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ANAESTHESI A CONTROL SYSTEM The present invention relates to an

anaest hesi a control systemand a nethod for cal culating an index
represent at i vewafostibor dept h of anaest hesia. The i nvent pEHGBH02435
applicable in particular, though not 5 exclusively, to a system and
nmet hod for providing closed- | oop anaesthesia control such as w |
safely maintain a patient in an unconscious state w thout requiring
human i nterventi on. Conventi onal anaesthesia systens
require an 10 anaest hetist to manually control the anaesthetic dose
given to a patient in dependence upon dlsplayed vital signs, e.g.
heart rate and bl ood pressure, 2NARESTHESIS S @lEllal | y observabl e
reaction of the patient. However, mhen a patient is paral ysed and
ventilated these vital 15 signs are not conpletely reliable as

i ndi cators of TR eRdsest ainegnticanadelhtes tran loensthesia s of

Eatients " beheggaw@:sduahagaaﬁe&mr &bkoeaﬂ@sm;tﬁgt B8i {nddt al signs
eing wthin nor : to eljmnate or
qgkltégéééilve Pf the drpth o) %égggés%% kh

reduce the possibi erro 0sage Bnaest heti c,
resear ch has invep éﬂ“cﬁ?ﬁ%@élﬁa¥l¢ﬁﬁbPﬁF§vFﬂlﬁ© &hemeb petiabl e

i ndi cati on ®f anm&besvelﬂemohaasﬁscém nd e€HbAr £ord prov:.dmgvdsposacr—ect
i ndex of a_naest h%%'o %\%),AIEDEF @*J['cj:l such asp&,?PPS@J 1%}4\511{1 z?da upon

the anal ysis of cer b ri cal activity |cuIaH
of recorded patéFBEt+’be?fbé’ﬁﬁ8f’5§%%‘b’n|5§E(EEEG}°§?%6H9§““1“9 human The
cerebral functi onnzeaxtgstidomoni tor (CFAM [see Sebel PS, Maynard DE,

Maj or E, Frank M "Th@o@&&cnal anaeEHﬂi‘st ao'igée%ﬁlsféq\m}@ tar (CFAM: A

New Nlcro rocessor - On-11 ne Analysis of the EEG
and ! vokecfnﬁ&tséﬁﬂ"ﬁ?rs"m Eﬁnﬁa;&%e"ﬁ’ﬁ:r §h35%naelsfé’§ti§76?s? s

a comercially awivesbke sypawienthiphdgpendedgs apon displigyadt vivslve
i ndi cation of anagghket ecgdeﬁa&: Taee GiviMblood pre¥shed fanac Lib8AST kY
anal ysing the SP&H srulé'ﬁ?f ob&& Qﬁe reaction of the patient. However,
when a patient is paralysed and ventilated these vital
15 signs are not completely reliable as indicators of
anaesthesia depth and there have been reports of patients
being awake during an operation despite their vital signs
being within normal limits.
In an attempt to eliminate oxr reduce the possibility
20 for error in the dosage of an anaesthetic, research has
been carried out into providing a more reliable
indication of anaesthesia depth and, in particular, a
more direct index of anaesthesia depth. Almost all
proposals have relied upon the analysis of cerebral
25 electrical activity and more particularly of recorded
electroencephalographic (EEG) signals.
The cerebral function analysis monitor (CFAM) [see
Sebel PS, Maynard DE, Major E, Frank M, "The Cebrel
Function Analysis Monitor (CFAM): A New Microprocessor-
30 based Device for the On-line Analysis of the EEG and
Evoked Potentials", BR J Anaesth 1983; 55: 1265-1270) is
a commercially available system which provides a
guantitative indication of anaesthetic depth. The CFAM
system functions by analysing the spectrum of recorded
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-2- EEG si gnal s. In an attenpt to establish a nore
reliabl e nethod for nmeasuring depth of anaesthesia, researchers have
recently investigated the change in | ower oesophageal 5 pergafidaetility
associ at ed WAWWMesthesia. This contractility has been shown to be
related to the end- tidal concentration of volatile anaesthetics.
However, it has been found that this nmethod is insufficiently
discrimnating at the interface between epnasci ousness and 10

unconsci ousness to be used as a nonitor of anaesthetic dept h.
Despite the corfU&igBréSampunt of research carried out in this

area, the anaesthesim hndheeanpﬁotta;i aetabyish a morkes€hifdl® :etRBAI N

unreliabl e and gg}erﬂpea% ? &% g} fCQHQ%QfJeasQ Qggg%&mcr% Q. gl | ow t he

le
wi despr ead I nt ro cl ose 00 naesrhesi a control syst ens.
WD 93/ 07804 desﬁqedgslya@yg*ﬁ'é%ﬁ%tﬁ%héhc}aaﬁﬁmﬁﬂ Larey eeesophageppasur e of

anaest het 5c depidntiracagaibyoddsidiededywith anaethkygsang tHis frequency
spectrum of the, &‘tcfocQ‘i‘iu?kD 904 SeetOsh W é&%ee@e'lm?é&r%‘térilgekﬁ' s approach

is the "A 000[err tor aval rom gect dical Systens,
| nc. Mas'SHY *Hu§§PF§§tr%E¥9“ ot/ Jo1at1te AREEEDERIGH] edtO¥EVEFhe present
i nvention to overdore been foumdt tdfat]! ehss methaghtie castif ivisntilye

di sadvant ages 0ﬁ1§$ﬁiﬁ¥§at1nga§9W§u§M§k@gﬁaéﬁmkégwégﬁdéonsc1ousness and N

particular, it is an object of tl%f ent I nvention to provide a
system and neth%EF?Qﬁc 8ﬁ8?§?|ﬁﬁ Use a5 3| VAL BANF TSR E L easur e of
anaest heti c depd¢9th is a further object of the present

i nvention to 30 It@eta@ @&?&ﬁeliasna a.ﬁwlme Wi gbsésréh Rasyes of

anaest hetic dep(g aﬂg t"iﬁs ar 8@ L:L% sEHe%‘ nsdei@esoggt?uﬁd panaest hesi a

control system aspec resent
i nvention reseRyehqrs 5?69%@6&P¥?Hﬁépﬁ6da%# QﬁﬂqﬁJﬁéﬁﬁﬁﬁ an i ndex 35
i ndi cati ws of aseesidetdmledeplictdite et Adllow othy iviidegpread subj ecting a

atient to are dig ' itari , evoked
BOt;ntlaIs (AEP%QEkéadgié?%b;@ éi$£@8}¥%bp anaest{IUYVs Q6hPOo AU QY . eV

0 93/07804 describes a system in which a quantitative
measure of anaesthetic depth is again obtained by
analysing the frequency spectrum of the recorded signals.

20 A system implementing this approach is the ’‘Al000'™
monitor available from Aspect Medical Systems, Inc.
Massachusettes, USA.

It is an object of the present invention to overcome
or at least mitigate certain of the disadvantages of the

25 above systems and methods.

In particular, it is an object of the present

invention to provide a system and method for generating a
reliable quantitative measure of anaesthetic depth.

It is a further object of the present invention to

30 provide an anaesthesia index which is a measure of
anaesthetic depth and which may be used in a closed-loop
anaesthesia control system.

According to a first aspect of the present invention
there is provided a method of calculating an index

35 indicative of anaesthetic depth, the method comprising
subjecting a patient to a repetitive audio stimulus,
monitoring auditory evoked potentials (AEP! produced by
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-3 - the patient, and providing a signal corresponding to the
coarseness of the nonitored AEP signal, and using said signal as said
i ndex indicati \go9dnoagiaest hetic depth. It has beercTGRIMR4S AL

t he coarseness of the AEP 5 signal provides a good indication of

anaest hesi a depth, with the coarseness of the signal being found to
decrease as the depth of anaesthetic Lpgcreases. The term
‘coarseness' is used here to neans a conbi ned neasure of the

anpl i tude and freqenpatdkent headd provﬂ:ﬁﬁlhgoi efighalR sbgrespéndingacaeasdlr e of
t he curvature of

c ates to
a si gnal havclﬁlnrgs elntegg ékgﬁfé mo}éEggg ph%fl :;éggen%?& \}%]1%3 =5
| ow coar seness equit®ERl é‘saS%%%n’aﬂd%\}PﬁchWear?&I PPGE%‘ Retic d“’é’ﬁ& | ow
frequency. Internedi at et taarbsesresiBundayhbe thel roarsehewns anpltteuderhi gh
frequency or sa hi ob; gl 'pErBd?ééQV‘é crood Lntiit?%%?p)bf Eha%tl:llxeélea @QBEEC' at ed

that jt is difficult solute s n or. definition

a at |
of coar sene®¥P &85 §8ﬁ’é§%“‘?sss 25 égﬁt ﬂ/%“%%?&?‘gngﬂ “Cgfma decrease | p
varying signal whiah ther depthnofimgridesstetandingre@@es. frequency. The term

coarseness is used to dgfel @Greﬂ coarsenlé%fsa”ﬂ edsé@"h%?ecé‘a ReardLeadi |y used
in the inplenentati %usmthe cILnlcaI

envi ronment . o“Gmmsx"‘l ﬁ‘egsb?%f%fr ;Tg‘& 8%&1‘?‘?’% G EFRAVGHDL &t
i nvention, 10 nerl yeneic: AEBds banglaw -AEPa stepmirel ofdEbe dewkvattugeacteri es

25 of sweeps orchd aRmadl. aT@p¥ILIGYr at hodh RAGBeRVREPePEANE to a
synchroni sed with H@Jﬁ&%kévg@g@'a&pﬁ&w& UWha gllgh L AP

n are recorded in sequence an

averaged sweep. FHPV tIRRISERRSS equates, ELafetiHidde ﬁ‘at"ﬁéga?ﬂ‘a‘ésaf%t&dﬁndex
is calculated. EacéndQow fregueneynevirzetmedisfe smap?.enssgeomydeﬂ aa hew
time 1aver agegl, SWean chse Rt B

sweeps and the anagst hesi atl nagx Q(;) {%%e%?n&} ve 8&s£§md§/l°w

cal cul ated. In thi S SEFYHe aﬁ‘ée%’t%leé?eaapﬁﬂ‘é‘ilﬁ‘%ed thdt lth%t’a’rﬁq:L;?“Ebdat ed.
35 Wier e thegimst laadabavbltvespetdfusat odn ardidgEiaition of conputer,

the raw AEP signal céSrsddls8dcabré &MY ALs a relatifeCmbabirifedt QFUGE A

gIC% &S$?0§‘§§5SI gnal e'Ax‘r zrye:.fn%r rsggnal which varie\z/g)ignwa%ngzgéude and in

frequency. The rerm coarseness is used to define a
parameter which can be readily used in the implementation
of the merhod and apparatus in the clinical environment.
In a preferred embodiment of the present invention,

the monitored or raw AEP signal is divided into a series

25 of sweeps or frames of a given duration, each sweep being
synchronised with the repetitive audio stimulus. A
number of sweeps n are recorded in sequence and are
averaged to produce a time averaged sweep. For the time
averaged sweep the anaesthesia index is calculated. Each

30 time a new series of sweeps is recorded, a new time
averaged sweep is determined from the most recent n
sweeps and the anaesthesia index for that time averaged
sweep calculated. In this way the anaesthesia index is
constantly updated.

35 Where the method involves the use of a digital
computer, the raw AEP signal is sampled at regular
intervals to produce a digitised AEP signal. A preferred
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-4- met hod of obtaining said indication of coarseness is to

obtain a neasure of the differences between nei ghbouring sanpl e
points. In the case where a noving tinme averaged sweep i s obtained,
this nmeasure gmy,fe.a function of the 5 sum of the Squaﬁﬂnkﬁﬁwhdﬁ t he
di fference between every two adj acent sanple points in the tinme

aver aged sweep. According to a second aspect of the present

i nvention there is provided a nmethod of maintaining cl osed- | oop
control of anaesthesia depth, the nethod 16" conprising supplying a
dosage of anaestfatidy E@ Bbtalnlnéxgé Q“EndféﬂéE%hagk“ bapsdHadgst ety c depth
i ndex according he above first aspect present 1 nvention,
and usi ng ?%J\Palaug‘eﬁ?u’f%ep%rﬁ'ésfihﬁ?’&e%& HeFY‘iﬂ%"k negghbouripgqy| at e

t he anaest heti ¢ samgiley podntai ntkt thehead®d whereaamaesvihesiwirdepiveragekdx at or

near a prEdEterr@W53¥|f%V%bta1ned this meégﬁfgcka pkOa af&ﬁﬁ f% agpeche Of the
pr esent | n%entl here is rovid temfor ating an

i ndex of %%ec’sft ﬁ"é‘ﬁ EIRRPT 1t ‘ﬁe°§y§*€“érﬁ‘(,f(§ﬁﬁref‘§? n@e%?'eﬁ“gﬁéfﬁr
generator for subyecdisgeatpasrriae doadngsr épethe inigeaadevad®l sweept i nul us,

el ectroencephal ogr aphdrcrBktsy ﬁ@c;prgi_lc@gdnggg&t of thefgfesiitpling to said
patient for reco ditor tenti.al EP) .signal from
{£Uégkfgﬁ t%erge}s rov1aF§ra mé%% ﬁé Sg}%}a&g} gg

the patient, and ans receil i gnal, and
f or pr oce%%%ﬁj—i's]@io@ REPCEP Y] sngadthesisr alebhy. abhe mrphogs

signal i ndiccat i veofibridimgC @REFEPESS andotsBQeWtCCHxﬁ%&tAEE’m to a Signal, said
i ndex si gnal belg {%@ée%%rﬂ:ﬁi%t\f??é Q\%aefthetlcd%% égéie %@%ﬁlgg

According to a f ect o ere
provi ded an anae&? h“e"ﬁ cabﬂYﬁplfgrrEBrﬂﬁRﬂCCBGf the s%}'sets@ﬁﬁ hEY%l’b"r‘riﬁ’-aaé‘ﬁlst em f or
cal cul ating an ingdikxg afhe value afiaesd helaestHepid depedr dhagx two t he above

third aspect of requiacd hePRRSEBEnLIMEIERYT 05 naamgaﬁnehe and anaesthetic
supply means includin

a reqgul a ula
Snbst hot |15 to  ABSFACHHE ABPRA MRLPh AchBTaRear = RTGSERERIASHORA Y ndex
at a predetermn ned IeNQﬂordlng to a thirthespretert thevemesent i svparttpoul arly

applicable to chereaf@g&.‘dwaba 8YS & WR-Cha USEL A ihigdbh di @edehet i ¢,
such anaesé%étlc %epth the system comprising a signal
PCT/ GB97/ 02435
generator for subjecting a patient to a repetitive audio
20 stimulus, electroencephalographic (EEG) recording means
for coupling to said patient for recording auditory
evoked potential (AEP) signal from the patient, and
computer means for receiving said AEP signal, and for
processing said AEP signals and generating an index
25 signal indicative of the coarseness of the recorded AEP
signal, said index signal being representative of the
depth of anaesthesia.
According to a fourth aspect of the present
invention there is provided an anaesthetic supply control
30 system including a system for calculating an index of
anaesthetic depth according to the above third aspect of
the present invention for a patient, and anaesthetic
supply means including a regulator for regulating the
supply of anaesthetic to the patient to maintain the
35 anaesthetic depth index at a predetermined level.
The present invention is particularly applicable to
anaesthesia systems which use a liquid anaesthetic, such
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as propofol, the dosage of which can be very accurately regul at ed.

