHIN @valjsble aecuslichasdvareand seftwatepathageatnay benild on

of a sound ki Géhdratd RSPl random noise signal, and to perform initial data
processing. External noise which is not introduced to the tissue as part of the

psuedo-random noise signal is strongly suppressed by the cross-correlation
25  process thereby improving the quality of the measurements made.

A separate analysis of the relative transmission of the sound through the tissue
can be used to identify resonant and anti-resonant frequencies of the tissue

which is being assessed. Changes in these frequencies can then be used to

30 assess regional differences in tissue topology which may be related to

pathology.



through a diseased lung is conmpared with that of a lung 21§ Q&TnpaQs
condition. 10 In yet another preferred aspect of the present invention,
there is provided a nethod of preventing lung injury, said nethod including
nmoni toring lung condition by: introducing an audi bl e sound
transthoracically so that the sound travels 15 from one side of the thorax,
t hrough the lung, to another side of thegthorax; neasuring the velocity and
attenuati on_of the sound as it tréiels fromone side of the thorax, through

and acr oss Pﬁgpl}tqjﬁgme{%ust REPgimental nyestgations (Kheman: 1983y Benghamed etre. sound
vel ocity ango@d t prodéiLanW BRah J 1;@@)'03"@ tr&‘n‘%gﬁ c{;Wérpltfld% gfa§§;|11}é%% vol ume

at an opti nal vol ume such that t I's su
at el ect asi swberethersquite af sound tsqi»lad:echahlh)a mdid, fHers ¢iab Dt thebrddicay i des

i abl t densi t d vol tu. Ho
"¢ can ol soBuan ek GBS 05 dsvaron B %@@o&%pf”éra'zﬁn%'he‘épw?@”
agai n, it rpduaiiog u%e§%§%;§léafﬂ§8é1%§§é&%4n' hes@ &tﬂétw Jgﬁ'gﬁ%ﬁgl [ﬁ‘:ﬁ’gﬁﬁ from

one side of the thorax through the lung to anot er si The
vel ocity of thehessuserl iaaarchibectiseal uacalisiiss | (Fahyate85) fo aimsorise shdes@ind he

thorax thro t.he the side of the thorax, and the

measur errentélfg‘g?\d%ﬁ]gugﬂgdt §f drgbieaa l'ls REPFER ERePB Pﬁg‘ﬂ“ﬁﬂba{ma&w @nis hen
be 30 used preseheinhntggance of an optinal |ung volume which is
substantially free of atelectasis or over-inflation (volutrauma). These
optimal l'ung volumes are illustrated graph| cal I y in Figure 1, wherein there

t t t | inj b
i ot THE Jec Rl et 8 eSS TeRel ‘4o e Bl KR ctnoy et ¢4 i 1 ung
vol ures. | f rdpragented Wyean igtiid] @qﬂﬁﬁélentmr&i‘?tﬂg’( daSh8fskAitS dds é he

| i kel i hood of Iung infjury will be reduced. However, to ensure tEe vo
does not riRertbepties W@SyOéﬁ@uadetgamﬁmlsapnpthr@igrh&¢ dhetaxof Thtseh'@dehms i t

of the. pr oonasPaBaNR FBe/ER i agb B IA Yo AR BH Ganarinsithg
char act er i sagross oifha ithanaer fadliitatche analypisr atinby sepbiRtated h@lr&}?ﬂ)%rnﬂ}lé't?on

i ncl udi Qf?‘&u nergk} &g devi ce whi ch generates an audbile sound; a
recordli’}rg ¥ orEdoexploss thel efieetnt Ghanging medebparatetersmni0 one
posi tion of {HeheqlAbrgéieatrictdi H‘?mo&ég L the tissue and to another
position of the tissue; an an ySI'S eV|ce whi ch cal cul ates the velocity
and attenuation with which the sound travels through the tissue, and which
can preferably perfarm é)e tral analysis on the data recorded. 15 In yet
anot her pref er r elvasBedt ‘%Sﬁ"héoﬁ’r%'@ﬁf asRagiatedn Withhdhe  icheptr (W&iltie@hcg
apparatus for mﬁélte‘?‘lrchf)ﬁ\al ung condition, said apparatus including:

20 M, .M, is the surface mass of the chest wall and parenchyma
respectively;

C, is the lung gas compliance;

F..F, are the acoustic input and oufput sound pressure levels

respectively; and

25 R, is the acoustic impedance of free space (414 MKS Rayls).

As Hllustrated in Figure 4(b), the model can be used to simulate the effect that
changing R_has on the transfer function of the equivalent circuit which
represents the chest. This transfer function can be described mathematically as
30 B()R(Hwhere f is the frequency and r(n and By are the input
(transducer) and oufput (chest microphone) sound pressure levels '(SPL)
respectively. As gr_ is decreased, the transfer function becomes progressively

more peaked or resonant as illustrated by curves 1 to 3 in figure 4(b).




