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(57) Abstract: A method for acquiring a physiological response from a test subject, particularly an auditory brainstem response,

by presenting a plurality of stimuli, such as a Maximum Length Sequence, detecting electrophysiological signals in response to the

stimuli, generating a recover signal based on the stimuli and determining the physiological response from the electrophysiological
signals and the recovery signal.
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used f or neonatal hearin %creenlqm autonate% t forto the "G
0, er a lons refer (o tne Ui
% TII‘ &lﬂn}‘} ﬁpg (A A es on 0 g? rgﬁaﬁjzf aﬁfeaémg at the begin-
ach re r issue 0 t e azet e.
les ones an surface electro ds’ t'o reasur e
_ @bﬂﬁ&gﬂhﬁm; ;ponse to an acoustic stimulus near t he
hearlng thres ol d, and then determ ne whet her the
response i s an ABR 30 waveform or random background
noi se. WO 2008/ 006164 PCT/ AU2007/ 000969 2 A typica
ABR wavef orm shows up to seven positive peaks in the
first 12- 15nms post stimulus. These peaks have been
shown to relate to synchronous neural activity along
the auditory neural pathway fromthe VIIIth crania
nerve, the auditory brainstem thal anus and
t hal anocortical radiations. Conventionally, 5 ABR
peaks are |l abelled, in latency order, using the roman

nunmerals Ito VII. Peak | typically occurs at around
2ms with all subsequent waves following at intervals
of around 1 ns. The | atencies of waves |, 111 and V

are comonly the nost reliably neasured with nost
clinicians sinply identifying these peaks and then
conparing their latencies to normative data matched
for stimulus type, 10 intensity and rate etc. TEQAE
devi ces use earphones and a m crophone to neasure the
cochl ea's response to an acoustic stinmulus, and then
determ ne whether the response is an otoacoustic

em ssion or random background noi se. Both the A- ABR
and the TEOQOAE devi ces produce a pass/refer decision
based on the 15 presence or absence of a response from
the brainstem (A-ABR) or the cochlea (TEOAE). An
advantage of the A-ABR is that it tests the integrity
of the outer, mddle and inner ear (indirectly) and
the auditory nerve and brainstem (directly); whereas
the TEOAE tests only the integrity of the outer and
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20 (indirectly) and the inner ear (directly). An )

advantage of the TEOAE is that it can be conpleted PCT/AN2007/000969
wo amBeociend costs | ess to perform A di sadvantBQBAT2007/000969

the TEOAE is that it resultg in a higher rate of

fal se al arnms, causing significantly higher referral

rates (approximtely twi ce that of the A-ABR). These

hi gher referral rates resulllTLEn significantly

i ncreased followup costs and significantly higher

level s of (Matbod o2BcoeieidyesPhysialogiiahRedpshssy. There

are two significant limtations that inpede clinical

use of the A-ABR as a neonatal hearing screening

device: 1. The acquisition of the ABRis subject to

hi gh I'evel's of noi BELD OIFETHENRVENTIOND bot h exter nal
t

noi se sources and The neﬁﬁérﬁ_b—rﬁg_rﬁs ed. 30

Theﬂ'ﬁ%‘]h@enﬁ@f Rl &Rl ¥ %g%éé’a“nd tERinka &o% Yiipdumans and

near -t hreshol d ABR waveforns” reduireé
otheyinimalsy larpm‘hwlér r@lthatgls noFar(d:Ihewely( the inveh6s relates to a

S|t|oncnd|t| wi th an
mefE I PRarRE A FecanstiuERG oh SrcinsThbinlpaipnlreoerding of an
auaw@/mgmg%ﬁwgg M@@ﬁj 000969 3 extend to 20

mnutes, after which testing is typically aborted
until another tine. That is not an ideal outcone as
it adds to parental anxiety and can result in the

neonalt e subsqumf RERIN . hI t is

t the
B?L;E prac ' # nce of response at only one, .
heat TERES rﬁgm%n g’f TeRpcnSe tﬂtsé Lﬂﬂ? " wpegﬁﬁ&aspﬁfd%medlca'

screshijn (mmlm pEspUnise eagdsessmeh
ABR gc ui si 1I:I on tsl rres? ¥ Al tfgg%%Séﬁﬁ?%ﬁ%Ig?n%?ggg;ﬁagk@% with

vision, freling anskheasdrg. diﬁmﬂd%fécb@m heedng ldl!fflcwbeﬂ@ considered to

o TS0 YNSRI A0R 7 B SABRAE e B 20cco
infahis ieaghdieay raltetbotrn evithl a1 Bigroficaehy ﬁebﬂn%gm\ﬁgggmeg;[ mEarsly(/e detection

rohlbltlvelyl qtest times. The
and freaimenteaf syafer ppairaiats are assential dor theeeperappropriate
de\)@,ﬂ'd ehf" é‘l‘c t§p’e ghe IBHE&&%%M’ 8dnifigd ‘é‘%ﬁ”tyloj?lgg%gre most

000 stinmuli e ense
coum@es basemmatpdammwsehbemaiabhe@mg screeatny (WJHSS programs

HoBFaH 6ot By RS, PRt BoHS St e b spsil i
regibh@l BAarehidte Idteds. AT Bbsts @Rebtiabdd Wi BKAIHE% UNHS program
depend on a wide variety of issues, but screening test time and referral rates are
two factors that have a significant effect on program cost. Specifically, it can be
shown that both halving screening times and referral rates produces more than a
20% reduction in annual costs of running a UNHS program.

There are primarily two types of devices used for neonatal hearing
screening: automated auditory brainstem response (A-ABR); and transient
evoked otoacoustic emission (TEOAE). A-ABR devices use earphones and
surface electrodes to measure the brainstem’s response to an acoustic stimulus
near the hearing threshold, and then determine whether the response is an ABR
waveform or random background noise.
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potential being neasured in the presence of other

acoustic and electrical sources, which are consi dered
wo o0Beoaed se, including: Ongoing neural acti vPECHAUZ07/000969

the brain, as neasured by an el ectroencephal ogram 20

I nvol untary muscul ar activit®, such as eye and head

nmovenent; El ectromagnetic interference, such as that

r ad wadtypttabwmwmewrm $tbvadp t@ kegdn F@@qhv@ %'eblaRéT‘i’rNhé first 12-
the vicinity, power supplies, lights, and

15515 Regtsiimulis Thisi adaks hameebefeér@rw t [riatesto symsheartous
neBFe}l P{fl% 219 PQ % 'aﬁﬁlto%ﬁngﬂﬁle \fﬁfrﬁ%é‘%q(lts cranial nerve, the

uci ng ‘noi se he above

audrbmnydﬁalnsmmhtfﬂimnpssadhhalammmcabradlétlmcﬂ)mventlonally,
t he ources re all zero nean

tefacts, as and
AEih B pishieBsled dnlensY ardey YSiseith raRaniiierie! to VIl
f I
PRI AL QRATE ol AR A< R af SEbSEARM Weflcs following at
intervialssof anognddings The atenciesahwaves hdll aa;ryiﬁt laremomubnlp the

mds? Se iy Biesturer BRhaRartginisans ey BGuiits fispe peaks and
thdidorbaAAd IhdiPRAGRSes fo AbnaRE! d8 MBeh¥d YSEshimtiusH)ps

in A-ABR devices is a 100s p03|t|ve or negative gol ng
intengity and rala@i® as a broadband "click." If the outer

ear to auditory brainstem behaved as a |inear system

(WhiTEOAE deviceal Use d@m‘phon@ aricbra mim:hphmmeldo measure the

s. woul d direc sure t he respon
cofplefi BRpyBlentc ah sRibtr Stratifs. ABe | PRACIFeRIe Bheter the
responsBAY st otddicouBtid BhfisSiah %r&aﬁ@bhpgé&grbﬁﬁél”rﬁﬁsé rBotA the A-

is not the nost efficient nethod to estimte

ABRnands éhe cHpdAde deyices pradkise aypassiiefex m@c'smr@atw@@ddon the
|
preph 4 SRRt o SPEMAE I TARBED i e coches

(TEOAE)t ed into the system and hence increase the SNR
at the output. This response then can be 10 directly

r el aheshivieditddee of BRUAABR iigihdt #eesR3RE nﬁt@thyaof the outer middle
cross-correlation and/or Fourier analysis.” One ch

andt inpgr uear ¢ediesty)ngner the pruslitany rramr@nampmas@etem (directly);
wh%k{ésf ’th«%fﬁ'ﬁ éﬂ(elﬁft%‘s e%niyp Otﬁénﬁgé@ﬁg“}f{nﬁhgngu&hgwe&?&ﬂe ear
(ingirecti )anddherim@eeaﬁ (dir’eethLﬁnl adviamtdge bf tHd TROAD(s that it can
be completed faster and costs less to perform. A disadvantage of the TEOAE is
that it resuits in a higher rate of false alarms, causing significantly higher referral
rates (approximately twice that of the A-ABR). These higher referral rates result
in significantly increased follow-up costs and significantly higher levels of (often

needless) parental anxiety.

There are two significant limitations that impede clinical use of the A-ABR

as a neonatal hearing screening device:

1. The acquisition of the ABR is subject to high levels of noise
interference from both external noise sources and the neonate being tested.
Therefore, data acquisition times for the near-threshold ABR waveforms required
for UNHS are typically around 5 minutes. Furthermore, in less favourable

acquisition conditions, say with an unsettied neonate, acquisition times regularly
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clicks to be presented before the response to the
previous click has fully 15 dissipated. This allows

wo eoosaosief f ecti ve increase in pul se repetiti onPCT/AU2007/000969
frequency, also known as inter-stinmulus interval
(1SI') and hence results in r&duced test tines.
However, there are a nunber of issues that have

extengetted0 trhinutes] eaftes pwiteld tastinef isq?pr@fauwlaﬁoﬁba%tn -andfher time.
1. The irregular 1Sl of the M.S [eads to increased )
Thab isBelsan idgal aiteeme asqihadds do preentglRandetyoand sanrmrasuly in the

nebﬁé@%ﬁ%ﬁ%ﬁtlggﬁi%ﬁﬁgrlmfe&ga en have (presumably

contam nat'e ard nor phol ogy; 2. Decreasing

h S ' i fas| f .
or eZent at' Bnrolial BRFAEENRE e AR Bris®t rbiE prgsence or
abtércé of erRponserattanlyone, nebr-tHeskeldpensales fr@énéiﬂ»egtypically

decrease in ABR anplitude, then the SNRwll actually
35m§ésféﬁ.L) fhichoRiaGHCE Jsad ditest reswh<if rthet lepathy HBR aeauisition

imes 0 r : 4N r
tirel o TR, SRS fERBG B Sl RBRORRT RIRIBE pifformed
utilidieg r maultipde c stimedla i intensities, uboth ialoves andndelowt ties hearing
rocess 30 effectiyve estjmates the inmpul se response
trpReide Geperal fiati rpangs anly uEag, cHAoNG L, SEIEin e to the
proMibitivEIQUENG testitithés. r econstructi on process is only
opti mal for responses generated by systens that are

app [ I ' te] 0 .
00T RS KhRIARY 08 Pl 0 e avrae
respopisetwaleefarmd after déne presenyatioingefi fetwesh | 4000 arrd 4800 stimuli and
. conventignal i n% r recons(L)][ uction algorithns arbg‘? .
is KNBWBAS (e eneRabe, vEeate: ohe 08 WBY (3 SREgtble @verage is
i BBEs ithest | A Y,

re(g];grdetd;ésh rei ndégri:'S [O?E);g% ﬁ@iﬁé'ﬁgg ggﬁﬁee ?ar?g)r? (§%RE| %.ng'(”%gsfi?m the
presematioruat asygne sfisuwles.ctle poar SINR isratditatt fresult of the evoked

polB8BL % DB TP SHRLERepRLEN Rier ShRl i prcrca
sotices Ewblp dfe cuidideted € Berndise, iasiedingn a

conmputationally efficient matrix inversion technique.

o HO oid" SidtRhNOcliginPnliy OBk ”B}aiﬁ“,"e%sapﬂiéa%ﬁréd) by an
t he econhstruction of "M.S signals acquired Trom a
| i nelectroeneeplalagiaamt syst em

. Involuntary muscular activity, such as eye and head movement;

o Electromagnetic interference, such as that radiated by mains wiring and
electrical equipment in the vicinity, e.g., power supplies, lights, and

switches; and
J Acoustic interference, such as ambient or background noise.