For a better understanding of the present invention and in order to
show how the sanme nmay be carried into 5 effect reference will now be
made, by way ofyo%A¢wl e to t he acconpanyi ng draw ngs »er/@ER70NRs

Fig. 1 shows schematically an enbodi nent of an anaest hesi a control
system according to the present i nvention; 10 Fig. 2is a

bl ock di agram of the EEG anplifier of _Sghe systemof Fig. 1;

Fig. 3 shows a detailed circuit diagramfor~the EEG anplifier of Fig.
2; _ Fi 8a ghedddeds! r el uoraleBE | Qi dy daepeobd BF ldcrately 256
consecutive AEP franes usjng the systemof Fig. 1, Fig. 5
illustrates a sch’é‘?‘l%ntﬁ 'y noving tine averaged frane obtained from

the 256 consecutive frRares better wideFsganding of the preseuitg ingeshéol t he
gﬁner al or ga][li iatwdl of o&aé&w@éesn%ég nowgsséi éanél:@fayr Bk @afﬂ;cic‘erdogheﬁessordof
the system 10,4 Fi.g. S @ ow.C t a groun
t ask .of the(g efé% ttv%’/zfrféerSfCT:iwgl.qumgnée ma‘_Ie' By ug{’ﬁg.e"@"‘nga # ow
chart of a foregrbdespasyinhedrawings snf¥idhe Fig. 6. 25 Ther e
is shown in Fig. 1 an mrpest BRSWS fcidhatlically an ydbadnéd dmiaat ai ning a

patient 1 in an UISOOSELANS. copcror WALERELSLa L (BAL e e 00es

surgery. The patién _ ar pair ear phones are driven
by a si gnalFRy®¥HerAdior 3 to sound "clicks" of ins duration at a 30
frequency afo 6. 9Hz to ®af.h 2t he pablicd 'diagass.of e EEGC ampXifilext ude | evel
of the clicks is kL ﬁ’g gt p79dB above normal hearing level. It
is well known in ?ﬁem‘%fge of 998,

[ neyr.ophysi ol ogy,.t hat such repetitive
clicks sounded in Fig ¢ e SBEYS %fdee?adéFBe%%rWII“I dﬂ‘f"‘g’dﬁ'ﬂe’%}?ﬁ s:thien%‘Hsve 35
potentials, knownamplafikz @ify Fégokzd potentials (AEP), in t he
el ect roencephal ogr aphi @id‘i.EliG)n&%@pm@s QkhbhStically tBat E8THecdidRe ofenny
G\, Davies FW Magggarl s H., VO, 98/ 1}9'),01 .
PCT/GBQ?/O?%%S consecutive AEP frames using the syggem of Flng#éﬂSitiOﬂ

bet ween consci ousness B¥al inddAsst varsaess schemat kgl hyg "aMiag Hedien " .
Anest hesi ol ogy 1993erd@ed A33heabBtained from the 256 consecutive frames

of Fig. 4;
Fig. 6 shows the general organisation of scoftware
20 used to control a microprocessor of the system of Fig. 1;
Fig. 7 is a flow chart of a background task of the
software of Fig. 6, and
Fig. 8 is a flow chart of a foreground task of the
software Fig. 6.

25 There is shown in Fig. 1 an anaesthesia control
system for maintaining a patient 1 in an unconscious
state whilst the patient undergoes surgery. The patient
1 wears a pair of earphones 2 which are driven by a
signal generator 3 to sound "clicks" of 1lms duration at a

30 frequency of 6.9Hz to both the patient’s ears. The
amplitude level of the clicks is maintained at 70dB above
normal hearing level. It is well known in the field of
neurophysiology that such repetitive clicks sounded in
the ears of a patient will produce distinctive

35 potentials, known as auditory evoked potentials (AEP), in
the electroencephalographic (EEG) response of the
patient. [See Kenny GN, Davies FW, Mantzaridis H.
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Kenny GN, Davies FW Mantzaridis H, Fisher AC. "C osed- | oop control
of anesthesia". Anesthesiology 1992; 77: 5 A328] . Aliquid
anaest hetic, for exanple propofol, is supplied intravenously to the
patient throu froma punp 5. The punp is o type
(e.g. Ohneda %&HégOO[err] syringe punp) which is control PEQGW%
accurately 10 regul ate the anaesthetic dose given to the patient. A
controller 7 is arranged to process AEP signals for the pur pose of
generating an anaesthetic depth index for ~ di splay on a controller

display 7a. The anaggbbelds becyeen cHREShlihedes BhaY Sikdiidauboogont Tl the

punp 5. 15 ne_controlle recel ves an ana ue |n5)ut srﬁgnal
froman EEG anpl |dﬁréf‘98a9\ﬁ‘ﬁttﬁ?§1§‘ shoﬁﬂe??f‘eg‘i"é’&PgV EI%?%H |79: A330 andrig. 2.
The EEG anpli fi eKe@ngo@fy i Bssiest FiW, sMamqzerialis H, Fishsh ¢al. grablesed-
preamplifier 9t u | L] er 10.
Power is sugpl i e(rjl%tog FEEE% G%a‘&@stﬁeéfl fi érnecsot#%gﬁg%]@ P'rgg%?aﬁ)bwer
supply 12. “The Aidg - requi renents of the EEG anplifier 8 are:

1) A very high commdnliagesd rasjaesthenic atifaxr e@dRB)e propofoltypscally in
excess of 110dB, Wlweméme@lbﬁgn?oel@ the pambﬁee@l@f&@% ar euBPt4 mat ched;
25 A fre%uency LESpONSg, | he ra K { gd The
anplifi er shoul d 8r PaBF & wi t'iesREFP ’p?'n;f%ec%l hwi typ%l fefsi ghtcda

4) The system SIOO™ syzisaetpunind Modchheateenursdled o accuratedit h

tshl gl dteﬂ ouoguag %Jl@@dsthémﬁérthétﬁcp@ééfrﬁz}v%(ﬁ to théQailileqn. Ixrgunl tg
o di atherny an rges_Q interfere ig
shows in greater COIY{E olﬁfg‘}gle[;c?sr S n ed to procc(?r?ﬁr ?g?nSL a‘]‘SEI‘i:%“:a ‘fl fier
8. The preanpl i f iR¥FePsesof generacs:rw| awaw%qu%czé#pﬁ%oﬁw éP?ide
isolation anplifidisgday on §lcdrnutilder &5fplavhizen prayi sesedublekipat i ent

protection ddomlegk Iy dc%m_l fi tz currents. This
applies to got h |unput rot eé@ﬁﬁé&éngﬁl n gg/ out dl chie E’% i WD 98/ 10701
PCT/GBQ?/O% e controller 7 recelves an anal?gue input F%gFé%lon

currents. The | A 285 ijax EBGuatpkifiew BowBikch is showneinegifexaleri gdetatfl on
anplifier which cap @Rerate @ﬁe EEG ammmarnpdfonum%svgé tﬁ&e&n Lnu

5000V DC conti nuous.. .1 é’ ) 1 ectl on_rati i R 3 170dB
weh a5 o bo oHaEal, grede FRRATEILS LBhae TG RER 8 A FoL bt co
i mbal ance. The i nprut2 mw«aa\vel é. thBD‘pFF?éa%fﬁ)ISi“PPélled £o the EEG
20 amplifier components from a powexr supply 12. The main
requirements of the EEG amplifier 8 are:
1) A very high common mode rejecticn ratio {(CMRR),

typically in excess of 110dB, even when the electrode
impedances are not matched;

25 2) A frequency response in the range 1 to 300Hz;
3) The amplifier should be portable with small physical
dimensions;
4) The system should be suitable for theatre use, i.e.
with shielded or guarded leads, appropriate patient

30 isolation, immunity to diathermy and other sources of
interference.

Fig. 3 shows in greater detail the circuitry
comprising the EEG amplifier 8. The preamplifier 9 is
provided by an IA 297 medical grade isolation amplifier

35 (Intronics, USA) which provides full patient protection
from leakage currents and amplifier fault currents. This
applies to both input protection and input/output
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Is 0.3[err]V (10Hz to 1kHz rms) and the current noise is 4pA (O. O5Hz

to 1kHz rns). The input bias current is 200pA and is limted to
10[erre] A in the event of failure of any 10 conponent. The frequency
response of the, %ml ifier is fromDC to 10KHz and tgerenskiead
recovery tinme is The 1 A 297 provides an overall gain of x10.
The output fromthe preanplifier Ul is filtered by t he hi gh-pass
filter network Cl-Rl which provides a -3dB 15 cut-of f point at 0.9Hz.
The filtered signal is then arrpllfled7by two identical anplification

stages 102,10 ' seo1 ALGANGEE L SCT b AR AIDL! LBALL Ofbp Lage, 103, 10D

IS based around an operati onal ers
exceptional gain I"r’ﬁtﬁar“}eld}cﬁ/i‘-ths%ﬁfe‘(?@i 93Péh€1q1‘np‘l?tlchof:§’é oRprategft
| OnV/ VHz.  The gai ¢onafore amobeapppud iveAttagasséfige to 500010BC indisuwsfd.t o

give an overal | anp} éfddﬁﬁnoQahfdé‘tréﬁ%tlon ratfwt%ﬁ?f lghﬁwmﬁe out put

anplification sta of 88360
fromthe secdnd a%b‘?}raf’i"(?éit FBH- St a’cﬁi’eﬂ?ﬁc%a"d lqoé)Bsﬂ’bﬁfll BPED SPUFCEi t al

attenuat or conpri simigplant2.bi The input diogseareltmgenalfogne pormrmglidiets
based on | C3 which;é s %uv (108z DAC 14r0 ha é'd?f%a'?:hﬁrl‘eﬁi r&hé@( iQ. Qi

fullscale. This rror s subst ant }‘afl pendent of t e voI ?age

ref erence. The out b%to%ﬁotﬁ Hat T Huat gre %‘Efp Haé"dc’t“ﬁr%‘bt is
bandwi dt h JFET opeawd iigndlimanpdli £9 ek0upl C4) thé event of fhltérdaxrf atnyu nput

bi as currentipof 508dmpdttnn e@IHéVﬁi&ﬁIenc resporibillo fN@hE ep Al amghII Wi ¥z ; gnd
which acts as a bu Ka

a, gai X
The output stage o% ?’ﬁeDCEIg@ éoﬁng er eC8H§| g?ad 3 %ggiy ’Lim? urst ﬁgF‘sxl
gain anplifier 18 Theohh v?r?i"cﬁraﬂ-% ap peerall gaigf pfeklPo be introduced to
the anplified signal. TiHes output £ e praPhpliBert e CONNENddred b

subsequent uni pol a / _
PCT/ GB97/ 02435 Lhe high-pass f¥V%é¥3ﬁQQ%8%k Cl-R1 wh1§h provides aalggue to

di gital conérterscut-off point ap ¢ {Hz-nedhat &1 H%eds SFﬁn?%elﬁ"EEGe&‘rrpl ifier
8, the Si gnakmpkifidd &yedwbyiddnteealloamphisti datrioh stalges fidat,a0d

(C2-R3, C3-R5 and £5r edIiCR£2E8. r“ﬁﬁ%haamﬁggkféﬂtﬂghfséafe iUH'ﬂbbaEs

219Hz. | | th t f
preci si on netal fié ?‘gs"’}xﬁ“g‘égg\/: %ﬁg’gas'ﬂ%%e? tST‘%ih‘ﬁceé aﬁg[m IWASC&‘ detes

t enper at ure coef fi ekeeptiginall Sppm | Ereduity Whehput mgujydlent input noise
20 of 10nV/VHz. The gain of each amplification stage
10a,10b is x94 to give an overall amplifier gain at the
output of the second amplification stage of 88360 (10 x
94 x 94).
The output from the second amplification stage 10b
25 is supplied toc a digital attenuator comprising a 12 bit
digital-to-analogue converter 14 based on IC3 which is a
DAC 1220 has a linearity erxor of 0.05% fullscale. This
error is substantially independent of the voltage
reference. The output from the attenuator is supplied to
30 a wide bandwidth JFET operational amplifier (IC4) 16,
which has an input bias current of 50pA and an equivalent
input noise of 25nV/VHz and which acts as a buffer
amplifier having a gain of x1.
The outputr stage of the EEG amplifier 8 consists of
35 a further x1 gain amplifier 18 (ICS) which allows a DC
offset to be introduced to the amplified signal. This
offset simplifies the connection to subsequent unipolar

SUBSTITUTE SHEET (RULE 26)



capacitors of the anplifier 8 are solid tantalumand the 10

non- pol ari sed capacitors are netal lised pol ycarbonate filmwth 5%
tol erance and a tenperature coefficient of 50ppm [err]C. Ceranmc
bypass capaci aﬁwﬁ he used to reduce instabilities qgi

transients in e power supply l'i nes. 15 The power supply
unit for the EEG anplifier is of a conventional |inear AC/ DC design
whi ch provi des high stability, |ow noise outputs of +15V, 9V and +5V
for the various stages of the anpl r$ter. It also offers 5000V

i sol ation betwegp iy n geondar coils. Power 20 supplies
havi ng these chgghckéu %ICS f%aq (% %/ avail able from for

exanple, 'RS', "' Anpli éénlnt%ﬁ’me%ﬁéypmnts in (Céllel ERfsymplifier 8, the The EEG
amplifier 8 is digmaletlsapillared 89 PRESE Nldw-pass Fitsk di@ekeadindrd he

patient and is cupled _tar _ el .ec atta dtotg
patient's he d. @2 %g ES) }w it %‘g R? "gil'é éjb%%% ?‘é%ed o%rir}(?3 tﬁt
forehead (%), aPoint ats%é%%ﬁ electrode 20b is placed on the right nastoid

(-), and t he ®hirdfetisctreaderdds usedlinc edeOpES henpliddee ®fare
Lhe forehead (rghRiceBseh mitalias e gasigwds that 200 1y SRNAED dipposabl e

ECG el ectrodes exa provi e accept abl e

results provi ded"l ttﬁé{‘PeFﬁ uxe c°ef£ﬂ&t"FEﬁt°§ %%Sﬁpf“é Ear %’iﬂ PPlarésedd with
al cohol swabs capacigprerof ol tamphifigjet hee slecsblddesanidlunehedt tioge
jelly. 10 non-H3ELEi 2E& éé’ﬁc‘i@b¥s' @Qrﬂﬂllﬁgééoﬂélﬁﬂ*b%ﬂﬁgé' ng 35

that the electro /skln i of t eelectrodes ar e oW as
possi ble. Firstl “{ H’éttﬁagp mﬁnaﬂ | § Fgperature %?fetr‘&tléatb ft he
el ectrode/ skin r<fpsrdfie afeiramic bypass capacitors are usedSUBSTeIWHE SHEET

(RULE 26) instabil®: 984 1&xkkd by transients in the power supply
PCT/ GB97/ 02435 -9- proportional
to the square roth of the resistance. Secondly, the CMRR i s reduced

significaffly if theThe Power ctRRIFeynhaVECT it EFCed™Phplifindesof The
bal anci ng of conudne ibnpe daiwes IAT/0asdesidm wrikhepeovridddhaighpedances

are stability, low noise outputs of +15V, +9V and +5V for the
various stages of the amplifier. It also offers 5000V
isolation between its primary and secondary coils. Power

20 supplies having these characteristics are commercially
available from, for example, 'RS’, 'Amplicon’, or 'Tandy’
{all TMs).