a sound generating means to generate an audible sound trafd} rﬂﬂ"fagﬂﬁal ly so -
that the sound travels fromone side of the thorax, through 20 the lung, to
anot her side of the thorax; a recording nmeans to record the sound after it
has travell ed fromone side of the thorax, through and across the lung, to
the other side of the thorax; an anal ysis device which cal cul ates the
attenuation and velocity with which the 46und travels fromonge side of the
t horax, through and across the 25 lung, to the other side of the thorax,
and whi ch Cathrg'eE{igiblgx perform spectral analysis on the data recorded.
The present weRtcaiychighbeeqemtids) tAeaMit i i tem whi ch
nmeasur es sou&ﬂ?/gel o[ﬁ%té and preferably co iﬁ%ggﬁ?g’%ﬁgéévdg ohcgf?@ﬁa a#e h 30
measur ement sCor o8 dali 25y VRkisall, At enrade @& 6008 pet decdadee Abﬁhé@i@%ﬂue%%hyng

i nflation iningredyeides t i s of .the inpul se response ca

i ndi cate frequency co?r%\é%gﬁ‘fgsrégé\n%ﬁ?%@ﬁ%ysitéﬁéﬁsaﬁﬁ% IS Henvisted gnotharent

than ot he¥ s WeiHakhneRs el the proximal eaidodi®al RALGOLRGLC L, abpor mal
tissue. = 2 &rg@-,—arfc% E)I']h bgllnefi S associated with {‘“ﬁ“@ga?&“?é% i%ﬁmg\n%as
det ection of acoustic sﬁE’n ng. t|Hese A deaether ite poedudestheod0 ldBpeedetsud he
| ungs, ai r walpl-off) Gsuhh &iatt ihas (o] L t.h respiragtion. The present
i nvention can be used to det Qgﬁ%ﬁjg’na %Frggt\é\%étglph@fé)ﬁo [fs o&derulomipess and
conposi te bi YPEEicakitar Analysiaiof the bauivaltirg eiretit RUIAARR 66, HARKSHD L he
rati o of soltih us tissue gives rise to the change in vélocity Ed

or
sound attenuagi%gm&?ﬂtgf?qu?”ﬁ%%Eh%ﬂ\.or%efoprcaﬂémddatlamaimteidqmiwg}:lI be nore

fully described with reference to the 10 acconpanying exanples and figures.

It s tqpbe under st ood t hat th?d sgr—i—pt-yoﬁ—Followi ng is illustrative only
~and shoul'd not be taken to be lim W way, or af8)a restriction on
the generality of applications fg?g B ot ion previously described. 15
REFERENCES Australian and New Zeal and Neonatal Network. Annual Report,
1996- 1997. g,:aumar JIN. %nternati onal random sed controlled trial of patient
triggered 20 WHearmose.iibthe transfonaimtion es FidalLMsY ol e Arch

Di s Child 82 F5:F10, 2000. Bernstein G Mannino Fféﬁﬁﬁ?ﬁ%g,g;@ﬁﬂ‘r‘%n JD,
Bul | DH, Sol"¥'A3PAVe adnoSHUL., 3ktiemusiayg, aRr anlysis Bib eﬁ@p\;‘al&q‘t%muﬁo%rts
JL, Dela Cr%g( E't %ﬂ_d Cos'ga F 25 Randomi zed nulticenter trial conparing
synchroni zed &nd: convaRtndRaIUNgBas sampliancenandandreydetirdad iBthe forim
neonates. J Pediatr 128: 453-63, 1996. Dreyfuss D, Basset G Soler P and
Saunon 4 Intermttent positivespyggsyre hyperventilation with high
inflation pressures producescgpin—n?:lm-y m crovascular (80 injury in rats. Am
Rev Resp Dis 132: 880-884, 1985. Fahy, F. (1985) Sound and Structural

Vi bration. Radiation, Transm ssion and Response. London: Academ c Press.

where G= BB} and is the magnitude of the transfer function of the thorax

measured at 37,. This equation has been verified using SPICE simulation.

It follows that gas volume ¥u can be computed using equation 9;

20 Vy=1BCs (10)
where y isthe adiabatic gas constant and £, is the atmospheric pressure
A further important application of this model is illustrated in Figures 5(a) and
5(b). Figure 5(a) shows the experimentally measured thorax transfer function in
25

a preterm infant soon after delivery but before surfactant administration (pre)

and after the administration of surfactant (post) (Sheridan 2000). There is a

steep fall-off in sound transmission for frequencies above 1000 Hz pre-

surfactant and the leftward shift of this fall-off accompanied by an increase in

attenuation of 10 dB follqwing surfactant administration. A similar 10dB change
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20 It has been shown (Wodicka 1989) that the plane wave attenuation produced by
N bubbles over distance x is given by:

L}

Nag

P)=Re 2 (11)