Ensemble averaging is effective at reducing noise from the above four
sources, with the possible exception of muscle artefacts, as the sources are all
zero mean and unsynchronised fo the auditory stimulus. Ensemble averaging
simply assumes that the signal is deterministic and synchronised to the stimulus,
whilst the noise is zero mean and not synchronised to the stimulus. Experience

shows that these assumptions are generally valid.
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10 Reference may al so be had to United States patent

nunber 5734827 by Thornton et. al. which describes a
woregmsoysief fi ci ent i npl enentati on of the convertT/anaio7/000969

i near M.S reconstruction aldgori t hm where response

reconstruction is perforneddas the data is acquired.

Al t hough the conventional (linear) MS reconstruction

t eclhequestheamheery uded wtinrliex reASABRI devicst B 4 NBOLsPositive
nun‘oﬁr of ,alternative reconstruction techni ques have

or RegARtYR GG IMPRIe, dinoxrpest @ ioadikan “eligk.’sHothe outer ear to

oo ARl BB, 1 s ST it ey M ot
su¢hocligksstirasiusgrvotld dredaillyi meadtirbithe dmpylsef reSporbé W8 this system.

Sequences in. Evoke esponse Measurenents. J Acoust oo
HOREYSh TG (WH! Y S 150 & B WP 0K iafhifoPRSS @t periodic

imBesE &M s trive tRé fnhsdtesthivie R mdivod ﬁf@é‘%éf@ﬂi@ﬁ‘npulse response
The d b ey can

sequences. They describe a nmethod where t
of sellipgar sysierer Pther ispadianch stimulixsutls g hhite noise, stepped-

g0 HEREL S o830 el BBl BB 4 B lec o e

systenl snd heheeNhErdaeenPBSSRR! BtheCOMPUBITIAS rBsgeiBethen can be
scal ed and shifted versions of the desired ABR i npul se

directlypFpiated thdheppauiredigmwse gesnansenyiai crassvearrelatiomsind/or
' : Al t t 1 j .
Fol o BFalyeke e e ARG SERTRIRY! TR pAAdRIRYR mpuiss

traine coftert rrefdriaxh tbeabniaqmirdenﬁtléng'\i/lh é%&e}wt(ML@)!--has been
s M, son

Caplquitz G, Bai_lrd W, Trunpi M P. and
Pf%’é’ﬁ@@ﬁﬂ #he griof ajt. Theopamanhadyadage ofte ML éethatiitallows for
i ' d i ent
cli R Y, Lol PooRerg R RADERES T sne HTLER, ofICHES ruly
disglipatad. behia ajlosesgfemae efftetivenintrenserin (868 rapetitich fiegtiency,
tili t i, nul th mMpnimal S
alsg S g (6" siHll migael (50 Aol enck qesisd) reduged test
timeg. M ni m se ABR | atency WO 2008/ 006164
PCTI AU2111171 000969 6 vari ation. However, a nmjor

L i nybgilen Pkrd e épﬁtﬁlﬂ%f‘ giﬁslsétfé%t thdt A&V f?rﬁp%ﬂea the wide-

deconvol uti on operati on I'S conventl ona
spreaglagoptior of MG stiimudisi on  operation in the Fourier
domain. It is well known that division in frequency

1. donthe icegulai §Bii &f thenhLB leambitb)intreased iraspbigse vanability, and
of any Fourier 5 coefficients snmaller than

as a resu
ones° 'Fh“éréégr 8 nohaptipallyoeconstrdeisdt and gMayefprms often have

(presumably contaminated) non-standard morphology;

2. Decreasing the ISI (that is, increasing the rate of stimulus presentation)
results in reduced ABR amplitudes. If the increase in rate does not
compensate for the decrease in ABR amplitude, then the SNR will

actually worsen.

The conventional MLS reconstruction algorithm is based on cross-
correlating the response evoked by the MLS with the MLS itself. MLSs are
defined so that their auto-correlation is a unit impulse and so this process
effectively estimates the impulse response of the system, which ideally results in
the acquired ABR. However, this reconstruction process is only optimal for
responses generated by systems that are approximately linear and time-
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expensive, iterative procedure that attenpts to find a
g- sequence that neets certain pre-specified tinme and

wo e@guency domai n constraints (including excl ustAU2007/000969
Fourier magnitudes less than 1). It should be noted
that the exi stence of a gq- sBquence that neets a given
set of constraints is not assured and hence the 10

ln\@ﬁantrethbﬂﬁAlBRnahqﬂlt@dw|dn@aié&éﬁdea|:§h§igﬁﬁicbﬁﬂ9'\M{h ISI, so
of MLMStg MR (mddle |atency response) iS describ
copyentignayl "@@arwecPB%ﬂrmct@nLalgom%n@war%tshwapi_mtahan M E
(2002) Optim zing the acquisition tinme of the mddle
| at dheyanpdisption ef WiShtp ﬂf@)@\qqmmlﬂmngt hesh3Remas rstnéscribed in

19§escfs%)é @gfr ;)7\%%4 §?ﬁr her i‘%ﬁ?ﬂ?utmgf %o%%gw%%l&"'a'ﬁd (1982)

Mairhom mtmuene@s the fa§tsmértmcra%m&asum@famtem-evoked
es and | atenci es | st reports

pOiﬁﬂtVPSs ﬁ&dlol ?%t %42-@591: diheymetndyef ABBar@wn%nﬁlmimdescnbed by
EyQ@?l@f ‘éﬁﬁ lr{e?tlg BGLES: ori Qecgo‘?‘n aﬁoﬁ% Ef"%@lgl nﬁrr%%t&ﬁ ipversion

non- i1 néari nons

technmueﬂ dﬁovtIe\cmfcrthsenefmodvvase oalyplmptlndal aghei i applisd to the
cre e a Ilcalont M.S in TEQAE i s

redsseidh ARited, bR hlInsah towRrvBGaR) system.
Refét@hBé Oma T'&%oorb%f Pabeth qm"ﬁ?éﬁ '@cﬁfesol batdlf h[lif@gr' 3‘7‘34827 by

describes’an Acoust 1¢ stinulus 1 s neasu
Thautten ¢t odle whishr describes ahmem@nyeefﬂcmer&armplanﬁntaﬂ'dn of the

e N M T LT T ———

is pérforidtPas Y gafa is seqaltkg@ar 25 in response to the
auditory stinmulus. In this work the mninumISI is

var Aﬁﬁou@ﬁttl’{@ QBnM%nﬁpdln%QWEs%goﬁﬁﬂfﬁ%ﬁg@bmlﬁﬁg%@ been

responses show a clear " decrease In a € as
used extensialy sinddothene g, numbehef @RErnailva neespsinsetlon techniques
cal , rather

v BB e R38R RESndh BBmines obits methoc
Fot @bﬁ]c[ilé O/Hry Ve %H Eagkmvaﬂ ‘{/ééﬁnB)D aidsﬁy RSE. 81994) A

varied. 30 There is therefore a need for an i frprove

Frafeewetk ffor Arsgesinnthen Relaliua diftigeaey afeSpiondes Sevusmces in
ARG VRLERIES LAY | REGABYS 45265 i 20401 doscrive
a fla@iewdik1fdt agsdssiid 5 efficienopDEMILS EcolsiruchiiENey(Bhces. They
describe a method where they can select recovery sequences that maximise the
sighal-to-noise ratio (SNR) of the reconstructed ABR waveforms. However, in
their work they limit their analysis to MLS responses that consist of a sum of
scaled and shifted versions of the desired ABR impulse response, thereby

ignoring the implicit variations in ABR latency.

In a more recent attempt to improve upon the conventional MLS
acquisition and reconstruction techniques Jewett et al [Jewett D.L., Caplovitz G.,
Baird W., Trumpis M., Olson M.P. and Larson-Prior L.J. (2004) The use of QSD
(Q-Sequence Deconvolution) to Recover Superposed, Transient Evoked-
Responses, Clin. Neuro. 115(12), 2754-2775.] describe a g-sequence
deconvolution (QSD) method that utilises stimulus sequences with minimal 1SI

variation (so called ‘quasi-periodic’ sequences) so as to minimise ABR latency
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Therefore an object of the present invention is to

overcone or at least alleviate one or nore of the
w@bmwsmeodis4ri t ati ons i ncl udi ng providi ng a net hoeicT/au200%000969

acquiring an auditory brai nstemresponse. SUMVARY OF

THE | NVENTI ON Accordingly, iR one form the present
[ ﬁentl nis a method for acquiring a physiological

BUBRN SOWRNSHp @ §71aigr t“métaQt)@ﬁéf ttis gppseach iimghab ltarehes on a
déc%ﬁ@ol%ﬂ@heSf:el%tloﬁommléﬂ gL céé’qv%b{laﬁéIWJﬁhngment\é%r L8048 division

inter-stinmulius Inter
opefratinn dpHhei Bboger alonwignitl isf nelh kiewi et SNaseRt in If‘requency

res onse to. he Stl ITUJIg Igeener at i ng a recover

doggg 3, SigRificanily, amp dih tapnsignal s an@SUﬁaneamy Fourier
coeffididifis I SEANEF yth%'ng'lfﬁe aTﬁer'@P&*ef | e %?%%@gat80$Bﬁtatlonally

inter-stimulus intervals of thé st
exgensives HSF&}IVg pmaadure)ghaiaammptmtrsémsh gngsegaemnce Hat meets

coRAlr ol Sufid R 34 Betilahey Peiarfaigtr indnaing msclusion

ofﬂwrlahmglill@QEQaésé mpm)sert slﬁ?oulé'beah&bﬁ%é(t meaé §fe‘ﬁ% ofag-
R). Optionally, nmore than 1,000 auditory

response (AB %
Segf'?ﬁ'%ﬁ ithal; Mesie seaiven e Qfmorlsagmts SSIb]OécassurmrandZI(Dence the
I tinmuli can be broad band
Qéc?i c saht%ér?elrﬁursggbﬁéyb\m or

noiSe bursts, chirp stinmuli,

" eoaver SRR SLMTE o MER e tapSEfisharsd) % described in

Beticatruli[Bel SapplAlkat iRanafLuamar™.E.i(2bep) OQHHIEIH?HM -acquisition
the _nethod is performed usi ng an aut onat ed aud

timgs of (the naiddie r latansivs EeqpanseRyside vinaxsimapt leogth Iquuehees and
4,ed in test
o9, ReBuE AP AR A BRI P bRk arng e

minisnuam Ni@trebetween a250,sTaadP2 8RN BN %éﬂ&u%&ﬁ‘@ ra%fs%%ted wave
enabl es acl%l;l sition of an inproved ABR 2008/ 006164

(p%TItS@\L}ZQ!Q 1amplitydes gand latansirsreWihilsbi Belhaepoesennly small
red

RS i BB Bk BB AR o =

ISltdroplitudermon-ligearitg  as demonstrated through a significant decrease in

wave amplitude as stimulus rate increases.