The EEG amplifiexr 8 is situated as close as possible
to the head of the patient and is coupled to three
25 electrodes 20 attached to the patient’s head. A first
electrode 20a is placed on the right forehead (+), a
second electrode 20b is placed on the right mastoid (-},
and the third electrode 20¢c is placed on the middle of
the forehead (reference). It has been found that
30 standard disposable ECG electrodes (for example M-Q0-S by
Medicotest) provide acceptable results provided that the
patient’s skin is carefully cleaned with alcohol swabs
prior to attaching the electrodes with electrode jelly.
There are two very important reasons for ensuring
35 that the electrode/skin impedances of the eliectrodes are
as low as possible. Firstly, thermal or Jchnson noise is
generated by the electrode/skin resistance and is
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5 as | ow as possi bl e. More recently, a new type of el ectrode,

known as "“Zi pprep" TM (produced by Aspect Medical Systems), has
becone avail abl e. These el ectrodes achi eve very | ow i npedances with
m ni mal skin preglgfdhen and are suitable 10 for use w t hpdingnodabem
descri bed herein. Wth reference to Fig. 1, the controller 7 is
used to trigger the signal generator 3 to sound repeated

clicks in the patient's right ear. Synchronisation of t he signal
generator is inportant in ensuring that theP5 anaest hesi a i ndex,

cal cul ated as desc?kg}?I ] Sgllnggl% are roo@ Eegﬂeaggglggdatp&sm bl e.

The physi cal const € m croproces controller 7
will not be set oufeFPrdfet-aithenEiRR s reduced, F’-W%@P&Ma%%l i gn.

| ndeed, whilst it mhyctwodds havepimb£l=alved Lmpe@sigyt.a PHeposkaduingt of
troll i d ; | <
controlfer 1rn or eEhenmI}%ﬁqatngegcbée %: Eé;:mBEe PRILAD Efb%ﬂg Erﬁédﬁcfg's éggt op

desi gn, the co I'S. rea I mp errente y a stan
or not ebook persondf LR Sessibl Bef ore describing the structure
of the control 25 Yo amcenhby.rrm heer tgpd ¢©H aldcxbdee kmowmaeasx of

anaest hesi a depth wigh}, p&gyv gy ds%aw&ﬂ by Aspect Medlda@. §9Q€ém§}° @élscul ate
t he anaesthetic depth ex, recor iIs sanpled at a

ded
rate of 1.7KHz by §SC€oe aveiyaple. an’éﬁec?geuélf’-stﬁ? ?aﬁ':%&SNGeY?’@F CM- DASCS,
Conput er 30 Boampgedanres MALh bisive) skid pasparatiesseddi are ealitiabdeby

the conputeryg Thes@ogaipd Qs ehbuég‘rﬂ&d deB crS¥EE Nterddin . 256 sarrpl es
such that each sweep e ’r';}g célver

r.y
evoked potentials were cagrBYce W %tlgavéraﬁﬁ‘%gc?%@?iégﬁe%p’ss uﬁfd
illustrated in Fi gto4tryg®ys thenghgnyl tagslerasprt hete Enund kepedtdd creat ed
to store 256 clGORS etitunée paveeRs . s \Wightaeht [ Stsyicopnoéaridh FEEPS

have been recordedth@nsfé/ﬂla%%gmég?ogUfé’%m%%ré%ﬁ?%%z}ﬂ%é‘gg that tHE

98/ 10701 . . X .
-10- ener aPBaeBYReR S AG0RY- t FRIDSG tefe8fsdescitibegy hapeinkalny . is
the recorded 256 saspkediabileashpossille.of the menory tabl e as
Illustrated in Fig. 5 1rpe Bhy sxcafl]o EaGfled :.%nnS\:‘V @15@ n&%‘iﬁ%? e 'S

recorded, the 5 ng%/ wn_ ln 'S ugal
di scardi ng the sweé’ﬁsﬁ egf 7t Wil é.’iﬂce be, ée‘:sﬁ)\‘ﬁed“ deball herd as

it is a standard design. Indeed, whilst it may be
20 preferable to design a purpose built controller in order
to achieve a more portable and cost efficient design, the
contreller is readily implemented by a standard desktop
or notebook personal computer,
Before describing the structure of the control
25 program, the method used to calculate an index of
anaesthesia depth will now be described.
In order to calculate the anaesthetic depth index, a
recorded EEG signal is sampled at a rate of 1.7KHz by a
12 bit analogue to digital converter (PCM-DAS08, Computer
30 Boards Inc. MA., U.S.A.) and was processed in realtime by
the computer. These samples are buffered in "sweeps" of
256 samples such that each sweep extends over a duration
of 144ms. Auditory evoked potentials were produced by
averaging these sweeps. As illustrated in Fig. 4, a
35 memory table of the controller 7 is created to store 256
consecutive sweeps. When a first group of 256 sweeps
have been recorded, an averaged AEP curve or sweep is
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1, and adding the new sweep to bottomof the table, i.e. as new sweep
256. A new tine averaged sweep is then generated so that over a
period of time a sequence of 10 noving tine averaged sweeps are created.
This techniq allows a faster response of the system. es in

t he &?%Ysgﬂvqx A common source of error m’g; %gnal S
Is due to artefacts which arise mainly frompatient or el ectrode 15
novenent and the use of diatherny during surgery. Each new y
recorded sweep is therefore exanmned to seé if the si gnal anplitude
at any point in _the sweg%exceeds reset limt. [f thislimt is
exceeded, the sWEBFYRESD bY aVFEng?%dt%&slss SHBEPSdded -t HYt RESHAHING of Fi g.
4. 20 Typi calthe, recoxded 2S6bseupbed Sweepd Ebiumexdnphe senen)

fol lowing a sweeapdet g5t £rh st raeBlal R gy arg artifact are rejected :
before sweeps are on ain added t he t 4 and 5. In
order to further enhgﬁ ggi 28 sa“%?\)‘(?r éaﬁapsbﬁaeﬁ?é"’rfjﬁgse R&eeps are
filtered by a dimgmeal pable SUOMN- pasBids ni4 ecdnpulseipdesednbe (FIR) filter.

we - tfreqltaarsexsraeﬁ@oaee s@:feebggﬁ ind E&r :ot$ End. 4 Of; . tahesweﬁp 's)
qui s i nterva S a OI n [ oefficients
Lﬂﬁ &é{g’ the G s sep toThg EFﬁéf?ﬁtﬁﬁg ngg%

having a rai sed oS Re®Wh sctihed by
the difference 3 nevweguaer 0}5_6 A new time averaged sweep is then )M -1

[err] gendiracedx$d)chat bleri apserica h&etihétéﬂsedﬁéﬂbeiéft|We
output, M4gs thequ eEllQé aﬁféq'fatg"e@ Saéébé d}ﬁt P:'r?agéée i téég

b[err] are the coef I"Ci en have “a nunb of
advant ages InCI s a aster regpPyfe 19 gyhe system to changes in the

PCT/ GB97/ 02435 AEP sxgnalsthel r |inear phase response and their high |evel
of stability whi G-Bmﬁ@&@c;\frc@ ge pre?labﬁ'{e Qigﬁwqgcﬁue t:o

Once a noving tine averaged, | ter rane been obt ai ned as

nd
descri bed above a’icterla§t50§§1'%} éarll(?e gaml%aﬁ?ﬁﬂ 8?&135"' |‘?ﬁj§>}eﬁfr‘éﬁ%est hesi a
depth. [|&5has beavement andbsher wee tliadiatierrmpatduents swgeryonsEacusness,

t he anpl i taeas, Glchbaéd ARRPLAKS t BE Fo f HHIGREAMIAEY IhLidke if the
signal amplitude at any point in the sweep exceeds a
preset limit. If this limit is exceeded, the sweep is
rejected and is not added to the table of Fig. 4.

20 Typically, several subsequent sweeps (for example seven)
following a sweep detected as containing an artifact are
rejected before sweeps are once again added to the table
of Figs. 4 and S. 1In order to further enhance the time
averaged sweeps, these sweeps are filtered by a digital

25 low-pass finite impulse response (FIR) filter. The
frequency response of this filter is 0-0.049 of the
Nyguist interval. The filter is a 35 point filter (18
coefficients) having a raised cousine window.

The FIR filter is described by the difference

30 equation:

yin) = MZI bx(n-k)
k=o
Where x(n} is the input to the filter, y{n} is the
ocutput, M is the number of coefficients (in this case
35 35}, and b, are the coefficients.
FIR filters have a number of advantages including
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| at enci es are generally also increased. These changes occur al nost

si mul taneously, and in the sane direction, 10 with all patients. A
suitabl e index therefore is one whi ch reflects these changes.

An enpirical akhgysgiohy) has been devel oped for cal cul at ipegchIngReEN

I ndex and i s based upon the sum of the square roots of the difference
bet ween every two 15 successive points in the noving tinme averaged
sweep. This auditory evoked potential _index is given by the

foll owm ng equati on: -ii- 255 [err]

Wiere x[err] to xkeeik @mew%h%@@pkssils&w %n@f chder iR aggel eraged

frame and k is a sca n i
The AEP index is éﬁﬁkb?gf rhﬁﬁi éﬁéﬁgt?l ﬁﬁ?ré t?pﬁfnce Se'the 9@? ged sweep
and a plot of the indefnega mstvingnbimemveraged &ed gbiideaeddfbyme Has

control ler 7 for @béﬁ' éMtQIhéch%széesch pbler di Sﬂ Pbskdpie Wign the
patient is i cal l range, 80 to 90

wher eas dur| ng ca‘icuéﬂ%%s?’héﬁ%xl Pfl al";f"ﬁrt’(?é?‘?yd?%ﬁf he *Fahft 281 o 40.
When t he pabeenvedcthatemheponatientsndose tHmsqinisnegsuathe

returns to a val uamplighéby dOWIsct ABH ;BJL&svalrueré&med Iameahalfll y prior to

anaest hesi a. ner.al SQr ni sati on of
the controller soﬁtmﬁ?glﬁ£:£% %hégggg% s 1n?re£ #E; ggeé%rlbed
above for cal cul aticRY*t ALTREP ﬁnmé%aasowly, and” Hedthe sage éhﬁé@tmrl c

depth. The pvogramiltasadl pdtdient3? A $@ddple 9rgeR SaddeFoxel L8 éne
foreground task ang . SUBSTI TUTE SHEET ( RULE 26)
VO 98/ 10701 'wiléh reflefts these ch?nges. PCT/ GD97/ 02435

-12- backgr ound®Pa8RPIHfifing L par e hagobeaR dEHaloERd $REse

t asks are conpl et elajcuhdepemdenth andisdemmandcasebabedugion the sum of

"semaphores”. The ther agha¥@drdASK ACLRe aPi 2 reRLE b&GFeen every two
15 successive points in the moving time averaged sweep.
This auditory evoked potential index is given by the

following equation:

255
AEP = k YV |x; - X;.,]
I=1

Where x, to X, are the sample points of the time
20 averaged frame and k is a scaling constant equal to 0.25
x Vv,

The AEP index is calculated for every filtered time
averaged sweep and a plot of the index against time can
be generated by the controller 7 for display on the

25 controller display 7a. When the patient is awake the
index is typically in the range 80 to 90 whereas during
anaesthesia it is typically in the range 35 to 40. When
the patient recovers consciousness, the index usually
returns to a value slightly lower than the value

30 immediately prior to anaesthesia.