25 where o =162, g, R R + (@M - 1/aC)}

Pxy isthe SPL at x

B isthe SPL at x=0

7, bubble radius

¢ sound speed in tissue

30 R,M,c  are the effective mechanical resistance, mass and
compliance of the bubbles respectively -



20 EXAMPLES Exanple 1 - Measurenent of Luna Vol une in Adul I | t hy
adult subjects, the velocity and attenuation of sound whi cmggﬂﬁf
transmtted fromone side of the chest to another, in a range of

frequenci es from 50-1000Hz was neasured at a nunber of defined positions on
the chest. These neasurenents were taken while the lung volunme was varied
bet ween Residual Volune (RV) and Total Li#g Capacity (TLC). A reference
posi tion was established,over the right upper zone of the chest. Using this
posi tion, afHiEgiusiono 4 8 dB/eywendhes pecwrition Gar ound 100- 125Hz) wher e
sound attenuation was nuch reduced and where the degree of attenuation was
directly related to lung inflation (see Fig 2A, upper panel) was found. The
difference in attenuation betw&eft-BWand TLC was approXidptely 7.5d8 and
statistically significant 2 0 OCT 2Q0 31 (P=0.028). Further, it was found
that sound velocity was | ow, averaging around 30 nmisec, and it showed a
clear and st sensitivity, to.the degree of lung inflation, being

appr eci abl yﬁﬁgé;tqgrgatéo%l_pg)f HYACHRN RY @R bul 8 swaplifiach eexpression hios #isudy
evi dences wasitteauatomtsghp s el ffact of inflat.jon on 5
velocity and attenuation vgﬁoggbggb%@gbgﬁ?glt%%aﬁeo%%éq] 'Ct‘ﬂératt'HBr%fxt,he
parti cul ar | YUPRlashi@lyenldris xareinatect by bubblee bymipliahcs W sati fFoqudheRAT Which
attri but abl %%O'thﬁ lI ﬁlcat' on of the heart and liver (at RV) in the sound
path. The m&{ho QUG YORE [5SPRARSE d& of nv nHikHE forr rendistie aledlt sizas)l

therefore IQ'h\éeéfgﬁé,téﬁeﬁLﬁ}aﬁoﬁlé%ﬁtﬂe%dB ecﬁ ggguency. Thi s work has shown t hat
i 'ung parenchyma’is di spersive, or frequency

the speed of sound in the
dependent, over the range of frequencies studied. This is of considerable

i mportance, since it is theorised that the rel ati onship between velocity
and frequency is dependent on regional conpliance and inertial (ie mass
dependetl®) properties of the ngg6x$5rqh@se properties ﬂ%y provi de val uabl e
i nformati on about the lung since they'are partly deterﬂl ed by the
condition of the alveolar septum the degree of fluid infiltration of the
Lung parenchyma, and the extent of atelectasis. Prelimnary pilot data were
coll ected fromnnewborn infants in the neonatal 20 intensive care unit.
Figure 2B r§beenﬂnbsrafmmmréepéﬁﬁnﬁVomﬁﬁﬁw%@abﬁﬁﬁﬂﬁa gﬁaﬁﬁio%%§bgghon
with healthﬁ_lfaﬁs illustrating that neasurenents caﬁf e made usrng the
present i nvHACHON @ MBYa subj ect who cannot co-operate and who nust be
studied in the noisy intensive care setting. Interestingly, the frequency
regi on over which sound attenqﬁgmon@is | east in the newborn is higher
(approxi mately 25 300Hz) than ‘I n4Je adult. In additiofl4although the

rel ati onshi p between velocity and frequency has a nadir at about 300 Hz
conpar W ) . di spersive nature of sound velocity
whi ch ?gsenggﬁgéﬁggF%@1§H%v€g¥é&g?é%gpresent in the infant. ~ ~~~ 24 32
Exanmple 2 - Measurenent of Lun4 Density in Rabbits Experinments were
conducted in 1-2 kg New Zeal andiwhijte/fatifi ts. These 5;4nj mals were chosen
"for their simlarity in size to the hun¥n newborn and { ir

From these equations, it can be seen that:

(@  absorption is related to the square of the gas fraction (1-#); a small

20  increase in the tissue fraction 4 is associated with a marked decrease in high
frequency attenuation (Figure 6). This may explain the increased transmission
of sound across the chest wall which can be observed clinically at high

" frequencies, following pneurmonic consolidation of the lung; and

(b)  attenuation is a strong function of both the frequency y and the alveolar
25  radius . This may explain, in part, the rapid fall-off in transmitted sound at

high frequencies seen in both adult and neonatai subjects. The dependence on



w despread use as a nodel of neonatal surfactant defiCi%ﬂCﬂCTﬁQM‘als wer e
anaest hetised with intravenous thiopentone, before performng

tracheostony during which a 3 nm endotracheal tube was inserted into the
airway to allow ventilation using a conventional neonatal ventilator
(Bournes BP200). 10 Mai ntenance anaesthesia was be achieved with

i ntravenous fentanyl. The chest was shaw@d and a m crophone and transducer
secured in va L us pre-defined positions, including a reference position
over the ri éHE’ %pfﬁgﬁ"scﬁ@é’texﬁq‘fﬁ thairpgvcesh irapa@issignaberiighnthe thesredyday