The application to MLS in TEOAE is described in United States patent
number 5546956 by Thornton. The preferred embodiment of the invention
describes an acoustic stimulus that is measured by an aural probe inserted in
the subject's ear canal. This probe consists of a microphone, with associated
signal amplification, that detects the sound returned from the subject's cochlear
in response to the auditory stimulus. In this work the minimum IS! is varied
between 200us and 25msec and the associated OAE responses show a clear
decrease in amplitude as 1S| is decreased. However, as the OAE is a response
primarily from the mechanical, rather than neurological, portions of the middle

and inner ear, there is only minimal change in latency as S| is varied.

There is therefore a need for an improved method for acquiring a
physiological response, which method overcomes many of the above described

disadvantages of the prior art.
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ef fecti veness of A-ABR devices in various ways. For
exanpl e, according to a nethod of the present

w0 moenodien, a single stinmulus intensity can bepdBaAUZ®7/000969
in5 significantly less tinme than is required
according to prior art techniques, allowing for nore
successful testing in difficult environnents, such as
where the test subject is a fidgety neonate or where
there is significant background noise. Al so,

enbodi ments of tBJECFSTF TAELNVERTRORP!I € nul tiple
stimulus intensifres to bé tested during a test

per j ' : j tapt
e A4 o BB Bkl BFA KoBefi ior i ast
allerater array oanre of thebabdtey limkatiernseinclugintgipeyidingl a method for

advant ages .&fwbhe %esent invention wll becone
acqyipng gnraydi FAN$EM BRAPRYS8et ai | ed descri pti on.

BRI EF DESCRI PTI ON OF THE DRAW NGS 15 To assist in
under standi ng the invention and to enable a person
skilled in the art to put the invention into

practical effectSUNMARY: OF ik dNVENEIONf t he
invention will be described by way of exanple only
wi t Accerdingly,de ane fora, thecprespahipvagtion sw mathod for acquiring a

Y b3icel ieinghss” RRePrERgdRhRars of dresdung Riatststbiset 2
pluriity R €Sl With @dYid e inte-GimalussSinferégib eddteting aagr am
illustrating the use of a cyclical stimnulus uffer

elegtigphysieloginad signal frem thedestsuhieet insgsronsedio thewdingdli; a

0e 04Ul st 0 oy AR TR byl eCand
laténygy ofathefrepoverg sidnal @rahadified acdmtimgcio the\ister-2fimulus
.l at g;&y and | I gccordi,n% to ﬁn .enbodi nent of. t he .
intgivatseef the il gRd defesminingsa RhysialeeIGal repRangei signal using
robYBEAofN AR i APBAETIIRL®, | e
i Jon ELG 8.0 S . .

P 36l E A o) SuufERE A ohL @Y A Eonse i

an seditencierairstendspgnse (ABRenbodi mnent of the present

i nvention; WO 2008/ 006164 PCTI AU2111171111111969 9

FI GOpliohaiiyp rasihanf1, 000 butiHers stimdli ' prekeftadefol the tést
um&glﬁar recovery sequence (FIG 6a) that results from

subjacesBabli ment of the present invention and

Optionally, the auditory stimuli can be broad band clicks, tone bursts,

noise bursts, chirp stimuli, or other types of stimuli.

Optionally, generating a recovery signal based on the auditory stimuli

comprises application of a comb filter.

Optionally, the method is performed using an automated auditory

brainstem response (A-ABR) device.

Optionally, the method can be applied to both ears of a single test subject

simultaneously.
Optionally, the test subject is a human neonate.

The present invention therefore enables acquisition of an improved ABR.
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a bi polar recovery sequence (FIG 6b) that results from
anot her enbodi nent of the present invention; 5 FIG 7
wo s008/0ganer al flow diagramillustrating a nmet hedr/at2007/000969

determ ning an ABR signal using both an
el ectrophysi ol ogi cal si gnal %nd a recovery signal,
according to an enbodi nent of the gresent i nventi on;

Embagingents of the pisisest invegtion enable. ABRayanafeyms to be acquired in

o BRGNP D G AR
effetiventsigof AABR danicestindariensd walys! Fer exeswid, according to a

invention; FIG 9 is a graph of nltudev fre
mihog<athe phesamidvargiom dobiale STMS e P i s

SN Y e e, houn
fogmapé sut:cdessiel testirgrin difficdiét enviroamesats, rsyich asonperrs thertest

e LR S PSS e SRR peound . Ao,
erABE@REMS of the t%s@ht Rivedfién Ehabe!hamipld sfAtilus intensities to be

reconstruction and using a method according to an
testedodiiringa test plelﬁledpihétslémompﬂféhlel inrdengthteried art test periods,

oS08 o R A SR o
20 '
19§ Al B R A LB REBA 3o

apab%lré'ﬂt f?or?nctﬂéqaﬁdvﬂﬁ@deﬁtﬁr‘é&lrwé&@i gegording to the prior
t (I abel [ inear reconstr uctl on), and using a

nethod accordlng to an enbodi nent of the present
i nvention (labelled non-Ilinear reconstruction), but

where a M Sl BacERhebeRIBTIBN GF FHE DRANNERST &
gra g an 25
gﬁ«glotqg)rﬁéﬁl§{ a nscf%%gggq? nsepngtcm?{%r'h &1:?%@5 a person skilled in

theFPSh litth8 Sn'diftiodf ihic pieitied] etece efirrenémbbdinients of the
I nvention in reconstructing an ABR for an adul t

ingemfjarcwill be desarihashiby way of exampde enty; Witk yef@ferme to the

ilon in 30 reconstructing an
%%J%?Rdéd%gd ﬂ%fg%égg 'bd’%'%g't‘ and WO 2008/ 006164
PCT/ ﬁ@ooé’aog%% f1 amplitude v. time illustrating an MLS, according to an

embodiment of the present invention;

FIG. 2 is a schematic diagram illustrating the use of a cyclical stimulus
buffer and a response buffer that stores sequential rows of a response matrix,

according to an embodiment of the present invention;

FIG. 3 is a graph illustrating a typical functional relationship between wave

latency and ISI, according to an embodiment of the present invention;

FIG. 4 is a graph illustrating a typical functional relationship between wave

amplitude and ISI, according to an embodiment of the present invention;

FIG. 5 is a general flow diagram illustrating a method of generating a

recovery sequence, according to an embodiment of the present invention;
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FI G 15 denonstrates the efficacy of an enbodi nent of

the invention in reconstructing an ABR for a neonate
wenbpeaticainder different conditions to FIG 14PCBHAU2007/000969

DETAI LED DESCRI PTI ON OF THE | NVENTI ON Enbodi nment s of

the present invention resideQprimarily in nethod steps

for acquiring an auditory brainstemresponse.

Acc&i@i B¢ .grapie ofratriplitldet eind dlvetratinga uripolst Fedovery

SelipySa filCeoaIaBebicsulls dErman Sruadimant oh fee@appt Ryention and
a Bipsiar ?ééﬁ“v@hggecﬁﬁkﬁw@m@' @gﬁ%tbr‘éguﬁé‘ﬁoﬁgaﬁétﬁéf %anuqogiment of

i nvention, but so as not scure t di sC
thenpraseok rveptions detail that will be readily apparent
to those of ordinary skill in the art having the
benél®t 7 i dgenergl flosediagra ditughtating .a nethidd of determining an

AEFESBnahiSho dith 38 A CHaRTYS LGB RabpiaRal heEh Sy sgnal,
ac8Bralrgehai? BftRBiRL AT the ProdéiifViriiom anot her 15

el enent or action w thout necessarily’'requiring or

| TOFI68 €844 el BB R A a Ao
thedieéquency resporse biaibaadividth uisniting fikeiciorm®to 8 kibfzpaessrding

net had, .article, or apparatus that conprises a |ist
to 3 egy §¥ 8%)*2‘@ R{@ﬁeﬂﬁgr/%@#@%m y those el ements but
may | nclude ot her el ements not expressly |isted, _
i ncFlfdi Bds @ giadht of magnitade vofreguaBek Alustrating dhe anagnitude of

tic e P, at-u j S
thef KREEEACy EERBe ' peedima P RERTOoR of Jeh cisthdflg o an
entbasiedeninofdhe psesantriaveritiong a response evoked by an M.S
with the MLS itself. MSs are defined so that their

aut pt@Gor0eisaai graphsofatitiel ¥, bfphtd ilfuduatihg & copfigiReh of a
effectively estimtes the inpul se response of the _
desijad E9RPORBE ANG @ saspgNsesracensiryeliomusing aaeeiNardignabBirRchnique

scdfpiElo 13¥'5hoR SEGBBASNSHLIT BEPRTTRIL, id pog 0 method

accaqm'rrxgxituaanl grribiod&aegtamg ’xthrmeé;efn»talin;jwm&iogl I(iabéﬁéd non-linear
wor envi r onnent ot anpl i tude and | atency

rec\?QFb“C@‘?@nW?‘Pﬁ%ﬂthﬁl;sl\}ﬁ 86t o% MStheref ore, conventi onal
l'inear reconstruction alqgorithnms are sub-optinmal. 30
Acchl@i hhista geaphesipriar e Hat showndn fies d Atofitime Mt amplitugde

. ' i

EEFER ol M2 SR O U RREBALE Pl bon
using a conventional technique according to the prior art (labelled linear
reconstruction), and using a method according to an embodiment of the present
invention (labelled non-linear reconstruction), but where a MISI is set to 12 ms;

FIG. 12 is a general flow diagram summarizing a method for acquiring an
auditory brainstem response, according to an embodiment of the present

invention;

FIG 13 demonstrates the efficacy of an embodiment of the invention in

reconstructing an ABR for an adult subject;

FIG 14 demonstrates the efficacy of an embodiment of the invention in

reconstructing an ABR for a neonate subject; and
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WO 2008/ 006164 PCT/ AU2007/ 000969 11 response due to
the variable |1Sls. Aspects of the present invention
wo es/opiievi de  an i nproved net hod of acquiri ngp@BRU2007/000969
wavef ornms, which enables an A-ABR device to be
operated as qui ckly and easiily as a TEOAE devi ce, but
W th an accuracy that is equivalent to, or superior
t o, FGni&demonstratesABR afficdoyasf.arberbodiphexti dfthe ifvention in

etaj Led description relates g a spec
re B aiHRAE ABR o B tABle SRt drderaibeient Basdifipgs to FIG
14val ues are specified for <certain free paraneters. As
wi |l be understood by those skilled in the art, other
paranmeter settings can be selected and utilised within
the scope of the present invention. Fbmever t he

pr esent detDeE-i-lgﬂl_ , I | ow ng

10 specificpara ency

o bl Bf @rreeﬁtsﬁg'nggafl%fe(ﬁe%a o dj“%ﬂ?@md Steps for

act@iriages 0ditory BFAInRGN réydrRe. Wcﬁ:ordlﬂaéﬁsihéfne%%d 1 steps have
m croseconds. As is knowl in the prior art, it

begn illugtigted inaorgise rehematigfaraninttberdrawingsh shhwurtgzmwumbse

<o ISP IR, 1R DA N o b ot e

present imantiah, bot sgas nettd oipddise Qfﬁe grRelbsird @i th o Qedsie detail

0).. of M.S t to 4 f t
thajai BeferBly apreisride inage ohioriranoskibiniae stinevinguse penef

f e der 4 produces a bipolar MS
© seqﬁ%ﬁgg{)ggé[ﬁgg@& L = 2A0 - = 15. This results in a

o SR EE shdi %ﬁ@ﬁ%ﬂlé‘{‘kg?ﬁﬁéh a3ihidnd s Cud i afdfant, and

the' lilepratydid ased salednteedistiiplisinbae edaraent @Cadtionfréi another
i ni t| aI | sat i or] tequence of all ones. _Stimulus pul se

elefpentiPr(asipn withut negeseatilyTequiting shisplying any aetyal such
reléﬁ@fsggs P%rgﬁt%n/‘r QRO Yudas “ddth s o7 “IBQWdIe@%FS tended to

nimum i nter-stinulus interva
deﬁlee atrorsexclusive énalasisn ( smoh thaDarpmges‘satna?etaodumiicte', on a
differential npde bj. di cal anplifi is uti ed
apRpaA(Ts FEt QmiReRg: LR SlgaenSaarsnaionges omhopa slements
buFHfa %élu&é%ﬁh@@é tsL A6k sai iR
ayhélutes Hz?neRC Couégéaerg yllacey lﬁﬁﬁﬁlﬁlot%fﬁlements that are
mheren to such a process method, article, or apparatus.