Fig. 6 shows in general terms the organisation of
the controller software which implements the algerithm
described above for calculating the AEP index as a
measure of anaesthetic depth. The program has a multi-

15 tasking organisation with a foreground task and a
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bet ween the user and the background task causing the 5 background task
toinitialise, start and stop. Fig. 7 shows in nore detail the
nmet hodol ogy of the background task. The recorded EEG signal is

recei ved by anal ogue to digital converter of the (not
shown) whi chW formg&/eeps consi sting of 256 sanples and 10 FEﬂ&ﬁﬁh&éE

duration of 144ns, generates hardware interrupts at a rate of
1. 78KHz. These har dwar e i nterrupts cause t he background task to read
the data currently on the out put of 13he ADC. In one cycle of the

background tas kbac:kg::'m.mfdr Qg's" S{‘@rqrhlr}gt gargﬂge% 2 Ty gh@@h&sa'ﬁx‘ ghoi Nt i's

added 15 to the menory t act_1s detec elng

present in a gi 5%'?1"%\/95&°°f“ﬁ$?t"s¥9ééﬁ‘die§eﬁ$l%‘é%r% coppunicate Yhxoughyi nni ng
of each new sweépemaptapesiier The cloreground tagjersertst ed an mwkerfake ensure

correct synchroséﬁaééxpmr@f user and lfife BHERGAMGHH 'désQeBQ{zéhgé’ chieep with the
click. W oint in each Sweep is gbtain a new novi ng

time aver aged fpﬁﬁﬁgf%“rt‘gltfi‘ﬁ af@giritialise, staxy andgstABys the gener al
structure of the for®golnghows in naskdehath the aretthodelode afSethet 0 t he

background taskpackg rouncma@kt herforeuieund i:ﬁ@ksﬂg%aumlgl f‘éééﬁﬁétdh%ﬁ}d h?s 25
e NDS

initialised and start ck ndtask It

recently generaféd® rt1| eragéﬁgﬁ%P SREERFF o ! c°nf:ﬁ8130%1%k(§‘rp5und t ask.
This AEP sweep FBOWRI t'Hed ugPrgsweeps conmesFimg faf] 286 gempi¢heamdabove and
t he anaestdesi awdepts duration BEexs cgbaéed:@& Kﬁxmfd&&ednté}l‘h&xplt%dex i's

Py e on 30ac a Hiee W IbkRE IHBY nIB0ldle MRl 08pDY eﬂfsperson t hat

anaest heti st. precra he S
vari ous modi fi c&PFoH%c’Fﬁa‘SP%’éi rage 'E% Iter\?@ 536\/@&%%%119@&13/ on thenhodi ment
wi t hout departi pgtpuonot hthesaoge ofntdme 3ycle oHivend ibarkgrbendatdsksul ar the
system may be madgni Al co venfh 0P heh08RndRAHAY BogRRtIOladieal em by
provi di ng gontro out th correspong ng 8eterm ne

WO 98/ 107b§ to the memory ta If an artefa Jljt-ﬁ/eéeg Fézﬁs‘%belng

-13- anaeseletnt cimeptdi vendexees r amatheweemtildisca¥ded. t e

punp 5. Thus Isclned|:>t:sg1i1ti¥2ln1<;;1 dJt gacﬁ mtmegotaeﬂ&dm click Hs

The system has been_u sefveral

of
TToarLet oM ey A eSS i Y B SNl cbaFedt s htRhRERR T of

pr opof ol and the subsequently generated sweep with the click. When
20 the last point in each sweep is obtained, a new moving
time averaged frame is calculated.

Fig. 8 shows the general structure of the foreground
task which interfaces the user to the background task.
Once the foreground task is initialised, and has

25 initialised and started the background task, it obtains
the most recently generated time averaged AEP sweep from
the background task. This AEP sweep is filtered using
the FIR filtexr described above and the anaesthesia depth
index calculated as discussed. The index is displayed on

30 the controller display 7a for viewing by the
anaesthetist.

It will be appreciated by the skilled person that
various modifications may be made to the above described
embodiment without departing from the scope of the

35 invention. In particular the system may be made into a
closed loop anaesthesla control system by providing a
control ocutput, corresponding te the determined

SUBSTITUTE SHEET (RULE 26)



el ectrophysi ol ogi cal variabl es during energence from anaest hesi a:
conpari son of bispectral index, spectral edge frequency, nedian
frequency and auditory evoked 10 potential index": M Doi, RJ. Gajraj,

H.  Mant zari di gw?gg 70 G N. C. Kenny, British Journal of Angasigs®elsss
February 1? 1\/oI 78, No 2, pl80-184: and "Effects of

Car di opul nonary Bypass and Hypot herm a on El ect r oencephal ogr aphi c
Variables": M Doi, RJ. Gajraj, 15 H Mptzaridis, and G N.C. Kenny,
(Accepted for Publication in 'Anaesthesia) [See Appendix 1];

"Anal ysi s ahaddtthdthC Beppecidden, GvomttHy ntkelleptenid @he and the

EEG power spectru rd ng eated t.r Ltions, fr ness to
unconsci ousness” EQ]*Q‘Q# é.Gaj'[ithB’ g%/lﬂt%i&r&%%} 1 kls—l\él\/lcalrr%%’a‘r: %Il S an?cégﬂlé

Kenny, (Accept ed for publication in 'British Journal of

Anaest hesi a') (See The sAppeindhxs Heen Audat@Im:BaQKQdaR@twtdml | ndex : A

Quantitative Nbasglrlgjggc g}agggéréflégd{%tegryaﬁ%géq%oeshkp Shtials during

General Anaest hesi a! zarid Accepted for

nn (
publication in calcul %“r’éieg’tlﬂg i SOTCqEEAt AR i BEOPPE ol 'afd WO 98/ 10701
- 14 - electrophysiBlog BBV /\GABD les Riwfiggs emeGhEnde® rfinpm

Uni versity Departagaasmeﬁraae% £ fsorRR¢ab 1 bPE &d xna§x16 &randra

Par ade, d asgow GB(JI, Eg UL . BYPASS ANla
HYPOTHERM A ON o€ Trequency, E‘E%‘gﬁ‘?ioéﬁeéﬁﬁﬁf at‘ YRR RER M DO,
R J. GAJRARO H Motr@mRid4) SndaxD: GIN.I&i KENKY Gajradat SuyMkntBoiidivDand
Research fellow gReger Kenn9d] BairisiRGburRaiest Cindfidrewia, Fe¥alagbos

Mant zari di's, PhD, i ouse. of ficer*. . Gavin N.C. Kenny. FRCA;
Pr of essor and Heaég?zc;h‘%lS’E\Bn % 5 5ed-'184%%hna RN f

Cardiopulmonary Bypass and Hypothermia on
Electroencephalographic Variables”": M. Doi, R.J. Gajraj,

1S H. Mantzaridis, and G.N.C. Kenny, {Accepted for
Publication in 'Anaesthesia’) [See Appendix 1]; "Analysis
of the EEG bispectrum, auditory evoked potentials and the
EEG power spectrum during repeated transitions from
consciousness to unconsciousness": R.J. Gajraj, M. Doi,

20 H. Mantzaridis and G.N.C. Kenny, (Accepted for
publication in ‘British Journal of Anaesthesia’) ([See
Appendix 2]; "Auditory Evoked Potential Index : A
Quantitarive Measure of Changes in Auditory Evoked
Potentials during General Anaesthesia': H. Mantzaridis

25 and G.N.C. Kenny, {(Accepted for publication in
'Anaesthesia’') {[See Appendix 3}.
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SUMMARY W st oY Ipfirmaryef6 Aexansra Wi‘?ﬁtﬁ@?%ﬂ“ﬁc}éh@%ardl opul nonary bypass
(CPB) on four depth of anaesthesia nonitors; spectral edge frequency
(SEF), nedian fre uenc Rﬁ! Bi spect ral | ndex (BI'S). and Auditory Evoked
botent i a | ndeEFFREAS B NRIOPUIRONARY PRRASSAND HYGFERMHAOL ar a1 ac
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by the transition to CPB. During hypotherm a, val ues of AEPI ndex, M- and
SEF were tightly distributed but values of BIS were very vari abl e and
overl apped with those before induction of anaesthesia. The variability
decreased duri bENBgM 9. The val ues of AEPI ndex throughoupctBBormass
anaest hesi a never “overl apped with those before induction of anaesthesi a.
The AEPI ndex was the nost stable and reliable as a depth of anaesthesia
nonitor anong the four variables in cardi ac,_ bypass surgery. Key wor ds;
Audi tory Evoked Potential |ndex. Auditory eVvbKed potential. Bispectral

| ndex. Mel edi an frequency. 95% Spectral edge frequency. Cardi opul nonary
bypass. hypotherm a Running title: Effueghs of CPB and hypot herm a on
EEG WO 98/ 10701 . : . .

PCT/ GB97/ 02435 We studied the etfects of hypothermia and cardiopulmonary bygass (CPB) on four

| NTRODUCTI ON  Awareness is a particular problemin cardiac anaesthesia with
car di opul nonar ydepBy plagracsiingsiz) mopIasy t SPestay 435! Befueray (REEho daedianefreayeravb| e
candi dates to quantify depth of anaesthesia and to detect awareness during
anaest hesi a. FoiMBI Bispectal padepdBEs) ande\udabryclvobiph Poientiabdndeal (A&Piridex) in

shoul d be provided continually in a format that can be easily eval uated.
for exanpl e a siwilecpariemerduced uneenténl cifien mbesdtesiopBychi Griolge oeds recoedddods
are used as an intraoperative nonitoring tool during hypotherm a,

t enper at ur e- depandriteodly SCI0SpeRYss dupRg GhRahtsya. A8 folechriaBles wereSRY eff@thed

i nvestigations have shown that derivatives of surface el ectroencephal ogram

by the transition to CPB. During hypothermia, values of AEPIndex, MF and SEF
were tightly distributed but values of BIS were very variable and overlapped with
those before induction ot anaesthesia. The variability decreased during rewarming.
The values of AEPIndex throughout the anaesthesia never overlapped with those
betore induction of anaesthesia. The AEPIndex was the most stable and reliable as a

depth of anaesthesia monitor among the four variables in cardiac bypass surgery.
Key words: Auditory Evoked Potential Index. Auditorv evoked potential. Bispectral
Index. Median frequencv. 95% Spectral edge trequency. Cardiopulmonary bvpass.

hypothermia

Running title: Effects of CPB and hvpothermia on EEG
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reflected the depth of anaesthesia. Anrong them spectral edge frequency
(SEF)[2],[3],[4],[5] and nedian frequency (MF)[5],[6] have been studied as
the single nunmerical paraneter. Although tenperature dependent changes of
SEF [ 7], [8],9 d M= [9] have been studied. their resul,

i nconsi st ent gjr?aglutl%’gpe was no study under anaesthesia with |¢E):r%1cc)"'po'{1&f‘3
alfentanil. Recently bispectral anal ysisjgpf- EEG has provided a new
vari abl e, the Bispectral |ndex (Bl @QTRWQN Bl S has been shown to
detect consciousness [10][11] and to predict novenment in response to

surgery [12]] k%l(frengisf £C4 i:kaR%u ?ré%ﬁer#%goc% nﬁr?aegﬁ'es Qmﬁ c§xrcﬁ§ ugrpgn% been

reported. Itory ev anot her nitor

of the depth a M ddl t tor evoked nti al

(DI LAEP) has %&%%9&8@3 "?g"‘ ‘°P%’s‘°é%‘%’$“zﬂ§?‘8 Y POSK k‘"‘h"“ %Q‘é}'ésﬁﬁ@f‘?'g“ﬁg hL14)
and to be abl e to dgrmnstrate Eotentl al . awareness [15] %}% However t he
MLAEP are usu&f VAl MY O A HEEY HYaTenesy fuping paassthesia oy Slipietherumase.dhe f i cul t
to use in the clinical situation. Mre recently, the Auditory WO
98/ 10701 electrophysiological activity should be provided continually in a format that can be

PCT/ GB97/ 02435 - 17 - Evoked Potenti al

| ndex ( AEPI ndessilyfeyriatied.yfok nxamplag sitete hemelcabialyy. dkenl elS@uwpysiolagas! der i ved
from AEP and has been proposed as a single nunerical value for anaesthetic
depth noni t omeetigpds [ 4¥] yfed 83s [ah9 [ntfa@fdrativEh encARinedecol dwrfrize biysothdmaia,
nor phol ogy of AEP wavefornms and is calculated fromthe anplitude difference
bet ween succesahpearsregispantiant effectdraust ¢ vieardvi®Finéd20].. Al t hough Hett and the
col | eagues [21] reported the effect of hypotherma and CPB on AEP. changes
of AEPIndex during cardi ac anaesthesia have not been reported.

and

Several investigations have shown that derivarives of surface electroencephalogram
reflected the depth of anaesthesia. Among them, spectral edge frequency
(SEF)2],[3],[41,[3] and median frequency (MF){5],[6] have been studied as the single
numerical parameter. Although temperature dependent changes of SEF [7], [8], [9]
and MF [9] have been studied. their results were inconsistent and there was no study
under anaesthesia with propotol and aifentanil. Recently bispectral analysis of EEG
has provided a new variable, the Bispectral Index (BIS). Although BIS has been
shown to detect consciousness [10][11] and 10 predict movement in response to

surgery [12][{13], etfects ot CPB or hvpothermia on the BIS have not been reporied.

Auditory evoked potentials {(AEP) is another possible monitor ot'.thc depth of
anaesthesia. Middie latency auditory evoked potential (MLAEP) has been reported to
correlate well with anaesthetic depth {14] and 10 be able 10 demonstrate potential
awareness [15],[16]. However. the MLAEP are usually obtained intermittently and the

wavetorms are difficult to use in the clinical situation. More recently. the Auditory
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We sinul taneously recorded the four variables; AEPIndex. BIS. SEF and M,
from patients undergoi ng uneventful cardiac bypass surgery. The aim of the

present study was to investigate the effects of hvpotherm a and CPB on the
four vari abl es

PCT/GB97/02435
suBsTI TUTE SHERT TRICE 26) VO 98/ 10701
PCT/ GB97/ 02435 - 17 - _ 18 -

METHCDS  Pat i Bl e ARRAYAaQ (AlEdadek!Yofifer (PRITS a§ refélel 8F RITR sEqes ent

for the study were obtal

was derived from AEP and has been proposed as a single numerical value for
anaesthetic depth monitoring [17],[18),{19).[20]). The AEPIndex reflects the
morphology of AEP waveforms and is calculated from the amplitude difference
between successive segments af the curve [19],[20]. Aithough Hett and the colleagues

{21] reported the effect of hypothermia and CPB on AEP. changes.of AEPIndex

during cardiac anaesthesia have not been reported.
We simuitaneously recorded the tour variables; AEPIndex. BIS. SEF and MF, trom

patients undergoing unevenitul cardiac bypass surgery. The aim of the present studv

was to investigate the effects of hvgothermia and CPB on the four variables.
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from 12 patients. The patients' denographics are shown in table |
Anaest hetic managenent All patients were prenedicated wth tenmazepam 30
ng, ranitidine 150 ng and netoclopram del O ng, given orally 2 hours before

i nducti on of esia. Anaesthesia was induced and mai npay; 10‘243 h
t ar get contro‘?ﬁggﬁ?n usions of propofol [22] and alfent aniféi[‘ggf]. The

target controlled infusion system for-pte®petol was operated by a three

conpart ment pharnacoki netic nodel " é\%,é%(sﬁgr The target concentrations
that were set at each period during sia are shown in figure 1.