pl et hysnogr apihry@emNi tor absol ute lung gas volune at intervals throughout
the experinent. "Tidal volune was nonitored 15 continuously with a

pneunot achograph attached to the tracheostony tube. The sound velocity and
attenuati on was determ ned at each |ocation of the where a m crophone was

si tuated, arfdrihechoe)tesscaddwationasinticateattetage of 10 repeated neasures. 20
The effegt Zf chaﬁges in_lung density as a result of Jung di sease on sound
an

vel oci t akht t @HoRRlign issrlateddeithe $apgre efihardasgdracienl(f 41 moch 3 groups of
bbi t it i f i ) oot : =10) G
D Lunge 1 Sfier SFUbAASeROR ChichARTon [ SWhora turldBHABL oot I8E iRy 0 5"

- Lungs rendeddbe absotatradiaisby i nfl ation of a left atrial balloon catheter

(n=10). Wthin each group of animals the effect of changes in |ung density,
resulting fromchanges in degree of lung inflation, was exam ned by making

30 measur eneRify AR raliHEN LRl | b @ LG)e

measur enent s dlﬁgfi ng nechani ca ventlﬁa?g%ﬁg@%ggwgé\?oeq g%ll))?i Qﬁﬂg‘g‘ﬁ%ﬁﬂgti on

may be #asihedispuei sharasterintics athemsulvést itois possiblei tuobteivebs workasisi ti ve

“end- irat . PEEP) i ng¢l udi 0, 5,10) 1 d 20 cntH20.
e S B Bl it s b To ga S toccr
204 33 det ergaiiisiog of oGt BYSIcR bidTE&Eal thslibge range of PEEP can be

e m

enpl oyed to ensure that observations a e over a w de range oflung
vol umes, fromunder-inflation to over-inflation and including optinal

inflation. i i .. Sound_vel oci d
Lt enuati on s Tahod AIBRRES T RIkGIR S BEE At dheas Thient Jf SHet ant
vol une a6t ercharmmiérinicasy a6 'ihgttﬁéwleﬁi‘ciwrén@aﬁeﬁhﬁ‘&rbnsmﬂéﬁ sBMn@alé” ef

period of hyperventilation. Varrous |ung volunes from bel ow functiona

resi dual capakioPpdpierdhrevgiriie tissue.athe evettiotys wapljdable it bty agukés sade

bet ween -10; + i . I under .static conditions allows
10 observat i!@%gltst’ %ﬂgreﬂSF nﬁ%@ﬁég %ggrgh{é?%rjrﬁgg .Cu?qj'h@ev%rpa%t_ m’f‘_ﬁ%@ FELEPL s
ver e di r ect lusedonpieaditterminatibaestvaispiratord WondBioks Gatikahe] dhoncashdtt co-
subj ects and enatbl es , verification of the cross-correl ation techni que used

in the pres&PERiy M oRredsnEn availlabige sonmentignal e rethassopist i methedsgadfnst
interf _ i ; 3 . - At
e conpl et ort bR, eahdieR Syeir wich  HflneS JRET Kol TRa ol BhRbPer o

and obser vatusefid wdters thmn gatiehtds ictiticallydil At unaoasdicus, W fundie & rskpapidass t he
sanme range of Iur}g volwsﬁﬁ% in (2). The trachea was then clanped at an
inflation pr&SIHE HFOUE W @ Heeq tq detarming lng condienso t hat t hey
were free fromthe chest and so that 20 their weight and density coul d be
determned. In order to address the question of the regional differences in
sound vel ocilfya prrfered exapsict of tob yresent inwention, dderst ishoroaidesit 2 dyethbidnad
nmeasur eggent made of t acousti,c properties of the excised |ung at
The-sant! et iumBiE sBte bEfGRST it atespheaKagin AN il Sidpect
of this analgaid metisod m;udiﬁg;al | owed 25 conparison of results obtained
before and after death to establish whether the cross-correlation technique
used is resistantfedyding afseusdat firstpositiondindbe sppedainvésnpl e 3 -
Measurement of L flation ipn Lnfants 30 T a valuabl e clinical fool,
neasur ement s of ;Hcg)%%cgm\geﬁ‘c?c ?lg,ncgﬁéteét?t[ éﬂ%iﬁ‘@ﬁe‘ﬁﬁyf)uﬁgt S HOPEN AWRYScRanges
in lung i nfladotiesr gdsitioreseaddd fordlthBifiedt!dositiopt evant magni tude. A test of
whet her BEasurabI e changes in sound vel ocity and attenuation which occurred
n

after cPPnical ifRlsUalng hevepsirandattenuationddthe sound travelled through the

upper aitways from the first position to another position; and

correlating the velocity and attenuation of the sound to the state of the
upper airways.