As discussed above, conventional MLS reconstruction algorithms are
based on cross-correlating a response evoked by an MLS with the MLS itself.
MLSs are defined so that their auto-correlation is a unit impulse, thus this
process effectively estimates the impulse response of the system, which ideally
results in the acquired ABR. However, such a reconstruction process is only
optimal for responses generated by systems that are approximately linear and
time-invariant. In real world environments, both ABR amplitude and latency vary
significantly with 1SI. Therefore, conventional linear reconstruction algorithms

are sub-optimal.

According to an embodiment of the present invention, a recovery signal is
generated that compensates for the variability in latency and amplitude of a
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filter. 30 Referring to FIG 1, a graph of anplitude
v. tinme illustrates an MLS, according to an

wensdodarent of the present invention. Maxi mum PengunoVi»0969
2008/ 006164 PCTI AU2111171 111111969 12 sequences have
been used extensively in the 1pri or art for transfer

functl se response neasurenent of
r eﬁ?‘?{&% Va"ﬂ%@ gé@e mepests efitha presemrinvention thus provide

anﬁﬁ‘iﬂr%v@@n@?ﬁé@%ﬁc lﬁFIﬁ? NBE (=B 1R, Whi %1 %ﬁét&l%g]a%ng ZBR

test, l'e the resufting responsé an

deyicsste- hmop@agadsas uickiyeambeasilyas b THEAEdavi¢eibiawitdan
n MLS can be easily

aolrdy RIS FENGEE o Biicste, GRreRgaRAL AR depiops:

t ed h th
? :3|t |F&|;'V|n:ﬁ> r 3|{| %he preg%tardft'\g_ﬂ%dl ide%%ﬂg{lgn © 1e|3§e% tgs a 1§peC|flc
that e nj
erribeoqdl“ljri}are](r:ﬂ?é}o{fl ctggr d':eﬁ'gh?gﬁ\ﬁﬂ'%o\?vh%% tstglfIH vém%@se(ri gRecified for

cefgin free rp@esaﬂnteterg Aa will doef uhdemtaftgj byctbemsklllb!d ifh the Lart, other
Next, each

ARl SIS Gl 8} SLeRtEd ! ielenSg bR cscanece! e present
inviention P elower@r.t the pRSehe detdiRd ééééﬂHtIBﬁ igY é@ed’“oﬂttﬂg following

The nunber of sanples required for
speeifie paggraeter Rpimgsi s cal cul at ed usi ng pr =
round(Pw Ts) = 4. Eq. 2 Round() indicates rounding to

. theSalnuﬂmgtfreqm@w(Fs)'meootB amwwd@wﬂg? b @hQ digital to
at " nust

I I
LEeﬁﬁégﬁﬁ o(ﬁ%%g%@éoga%afé[ﬁ%esqaﬁ 5 relatesetpuarsenpling
I
si PoTOR (TS &% 1) B8 riidipRplishas. 2%83'%‘“%%49 ilithe lor art, it s
i ndneka é@strlo’mmonghe nvehton éa turs batH thet D%gta@t%ZDHﬁ the same
f.ied_b -
> o HeRGEncR  AEBualn . s CBh, aTerehiRe &Y femenco? ease of

seqimplementsticr e ri® AR iap th@@éf'"mﬁﬂ fof Sadihbhepew
sequence 3 (pr - 1) 25 tines: I's way, a conplete

o SUI OHY&S(PSURBIRLS is QLT ror ﬁl@%d}pbge of a88%ibtoh, in practice
an MLS of order 6 is likely to be employed. Order 4 produces a bipolar
MLS sequence of length L = 2*0 — 1 = 15. This results in a unipolar MLS
consisting of eight 1’s (clicks) and seven 0’s (silences). In this disclosure
we utilise “repeatable” sequences that are generated from an initialisation

sequence of all ones.

o Stimulus pulse width (Pw) is set to 100 microseconds (pus). At the chosen

D2A frequency this relates to four sample periods.
o Minimum inter-stimulus interval (MISI) is set to 6 milliseconds (ms).

. During data acquisition a differential mode biomedical amplifier is utilised
with the following settings: gain =100,000; high-pass cut-off frequency =
100 Hz; low-pass cut-off frequency = 5 kHz; AC coupled; No 50 Hz Notch
filter.

Referring to FIG. 1, a graph of amplitude v. time illustrates an MLS,
according to an embodiment of the present invention. Maximum length
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= L*Npw*Nz) sanples, or in this case 90 ns, is

created. This sequence has 1's in the follow ng
weenpseoaes i ndi ces, all other sanpl es being zerBCT/AU2007/000969

{237-240; 477-480; 717-720; 7-960; 1917-1920;

2637-2640; 2877-2880; 3357- 60} WO 2008/ 006164

PCTI AU211117| 000969 13 Next, it IS necessary to check
Seﬂﬁéi‘cﬁé‘%@n BAN oSqcheXisnipiuahe dn i thenpriph @&t Befaransfer function
andestdigip Ul fed gt R RREE @R mMER Bk tspﬁtef@s'i PAYS Esﬁ%&fof such

y Tresp = ne) .

nmeasured (for an ABRthis 1s typica
teghniquess is t© mppiy ae analaguiet vérsiameobandviiStto aisybtm under test,

' r f th S, increase M. S|; increase
o8 38k B SheaRle, RN g oA ERS" B oPines Win e
originaitAL.S dha JuereBE defivedfiopnitcan be inpl enent ed using

conventional A-ABR hardware apparatus as known in the

art -An%/lll@'|danb8e%I?%é{e?gte@yu&ﬁg:ﬁwitﬁ?ept ?rs 58 K in the

art, standard hardware settings u nsg enent a

Prige aHo thitially; Bdipeles WS isi gananatedrsuchashthesfolibwiniy: ode
nont ages, filter settings, stimulus rates, anplifier
10 gain, rdshl-Gfiior1; dnd;ntsdimg $ti1mul;i 1; cgn1be found
in standard prior art text books. The stinulus

thatds) tieerc eopesrtachiceal uap ot RubABe ABEYRIING tPHRSRRNARK: as
an auditory stinmulus to a test subject’s ear. For

exanpl e, the sequgspeq),s first relayed to a D2A Eq. 1
converter sanple by sanple at the required sanpling '

reduMirgy inlheBlidwirlghdstuchew anal ogue) signal is relayed

to an anplifier "and sound transducer connected to the

subject's e{afé. 1-The po&tnﬁ. td'.a.psﬁgnér,l;ic:ﬁgéfﬁ;phgr

exanpl e, a "convehti’onal”’ héadp ne or
L S apl r ler. The anplifier and transducer
Nt MERAE SIS T 2R denc Py Me sedier® wusf Pedeffootated to
thd hrequirédndtinsulas pulseaeidfi. eThe omiAbeF &FSslrfiple8Y Rlquired for the
relative to a normalised 20 hearing |evel.

stimghipapiilpe vadih(Npwris galeulaied usiideshol d det ect i on
acquisition the stinulus intensity is set at a
pre- speci fi ed Nmwelround@velisp=36 dBnHL. However, the Eq.2
test can be repeated at various stinulus intensities
Robodf) indivatesaralindingte thehcloséstviategen. Thides then msed to calculate

t el .reliably neasure th ubj ect's hearin
i RS B SRR 7570 oA RIeR: B ALnBval theninsarigd Thio the
seqienBd tSadtiers B8R RfRfred minimum inter-stimulus interval (MISI) of 6 ms

using:
Nz = floor(MISI*Fs/Npw) = 60. Eq. 3

Floor() indicates rounding to the next smallest integer. The sequence is then
modified by inserting 59 (Nz — 1) zero samples between each original sample in
the sequence and then repeating each sample in this new sequence 3 (Npw — 1)
times. In this way, a complete stimulus sequence of overall length Ls = 3600 (Ls
= L*Npw*Nz) samples, or in this case 90 ms, is created. This sequence has 1's

in the following sequence indices, all other samples being zero:

{237-240; 477-480; 717-720; 957-960; 1917-1920; 2637-2640; 2877-2880; 3357-
3360}
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25 nultiple tines to the subject's ear up to a maxi num
of N = 3000, and is presented in a cyclic fashion,
wo baB/ooEe4 as soon as the presentation of a sSeqRENA&B2007/000969
comes to an end, it is repeajed again fromthe start.
In response to the stinulus ing presented to the
subject's ear, an _ electrophysiological signal is
Nepdt Bd$ @@cessﬁmtﬁeche@gtthgbmeeéngtm@? thexsequence omilliseconds is
f r I
loxgéﬁﬁgﬁﬁhﬁ%ﬁgéét%ﬁ 8hothidrae fedidiet! tg%%sm%aﬁufefogy{nf Sl ABR this
is Styb&euyle'h‘ebp satfrney lﬁythtéﬁs AP thenvase éir isahetéssary to either:
[ lin . The bi onedi cal anpllfler can

. speci fjed sanp te.
ingleage dher aiclehtal MheWbS: fingieass s iniiease Pw or a combination
thE’@Uf’ﬁHﬁlltHslgérQ%{%?ﬁﬁs nét with active, reference and

common (groun I nputs connected to the subject's

vert f I 0

LpouTiPros T BBRSF 3 pTinn SRRRAL AR iong) a-neR
haadwaps abpamtask aerkrrmm i the ant. As wilt betanprebna@éd barthodee skilled

in I GraRANCRL hAtre el ngsceRt 1 ITRieTEar  reeihRyIdline present
inveHtidRr s%l'&ﬂ s 'SRSARIRE i s, ek ds‘"é s‘ii‘ﬁ%ﬁ trg@s amplifier

rows of a response matrix, éccor an e
gainf, tdsolytiors eand inmasking (stlmuhs cahebe efepwsa standaak prior art text
bc%kasematl on of the stimulus is acquired it is relayed
m t he A21D converter and stored in sequential rows

es e matrix with N rows and, Ls colunns. 10 A

r eco angeqisneraled A5 9e5RTiosd ahqua s yesented as an
ré?i% l‘?§%'§’et@st @EBﬁé%t éseafr("ﬁo?"@x rﬁbl‘e RR8- §é’q’dénce is first
es adj acent entr al us Sanp

relayedttm aeIBBA thre/qutmlsampleoby mapierattrmle Eetqumldusamplmg rate.