Pancur oni um \NElS_ used to provide neuronuscul ar bl ock. Mnitoring during
surgery incl H#eFSi nvasi ve arteri al pressure. ECG pul se oxinetry. central
venous pressure. and _nasopharyngeal and oesophapeal tenperatures.
Manaaenent of ABROVHS throrBis CompuTgeand informed crpssat foe thei tudy Trree olyipineds
circuit was of standard construction; we used a nenbrane oxygenator and
arterial |inetbin f2epatienthdhe patenistdewmgraplicsweelshoiwnhin fab& I.i tres of Ringer's

| actate sol ution. The flow rate was set at 2.4 L min[err]' nferr] during
cooling and was increased during rewarm ng to mai ntain venous bl ood
haenogl obi n oxygen saturation above 70 % Changes of nasopharyngeal

t enper at ur e dwnhédthetOanRfdidemema are shown in figure 2. Sur face EEG
Anal yses WO 98/ 10701

PCT/ GB97/ 02433\ patients were premedicated with temazepam 30 me; rdckidine [5® ofEGma@s

obt ai ned from four disposable silver-silver chloride el ectrodes (Zipprep,
metoclopramidel0 mg, given orally 2 hours before induction of anaesthesia.
Anaesthesia was induced and maintained with target controlled intusions of propotol
[22] and alfentanil [23]. The tarsct conwolled infusion svstem for propofol was
operated bv a three compartment pharmacokinetic model "Diprifusor”. The target
concentrations that were set at each period during anaesthesia are shown in figure 1.
Pancuronium was used to provide neuromuscular block. Monitoring during surgery

included invasive arterial pressure. ECG, pulse oximetry. central venous pressure. and

nasopharvngeal and oesophageal temperatures.

Management of extracorporeal circulation and hypothermia

The bypass circuit was of standard construction; we used a membrane oxygenator and
arterial line filter. The circuit was primed with 1.6 litres of Ringer's lactate solution.
The flow rate was set at 2.4 L min® m-" during cooling and was increased during
rewarming’ to maintain venous blood haemoglobin oxvgen saturation above 70 %.

Changes of nasopharyngeal temperature during anaesthesia are shown in figure 2.

Surface EEG Analyses
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Aspect Medical Systens, MA, U S. A) placed on both sides of the outer mal ar
bone (Atl and At2), Fpz as the reference and Fpl as the ground. | npedance
of the electrodes was confirned to be |ess than 2000 ohm The BI'S, M and
95% SEF were nwesfied: usi ng an EEG nonitor (A-1000, BIS 3.1 cgeByeds ev
312 software. Aspect Medical Systems. MA;gWS. A ). The BIS, MF and 95% SEF
required at least 30 s to be fully updated. The val ues were stored

automatical l'y OE%%%%?%?S&W% £8m tt(uﬂi??@ e siNRE B RBchid AR azg%ctrgaesglif TR he

intervals. The e 1 nduction of anaesthesia was

patient: s eves alaselhgca HUILLIN, SNOKTHRN SR RSP 3L Bl BB AP

wer e obt ai ned usi a sim erh

mstord ([orr]) A R E#E%r °9=?csna% @8%?‘% @ﬁigcrf?%fdg fincerfl e

anplifier was custombw It wth a medi cal %rade isolation It had a
comon node r ej BEH08Es ‘f’%?t‘EOBﬁ@?edI?Qe BB‘ W‘twoo@m b BIS M and 95KpaER Meee.
i nput .voltage noise of 0.3 uvV (10 Hz - | kHz rms) and current input noise

of 4 pA (0.05 Hmeasuredjysingrans FEG Aneritor dAd08&rBISul £ erigemithn. wmalb 03 yeftware.
band-pass filter wwth a bandw dth of 1-220 Hz was used. The clicks were 70
dB above the néspral MadiasliSygembriddhd|Sda anlhe B8, ¥ Fouwd A5V 0REDH feqhirausar Iebkey
were presented at a rate of 6.9 Hz to both ears. The anplified EEG was
sanpl ed at 177S3(Hz wbbe &ullyAipdated. Ehealah@s evefeGiated) hitamainally @n tacrhicfodbivpuedsS08,
Computer Boards Inc.. MA. U S. A ) and was processed in real-tinme by the

m croconput er. HE@:(V@T erokibsl UsRd) Y5 AMRRAG! TB: EESGefoNeREECtRh of 4dhefResia
duration. The tinme required to have a full update of the signal was 36.9

s, but a novi Ngyhd FBaiR4aNiRDhE PadeREILOYEe@! | OVed a faster response time to

Auditory evoked potentials acquisition

The AEP were obtained using a similar system to that described in our previous
studies [15]{20] from three electrodes (Zipprep) placed on the right mastoid (+),
middle forehead (-) and Fp2 as the reference. The amplifier was custom-built with a 3
kV medical grade isolation. It had a common mode rejection ratio of 170 dB with
balanced source impedance. input voitage noise of 0.3 uV (10 Hz - 1 kHz rms) and
current input noise of 4 pA (0.05 Hz - 1 kHz rms). A third-order Butterworth analogue
band-pass fiiter with a bandwidth of 1-220 Hz was used. The clicks were 70 dB above
the normal hearing threshold and had a duration of 1 ms. They were presented at a rate
of 6.9 Hz 10 both ears. The amplitied EEG was sampled at 1778 Hz by a 12-bit
analogue to digital converter (PCM-DASO08, Computer Boards Inc.. MaA. U.S.A.) and
was processed in real-time by the microcomputer. AEP were produced by averaging
256 sweeps of 144 ms duration. The time required to have a tull update of the signal

was 36.9 s, but a moving time averaging technique allowed a faster response time to
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WD 98/ 10701
PCT/ GB97/ 02435 - 20 any change in
the signal. AEP were obtained at 3 s intervals. The AEPIndex is a

mat hemat i cal vQ)er% ive reflecting norphol ogy of the AEP. S
calculated as t léﬁgum of the square root of the absol ute di fée%rglggésey\a

bet ween every two successive 0.56 ns-segnment of the AEP waveform [19].
Dat a anal yses Each variable was recorded sinultaneously and averaged

val ues for 13n%&hangedn sher 8gnabbABR e abtainel pled isooisrvalseThe AEPhdexts an of
anaesthesia, 5 mnutes after induction. 5 mnutes before start of CPB.
during CPB ( Snathepnatiof) deninchti8Oreffiectingasorphaipgyeat. thaABP STherrahietves chiefilaee end of
CPB), 5 and 30 minutes after end of CPB. The values of the four variables
wer e anal yseds tteisag dfilee d§nars kavlt o¥/'dhk labsohite Siffeseintenbet e n [Buerpabvd sliceedsive FOr

eval uation of the effects of CPB on the four variables, the values of 5

m nut es bef orges6 mskehentiofteE Rk iviormi (a9t of CPB were anal ysed with

W coxon's single rank sumtest. p<0.05 was considered statistically
significant. The correl ation between the four variables and nasopharynceal
tenperature during cooling were also analysed with |inear regression

anal ysi s. Thq)\@;ugfvgesof the four variables were averaged for internal of
15 seconds and were sanpl ed between one mnute before start of CPB and the
peri od when the, nasepharyngeal, t enperat ure beca I ni

RESULTS  Andst HETRE BRURRs A TRRestsly G068 L8 B TS resopdi et s ha

For mat i on i n SHRRR 1B ptods SRR Lot of PBFSRSH. A Sy SHeE O3t 2ol e 2.
Changes of arterial pressures and heart rate were = shown in figures 3 and
4 minutes before start of CPB. during CPB (3, 10, 20 and 30 minutes elapsed. and 3

minutes before end of CPB), 3 and 30 minutes afier end of CPB. The values of the

four variables were analysed using the Kruskal-Wallis test with the Dunneu test. For

evaiuation of the effects of CPB on the four variables, the values of 5 minutes before

and 5 minutes after start of CPB were analysed with Wilcoxon's single rank sum test.

p<0.05 was considered statistically significant. The correlation between the four

variables and nasopharyngeal temperature during cooling were also analysed with

linear regression analysis. The values of the four variables were averaged for interval

of 15 seconds and were sampled between one minute before start of CPB and the

period when the nasopharyngeal temperature became minimum.

RESULTS
Anaesthesia was uneventtul for all 12 patients. No patients had recall ot intraoperative
events. We did not observe sweating and tear formation in any patients. Anaesthesia
related data are shown in table 2. Changes of arterial pressures and heart rate were

shown in figures 3 and 4.
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PCT/ GB97/ 02435 - 21 - Changes of the
four variables during anaesthesia Changes of the four variables at the ten
periods duri ngwywAsfepesi a are shown in figures 5 and 6. Foldcantssdndss

i nducti on of anaesthesia, all four variables decreased but only the

AEPI ndex was significantly different between before and 5 m nutes after

i nducti on of anaesthesia. The values of AERl ndex and BI S before and after
CPB were conpletely separated fromthose before induction of anaesthesia
wi t hout any overl apping _ but the values of SEF and MF were not. The val ues
of the four vaiGhapgeast thique vansples dysingasptsthséitween before and after the
start of CPB. During CPB, the values of AEPIndex. MF and SEF were tightly
di stributed. TK&anges séshefousmrriazhies2n the tan pesiods Guri@) arresthesinsargfshewn time
start of CPB, and that of AEPIndex at 30 m nutes after start of CPB were
smal | er than tHgaes dtand coFolidvess bahaloa ofRBaesthasta, \alll fo@svapibblBY &ecveased buvery
vari abl e anong the patients during CPB, especially during hypotherm a and

over | apped wi t pnlyhbs esBERthdek evdsnibtidfidafly affferddf@6taes beéforeViNS kiRuesadfiee of
BIS were above 80 during hypotherm a, the raw EEG denonstrated burst and

suppressi on  pakdu@iith of biGesihadia. Ak vhihds IOEMRARA AN BIS Bdore ANAERE: TPB W&HE
val ues of AEPI ndex throughout the anaesthesia never overl apped with those

bef ore inducti Qgrgiereld attéhesff;ogtu those CHUEGE! ﬁxtd{xal%&ljgf %&Q(ﬁﬁﬁf \Ir'ﬁ%(u \ﬁﬂ%i abl es

and nasopharyngeal tenperature ring cooling ring the cooling phase of

CPB. t h.e val uesovﬁzjlarp@!%elbqrjt%? Va!ﬁés%i@ﬁl a% @!Fs lw'egm[ok]yfhfg/ ﬁzgsnﬁje l&S(f’aigfo\{\iir %;]riatblea

decr easi ng nasopharvngea enperature Irgures /- . e correlatron
were not different berween before and after the start of CPB. During CPB, the vatues
of AEPIndex. MF and SEF were tightly distributed. The values of SEF at 20 minutes
and 30 minutes after the start of CPB, and that of AEPIndex at 30 minutes after start
of CPB were smaller than those at 5 minutes before CPB. The vaiues of BIS were
very variable among the patients during CPB, especially during hypothermia and
overlapped with those before induction of anaesthesia. When the value of BIS were
above 80 during hypothermia, the raw EEG demonstrated burst and suppression
pattern. The variability decreased during rewarming. The values of AEPIndex

throughout the anaesthesia never overlapped with those betfore induction of

anaesthesia.

Correlation between the four variables and nasopharyngeal temperature during
cooling

During the cooling phase of CPB. the values of AEPIndex. BIS and SEF slightly
decreased with decreasing nasopharyngeal temperature (Figures 7-10). The cormrelation

coefficient was the largest in SEF. Although AEPIndex and SEF were tightly
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coefficient was the |argest in SEF. Al though AEPI ndex and SEF were tightly
WO 98/ 10701

PCT/ GB97/ 02435 - 22 - distributed
bet ween 36 an 7& rr]C, the values of BIS were widely spp EpPRhaY
32[err]C ( JWé f The val ues of MF were wi dely spread above 3l[err]C,

but were tightly distributed below 31@2 Al though the correlati on was weak
the values of MF slightly increased with decreasi ng nasopharyngea

t enper at ur e. distributed bety@en 36 a2y °C, the values of BIS were widely spread below 32 °C

PCT/ GB97/ 02435 - 23 -

DI SCUSSI ON  KEigure ®)y $heo vaigescell MFhwarg esidelyrspregd abpet hie PG Bt aveze oplthact eri sed
by decreased resting potential and decreased anplitude but increased
duration of aitrivatedpelodrdli °@. AlthdugH idonélatidn warweak abadiiedsioNFwtibid ty, and -
i mpai rment of synaptic transm ssion follow ng reduced neurotransmtter

rel ease [24] mcl-é&séd%ﬂﬁ@éi%daﬁh% %%lﬁmeﬂ fFRipeature.ani mal s, cooling to 33e[err]
may produce cerebral stinulatory ef fécts as reflected by ar ousal

phenonena. increased anplitude in evoked potentials and hyper-responsive
reflexes [25]. At that tine, EEG spectra shift to theta-activity as well as
to beta- activity. Functional suppression occurs at tenperatures bel ow
32[err]C. In the clinical situation. however the neurophysiol ogi cal
changes may be nodified by various anaesthetic agents. |In the present
study, propofol and alfentanil are the principal anaesthetic agents that
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shoul d af fect neurophysiol ogical activity. Because propofol has been
reported to suppress markedly the AEP [26], BIS [27], SEF [5] and M [ 6]

i n dose dependent fashion changes in propofol blood concentration,
especially its g&gﬁﬁkﬂlunbinding fraction should affect the rpegiBrFe24ds"

t he present study, e nmean target propofol blood concentration was
managed within a narrow range. The target2zontrol infusion system normally
produces smal |l discrepanci es between ';}513 i%%f(gllﬁat ed and actual bl ood
concentrations with a bias (the nean i error) of -2 % and
precision (the nean of the individual absolute prediction errors) of 15.1
% [ 28] . However Neutpphysiqlegishl chegees idnung fxethermia greseharasierissdn bibidesrensed
propotol [29],[30] and nm | ead to sequestration of propofol by the CPB
circuit [3] 1. resHnGaeertidband dasreasnd] ampliusie bup ingrsaded | dupptipn 96 agtioarnoestidl. and
haenodi | uti on and heparin adm nistration increase the protein unbound
fraction of propsiucton 80hervd lsendutiione veibatye and ginpaitmeenk af gnaptic transmis¥idbn

98/ 10701

PCT/ GB97/ 02435 following reduced neurotransmitter release {24]. In unanaegthetised @kgeeirRpANCY
between the target and actual concentrations of proyofol and it is

difficult t 0 RhigHICtodHe 16 33rgesaprotit@ece b @liahlafPr efétty & fefbct@d b he

effector site during the CPB. Al t hough the target bl ood concentrations
of propofol at Jrdikd)phesonthh.Gherkditd %ﬁﬁrhdé)fn evo@%q% tials2hiiPBlpesRPondive t hOse
of 5 mnutes before the start of t he actual bl ood concentratl on of

propof ol m ght p&}eQE{]E%?)e:QEIP!e 1¥Eeﬁﬁér§$eétwoshﬁﬁd fh-achifiry® BA %v%ll%% té s

p055|ble change o ropo concentrations the val ues o our

variabl es at 5 oclOUEER B Slorkligg? Bt Al SEBRLS ALIDS gr{ﬁe TALEL

of 5 minutes befoie-t art I's sug 0es no

cf st the oL ccly ool B bbb Puee R ic
anaesthetic agents.
[n the present study, propofol and alfentanil are the principal anaesthe’tic agents that
should affect neurophysiological activity. Because propofol has been reported to
suppress markedly the AEP {26}, BIS [27], SEF (5] and MF [6] in dose dependent
fashion. changes in propofol blood concentration, especially its protein unbinding
fraction, should aftect the results. In the present study, the mean target propofol blood
concentration was managed within a narrow range. The target control infusion system
normally produces small discrepancies between the calculated and actual blood
concentrations with a bias (the mean prediction error) of -2 %. and precision (the
mean of the individual absolute prediction errors) of 15.1 % [28]. However.
hyvpothermic CPB increases the distribution volume of propotol {29],{30] and may
lead to sequestration ot propoiol by the CPB circuit [31]. In addition. metabolism of
propofol may be decreased. and haemodilution and heparin administration increase

the prowein unbound fraction ot propotfol [29). Therefore there might be large

SUBSTITUTE SHEET (RULE 26)



t he bl ood concentration to be stable. The target alfentanil plasm
concentration was set at high val ues before CPB and gradual | y decreased
during and after CPB. However, this chance of alfentanil plasm
concentratioqwépggbg not affect the measurenments because al pepkpsidzeizas
only slight % on the el ectrophysi ol ogi cal variables [32].