2 C DCT 2pp~. 34 predicted alter the degree of |ung i 24 Bﬁﬂ'om%/as
conducted. It was found that clinical interventions which cause a
significant change in lung inflation are associated with changes in sound
transm ssion and velocity which are neasurabl e using the present invention.
5 Exanple 4- Prediction of Chronic Luna Disease It is also necessary to
determ ne whet her evidence from acousticogeasurenents of abnormal |ung
density are Tﬁ%lsg%g ve, of either under-inflation 10 or over-inflation, and
associ ated W e?fgtﬁmpeéfa"@fﬂyéﬁ%y Inphifleipay gerdiion of tes ubper hlrwags

found that abmer gBlbbktty {doh Ai e i s of life was nore
comon in infants who sgtgggj;u%&éﬁéymdéjv&él@%é%ﬁfghfe\(gl\%%@[q%ﬁasﬁfes%ra appaRtin
those who di Heridrpersipvay ismenticulanpnsefubfor sondiiore saeh by iﬁ@gsﬁ&étﬁ%%ééﬁn in
a popul ati 0”3@50&{@??%@ infants (n=30) who, by virtue of their 1
‘gestation (<30 weeks), dre at high risk of devel oping chronic |ung disease
were madé In this popul ation and using the present invention, it was
estimated that about 65% of the population will still be oxygen dependent
at 28 days ng%%g, and %ﬂﬂj@ﬂiad@o}gwmcﬁwi$ibeb%m¢@%p@ng§@{ciaﬁé awith
post rrenstruaéiog,g,% ?“"Q"?Guﬁs'ké' 20 If_gn%lé i.t is to be understood t%at

vari ous other nodifi catibng SHYASA PSP 10 NS ShHERHOPedWiE sldeph dising the

departing frpmeseheirsintioh, af pddiRloRER8SH nbi i herein. 2
~ OCT 204 35 CLAIMB 1. A et hod of det er%lgiégﬁgé%%%rglﬁﬁogpfgé@ F’%@ HE T e of
the respirat'$H)9 &rseerisiic kansducenmichecondiidte theidbogd fforh Bt Ioedtieh Y #a
audi bl e 1gou i fi.rs si,tion; detecting the sound at

anot her posim'?i?é)ér;;L Egg"c d%?ér"%ﬂiﬂil%ew%i %sgﬁ%‘&q tO5APLCE e AdpPleRa During dlarmal

"through the tiespisation,dhk ciitwatyi is @pehendahe }Md@@ﬁaﬁém{é@%{agﬁ% n@%iﬁg%é hat

has travel l ed through the tissue fromthe first position

position; and"40V'@ofMeIERGheg. t Waeree itosibsecuedtiut pmmgatwtmbughetr@eqm? ed
sound to chas@ehehimki h i of e respiratory system 2.

net hod acco?%li_ ng t%_ I(?I‘&aﬁrlﬁjmm]’(.) r%g? Eﬁe?lg#'ﬁ%cecﬂépb?c?@?ﬁqst/? éguﬁﬁﬂyeﬁf%f‘éloarﬂﬁ% of
make- up of tﬁ%u@s, a\/mmmphonendjay ib@rbtt&{chl@ﬁsihtﬂq_@rbﬂégt&Qﬁoﬁp%ﬁaﬁéné-n ﬁ‘n
nmet hod agcordj ng Ito flﬁ{lm.l or 2 wherein the tissue of“the respi ra{or)}3
system i's sel-ecred’ et WHAWS reasiyed it theichgst tegion cas dhenbet isslizsmeticl he
upper air waytheafe ATTRINP i i t of claipns,1 to 3 wherein
t he audi bl e sound s pr oducgicli V\ngtiaﬂ?ﬁ%augﬁgr%@grﬁeqlﬂ% may, ficlyge g
20kHz 5. A rRtersdingdewn bieloy the bugcabosvitftodadwshd i@y, 4 wherein the sound

is produced at a sound pressure |evel between 1 and IO0 Pascal. 25 6. A
met hod according to any one of clains 1 to 5 wherein the sound is detected

by a sound datéabbly, fRaAficioRR i {AaYe]s] vi bration detector
having 3 fr?ﬁuenck/lyr es‘ponseﬂt Eggli?ga??a;?ﬁitﬁgt @Sggéﬁgﬁeg'%%?ﬁy béiow
0 € neck and just above the lung.

When the airway is closed, the transmission of sound through the tissue
decreases so that it may be undetectable by a microphone located on the chest.

Therefore, when the sound falls below a certain value, it is likely fo indicate the

25 closure of the airway. When the signal which is detected by a microphone
detector or located on the chest region falls below a certain preset limit, an
alarm is activated indicating obstruction of the airway. This alarm may wake up
the subject which will most often result in the subsequent reopening of the
airway, or it may alert attending staff to a patient who is being monitored for

30

OSA or any other airway dysfunction. There are several benefits associated
with this method for detecting airway obstruction or closure which include:
(@ the technique is non-invasive;

(by the technique can be used in new-boms and adults alike, and in humans
or in animals: -