S l.Le (Pc) is calculated fromthe e wdth u
NS ohovy BRI R o EIRIRLLD FB IR e od: SRufe{Rgnsducer
cdn@ﬁa@ﬁfd td m@%bjecfbl Sarl GHiel ééuﬂd“tr%n%@ié@r%@n tb’@tfoh @kample, a
1's in ol lowing 15 indices: {239;

i ght
comgntmmj heﬁdpbongsmgertme @3Esoshie aaéc@@@er
inter-stinmulus interval (AISlI) is calcul ated based on
t he Thmgmpliﬁér end trarspusec eofitinatic@6@fy candenibatly calibrated to

oredTB b O ST il S BiesBh i e W Espprmaiced
heatinge lsvBe Gbﬁi/é?‘rtmria'ﬂ??'forsbiﬁHb!éStHréélﬁ?éIMahetection acquisition the
stimulus intensity is set at a pre-specified level of around 35 dBnHL. However,
the test can be repeated at various stimulus intensities both above and below
this level in order to more accurately and reliably measure the subject’s hearing
threshold. According to the present embodiment, the stimulus is presented
multiple times to the subject's ear up to a maximum of N = 3000, and is
presented in a cyclic fashion, that is, as soon as the presentation of a sequence

comes to an end, it is repeated again from the start.

In response to the stimulus being presented to the subject's ear, an
electrophysiological signal is detected from the test subject. For example,
voltages measured at surface electrodes are acquired via a high gain, low-noise,
biomedical amplifier, and subsequently sampled by the A2D converter at the
specified sampling rate. The biomedical amplifier can be a differential amplifier
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(2"M ST). Next, the average |l atency and anplitude of

the primary ABR wave (normally peak V, as this is
wtdoenodibe only di scernabl e peak near-t hreshol BOT/AE2007/000969

cal cul ated from known functional relationships

estimati ng expected wave Iat%cy (Tv) and anplitude

(Av) directly fromlISI, that is: 25 Tv = WaveAnp(I SI)
wihhaciive, Fefereacatand spnmary (grounieinputs mgnnecieddo the aubject’s

vepleR T el RO FE ) s Blape i PG o S5RSEEN, However,
otieerbmdintads slich Be ipsikerd on masttid oor oMBHI B PR E4riobe are
PCTLA%511117|111111969 15 Referring to FIG 4, a

algy switakle) ustrates a typical functional relationship

bet ween wave an(‘[hgl itude and | SlI, according to an
enbdtRfREHY tF FlGe2ppsashematicndisgranolustiates the useradla cyclical

st &% bAAGFLBA 4 [odPEhsE KTiteh tt ites S UL S 5 a response
mataikeacgording torar embdeiménveMbe\bregentifvemisis Wthe’ @spanse to
t of sufjects (npre than 10), with known d

eafs.‘,E DesRNtatipp of estimulis s paauised itis rqlﬂﬁe@fr@?rg@tesAza aeaverter
anbiestbRY iﬁesgg@rgenﬂﬁ%%eﬁ)a esponge nﬁ‘ﬁﬁg %ﬁ"@ﬁé@g%{n‘% £ &K8fmns.

over the Ired range o trmul us

|t o Favry SESIREE Gt P e i Seangnpe deserived

abbletast folletvs| Adistorl2em) sarvplekeadibcart tof tHacddrtns stifilus sample
then fitted Lo t he.  measured anPI I tudes and | atencies
are,Se e (Farit dpeostion, of the ceolial stimulusnsamelm(iPeals calculated

froh? tB Bﬁls(eh\ivﬁtlﬁ ®isitld Pesﬁgﬁgﬁﬂg@?%@y fndﬁ%é?é?{r@undiw?@rthe next

pi ece-w se near, pol one
largesfainitedei. cThis reeults imata seguérieer dvdt. hadeighist’s nat thedfbllowing
. are known in the prior art for fitting such functions
PSS hat type of data 15 (typically in a | east squares

sense) and ance det.er m ni n% t he best set of

coef fi ci ent 328%a#7 Y& PRA; THL:123638; 28RS 385, the

fitted functions can be used to estinmate expected
Theaverags sviefstimulugriplerval (AISH is ealevlatad basadson the lengtls of the

Y . I - ket ween neasur ed
sehifed (1S = 36007 hnd Mo SERPUAE el Bt (ElchivFieD
nmeasur ed val ue e.g. <10 periodic stinuli
cannot 20 be %‘r@s‘eﬂ‘tse'ghﬁgsé' E@?@\Seat er than this). Eq. 4
AlSI also can be approximated by twice the minimum inter-stimulus interval
(2"MISI). Next, the average latency and amplitude of the primary ABR wave
(normally peak V, as this is often the only discernable peak near-threshold) is

calculated from known functional relationships estimating expected wave latency
(Tv) and amplitude (Av) directly from ISI, that is:

Tv = WaveAmp(ISI) and Av = WavelLate(ISl). Eq. 5

Referring to FIG. 3, a graph illustrates a typical functional relationship
between wave latency and ISl, according to an embodiment of the present

invention.
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The functional relationships are then used to
calculate the following: 1. The expected wave V
wanpBioaise (AvVAnTp) and | atency (AvLate) for tPEI/AU2007/000969
average inter-stimulus interval (AISI); 2. The
interval (in ns) between subd®quent stinuli in the
sequence is 25 calculated, with the interval for the
fi r sRetarringltasFKai g acgraph dlusttatssr autypicay fufictiomal relationship

o e Ao e PSSR o S B lohben ot B et

inpertioraus stinulus in the sequence was presented
(note, these are all integer nultiples of the MSI):

{12; Thé fénctonalfeladdnsiips MbiraRQ R FiEE féﬂ&% €5h be estimated
anpl i tudes (ExAnp)_and Tatencies (ExLate) are
frem| expesinaenteb datenchhatnisi Whel latensy iamdl amplitudehef wave V can be

RSBty JOEAPRLBREIC BT AL ST OREBER e EATRs whe

are. ¥ 1imilarxbgéets the- 80Bjects G89he 0185184 @é.é?gheQPgl%g?. These
0.973; 0.699; 0.909}; 4. The index of each stimulus in

MERBUIEANIE 9le; clgkeRcOVeE thedidesised eangsr difngtiulus amplitudes

torF L - . a | 1s);. EQ. . 6 . .
(BRI 200 1§ USRS A oA HRY - sburipteivaR” ypicaly,
fremcurennd: 50ms tooati [6astd rs)h étnh@matieal fanttlors are then fitted to the

7 Referring to FIG 5, a

ExAmm/ AvA /2; Eq. ? . , 9 .
Mygndrdl W@W’é%g?a& latepgles a@bseacheintedstmoluss integval. The
j r ag. descrl a . .
RSt SR SRR o LR R piocoise
linsar,s pelynsotakarexyichentialy elogasdthatic wort [toRinatidns AbhergbepVarious

oA Y B st B et e of ot
(typlicaiyl s ai Redshesddares Sseifte§ AR HRRge aleti@ihin iztﬁet BEst set of

ISl is calculated fromthe  previous correspon g
cogffigients dhatadeseribe HrofunstioneTlug dbe dittednfuinctioni: cande used to

: t 35 .t tinmul
oo ARSI A, o BB G S ettt ar
eitabovet mMeasured bdideshdetwbémiheas@er vhlgs: icy BEFbAd Qthat is,
?asep oneq ation 7 above. At st eF 545 it is then
extrapolated fro Lﬂ measured values (e.g. MISI<10ms as periodic stimuli cannot

be presented at a rate greater than this).
The functional relationships are then used to calculate the following:

1. The expected wave V amplitude (AvAmp) and latency (AvLate) for

the average inter-stimulus interval (AISI);

2. The interval (in ms) between subsequent stimuli in the sequence is
calculated, with the interval for the first stimulus being calculated circularly
from the last stimulus in the sequence. For each of the stimuli in the
sequence this measures the time since the previous stimulus in the sequence
was presented (note, these are all integer multiples of the MISI):

{12; 6, 6, 6; 24; 18; 6; 12};
3. The expected amplitudes (ExAmp) and latencies (ExLate) are

calculated for each individual stimulus in the sequence:
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det erm ned whether the last stinulus has been

processed. If not, at step 550 the next stinmulus is
weedoenoass and t he nethod 500 then returns to SPEPABAD7/000969

When 20 the last stinmulus is processed the nethod 500

ends. Referring to FIG 6, d6graph of anplitude v.

time illustrates a uni polar recovery sequence that

resul t &xAmoprt {TeB4th GV@94; 1.894,a1.8041s7 6T (7 G8B; 7.894; 7.841},
according to an enbodi ment of the present invention.
The se@itate={800910.699; 00809)D.699t-0.892:00.07di 6899; 8D0OY,;
{239; 481; 721; 961; 1911; 2636; 2881; 3359} These

i ndi ces, Meeindar droadddh | e i s8q&&Hae i ifi
0,891 0. S5 T R CagI Hothe %88%5’ sfatictog is modified
pReOIdiNg too generate a bipol ar recovery sequence (FIG

6b), which has the follow ng additional sanples set

to negative omeliaOffset WOoRAOKERDSIEG4 Avlate)/Ts); Eq. 6
PCTI AU2111171 000969 17 {1199; 1439; 1679; 2159; 2399;

3119; 259%e Amplitadengoft @aphi stimalus iretthedsecveMSsequence is
rec gistru tion, utilising matrix inversion, the
mea PAtOMEEOME: ysed as the stimul us sequence and the

bi polar MLS as the recovery sequence. 5 Referring to
FIG 7, a gendyap =f(low(erigpvAmpl&rates a method Eq.7

700 of determ ning an ABR signal using both an
el eRefeypingsiooFgi 8ah genaral flawddiagrane dibiatrajes iagmethod 500 of

rated cribed above), acgcording to an .
aehFERRbNeht TR VERR S oEDER, AR AR Vet ARPIBE fo an
enfbodimedsopthel plekensinvéiticin.ept §p 509 an NLESS geRePaBE Svith Pw

row) is _renmoved fromthe response matrix. (The first

= f-eeﬁ&t@% 519 anpAtelns aalsidated. At st Tsthenaveiagg arsplitude and
a8l S| bl S fd AT 5 el an a step

52&dhe i8I isAtalstlafed’ftom therpreliatks detezpbnding stirmeluborAestep 530
on the next [@g At ?t eB 720 it is determ ned _whether
the, xpettef amplikgepand Ialehey kg calgulaied. oAt step 53dsthenstimulus

oﬁé’éteﬁremde rWS!i§ cH; \ﬂe?aseAcf feid géﬂ&ticﬂ{ gsﬁﬁﬁvé.OWA{ %Eep 540 the
removed, or if no artefact is détected, then at
stimubys ataplituteiis mimditedbased sheduation Tealb@ast. Abstepro4mit is then

i .1 f h
de{gzqsrﬁgegjs @Bgﬁg;gﬁggaasz gﬁ%%@ntbs g{ag g;ﬁ%?ocessegptlf nét, gt step 550 the
next stimulus is selected and the method 500 then returns to step 525. When
the last stimulus is processed the method 500 ends.