Several studies [12][13] reported that §he-BI'S was nuch superior to forner
EEG derivatiyes to detect awar eness and to predict novenent |nduced by
surgi cal st iGPSIER? be he tareet and acinal eonsentrdionsafipsopofel apd, b is diffie

present study the BIS was dlstrlbuted very mndely durlng hypothernta
wher eas t he otttpredichhecchanges 9 fue afal gonts i0 effe :

eval uate all the pati ent S Were unconsci ous throughout the anaest heS| a
because there @88 no recall of intraoperative events no sweati ng and tear
formati on. W al so believe the patients were deeplv anaesthetised and

Wer e unconsci qighoudie thettiveeti&dnascdntgtior wifi tSheinheca ahechelsantdre raw
WO 98/ 10701

PCT/ GB97/ 02435CPB were almost same as those of 5 minutes before the smrt 4PCPB. lEGEIQwRE bur st
and suppression pattern at that occasion. in |ng suggested that the
al gorithm useq_oh&nﬁ'ﬁko‘fluclt bspdtol Roilbe dh?rﬂlerﬁ e?x’r{h'e 48 pRfi BV Rick Br the
processi ng e EEG Elur‘l'nig' ;:Qﬁy'potﬁe' T a_“_%espe tarly at ourst and suppressi on
EEG Het t : . i J
28 [err]C dur g

|atency of Pa gid N e AESEN SLuy LI 483 ol CFPL B

conpar abl e W t&] Pgaﬁtbs s?thQeestred that Epgﬁges not attfect {he electrophvsioloeical variables when

ng are

propofol is infused with the "Diprifusor” target controlled infusion svstem to maintain

the blood concentration to be stable.

The target alfentanil plasma concemtration was set at high values before CPB and
gradually decreased during and after CPB. However. this change of alfentani! plasma
concentration should not affect the measurements because alfentanil has oniv slight

etfects on the electrophysiologicat variables [32].

Several studies {12},[13] reported that the BIS was much superior to former EEG
derivatives to detect awareness and to predict movement induced by surgical
stimulation during non cardiac anaesthesia. However. in the present studv. the BIS
was distributed very widely during hypothermia whereas the other three vartables

were distributed more tightly. We cvaluate all the patients were unconscious

throughout the anaesthesia because there was no recall of intraoperative events. ng

sweating and tear formation. We also believe the patients were deeplv anaesthetised

and were unconscious when the BIS was hish during hvpothermia because the raw
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col | eagues reported the anplitude of Pa and Nb after CPB were | arger than
those before CPB, the AEPIndex in the present study did not change at the
start of CPB. This inconsistency nay depend on the difference in

anaest heti ¢ neiyoaggomsed; the target control infusions of propaiBytasd
alfentanil in our study, and |ntern1ttewg Jdnjection of fentanyl with
nitrous oxide and isoflurane, substitut ec? by propofol infusion during CPB.

in Hett's StUdﬁE Tge Eégsetnt studé demo stratie tha.t z o, s ker
decreased afte J1s, Npding, sy

tightly mainly belom14c thro ohout agaesth uggests t hat
the AEPI ndex ' B R : ingprocessing
consci ousness from _ unconsci ousness. The AEPI ndex of beI ow 40 coul d be
consi dered as HisHEG dyring hvgorherm i : kG,

t enpér at ur e. I'n previous studles the relatlonshlps bet ween SEF and body
tenperature were not consistent. Russ and coll eagues [71 reported that the
SEF was correlated linearly with nasopharyngeal tenperature during cooling
with fentanyl &ed andtcolieagues) i tereparted abdt hises MA.A RBnwishsuppressed ar 38 ;€ dugingand
col | eagues [8] did not find any tenperature WO 98/ 10701

PCT/ GB97/ 02435 CPB with decreased amplitude of Pa and Nb and increased-latéficy-of Papad ¢ in
changes of SEF during rewarm ng with fentanyl, hal ot hane or isofl urane

anaest hesi a. Baghaé s@n@aﬂxﬁ:cmk bﬂﬁ&%%ﬂ?@ﬂde@Qéﬂréisém%eﬁﬂ!ﬁdhrﬂqﬂ)(hd}.%ﬂﬁﬁr_ﬁéhnse
definition of the normal EEG response to hypotherma with fentanyl.

di azepam and eRflaspnfhes@ NG THhBRS e DREAE wifh J:a%gﬁ‘hdr NLRRAZK! B and
variability. In the present study, SEF correlated well w th nasopharyngeal
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before CPB, the AEPIndex in the present study did not change at the start of’ CPB.
This inconsistency may depend on the difference in anaesthetic methods used; the
target control infusions of propofol and alfentanil in our study, and intermittent
injection of fentanyl with nitrous oxide and isoflurane, substituted by propofol
infusion during CPB. in Hett's study. The present study demonstrated that AEPIndex
markedly decreased after induction of anaesthesia and the values were distributed
tightly mainly below 40 throughout anaesthesia. This finding suggests that the
AEPIndex could provide reliable information to distinguish consciousness from
unconsciousness. The AEPIndex of below 40 could be considered as reflecting

adequate anaesthesia regardless of body temperature.

In previous studies. the relationships between SEF and body temperature were not
consistent. Russ and colleagues (7] reported that the SEF was correlated linearly with
nasopharyngeal temperature during cooling with fentanvl and nitrous oxide

anaesthesia. On the contrary, Levy and colleagues {8} did not tind any remperature
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both SEF and MF were distributed tightly during hypotherm a. their val ues
before induction were spread widely and were not discrimnated clearly
fromthose during anaesthesia. This finding suggested that SEF and MF did
not have ade 8§§0Fhar acteristics as a desirable depth of pepgaéAvessa
nmoni tor duri 38 ¥9Mc anaesthesia.  In concl usi ons, all four variables
were not affected by the transition tg £PB, During hypotherm a AEPI ndex,
M- and SEF were tightly distributed but BIS was not. The AEPIndex was the
most stabl e adriendsny ehishgesof SEFfusing reyarmingcith &svany baothere amnispranche f our
vari ables in cardi ac bypass surgery. WD 98/ 10701
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the four variables in cardiac bypass surgery.
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Figure 4 Changes of heart rate (nmean = SD. n = 12) at ten periods during
anaest hesi a: before i nducti on of anaesthesia. 5 mnutes after induction.
5 mnutes before start of CPB. WO 98/ 10701

PCT/ US97/ 02435 %%3 Ba%g"gﬁg CPB
(5, 10, 20 aMPBOOMInutes el apsed, and 5 m nutes before en

and 30 m nutes after end of CPB. - Riggure 5 Changes of AEPIndex ([err])
and BIS ([err]) at ten periods duri ng anaest hesi a: bef ore induction of
anaesthesia. 5 mnutes after inducti opegepqgi Nutes before start of CPB.
during CPB (5. 10. 20 and 30 m nutes el apsed and 5 m nutes before end of
CPB), 5 and 30 mnutes after end of CPB. Data are nean [err] range, n = 12.
[err]: p<O0.05 conpared with the val ue before induction of anaesthesia. #:
p<0. 05 conparggd,wth the value 5 mnutes before the start of CPB.

Figure 6 Changes of SEF ([err]) and M- ([err]) at ten periods during
anaest hesi a: g fore nduct i of anaesthesia, 5 mnutes after induction,
5 minutes bef ?aém%‘t e fﬁﬁe‘a%@dcawpﬁalwem@Dmla@t pRects riaadt es

el apsed, and 5 m nutes before end of CPB), 5 and 30 m nutes after end of
CPB. Data ar edlfpatnil £%) aimipe periods dating :’frxaeqme@LaOiSnmomsaﬁcmgdumomammhIes val ue
before induction of anaesthesia. #: p<0.05 conparing with the value 5

m nut es bef or kefet awntt o6 CPBRBuring CPB (5, 10. 20 and 30 minutes elapsed, and 5 minutes

before end of CPB), 5 and 30 minutes after end of CPB.

Figure 2
Changes of nasopharyngeal temperature (mean = SD, n = 12) at nine periods during
anaesthesia: 5 minutes after induction, 5 minutes before start of CPB, during CPB (3,

10, 20 and 30 minutes elapsed. and 5 minutes before end of CPB), 5 and 30 minutes

atter end of CPB.

Figure 3

Changes of systolic ('¥) and diastolic 1A) arterial pressures during anaesthesia. mean
= 8D, n = 12; before induction of anaesthesia. 3 minutes after induction. 5 minutes
before start of CPB. during CPB (3, 10. 20 and 30 minutes elapsed. and 5 minutes

before end of CPB), 5 and 30 minutes after end of CPB.
Figure 4

Changes of heart rate (mean = SD. n = [2) at ten periods during anaesthesia; before

induction of anaesthesia. 3 minutes after induction. 3 minutes betore start of CPB.
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Figure 7 The correl ati on between nasopharyngeal tenperature and AEPI ndex
during cooling. AEPI ndex = 0.713 Nasopharyngeal tenperature + 4.488. r =

0. 409 Figure 8 The correl ati on between nasopharyngeal tenperature and
Bl S during cool,nhg WD 98/ 10701 PCT/GB97/02435

nCT Qv 02495 We Sknoor - 32- BIS-=1.883
Nasopharyngeal tenperature - 18.463, r =_03P334 Figure 9 The

correl ati on between nasopharyngeal tenperature and SEF during cooling. SEF
0. 564 Nasophar yfiging CREtPp £9.20and30 minurs etnpsed, and 3. rgigates beforgiendipCHR). 5 The
correl ati on between nasopharyngeal tenperature and MF during cooling. VF
= - 0. 089 Nasophand3{yemhtes eftiggendefiCRB.+ 6. 859. r = 0. 246 WD 98/ 10701
PCT/ GB97/ 02435 Anal ysis of the EEG bispectrum auditory evoked potentials
and the

Figure 5 Changes of AEPIndex (®) and BIS (L) at ten periods during anaesthesia:
before induction of anaesthesia, 3 minutes after induction. 5 minutes before start of
CPB. during CPB (3. 10. 20 and 30 minutes elapsed, and 5 minutes before end of
CPB), 5 and 30 minutes after end of CPB. Data are mean % range, n = 2. *: p<0.05
compared with the value before induction of anaesthesia. #: p<0.03 compared with the

value 5 minutes before the start of CPB.

Figure 6

Changes of SEF (A) and MF (4) at ten pertods during anaesthesia: before induction
of anaesthesia, 3 minutes after induction, 3 minutes before start of CPB, during CPB
(5, 10, 20 and 30 minutes elapsed, and 5 minutes before end of CPB), 5 and 30
minutes after end of CPB. Data are mean = range, n = 2. *: p<0.05 comparing with
the valuc before induction of anaesthesia. #: p<0.05 comparing with the value 3

minutes before start of CPB.
Figure 7
The correlation between nasopharyngeal temperature and AEPIndex during cooling.

AEPIndex = 0.713 Nasopharyngeal temperature + 4.488. r = 0.409

Figure 8

The correlation between nasopharyngea! iemperature and BIS during cooling.
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EEG power spectrum during r epeat ed transitions from
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anal ysi s duri pgueonsci ous and unconscious states. WO 98/ 10701

PCT/ GB97102435
The correlation between nasopharyngeal temperature and SEF during cooling. SEF =

0.564 Nasopharyngeal temperature - 5.731, r = 0.683

Figure 10

The correlation between nasopharyngeal temperature and MF during cooling.