30 7. A method according to claim6 wherein the frequer‘?cg Qﬂmﬁe that is
- flat in the acoustic region is between 20HZ and 20kHz. 2 0 CCT 2~36 8. A
nmet hod according to anyone of clains 1 to 7 for determning a state of the
upper airways in a respiratory tract in2a patient in situ, said method

including: iptro dible s t|on Ln the upper
ai rways; 5 tec%%beﬁwéqlﬁeoﬁ'ﬁaq%st@&eﬁyﬂ tgetep I"8 d?ﬂ’?Hﬁ@ﬁ%PH&! Per
ai rways at @k dfafhopesichi a8 u§mef;hmémaﬁdéasaet@@mﬁ HeVices AL HIradwIing t he
velocity and attenuation of the sound travelled through the up%gr ai rways
£

from the fi PEthisota puscaptibiiborhie pakieet toroxyaes ctanitmratsl drefetted Refboi ty
and att enuahgplén% if<af éc%ggd m%&’uésﬁ‘g tl?efﬁ]ﬂﬁe?mB dto*i“@ %c%nHBHearndaﬁgngydsamag e

met hod accor claim erei sta e upper arrways i
det er mi nad Mitafncabstte“ catssdi by exfeenedilapess ollpaldes A reglzodegeictioti agl t 0

claim8 or 9 wherejn the state of pper airways is determned to
moni t or obsPXYSER EPENVRYN. ﬂH tHHa e&é?,{)edu% fRy&et e petivgl svet 9f and

attenuat i onclap 6 apalne d PaliRiiPardr fARRal 5k of the upper
airway. 20 11. A rre?ﬁ‘gd ac%%(rdi ng Eorany ongn(r)?l C a?ér%hgyto 10 wherein the
first position in the upper airways is in the nasal region and another

iti d.,f he f h h bel
Phe nook and” dab st BioyehaRa8t o the Fissoal A5eHPRG, 1t57any ASABOER ) ai e

1to 7 for mhb@bfﬁgad;wﬁagw@wncmrbdmﬁméa:@?dé#hé%&%ngmgprl si ng:
i ntroducing an audi bl e sound transthoracically so that the sound travels

from one side of intrducding ar audite sgund ﬁ@ansmqgacm@liyammﬂirthglsrmmdftra\feés

_ thorax; nea travel s
friom 30 oneﬁ?mggg ﬂﬁée{ﬁb%gbé%xa{ﬁﬂo%ﬁ hb g@rég{gﬁ%}%e&? ﬂ%eatﬁghme ot her
side of the thor axeasmnidgcmewﬂlmliyngnd I‘aﬁteauamsru@fltl@@ s@nddswndraw:@@bhy and

i 13. A nethod a?cordl ng

vel ocity dispersion to | condi t |
{o ol ai m 12ORReHer Piithe tf]e% dBRuohi e agrass b lucg. oihe Ateg S 0
includiqg: t@rakum@gti ssue density; (b) lung gas volune; 5 (c) regional

col | apse (atel ectasis);
correlatlng the attenuation and sound velocity and velocity dispersion to

lung condition.

Previous work shows that measurement of sound velocity alone may provide a
20  technique for assessing lung density and gives an insight into the degree of
lung inflation. However, no attempt has been made to evaluate the potential

utility of sound velocity and attenuation as a clinical tool.

Lung condition may be selected from the group including but is not limited to:
25 (a) fung tissue density;

{b) lung gas volume;

(c) regional collapse (atelectasis);

(d) regiohal blood volume, interstitial oedema; and

(e) focal lung pathology such as tumour and global lung disease such as
30 emphysema.

These lung conditions may then be compared with the condition of a normal,
healthy iung.



(d) regional blood volune, interstitial oedema; and (2)f) 0§da2iBkung

pat hol ogy i ncl udi ng tunour and gl obal |ung disease. 14. A nethod according
to any one of clainms 1 to 7 for neasuring lung 10 inflation, said nmethod

i ncl udi ng: introducing an audi bl e sound transthoracically so that the sound
travels fromone side of the thorax, through the lung, to another side of
the thorax; nmeasuring the velocity and ap2enuation of the sound as it

travels fro ' f the thorax, throygh and across the lung, to the
ot her side onT 8?ﬁ%§§f€8tlﬁﬂg Aenddiog, %‘? l"éel"qé?arfg thadHgeant iwveniemisy prefeiabyy and
attenuati on apglizd byigtrealdig 2860 i t cordin any
one of clai n’aéw% t ow; for pirﬁigdi ct idrggdctﬂéegﬁ@?szagml lﬁénrg%ﬁgggi\.gnq é'%fﬁggﬁfﬂy sai d
met hod i ncl RRMGNYi 3 ras@ustin dramsduceti ti thes thordx toranathsitacofckl ha® ddat

th d trayghse ide of the thorax. through the |ung, t th

Side of the Charaud R 3fndy ol inCete gl uherdelesiorar Wieommne s

|t travelts fwhichone asfadheaf to iR tOMBRIAE NSONAN ARG ARIPITEDGdMAG: o the
|

other side of the 25 thorax; and conparing the neasured sound and
attenuati on V@RHNitRdsnda Fireviens meaguremertie of thsren cendition hororilgmeUngre