Referring to FIG. 6, a graph of amplitude v. time illustrates a unipolar
recovery sequence that results from the above calculations (FIG 6a), according
to an embodiment of the present invention. The sequence has the following non-
zero indices:

{239; 481, 721; 961; 1911; 2636; 2881; 3359}
These indices have the following values:
{1.008; 0.891; 0.891; 0.891; 1.054; 1.044; 0.891; 1.008}

It is also possible to generate a bipolar recovery sequence (FIG 6b),

which has the following additional samples set to negative one (-1):
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According to an enbodi ment of the present invention,
myogeni ¢ artefact detection is performed by first
wo pdoBeeding t he response data with a 200 Hz hi gPET/AES®7/000969
filter and then detecting when the resultant signal is
greater than a preset 20 thrédghold. Wien this
threshold is exceeded the response is renoved fromthe
response mat ri x{110% U3 167922 159; 2300y 811 echBHgjUes
for detecting primarily high frequency nmuscl e
Aeconetirm:tcspaoreahnﬂwthdds MRLB feRbnatrlictioN, ftﬁlhsrﬁetrh@frﬁ( inversion,

are kn n the prior art for detecting and renpving
fheegweﬂ@émﬁﬂk% uged asotheastimulus $equence @ndritbiedsipolar MLS as the

ret@UERL dquideor el ectromagnetic noi se. 25 \Wen the
l'ast row i n the response matrix is reached accor di ng

toesgggﬁrréﬁggr@:ﬂg '}';S%tba%grgzg f&:vgn é\cﬂ%ﬁi |I %ﬁ{;@e@ethod 700 of
dé’ﬂeahrmmg anABRasiphal usirgy eofiuemh epuioph si%%dr‘éﬁ]ssr@ﬁal and a

he resgnﬁrﬂse matri x to produce a single average

rer°8¥ﬁ'i¥r§ df§DRraied 125 despsibed abaivp) eaccopting o amtembegrment of
thyﬁreseﬁt {ﬁ/eﬂﬁéﬁr “Tr{bg H‘aégﬁﬁcrﬁ I?@bt éﬂaﬁeg@%%%@lg\gg Arssetegl 705, the

used

frrgt mp@nse Heaw) isereeranar:t fdm ﬂmen@wpdhée odattik. e('ﬂr%Smgﬂﬁﬁsponse is
i s bandwi dth

cqrﬁa arfg %\éﬁheéy J_[rq o stqq.P rssrg)c?ty@(tﬂgl{yerprtrahge@) At step 710,

thieOMYeRRSED t
PCTI Au21ﬁ?7'?88§%§8‘q‘ﬁ?§"%‘f?@r\ﬁ*%g‘;%. n§e et At step 715,

ar‘éﬁf@@hﬁe@caoerlag@rfwm@e thAcnexteramg Ab step é’ﬁbordlmmaa}termmed
t
B SPREER rab SOl el TSR L o

re n Afesihthie bAt 1ve
e s Osasl S ) 8 o SHEREL K, en o

step yéﬂugrﬁjde@@wed whethari the|lgst mmslrrﬁrrer ERSpiooae boatnitaias been
| h
BB AP nBEhE indifld PR 0@%5%&6 .@gsr%rzar 'n the
Pt estiingdbidh ehr*b adymeh Bt ik SRt inventiapy Paycdihis artefact
detda@trmnt lsepeprmded;ybmd\mtéhﬁg Qﬁetreepéﬁsf&eaﬁaevm Qezcco Hz high-

@vered t hen at ste 750 a determ nation is
Pa@érf feF ﬁnﬁgthﬁﬁedﬂéﬁt'mgn\’\d’@natbgl restltaringignal |segreatenerhan a preset

I t 0 be inserted

RSFERE \ahoR AR o4l MAEREANIAESel S, LIRFOAED om e

reskp@lser matrik. Alnahibrast atferfitive tebliites foF defichiflg trJ'r\fi‘narrly high
ni mum nunber ?f sar@I es hetween adjacent stinuli

frequency muscle artefacts are known in the prior art. Also, methods are known

in the prior art for detecting and removing responses that are contaminated due

to ambient acoustic and/or electromagnetic noise.

When the [ast row in the response matrix is reached according to step
730, the method 700 continues at step 735 where an ensemble average
response is calculated. That is, each sample is averaged down the columns of
the response matrix to produce a single average response length of Ls = 3600
samples (90ms). At step 740, it is determined whether the bandwidth of the bio-
amplifier used to acquire the response data is greater than the expected
bandwidth of the response to be recovered (typically, for an ABR, this bandwidth
is 30-100 Hz to 1-1.5 kHz). If so, at step 745 a low-pass or band-pass digital
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the initial recovery sequence descri bed above.
According to one enbodinent, a conb filter is
wale®Bgoaes t hat has an attenuati on notch every FERAB2007/000969
Fs/ (Npw*Nz) = 15 166. 67 Hz, d an infinite inpul se
response(IIR) with a quality factor (Q of 20. |If
is | ess than Fpa, and M ST is | ess than Tresp
f'lieﬁ&aapheﬁ thesensg Ecﬁf@fa% resRonse. AGEPI io,apimbodiment

ofelﬂn_%e@%%nf"}fﬁfeﬂﬂs f{?n%OPa lACGRGLNE Eiorlﬁ’;?]@ finite_impulse

ment arelectlo naryeten3|
reapensanfdR) ahpt gesign téehnigoes Gsdd ter dedign adoWepass fllter W|th Fpa

1%%; qcré(igiﬁ% f( ggvygé%n ! hgbé){}cl %ggr,}?@og%wT%%g%gs resgectlvely A
reflE ST ﬁ%héér’yt e)&@nsbhe pEINSLERN %@M%@%érﬁé%?l?ﬁ% such a filter,
(AvResp) with the recovery sequence

anfeatber peliciad ave alsadawvan ingthedriad ashbodi nent of t he
present invention, the cross-correlation is done
uti IAﬁ;emgweTﬂillter i$ mmzﬂiednai steph @461 exuiéribg baldwidih of the bio-

amies’ R ndf greatel dhin dhehevig gt iandwietns & S Tekbppse to be

rebB@ér‘éﬁt Qﬁer‘i f‘eﬂ étéﬁwg@léf idRterminatis & 'ﬁhé&e tdoRceriilg whether to

vector, if e inverse fast Fourier transforn and
apiply @l egmb filtecm cthe sumbestaf-sangples fthapwefe requitked o be inserted

2850 eefBEL e B AR BRI VIIE Sbltes ier

NwNz;t sidesiRy thEeninimbeT na@bef of shmplés betvwdeh éﬂjaﬂl&ehvétlmuh in
sequence (according to the present exa

thg uwﬁelr regpvely; saeiange deseriped abevey A rgogésv @@elmbodlment a
cd;ng 'fﬂ%‘lzl%]&ey& e &%? ha%%rﬁﬁﬁ%l{]éét{&garﬁ&cﬁ 9ery3F R -glfé'/ggpw*Nz) =

magni t ude requency | es the gnlt
166.67 Iz, fanelgare infinitedrpulse respoase dhR)wdthha Iquatityi fagtor (Q) of 20.

1 Rk s i e S B g e Sl S48 726 B como
fllt@?g@' beifed o fthedER8EMbld Iawlewg% eés;sa%e @a@gmcw%g)fto one

frequency response of a conb filter fromO
emb{zdlmﬁoad‘eﬂgcthmbaun@mﬁoeb(tmonqaollcues mseslewhen applymg the

v nmbh fi nedfor Fs = 40
oqt T, Bt ot rafifide dre KGowiindBE bRBF Akl 1 the ar
wi | I__apprec hat filter desi nrreth i es
enouFfe Hegked MBR trﬁ%norgﬁeelsc@saw@ dat e 140 By cfssLirelating
th?' %E@mlﬂclél ta@éraygt We&@@né‘é’ e%ﬁ@\”%e‘)frew@ery sequence
ters describ above con ern| step
(RecMLS) described above. According to an embodiment of the present
invention, the cross-correlation is done utilising multiplication in the frequency

domain. That is:
ifft(fft(fliplr(RecMLS)).*fft(AvResp)),

where .* indicates element wise multiplication, fft() indicates the fast Fourier
transform of the data vector, ifft() the inverse fast Fourier transform, and fliplr()
indicates a left-right flip of the data vector. Finally, at step 765, the amplitude of
this recovered response can be scaled by dividing the amplitude by the number
of stimuli in the stimulus sequence (according to the present example, the
number of clicks is (L + 1)/2 = 8).
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10 745 and 755 of the nmethod 700. Although according

to the nethod 700 the filters are applied to the
wenmenidies aver age response, it will be appar entCt/au2007/000969

those skilled in the art that the filters could

equi valently be applied to t 8 recovery sequence.

Referring to FIG 10, a graph of anplitude v. tine

| | | uBefaitieg t@ EWApEr |ascl’ﬁpm©f ahagnitiets Nedrammnoxﬁaﬂuﬁmies the

gAY SRR B bR SAN Sl o 1

kmamtdlugttoan)ema@dﬁmt@ﬁtﬁb F&bh?ﬁhv@ﬁﬁ@ﬁd' ng to an
enbodi ment of the present |nvent|on (labell ed

non-Refegig tHEFRSH! UChiaph of -FHS%Mu%e v r‘éoé.l‘éngﬁr]ﬁﬁsq}a?es the

the graph of FIG 10 was set
magoitvde PRt fragpersieiespohse wéarcanhle flﬂesfrolemlo lteSridﬂmeaccordmg

toaé}ge%oﬁhﬁeﬁFS m%réﬁééﬁgtp(ﬁ% ooqn ﬁi’ﬁe%tﬁ)flﬁ%raﬁ c?eS|gned for Fs =

I hear response

40 &blgpMi8| =Fefand Qg 20 Fhése bfilled nsrtﬁ@*érﬁwm Afprebfite that filter
that shown in FIG 10 of anplitude .
d‘?ﬁ'ﬁ’mgﬁﬂ&?@oﬁ'e&ﬂfﬁmmdm ardibeat aeejcar@@wemf eiealgmnrtg a single

fllfe‘F Wﬂ%@ cdribing trégﬁ% sqé”ﬁf ikﬂgtfnteb‘sc' gg?cr&ecf 5%@\2% 'chlggermng steps

t echni que accor ro

745 archi75b eufd)lmsmeihod @ap, Aahdughs aogordinteioee rﬁémﬂdmwthe filters
of the i nvention (I|abell

arﬁoﬂpﬁﬂ ‘%‘?rﬁg? qb%ﬁ‘%ﬁ?ﬁ’?@@t aw@égﬁggeo@;se ttheilivpe apmaj@dt t® those
skilRdeiatie bhetHi aRe ﬁ]’ferg é(? c% qmlégé/t&ge | ténegweer Iepovery

root mean square erence
sgqegpemse and the reconstructed responses are O 554
for the Iinear response and 0.256 for the non-I|inear

30 r%ptrmgsto mmmumgram sitarhplitatieer tistedilldstizet s %mparlson
IS possible to change the

of as‘ﬁeﬁ ‘??gstpglf‘gﬁ\e/relﬂn a é%%ﬁ?éﬁ@erepﬁn%#%m §op baingea conventional
teétﬂﬁ@@é‘%@éou‘d\% td’\@l@%gf QRQ%HBW@HH&&&Y&R@:‘P%R? arf using a

appear to have conme from a near
methed ecepedingrie ameernmdlrrmt bﬁthaaprtesenf invention ¢abetsdhon-linear

t th st ruction
RO B AU T e e B AT BTt o
ms.eThE @6yt measUR|iRee f(RMS)rcﬁﬁf@Feh%etHét\RSéﬂQhé‘desged response and
conventional M.S recovery sequence,

the Fesanstiyetedinsipenses gse G248 fondbe dibearresponee @nug0.207 for the
noh8in@4F Fdsptdience

Referring to FIG. 11, a graph similar to that shown in FIG. 10 of amplitude
v. time illustrates a comparison of a desired response and a response
reconstruction, both using a conventional technique according to the prior art
(labelled linear reconstruction), and using a method according to an embodiment
of the present invention (labelled non-linear reconstruction). However, the MISI
used to generate the graph of FIG. 11 was set to 12 ms. The root mean square
(RMS) difference between the desired response and the reconstructed
responses are 0.554 for the linear response and 0.256 for the non-linear

response.