MF = -0.089 Nasopharyngeal temperature + 6.859.r = 0.246
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- 34 - Sunmmary We conpared the auditory evoked potential (AEP) Index (a
nunmerical index derived fromthe AEP), the 95% spectral edge frequency
(SEF) and nedi an frequency (MF) and the bispectral index (BI'S) during

alternating perlga(}i% oqu consci ousness and unconsci ousness prragivcesdoiags
t ar get cont r oN&® W usi ons of propof ol 33Twel ve patients undergoing hip or
knee replacement under spinal anaesthesia were studied. D&Wa@ er| ods of

consci ousness e t he
f our nmeasurenen sv\s\gr@ﬁ%Egﬁﬁjgﬁimg @aéééﬁegkﬁ%téﬂf%ﬁ%"&&% of
85.1 (8.2) and 66.8 (10.5); SEF of 24.2 (2.2) and 1 S.7 (2.1). and M of
10.9 (3.3) an&EBG8 (powsr sprectishn| d duxings vépdated spexansitions, ofrosD0% f or
a state of unconsciousness were: an AEP Index of 37 (sensitivity 52%, a

BI S of 55 (Se'}%hkk*()?fs}iegsﬁ@u s@ioﬁgﬁi%f 16.0 (sensitivity 9% . There was
0

no recorded value o he MF that was % speci fic for wunconsciousness. O
the four neasurenents, only the AEP |Index denonstrated a significant
difference (P < 0.05) between all nean val ues one m nute before recovery
of consciousness and all nean values one minute after recovery of

consci ousness.R.QuIGARiandvVh §¥0IsHg lybstiT2ARIDISOAND & W ol r KeENaiat r ophysi ol ogi ¢
vari ables, the AEP Index is best at distinguishing the transition from
unconsci ousness to consci ousness. Key words: auditory evoked potenti al
i ndex auditory evoked potentials. bispectral i ndex spectral edge

frequency nedign é.f\ﬁ‘ilﬂ%nnf¥RCA@§9§eg¥cﬁ’§=elf’o’&?}est hesi a. consci-ousness.
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WD 98/ 10701

PCT/ GB97/ 02435 - 35 - The ability to
detect recovery of consciousness froma state of unconsci ousness is an
essential attribute of a nonitor of anaesthetic depth. so t ciissess
under anaesMR¥Wmy be prevented. Wiile an ideal nethod of assesshent of
anaesthetic depth remains an el usive g'(')a"r“. 7t has been suggested that

noni toring ofs‘fmrq;l%ory evoked potentials (AEP)[err] or bispectral

el ectroencephal ogrdphi c (EEC) anal ysis[err] nay be nore reliable than

ot her techniques. Recently the AEP Index (fornmerly known as the Level of
Arousal Score), a mathenmatical derivative which reflects AEP waveform

nor phol ogy th is calculated fromthe anplitude difference between
successi ve seffEATBaed thepudigrpeyaked apenyy (AER) pdents nwiegey! dedes deriveda neans
of assessnent of anaesthetic depth[err]. The nedian frequency (M)[err]
and the 95% &b dhe AEP 885 engoled gz SEmpnayr (SEFband medigECequsnrer (MiPect rum
have al so been investigated for assessing anaesthetic depth and have been
i ncor por at ed dndt the kjspeneal cinddd YBISY aiuriap| ddtermoring pesodsoet ténssiownessoxel. I n
a recent study, our group observed that while the BIS and to a | esser
extent the SHinconsviouslesds prodused by tardehcontreiidahfudiohd aiqulogatepdfelve patients
concentrations during recovery from anaesthesia, the AEP I ndex was best at

di stingui shi nghdeRPBHRI HIHSNREE rkHlRIFMeHNGRIPS §ikl SRARSHERT tvbre. sTl¥RedDr Pe@H St udy
was therefore designed to investigate further the ability of the AEP | ndex

the BIS. the Sipdbfcddi@oddhess @nd qg@&kéiaus%r@ﬂﬁ&&ewemgbs valb@PREIey 1O

detect recovery of consciousness. W assessed changes in these

el ect rophysi OleQEﬁgsluréﬁﬁﬁél{\Fe?MPslnqw 506 .2t 158H1 Bﬂ.g (®S: 15268r 83 1 (8.2)

unconsci ousness an consci ousness, Investigated fhe reproducibiliTy of

these changes,|,@aGH spAPredt43N9 o) 3R ¥/ 8! R ERY .0 ¢ 5) ML s P! ent

variability.

Threshold values with a specificity of 100% for a state of unconsciousness were: an
AEP Index of 37 (sensitivity 529%), a BIS of 55 (sensitivity 15%) and a SEF of 16.0
(sensitivity 9%). There was no recorded value of the MF that was 100% specific for
unconsciousness. Of the four measurements, only the AEP Index demonstrated a
significant difference (P < 0.05) between all mean values one minute before recovery
of consciousness and all mean values one minute afier recovery of consciousness. Qur
findings suggest that of the four electrophysiologic variables, the AEP Index is best at

distinguishing the transition from unconsciousness to consciousness.

Key words: auditory evoked potential index. auditory evoked potentials. bispectral
index. spectral edge frequency. median frequency. depth of anaesthesia.

CONSCiousIess.
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PCT/ GR97/ 02435 - 36 - Patients and
Met hods After obtaining Hospital Ethics Conmttee approval and inforned

consent. 12 ﬁ?’[lﬁ%? schedul ed for orthopaedi c surgery (hi pcr/cBsNER3s
repl acenent) u B nal anaest hesiaswere included in the study. Two (2)
mal e patients and 10 fenmal e patients wth a nean (range) age of 73.8
(62-82) yr and r weight of .70.7 (55-84 kg conmpl eted the
Study- Pt i ent o pRy SRR e ErOM el rtu iR nids of oG RAER a1 Geo
fromthe study. AL patients were prenedi cated with temazepam 30 ng
given 2 hours ETBHY &byl ;9??- n@mtwaPP ARGt drRhyaY Tha AWATFISHRe 4Nl t h
either 3.0 - 3.5 m of 0.5%o0or 3 mM of 0.75% plain bupivacaine _

admi ni stered vidgeesthega @aycedreveateds Hhile gn ideql methodpfesessiene pi engeslietic
catheter was also inserted for adm nistration of top-ups during surgery in
prol onged  cagiepth remainpafaneglusiyes goal.nyy hasl Geppasuggestagi thptamoritpaiag t dieiizory or
surgery. a target controlled infusion | TCl )" of propofol was commenced
and oxygen admiavbisdepaehtialsalEMdsal bisprongeelecioenceplmigephice(BES) anvalysis'®
responsi ble for standard nonitoring of the patient and for mani pul ati ng

the TCl propof ahay Be picd€luiabR! thex Bdet R@EhMiGHds 0 dRecehtl € OHES AEP UnERS Forafely
unconsci ousness. Two investigators were present in addition to the

anaesthetist  yn8aRQY fieltleRell GTA60A08Gkd) NI mhiAEmARBLS VB VeGwhict ReBects AEP
i nvestigator observed the AEP systemand the EEG nonitor. and recorded

the timng of e\)/:ﬁ/@f'o%nSHSxt}) §l§g# hgaéqgscﬁrcugfed frémgﬂps‘xﬁ{gﬂﬂﬁge(ﬁﬁ'er@{}g betwee

consci ousness. At intervals 0 s. the second | nvesti gator esta f‘i shed

;he presence org RSENC SehlenoPYE AEP LHUL 0ol B Nfelitbleds § HESPAISE 1O

assessment of anaesthetic depth.'™* The median frequency (MF)*" and the 93%

spectral edge frequency (SEF)™?

of the EEG power spectrum have also been
investigated for assessing anaesthetic depth and have been incorporated into

commercially available monitors for this purpose.

In a recent study, our group observed that while the BIS and 10 a lesser exient the SEF
correiated well with predicted blood propofol concentrations during recovery trom
anaesthesia, the AEP Index was best at distinguishing consciousness from
unconsciousness.'® The present study was therefore designed to investigate further the
ability of the AEP Index. the BIS. the SEF and the MF to identify awareness by their
capacity to detect recovery of consciousness. We assessed changes in these
electrophysiological measurements during alternating periods of unconsciousness and
consciousness, investigated the reproducibility of these changes in each patient and

analysed the amount of inter-patient variability.
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PCT/ G397/ 02435 - 37- ver bal comand
to squeeze the investigator's hand. The transition from consciousness

t o unconsci ousness was defined as the point at which | oss ogc&@y_ﬁaﬁ to
the verbal coWR@#k0tcurred. and the return of this respons consi der ed
the transition fromunconsci ousness ta. ggnsci ousness. AUDI TORY EVOKED
POTENTI AL MONI_TORI NG 8@Ls#‘j(ig{sory evoked potentials were nonitored as
described in GareRsans udies. The EEG was obtained fromthree

di sposabl e silver-silver chloride el ectrodes (Zi pprep. Aspect Medi cal
Systens. USA) placed on the right nmastoid (+), mddle forehead (-) and
Fp. as the reference. The custombuilt anplifier had a 5 kV nedi cal gr ade
i sol ation, corMish fhRieing diespital ohthicat Cemmities 7appepsainpnd, infermedceatsesuize

i npedance, input voltage noise of 0.3 [err]V and current input noise of 4
pA (0.05 Hz - patientk btheduled for Arnhbpaediccuctery Bure e kner tehlacameinggqundebgpinki pass
filter wwth a bandw dth of 1- 220 Hz was used. The auditory clicks were
of | s dur at ianmestresia WeredbBcladed et Beudy. oo R) mile puieng ahth1@ Sdnpdidpatitiey wer e
presented to the right ear at a rate of 6.9 Hz. The anplified EEG was
sanpl ed at a fwietugeay(raige)labd 8f 1528 52-82) B &Y Awedar(Biaye) vedylt of 703 {33L44) 0N
12-bit anal ogue to digital converter (PCWM DAS08. Conputer Boards Inc.,

USA) and pr OCQ\%S%FPl&ed eR! stidyTe PRends Witk PR 6F héakihg W8l dQSRERA.
Japan) . The AEP were produced by averagi ng 256 sweeps of 144 ns
duration. The LifBeqd rdfteish@d to have a full update of the signal was 36.9
s. but a noving tinme averagi hg techni que allowed a faster response tine
to any change in the signal. Averaged curves

All patients were premedicated with temazepam 30 mg given 2 hours before surgery.
Spinal anaesthesia was established with either 3.0 - 3.5 m| 0£0.5% or 3 ml 0 0.75%
plain bupivacaine administered via a 26 G needle at the L 2-3 interspace. An epidural
catheter was also inserted for administration of top-ups during surgery in prolonged

cases.

After ensuring adequate regidnal anaesthesia for surgery. a target controlled infusion
(TCD)" of propofol was commenced and oxygen administered via a nasal sponge. Onc
anaesthetist was responsible for standard monitoring of the patient and for
manipulating the TCI propofol to produce alternating periods of consciousness and
unconsciousness. Two investigators were present in addition to the anaesthetist
responsible for conducting the anaesthetic. One investigator obsefved the AEP
svstemn and the EEG monitor. and recorded the timing of events such as the onset of
unconsciousness and consciousness. At intervals of 30 s. the second investigator

established the presence or absence of an eyelash reflex and the patient’s response to a
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were obtained at 3 s intervals. WO 98/ 10701

PCT/ GB97/ 02435 - 38 - The AEP I ndex,
whi ch reflects the norphol ogy of the AEP curves, allowed on-line analysis
of the AEP. It is calculated as the sumof the square root ofcibeyates| ute
di fference betWRM%ery two successive 8756 ns segments of the AEP
waveform The AEP and ot her data were stored automatically on the

urt hor nal ys god Soflaiy, &gt SRR AMRRRRP doteily TRLFUATY BE oo

was obtai ned from.four Zi ep..el ectrod |, & on_hoth sides.of the outer
mar ar bone. (A PPy ARG AR I oBly M 1GR3 RO Che
ground. The EEG , bi spectrum SEF and NF were itored using a, commercially
avai | abl e EEG AR (ommd GEcEred, sndyhe reseipia A SSBGPSC oren BoBis e,
Aspect Medical Systens. USA). The update rate on the Bispectral index

noni tor was sefraRsiiondrosp BRIGERSIQRFRERS to|gaNsCRNESE:t r al snoot hi ng functi on
switched off. Data fromthe A-1000 EEG nonitor were downl oaded
autormatically and stored on the m croconputer every 5 seconds. Bot h

nmoni toring systens (AEP and EEG had sophisticated artefact rel ection

al gorithms and ALRETORY EVOKED ROTENTIRLAVMOMITARING i cal grade isol ation.
Furthernore. the auditory clicks that produced the AEP generate signals
100 tines smal l«akitdrganckddepotohtilpmeetehonifordd® debiobed e b@f mredousaduidiasligh t he
AEP and EEG were nonitored sinultaneously, there would have been no

i nt e:’ ef erence hgtVERG WAL obMes Vibdne Nhrek hdibposaud!|stlvdian @eratifledee dict didies
results.

(Zipprep. Aspect Medical Systems. USA) placed on the right mastoid (+), middle
forehead (-) and Fp, as the reference. The custom-built amplifier had a 5 kV medical
grade isolation, common mode rejection ratic of 170 dB with balanced source
impedance, input voltage noise of 0.3 uV and current input noise of 4 pA (0.05Hz - 1
kHz rms). A third-order Butterworth analogue band-pass filter with a bandwidth of 1-
220 Hz was used. The auditory clicks were of 1 ms duration and 70 dB above the
normal hearing threshold. They were presented to the right ear at a rate of 6.9 Hz.
The amplified EEG was sampled at a frequency of 1778 Hz by a high accuracy. low
distortion 12-bit analogue to digital converter {PCM-DAS08. Computer Boards Inc.,

USA) and processed in real-time by a microcomputer (T1930CT, Toshiba. Japan).

The AEP were produced by averaging 236 sweeps of 144 ms duration. The time
required to have a full update of the signal was 36.9 s. but a moving time averaging
technique allowed a faster response time to any change in the signal. Averaged curves

were obtained at 3 s intervals.
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PCT/ GB97/ 02435 - 39 - DATA ANALYSI S
Peri ods of consci ousness and unconsci ousness extended between the tine of
recovery of consciousness (response to verbal conmand) antdiSaebi when
consci ousnes VPO o5t (| 0ss of response to verbal comn%.’Hc?\t/'\g{/xg"?, t he
periods fromone minute before until =oA& minute after transitions from one
state of consgiousness to.the _next were excluded when conscious and

unconsci ous VArEYREF brdeearlichisless Bremerriplesy of e AR rrverillowed opilises wer e
excl uded because they were likely to contain values representative of both
consci ousnesstnalyels ghESHARR. olisin salsulatsd ae thegmpolsibe sanss voot of theeapsdinted t o
obtain a full update of the AEP Index (and 30 s for the BIS). and patients
wer e al so nostifféredes| betweon lpeerytwé sugegssiva laifdme a¢gnniscafitbe MEflswesormdr i ng
these periods. Therefore. conscious values were considered to be those

recorded duriTig AEF bkahdrrdamnwete sibid hombiicillv bagRd Mickocompier Ohaoass until 1
m nute before the next |oss of consciousness (fig. 1). Unconscious values -

were those reseryBedcshds,iegbling filrd getfiévaitor furihentafysif t er | oss of
consciousness until 1 mnute before the next recovery of consciousness

(fig. 1). To investigate the ability of the el ectrophysiol ogic vari abl es
to detect awareness. values recorded 1 mnute before recovery of

Fetarned (11 or o ROe AN AN B TRl LIS Panei tions from
were used To LBHAT SO AGNGH TR SR TPl aheedahetr sfe A T o
detect these %El@r” cimtei( RE Sahd At,) with Fpz as the reference and Fp, as the ground. The EEG
bispectrum. SEF and MF were monitored using a commercially available EEG
monitor (A-1000, BIS 3.0 algorithm. rev. 0.40 software, Aspect Medical Systems.
USA). The update rate on the Bispectral index monitor was set to 10 seconds with the

bispeciral smoothing function switched off. Data from the A-1000 EEG monitor were

downloaded automatically and stored on the microcomputer every 5 seconds.