di . 16. diac WA f clains,1 to 7 f di i

lung 20 d se%e?efﬁiéa&%dbﬁé@ﬁ%@%%ﬁaﬁ%o TS L fissUeig Werierehpa howatiang:
i nt roduci preaack prabl naksdok Rathagis t

from one side of | o GhSCCRNGE Al flcthiod for 8 b Sk Modif Y ©

t hor ax; 2 the ynknown distancashetiwaen: the trachss ayd shdstwatnand iaoninabilityh
sound aqqit j.d t hor ax hr oygh d across the
lung, t got heééé?(ﬁtgreﬁ/ sihgﬁmg?&?' h@et ngrgétg ; gﬁﬂﬁa EYvAY %?ang%sﬁ‘guatsvtéﬁ tha upgand
“attenuat i on pdrenchymg arerthé tueleolly 6f tRMMARddIGed %Lﬁﬂnaht&mgﬁ tnﬁhéhgulréiﬂg%pei ng
| e

di agnosed witth t.he detnsit rﬂ_a nor mal Iunﬁ to determne ung bei ng
di agnosed i SCHgHeSthe;sound isegpprraiac by dhe gubiect Ibyi nespatidre reaiughingeot ung

di sease is ceehedrfiko 0., i-nc ' sema, ,asthma, regional

col | apse (ats?I _ec?hgirsl;s, iﬁ'{%@ﬁﬁ%?ﬁﬁ@:ﬂab H'g;lélggﬁﬁ; %né%\{er' G5 riesen egd??cy

gl obal | ung limitatiose betausea thet habustic opdipegidso ANthedRe Rlingb ahfs bié%tj Lof
I't1on by:

prevent ikpg | LU sai d net hod i ncludjng nonitoring lung con
i nt rodulélgng %’%&Ngﬁgﬁﬁd HsyRRd PPHRQEIP@F%‘?% inghe Gewbarn ?I‘I‘fantsmmdstmabml s 15
fromone si de refiatilpprédiRicthe dd¥iRBEduhl®n Wifimahg, anot her side of the

t hor ax;

The preseﬁt invention exhibits a novel approach to examining the acoustic
properties of the biological tissues, including the upper airways and of the
20  thorax, by introducing sounds with a known and precisely defined speciral
content as the investigative tool. For the lung, by utilising this sound which is
introduced directly to the wall of the thorax, and by recording the sound after it
is tfransmitted across the thorax, uncertainties associated with noise introduced
via the frachea are eliminated. Without being restricted by the theory, research
25 suggests that the lung tissue type which is primarily responsible for changes in
sound velocity as it propagates through the thorax is the lung parenchyma; the

contribution to changes in sound wave velocity and attenuation which is made
by the airways is insignificant.

30 Many lung diseases are associated with characteristic features that can be
detected using auscuttation of the chest (Lowe and Robinson, 1970). In the
normal lung, frequencies above 300-400Hz are heavily attenuated by thoracic
tissue, and on auscuttation, respiration sounds are soft, conversational sounds
are muffled, and whispered sounds are inaudible. By contrast, pneumonic
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measuring:the velocity and attenuation of the sound a% it travels from one
- side of the thorax, through and across the lung, to the other side of the
thorax; correlating the sound velocity and attenuation with [ung vol uneg;
and 20 maintaining a lung volume at an @pti mal vol ume such that the lung is
substanti al | .of at el

fre ctasis or, over-inflatiqn ol,utraum). 19. An
Sppar at us- 1 BneRIERERD  Bleh rPSihs” tag Shehfedtl oo nigh ke PRER, sadis,
systemin S'résmltir’_ﬂ%m epactetivtc idpirdiomgour®s RnoQHRE ‘BRIRhA! bRgatERY aadwhi ch
generates an audi bl e sound; a recordlng devi ce which records the sound
n

after it haStreRGvdransaissiom ¢e WusPerEsn GigR-fleare’p)r ROHNESs 1A t BSsue,
through the'&ﬁi&ﬁ%&ﬁ?@gcﬁit @‘?%g{q@%#f& Gh S %Qeoﬁlbﬁﬁaﬁ'ﬂ, %S%?‘Ma?’%é

devi ce which ca S vel nd attenuati on w
sound t ravetfise tthrincrghséd atiehastien o2 bw Arqappey adbusd,f causinanivbcatisoygndsig

condition, said ratus i ncluding: ~ OCT ~~p. ,. __ 39 a sound

generating | oracically so that the
"ng Rk 180 garRrdpESAUAIE 1 85 RPIIPERST hor aci cal | hat th

sound travels fromone side of the thorax, through the lung, to another

side of the thorax; a recording neans to record the sound after it has
travel | ed fStudiesdaesbeen giublisled mdvielx examioedhe aftechof dusg tdnmditiong ont o

the ot her side of .the t.horax;, a al ysi s device,which cal cul ates the

et tenuat i or POURG STEIPY 0 DR DRREY B fing Havere fiesh shses JBV8r ¢ ne
t hor ax, 10 hr el @nHeastesthetdifeck bRing Bflatien ehhgsurdl steeriatibhe ThePrégent10