According to still other embodiments of the present invention, it is possible

to change the 1SI of the stimulus sequence in order to produce responses that
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generation. Accordingly, the stinmulus generation can
be nodified by adjusting the indices of the stinuli
w0 moshesied | nul us sequence by an of fset cal cul aEmAES007/000969
follows: DeltaOfset = round((AvLate - ExLate)/Ts),
Eq. 8 10 where AvLate is nd#® taken to be the desired
wave | atency of the response wave, that is, the
appeaenty leve lomesijoms e ilneahesyststnemanddtherefesé impove the
t he ntation ti.ne flgérﬂﬁ sti nul us

| ] . _He .
pqr@o?%bgee r}IC ieéer CP?V?'ﬁlré)es pé%‘icglf"lugf'@'ﬂc% Bt edt@yever, the
reComtRIctiohNpRrfbRaRyET a1 bARRRYr iAiHoved oy aﬁﬁgg' 5 recovery

the expected |atency is less (earlier) than t
seqiieneg éhatgevedy to beingha gohventienal MibS decevery sequeece, but with

. . . o 0 4
T N e TN
geReratioranidaordingly, thé stinilus demeratlns chh edibdified ibYnadjusting

of. auditary brai nstemresponses evoked using tone
fh%d@?ﬁ‘%ﬁg %@%twwﬂ%tth%ﬁt'muhﬂﬁ sgAUeneR: bycanidfsst oaladated as

foldidl e | atency responses (M.R) using maxi num | ength
sequences of chirp stinuli. In these 20 cases the

O SR BTN SR .
T B MO LA b BT A e
th&tGiguine ReermsyrofthekedpBrie it thal sysidmindePidstaRb R oera"i'. Hence,

test subject sinmultaneously. A'sinple technique _
the prrasenfation gewe pf thel stimuluseispmade earier WiHbeeexpected latency is

, . . h S -
or SHGE AL} gt bl FRrAEH BAAA. Shel S ey K BhGentiMloncy s
ledsi (el #hein the avepageidtemdyel y L/ 2 into the

reconstructed waveforns, and so the responses from

the | &f furgied &rnBbBdinfaHtSofC e B@s‘éﬁwv@rﬁi@{n, IIRNEY 8liditdrl Stimuli
| ength of the sequence nust then be at |east tw ce

captpe yeathen apfalteieatiepiecthedcaryeptiosal ubadhand gliclenFadexample

i o (Tr . he f.inal check at the end
Ind B8 A BEEAEH AP ASE i brE8 el Ghokec
using topei buret andcoside Malryt sfirulihand dhel fuiiticiP ot tnidtRAtatency
to acquire_responses fromboth ears at the sane tine
regponsgs HERE maximmviengtiose@esias of chirp stimuli. In these

casdd L@J?élﬁé& gg@? =t P and dro&ey r%q’nﬁhggﬁé g)gé%lgp Bt Wfbolar MLS

such as nontage descr
described herein.

In a still further embodiment of the present invention it is possible to gain
further reductions in acquisition time by acquiring ABR evoked potentials from
both ears of a test subject simultaneously. A simple technique for this is
described in the prior art, where circularly shifted versions of the same MLS are
used in either ear. The circular shift used introduces a time offset of
approximately L/2 into the reconstructed waveforms, and so the responses from
the left and right ears can be separated. However, the length of the sequence
must then be at least twice the length of the expected response of the system
being tested (Tresp) and so the final check at the end of stimulus generation
process described above must be modified accordingly. It should also be noted
that to acquire responses from both ears at the same time it is convenient to use
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concerning response acquisition. Referring to FIG 12,
a general flow diagram sunmarizes a nmethod 1200 for
w@ensioeding an auditory brai nstem response, accPCTIATZION/000969
an enbodi ment of the 5 present invention. At step
1205, a plurality of audltor%ﬂ stimuli with variable
inter stimulus intervals are presented to a test
a senired telecteede Wnt@gepSllzmas the vettical myiigge odesgribatl above
mthe test subject in response
cofipétifla }eﬁﬁ’g’ﬁ%‘% lisie " step 1215, a recovery
sig en based th audi tory stimul
ehorreiingd FI (A aenerelley Gromve siBubedsar §irmgptapd 1200
foraécﬂulrﬁhq%ﬁ 'afu'dtﬂgrey lﬁkaﬁ}{é%’tﬁrrbéﬁéhéé) atcESrdlﬁ%?cf aﬁtén%&r%ent of the

interv of audi tory stimuli.
prasent invaintigndi Alostep 512850 Qtl@lﬂﬁallbspfomury\lmmén \glthawanable inter-

S, TR U B 6, 580 OBEPL 0 SB) BiEho, o

eledrophgsuomgecmus:egm i Ldﬁ:@éteaffrmnmérﬂesp @ab OB ré@&ﬁhse to the
bet ween an ABR reconstructed using the i nventl on and

augderygstimylic ofi 8RR JrRAP. Petanovglesignal ¢s uenshaing basesBrn the
auﬂﬁ@‘}”%ﬁwﬁftt %Jré Ofh Sérﬂﬂlﬁ{;&e 'lé ?ﬂﬁfgrﬁ'&ﬁ 3%{) é%) Signal are

ect trnmul Uus T nt ensi

mmlhfueﬂ maspm«pmlcrredoameamtewsﬁragl%Jsl mtervaty iofuthes audltory stimuli.
tery 7.52ms th a 100s click stinmulus.

Finellonbstenci22bh SR Riony heustomeaspesEn LABIR) iiiabis determined
usingasth ligs e|é&r%?ﬁ§§'éro \é’gn%l shafﬂﬁ & n\%ﬁg. g t he

neasur ed peak trough de ‘of wave

v CW%&%n%ﬁafehﬂieC%ﬁ}{:%B Ak | ﬂrﬁéﬂﬁ&gw bgﬁl tcff“%&r%‘nsons

al gori arl sons of he ti
wefeldinadeg betwdeen rag |lmmyreﬂ>ehetmctbhe usinge sen davertior \eddV using

t FIG 14 d trat th
coyfaritigne) TermikesuFIGn13 Spist Pon AdROePaeTtsa dfagsignals
ac@iiréPRoAT G é@ﬂt %hﬁﬁcﬁ a?% Ql‘ﬁﬁ[]ﬁfse‘mf’éns\?\t’gséf' E'S“di%Hc], Response

Intensity of Response data was acquire
da’smwaa\m]qalgedl attan asenagel interigtineuivslintefvad o?GhﬁZrWStvhtraa 100us

sti mul us. osed reconstruction
cl KE|eeff?C%ran 0% AIBORPED @i thacereesgb Miene (abelled

prdddi@d? rSHONS %dcfé%\rr MRredisd! M a8 %eﬁ@utre%ll ?@Qkifo q&fo%f\g-trough

he presence of wave V conpared t onventi ona

ampditudediaf whavekVsicomparegries ding ecmbm/enao(lall XkiBarB reBasstruction

Iin er- 30 stinmulus interval (5 seconds conpared to 40

algog ds). Simlarly, FIG 15 denonstrates the efficacy

of the current _ipvention

bompanrsons of tpne tlrr]ne requ1re<}1 for an Audiologist to reliably detect the
presence of wave V in a neonate were also made. FIG 14 demonstrates the
efficacy of the current invention when reconstructing an ABR acquired from a
neonate at a stimulus intensity of 60 dBnHL. Response data was acquired at an
average inter-stimulus interval of 3.76ms with a 100us click stimulus. The
proposed reconstruction algorithm (left side) shows a clear decrease in the time
required for an Audiologist to reliably detect the presence of wave V compared to
the conventional periodic click stimuli presented at a (fixed) 30.3ms inter-

stimulus interval (5 seconds compared to 40 seconds).

Similarly, FIG 15 demonstrates the efficacy of the current invention when

reconstructing an ABR acquired from a neonate at a stimulus intensity of 35
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reconstructing an ABR acquired froma neonate at a
stimulus intensity of 35 WO 2008/ 006164

wEeibBMdad41171 000969 22 dBnHL. Response dat a R@EAU2007/000969
acquired at an average intepspstinulus interval of
both 1.035 and 3.76ns with a 1003 click stinmulus. The

1BREET SEDARE TR Vb RawirBeld b etadH GGyl grterval of

bothed i088landiB78ais Witk amm%k@‘tmwu@ The propsed reohdtfuction

conventional periodic 5 click stinuli presented at a
algerithradghawe anelaant decreasenin ubei fimer keguined &rcandiudiologist to

roipRP BkfEL ife MRoSARRDRT havery e barRE' o HREBbBThicRer periocte

clickhetimulinprieséntbdand & I(fixel)c30.3hts aster-stinetls intehABR8 seconds
waves other than wave V. This is particularly

comgatachios? sepdYst i nat i ng the hearing 10 threshold of
dogs, horses and other aninmals where the early ABR
wav b al funther serboedimendr of sithgi tugant | yveatioer thenafunctional

rotafor MRS i B ARLRIG L0 R R B il Bl other

thamywales O/ bThise 34 | patiedlally comidnientgwihed edfiatiRGEies hearing
froma nunber of different ABR waves, for exanple

thrgshyald of dags, horges andrpther anipalsenheia the garlk waves (I, Il
an§ I{ﬂzeéré' Q@nﬂféaﬁﬁgrlgﬁufh%ﬂ p\fiiﬁﬁn?éﬁ%l I ugﬁaltleﬂdthe relationship

ncres”as a p age o elr value at
betwmwIS! I88ld weaed aaqolmﬁidefmtam $tm s FlGs and) Fcb@eﬂf aldy also be
t enc and ar{girt ude fro

i,.oht
GSWV@%EY&O |nlmﬁgs‘ar@3 SHreaen Qrgrﬁawmg]pg o\?ec%q&ere%? ABR
wa(/él: Afdr exahdl Wa}(/e%fl W%ﬂd/\?RI'HY@ §fc%%ﬁ@ﬂtng“éldﬁ%tbﬂkﬁr@ssmg

from the relative lag that pro uces X1 mum
thec messuosst mavatampllﬂudesxmd lateiciemps @ penfentd®ie of their value at

wav ef orrrslgg 5 t dlffetF\ ?ﬁISIs[ dreLl thive .
SO FATIGE ‘P2 PUs8 @ § iMaeod NSoPVerea Fneqass & wave
latémyB)ante! difipitlidé hroR e f\sightedT REver Y@ néf @I inSeasured waves.
particularly efficient when applied to the recovery of

Alteprativelyy e Felstive, iateney of eaeh ABR wayefRimbeandie estiraated from

I r
tne] FUAMEF 216 RORIERS e hftrurl ERRELAITIG 6ol el pon par
of XBRawavefotras, cdll@s@tedﬁ\a@mm@mg\ﬂlsls dnalomame dgplitude can be
advant ages in MLR conpared to Bel TEOAE

estépatest isemitbe Taek Mean sayafeh(FéM% Nal&@oo atbswzéa)ve
inventor also speculates that the invention may be
appThednyantiontia pasiquiany eféigiskt wheaanrpiieddo the recovery of ABR

waveforms, however, there are a number of other related electrophysiological
measurements to which the current invention can be successfully applied. In
particular, the invention will also provide advantages in MLR compared to Bell et
al and TEOAE compared to Thornton (both described above). The inventor also
speculates that the invention may be applied to other stimuli-evoked responses
such as responses to visual stimuli and tactile stimuli. For example, improved
acquisition of response will be achieved in visually evoked potentials such as
electroretinogram (ERG), sensory and motor nerve evoked potentials such as
electroneurogram (ENG) and reflex evoked electromyography (EMG), and other
auditory evoked potentials such as auditory late response (ALR).
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stimuli. For exanple, inproved acquisition of

wo e®poondes W | | be achieved in visually evoked PCT/AU2007/000969
potentials such as 30 el ectroreti nogram (ERG, sensory
and notor nerve evoked poteBdBials such as
el ectroneurogram (ENG and refl ex evoked

el eThe prysgrtdpyentidiMBErefardedtiies acquiditibnrqf aviok®dved ABR

or Bl PhiBlg LT sReEs 1 MDedasB T UspraRep bialon cnabe
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or ot her physiol ogical response. Enbodi nme
priethart pféatoan nmpema tbe effeabiVencsaBR AvABR dewices dn berious ways.
educed, tine.co