21. An apparatus according to claim19 or 20 wherein the audjble sound

gener ated i §veRtipReutiigngdrasstiupsicaly ibtaducedsound apdarataiabiycEsAENRS t o
Spuctral angigrnd Vet ot St AR BN R SRt (it CRHRE I
1 subst ant i abhglitiaas lmesessaaeiising the sresdrddnvettion afagrianicdetiong ieneitpmpides.
lung volume. However, other lung conditions may be determined by correlating
15  changes in sound velocity and sound attenuation which are associated with
known lung conditions with sound velocities and attenuation which are

measured using a normal, heaithy lung.

Tissue density may be measured using sound velocity alone. However, sound
20 attenuation may also be introduced as a parameter for the determination of

tissue density. Tissue density may be a measure of the amount of fluid or blood

in the tissue. In the lung, it may also indicate gas volume, regional collapse

(atelectasis), regional blood volume, interstitial oedema and both focal lung

disease (eg tumour) and global iung disease (eg emphysema) which may be
25 compared with a normal, healthy lung.

In yet another preferred aspect of the present invention there is provided a
method of measuring lung inflation, said method including:
introducing an audible sound transthoracically so that the sound travels
30 from one side of the thorax, through the lung, to another side of the thorax;
measuring the velocity and attenuation of the sound as it travels from
one side‘ of the thorax, through and across the lung, to the other side of the
thorax; and



20 OCT 2004 40 24. A nethod for nonitoring airway pat e@gy[]micz%%i ng the
. steps of: (a) introducing an audi ble sound signal at a first airway
| ocation; (b) detecting the sound signal at a second airway |ocation; and
(c) determining airway patency based onsoihe attenuation of said sound
signal 5 between the first and second airway |ocations. 25. A nmethod
according to cl aiconiptingechsingesha stungavelocityt ared afpevatian wilh 1Wkg salumes] udes
t he buccal regi. tending to the trachea before entering the lungs. 10
26. A net hoc?ngc'g@?@(r}‘lg to claim24 or claim?25 wherein the first airway
| ocation is in a nasal region of a subject. 27. A nmethod according to any
one of clains 24 to 26 wherein the second airway |ocation is in the chest
region of a lawisjeas volumeds invegsain Prerarienal ta lungiensité andiamnge 12easugd bel ow
the buccy efidY sbBndelBRAD® driddorctétanf) TESNRAN BGEAILHNAD ForthbAhL2 7
wherein the second ai rway lotation PSP R the upper chest region, generally
bel ow t he nendasurdnjemns of dmvelocie df engourkDag &. prapagates drat cmedsidg of shany

.of clains 24 to 2 in the.int d. audjbl e signal . is
paeudo- s anddneias: bioddTlRa tissue 1o dof B S dhlreafio ™o b fersieted, 2
wherei n det ggiff 8ichangt TVGRRNAREXIIBNS) FRisAnay 68 HoRariA elkido) onaaling! s of

the detected sound signal With the 25 introduced sound si . 31. A nethod
accordi ng t @ramfteoneiig¢alc linternentions o wdichyvaltesi the hdegreei ot e luhguriaflatiagnal

has fregyengi in th n f.2 7 to 25kHz. 30 32. A net hod according
to any gﬁe @flg%l_gfe%eng%{aﬁgﬂgﬂgwgfﬁéﬁ t he i ntroduced audi bl e sound si gnal
has a sound #)r essur Befopy @hd ke imesaislaf@drddifeRbgdtalsurfacdt;OCT 2004 41 33. A
met hod according to any one of clains 24 to 32 further _including_the step

of: detectin®when tRefose@id alsinfrrvalhaitelraBMERFYMBReOtEPNHBECYHPEEHYP
|evel , said attenuahﬁ%g%ﬁ&@uf&&%@ﬂa;{gn@érﬁ?ﬁhb%lhﬁ% o thfehsre%tgh&@kf o

34. Apparatus for nonitoring air e~apparatus 1 ncluding: (a)
sound generati ng nehpalifcomeaypane dipease andidrlatelecani; si gnal at a first

airway | ocation; (b) sound detection, nmegns for detecting the_sound signal
at a sedsnd Qi r vay LS@’& i%‘?éj %Fnéﬂt?@’a{%)a%%ﬁa{r&?sicgnmea’?@ it gEBeRRar!

ai rway patency basedofflafidlf aMdt enuation of said sound signal between said
first and second | ocations. 35. Apparatus according to clai'm 34 wherein the
airway is th upper beforeapdimingdiately afterendotrapbealdube sgeinirgt endi ng to
the trachea before entering the lungs. 15 36. Apparatus according to claim
34 or claim35 wherein the sound generating neans is adapted to apply said

sound si gnalTia degrés 8 tleorid 0N the ddumdnasiatity egidopreférably also of sound
20 attenuation may be used together fo provide