Fof ERBhBR! actaftind 8 maiR ol yi< Bt vERuGE! S Sl SGputus

mtéhs‘?@%eﬁlﬁb(é ttted fh §@hlﬂ@dﬁtly\@é§ tinte fHdin BXaHDirsd usmg prior art
accordi nﬁ to a nethod of the present invention,
%

technigies, sliowdngifor maie shseessfeldasting tre@ff@@ltuanwronments such
oo S8R RO oIt 4 el e PEMMEAE Tt i Slieeh

backyrdufd inoidd. AL embﬁamméntswme pessend ventibr enable muitiple
ect is a fidget onat e or vvherethere IS
St'@PG{% intenghies tBat@«“@S g 3 desthesiod thabissanaparabls in length

to pricr 4 RS @Enbag et tRA rg(%ﬁ L fﬁ‘&éés@deteépaéédrgk'\( ‘ﬁlﬁd rellablhty

Intensiti to be test uring a test perio
oA 38 A ot L oy B en rion
y and

prdvﬁie(ﬂfmrlputpfosesTdifedeﬁwpﬂord&ﬁcnem‘ oedinafy sidif inothe related art. it is
enbodj nents of the present .invention i s provij d&d f or

notypigsuiesiode aélaﬁu%tw?.%ﬁo gitdhe ToYerBiom Rt §inglg discloged
embBRRENE A ikonkh byl bR e SEp R IO e
presmhb ohveation wil bemppacerddo alhmneesklﬂmdmmegrabf Hhenatbovee s
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intGRed) BPeplc A 8fleRonrs. siticane s yaitidisfips present

invahtioftiHaakl bsh disbwdadamsreR) aindrsiherémdbdmnentefthatvall
resent invention that have been di scussed her ei n,

withindhgtspdiit antberanefthe @bsverdgscribeg inentioRe spirit and
scope of the above described invention. WO 2008/ 006164
PCTI AU2111171 111111969
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24 CLAIMS 1. A nethod for acquiring a physiol ogi ca
response, conprising the steps of: presenting to a

wo e®B/oeub ect a plurality of stinuli wth variedi/&U02007/000969

inter-stinmulus intervals; 5 detecting an
el ect rophysi ol ogi cal si gnal f29dm the test subject in.
response to the stinmuli; generating a recovery signal

® gon the stimili, where an anplitude and | atency
'o‘@&ﬁ‘e recovery signal are nodified accordi ng to the

nt er f . the stimuli: an
1det er'cr\nﬂlri]élt%Jj gérp%écﬂ‘f' 'ﬁ%% R 'oll%%%ﬁg%p%n%énﬁo”i@ fst‘fég fhet steps of:
nrbeeleﬂmg:td@msat%ubjew iaqsiliralig) etim@ngith RaribBROWESYstimulus

2. The nmethod of claim| wherein the stinmuli
'B{eg"%ﬁesent ed cyclically. 3. The nmethod of claimil

000
A oh BRABTLELIEH ST Mol 2 o 1A odato e
st&di; The nethod of claim 1 wherein the stimuli are
dltorgi stimuli and physi ol ogi cal response is an

treid o SrodVry shinLbased BNARfims: whets Abaitede and
léﬂe@bmol tl’Y@Fﬁo@VBr} ngnépéyetrﬁlefléH'd@db?dlﬁ%‘t’o fifed REdEdli rﬁltllﬁg1

one broad ban i cks; tone burs noi se burs
I@ﬁer‘caispbtfﬁstrmuh argl The method of claim1 wherein the

20
Biefrihlo'a Ry blsiea b Shehsz mieral D b sleetiaphsiological
sﬁgm@hddhelréémid‘rygf Hare el ectrophysi ol ogi cal signal.
7. The method of claim1 wherein generating a recovery

=i gnatheaeatbPsr silRn 1%@%@9{ ﬁheséﬂ l éré@%&hﬁe@‘s@fcncau

application of a conb f

3\/\lner e fhBehcit 6P O?IQ m 4S5 RIH 72 ﬁu(a‘ﬁgpé_ﬁe{ﬁfn% %Wﬁece[)ﬁggs of 1,000

produces a unip recovery sequence:.
aviditotyestimuli presepited tdithesteepsulfjegfsedirat i ng a recovery
signal produces a bipolar recovery sequence. 10. The

4ret hdtheahettaal of diainh @ neferelmiesstidiulPAredRREIRY SHG Ul and the
reco naI further includes the step o
¥§'QY gﬁ' ReIseISAN Auditory ReainsieshsspopsedABRInce

5. The method of claim 1 wherein the auditory stimuli are selected from one
of: broad band clicks; tone bursts; noise bursts; or chirp stimuli.

6. The method of claim 1 wherein the plurality of stimuli is a Maximum
Length Sequence and the length of the sequence is longer than the expected
length of the electrophysiological signal.

7. The method of claim 1 wherein generating a recovery signal based on the
auditory stimuli comprises application of a comb filter.

8. The method of claim 1 wherein the step of generating a recovery signal
produces a unipolar recovery sequence.

9. The method of claim 1 wherein the step of generating a recovery signal

produces a bipolar recovery sequence.

10.  The method of claim 1 wherein the step of generating a recovery signal

further includes the step of determining the amplitude and latency by reference
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functional relationships determ ned froma contr ol

w@emspodass h known physi ol ogi cal response. 11.pdti&u2007/000969

met hod of claim 1l wherein thg step of determning a
physi ol ogi cal response sign P i ncl udes per form ng
artefact detection to renove signals 5 contani nated by

tafunetianalyelatpnsinips datempined from &iganirohgeaun yith faownep

ter n physi ol ogi cal response signal
pﬁ%%P@@éQ? 5%?9:%]S§tl ng an ensenbl e average of signals.
hod f cI 12f ne

187 cdBesnetptaraiaiy hereebe ot deeifirie altpfliboica

résgﬁ?l‘ééré_r{%ﬁélgﬁéhdéQ péﬁbﬁhmgté?%f@é’t)tﬁt@étﬂﬁi Aleni@&PSIgASIs

e nethod of claiml wherein the nethod is
caplenipatedooyartafasts-s of a single test subject

si mul taneously. 15. The nethod of claim 14 wherein the
181 ur Jhetimetifodsofi clailv 1|vd131einlbtherat¢p of delgrmirtag aepltysiclagical

SA5eB lehi ERUBG T TG .
i e i i

bgsnﬁi‘f‘é Q%ir Wik frY F %B%&? é(]gné\“to obhifR TRE %y%%dl@él)fesponse

rarnstemr ponse (A vice. 18. The method of

12 o HEBIE B S A e e o pbars o

silghe tastBupjsct sirgiltsaiectisynal i s 20 detected as an
el ectroreti nogram 20. The nethod of claim1l wherein

1she mAine mktiod ef claim Mlihetem thagilinatitysef stimhili is 2 Maxirhem
met hod of claim20 wherein the electro hyS| O'h@zlgl cal

Lgngﬂhsquen@%aedfla@lwth@f i@SWG "lé d & 4 bviggihe
%ﬁegtﬁﬁsﬁﬁ St %'%%tf’dﬁ”y%tﬁ'ét{'é o erval s of the
B oc s B 137 me'rl%f»ﬂ%bigéﬁg.ag%map nsengte

| th 22. Wh th
1glrrgle|a[{h?d%‘ SR Pﬁ%‘@mf‘) Sreiethedestior S eefighaetdidnd 8
Afomdidd £8ditory brainstem response (A-ABR) device.

18.  The method of claim 1 wherein the plurality of stimuli are visual stimuli.

19. The method of claim 18 wherein the electrophysiological signal is

detected as an electroretinogram.
20. The method of claim 1 wherein the plurality of stimuli are tactile stimuli.

21.  The method of claim 20 wherein the electrophysiological signal is

detected by reflex evoked electromyography.

22.  The method of claim 1 further including the step of adjusting the inter-
stimulus intervals of the plurality of stimuli so that the detected

electrophysiological signal simulates a signal from a linear system.

23.  The method of claim 22 wherein the amplitude and latency of the recovery

signal are unmodified.
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for acquiring a physiol ogical response, conprising the

wWGeL@peoabs presenting to a test subject a pl upet/AUN0BDH00969

stimuli with variable i nter-s%'énul us intervals;
adjusting the inter-stinulus frAtervals of the
Z%uralit% ofJStiwI,i,sothat a detected 5 o
ect PEPRINSIIPh grawring iaghysiclogigabiesporse epraprising thaxsteps of:
i : LGl . iologjcal ..
D ling Y8 R i DA of LA SARSR BL R stimutus
ipteérMalst ; generating a recovery signal based on the

S, e e S e BB B S sreeP On S a detected
SlBctropisySiciegiear yigﬁ?ﬁﬁﬁ%ulatéé a Sigfkalfrh %dnrfzafe}rgyeie%?“

wher ei n' t he physiol ogi cal response signa
drieeting thajelegtropbysiologicabsighabiomfthetiest subject in response to the

ggﬁ&ﬂ.rophysi ol ogical signal with the recovery signal.
. A nmethod for acquiring a physiol ogical response,

gagpating agetbeeryisigtal Pased DnthesBfMdIingnto a test
%{{béﬁm a plurality of stinmuli with variable
eERINgg ?nmhyglolqg«\@ajrr@gp@jsed@g@@&bm@slag the electrophysiological

§éﬁé3t&frﬁpl}més‘rjeeh\g&jys%?¢naﬁi gnal fromthe test subject in

response to t nmuli; generating a recovery signal

se Enulbi~.and 20 determ.nin . )
Bhyei onidied bR Wi PG dagRalimsponse signat i
deterhined ystrobogon@lationl ciRé efitiropRGsibRIGRA Sigr
27. The nmethod of claim 26 furt hedP ?ncl udi ng %Iﬁdelg@?"letge
'BEOYRIYiSIgNAHg an  anplitude and | atency of the recovery
signal according to the inter-stinmulus intervals of

3%e  methed joraacaiiningiaiphysislafcal Tesporeteh conydrisirigpihe steps of
r. kGl udi the sten of adjusting the inter-

rEBsortirel e o 1 SuPletS o i i i Vel tesistihaes
imtededtlect ed el ectrophysi ol ogi cal signal simulates a
dsié;nal froma linear system

etecting an electrophysiological signal from the test subject in response to the
stimuli;
generating a recovery signal based on the stimuli; and
determining a physiological response signal using both the electrophysiological

signal and the recovery signal.

27.  The method of claim 26 further including the step of modifying an
amplitude and latency of the recovery signal according to the inter-stimulus

intervals of the plurality of stimuli.

28.  The method of claim 26 further including the step of adjusting the inter-
stimulus intervals of the plurality of stimuli so that a detected electrophysiological

signal simulates a signal from a linear system.
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