Both monitoring systems (AEP and EEG) had sophisticated artetact rejection
algorithms and the amplifiers ot both also had medical grade isclation. Furthermore.
the auditory clicks that produced the AEP generate signals 100 times smaller than the
remainder of the EEG. Theretore. although the AEP and EEG were monitored
simultaneously, there would have been no intereterence between the two systems that

could have affected the results.
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PCT/ GB97/ 02435 - 40 - The nean,
standard devi ation (SD) and range of values of each neasurenment occurring
during all per%@g, by CONSci ousness and unconsci ousness, Wwer ectasBeTem4Ised
by anal ysing a 5nscious and unconscigu§ val ues respectively, recorded
over the <course of the entire study. The 8 measur enments made during all
periods of ungppsci and consci ousness were used to determ ne

t hreshol d val ues Jf%"ﬁmﬁ& specificity and threshold values with

approxi mately 0 L ELY b lstical analysis was w.th nitab 10.5
for W ndows, u??rr%diimb\?v %“Taﬁégééoégﬁ’%ug??ss E’Qg’d)ég ?’6‘%’ e%@%’%s‘ﬁl}ﬂﬁ%%ﬂy
significant. Al .gatients were interviewed on the d X after surgery
about their mefoFYPSHPUsSIFSI{ERORRG BveTpal comman ).“"ﬁﬁ’é%/“%?”g LFLFIHERSE M3hed
about their satisfaction with the auditory _clicks and the technique of
moni toring.  10St R pfiresponserin verhah porpmandye Hos et thsrPeppdssinemd @ng mipwe 74
(58-121) minutes, There was a nean (range) of 10 (6 - 20) periods of
consci ousness XAPra /b 98 Mo afies tansiligngdrameye Ko lo& dorBoioBsTEssab thentkxk
Table I shows the nean (range) of AEP Index. BIS. SEF and M val ues
recorded duri ngraktclulen sdhien gsnspious ned nsonmwios pahkods eas mMebumechtadbove.
Tabl e 2 shows

analysed. These periods were excluded because thev were likely to contain values
representative of both consciousness and unconsciousness. since 36.9 seconds were
required to obtain a full update of the AEP Index (and 30 s for the BIS). and patients
were also most likely to be drifting in and out of consciousness during these periods.
Therefore. conscious values were considered to be those recorded during periods from
| minute after regaining consciousness until ! minute betore the next loss of
consciousness (fig. 1). Unconscious values were those recorded during periods from
| minute after ioss of consciousness until | minute before the next recoverv of

consciousness (fig. 1).

To investigate the ability of the electrophysiologic variables to detect awareness.
vaiues recorded | minute before recovery of consciousness were compared with
values at 1 minute after consciousness returned (fig. 1). All patients had at least three
transitions from unconsciousness to consciousness. Therefore. the first three
transitions were used to compare the ability of the different measurement svsiems to

detect these transitions.
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t hreshol d val ues of the four neasurenents wth 100% specificity and
threshold values wth close to 85% sensitivity for states of consciousness

and unconsci ousness. |In WO 93/ 10701

PCT/ GB97/ 02435 - 41 - g 07ifra823
unconsci ous aW&gﬂ’,"UBlo' consci ous val ues 8% t he AEP | ndex, and 2. 3885

unconsci ous and 1, 322 consci ous val ues The BI'S, SEF and MF wer e

anal ysed. A kEreshol d v e of th?ﬁﬂ%‘{ ndex o 7 ha lel city of
100% and a sen8f tTt 3?‘38 §§W‘I“B‘r EEE Un VRSP 6 asuf@“teﬂ‘r eshol d
val ue of 56 was 60% e.n5| ive 100% s eC| fic for consm ousness. Figure
2 shows the nEEHTRESJuriRgsll Ipﬁﬂ‘é£ of Gensgiousne &“&“@“Hﬁﬂ"‘%ﬂ‘ﬁ?r werR determiged 3
transitions from unconsci ousness to consci ousness. Al nmean awake val ues 1

mnute after PEABRINSIRE 2kl GARSCIONY SR YACORRH QIS Sy FEsRREVEly. rererHed overrin al |
mean unconsci ous values 1 mnute before (P < 0.05). AEP |Index val ues
during peri odsouse obnihei entist svdy wdhesenmreasurearentsb nade hbming adlLigsrickisr bhig
unconsci ousness (fig. 2, table 1). Bi snectral Index Table 1 shows that,
unl i ke the AEE?ndomsha‘oa;snsssrmd BbBScicasrees weidr used) tolRie@nsine essheRis valvgrwidhi gher
than the nean val ue during consciousness. and sone consci ous val ues were

al so | ower t haoo% Rpecifiiey avie bitesheld valigs WK ARG MIGIVESSSs sehsiBlity. Gtatidficahad a
specificity of 100% but was only 15% sensitive for a state of

unconsci ousnesggalgd Vas with Miniv8y. soo VinahwdCusitlz RROVASWE THikdyeGediOrp 400%
specificity for consciousness and was only 14% sensitive. Fi gure 2 shows

the mean (SD) oBsSyRlcodsidbrdauidifReiore and after the first 3 transitions
from unconsci ousness to consci ousness. Unli ke the AEP |ndex. nean awake

values | mnute after return of consciousness were not all

All patients were interviewed on the day after surgery about their memory of
intraoperative events. They were also questioned about their satisfaction with the

auditory clicks and the technique of monitoring.

Results

The mean (range) duration of surgery was 74 (58-121) minutes. There was a mean

(range) of 10 (6 - 20) periods of consciousness and unconsciousness.

Auditorv Evoked Potential index

Table | shows the mean (range) of AEP index. BIS. SEF and MF values recorded
during all conscious or unconscious periods as defined above. Table 2 shows
threshold values of the four measurements with 100% speciticity and threshold values

with close to 83% sensitivity for states of consciousness and unconsciousness. (n
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significantly different from nean unconscious values | mnute before
regai ni ng consciousness (P < 0.05). The BIS also contrasted with the AEP
I ndex in that values recorded during unconsci ousness denonstrated nore
inter-patient variability than values during periods of conggh@ﬂﬁn@@g
(table 1). WO 95/ 10701

PCT/ GB97/ 02435 Spectral Edge Freauency Cbnparable to the BIS but unli ke

the AEP | ndex o 0MPeSERAAIES aflls h00 cordEANRLAUARS ALEEH Belli i ofggshan ¢ he

mean val ue during ¢onsci ousness Some consci ous val ues were Tower than

the nmean val u%n?%@%gu%m!gﬁ g&&%&h@% §§1b:&1§ fB}é SE@‘ %nﬁl':l\'l:(F erelg'iagsé_&z Rad a

specificity of PR Tvity onsci ousness

(table 2). A v, f 26. s, 10Q% cifi but 5% sen5|t ve for
consci ousness." M‘fﬁal%‘a %ﬁB Ef fiede0 9?%& E‘%c%ﬂf ’(l\)(/)lrél'/%ﬂ"]af HPRne ° bef or e
and after the flrst 3 trapsitions fromunconsci ousness to conSC|ousness

Li ke the BIS it faid sate ot preomepuinssie A Msesiokwakie of 3P 0ws 68 sepwitivend
mnute after the return of consciousness were not all significantly

di fférent from0¥aspetifie Sarronssipysnessal Riguse 2 shywiuthe meart LY ARylaren ang BIS
consciousness (P < 0.05). Simlar to the AEP Index but unlike the BIS.
awake val ues ofefarhandafienwbe dirgSnieansitibys fromeingensiiabbnesst thannsewiusness. Adcor ded
during periods of unconsciousness (fig. 3). Medi an Frequency Simlar to
the BI'S and t heednkhvaks eakees aiminge aftertriraraMT odtigciougnass cersignificxndys Righer e

hi gher than the nean val ue during consci ousness. and sonme consci ous val ues

were | ower thagn hilenddBaMeotRbibg GHities NOmHREO P&E6le QRSO GIS). ( LaaHP Riddy valldze
| owest recorded
during periods of consciousness were more variable than values during

unconsciousness (fig. 2, table [).

Bispectral Index

Table 1 shows that, unlike the AEP Index. some BIS values during unconsciousness
were higher than the mean value during consciousness. and some conscious values
were also lower than the mean value during unconsciousness. A BIS ot 535 had a
specificity of 100% but was onlyv 3% sensitive for a state ot unconsciousness (1able
2). A very high value of 95 was required tor |00% specificity tor coasciousness and
was only 14% sensitive. Figure 2 shows the mean (SD) BIS at | minute before and
after the first 3 transitions from unconsciousness to consciousness. Unlike the AEP
[ndex. mean awake values | minute after return of consciousness were not afl
signiﬁcaml_\; different trom mean unconscious values | minute before regaining
consciousness (P < 0.05). The BIS also contrasted with the AEP Index in that values
recorded during unconsciousness demonstrated more inter-patient variability than

values during periods of consciousness (table 1).

SUBSTITUTE SHEET (RULE 26)



awake value of the MF was | ower than the m nimum M= val ue during
unconsci ousness (table 1) so that a value of 1.4 Hz. which was never
attai ned. woul d have been 100% specific for unconsciousness (table 2). A M
value of 13.8 Hz was 100% specific but only 18% sensitive f

: : GB97/02435
consci ousness.wcr—?woé 3 shows the nean «{3Q)-MF at 1 m nuteég‘gfore and
after the first 3 transitions from unconsci ousness to consci ousness.

Al t hough manWthe M- tended to be nunerically
PCT/ GB9710243 - 43 - greater than

nmean val ues duging g NEsSSs |l meap,consci ous g nconsci ous
val ues were n(L;?éSI gérgﬁlhfp?‘(;:]zﬁ% I%Jgdig £ SIS t.he‘l"ﬁg?eﬁaﬁ‘s srog]easg el P HEE nter -
patient vari ablimlcioéi%i gf el\/F‘ val ues uri G"g bot h coasci ousness and
unconsci ousnessCORRGUSHEF WSE UBNRERAN i freath ¥alit, BUrdigroQpsHiousAT s «wd Reep) S,
this variability was greater during periods of consciousness (fi g 3).
No patient had®OPSRioys|valyes wery lawre sian the ags yelpe duingingenseigusnes (@plsIl)-cat | on of
the earphones and the auditory clicks. Al patients were satisfied with
t he anaest het i $EF pbdhRi Ha bad adpediicityhefplfp% buthenke heensisisiey tachsiague of
monitoring for any future anaesthetic. Di scussi on Al t hough
consi st ent chawgesscioustesetatda 2). atdenadye ahd6.6dtsr eas ¢t%npédificitie)onin 1iteddl e
| at ency auditory evoked potential (AEP) waves occur as anaesthesia is
deepened. it iwnsitive for consciousness. Figure 3 shows the mean (SD) SEF and MF at | minute

before and after the first 3 transitions from unconsciousness to consciousness. Like

the BIS but unlike the AEP Index. mean awake values of the SEF | minute after the

return of consciousness were not aff significantly different from mean unconscious

values | minute before regaining consciousness (P < 0.05). Similar 10 the AEP Index

but unlike the BIS, awake values of the SEF were generally more variable than values

recorded during periods of unconsciousness (fig. 3).

Median Frequency

Similar to the BIS and the SEF. some values of the MF during unconsciousness were
higher than the mean value during consciousness. and some conscious values were
lower than the mean value during unconsciousness (table 1). The lowest recorded
awake value of the MF was lower than the minimum MF value during
unconsciousness (table 1) so that a value of 1.4 Hz. which was never attained. would
have been 100% specific for unconsciousness (table 2). A MF vatue of 13.8 Hz was
100% specific but only 18% sensitive tor consciousness. Figure 3 shows the mean
(SD) MF at | minute betore and atter the first 3 transitions trom unconsciousness to

consciousness. Although mean awake values of the MF tended to be numerically
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difficult to anal yse AEP waves in real tinme and to quantify changes in the
clinical situation. The AEP Index. a mathematical derivative that reflects
AEP wavef orm norphol oay, allows on |ine assessnment of the AEP durin

anaest hesia a oRRr Y. Conventional G processi ng t echniRFEBVMES a5
those used to neasure the spectral edg€e frequency (SEF) and the nedi an
frequency (MF) ignore the interfrequency phase information in the EEG and

may be unrel i ajplested QhanMidahORhIg: tdufing eMRbnselousiRaLsiinentad dhRicu® irdye
vari abl e effects produced by different anaesthetic agents and the |arge

i nterpatient vafaRicidub whaésrdlel% ygdléig&ﬁﬁ&waifﬁﬂﬁ@tmm Wik MBldy [deSiRREL T al

EEG anal ysi s WO 98/
- N vy . . - - (0]
pebuﬁ.m variability of MF val#es durm% bath consciousness ?nd uné&scmus‘?x%%,r TndThe

PCT/ GB97/ 02435
gquantifies the ase coupling between tonponen requencl es

Bi | Index (BILS), i Lue d d fromthe EEG bi
nas been . showits e ARednte FRAF A oY SpiHEL RS Fiaob STt s arte it o

depth nmonitor, such as the capacity to predict novenent in response to

surgery[err] aRTioddoLRomsRRusRShE dlisness[err] 4 when using a variety of

anaest heti c drugs. The ability to distinguish consciousness from

unconsci ousness is an essential feature of a nonitor of depth of

anaest hesia, and was the clinical end point used in this study,

ci rcunventi ng dNeepgtienibhashreshll tdieanybevenic i dfeatze. Unéluding abe appliseleqnt efi thet andar d

by which to conpare such nonitors under investigation. The assunption

t hat awar eness garpimoies bt 8k auditap ricisousth @sugnts were vdiisfiad edthbyjre anaesstponse t o

command has been made in previous studies.[err] However, intraoperative
technique and were happy to have the same technique ot monitoring for any future

anaesthetic.

Discussion

Although consistent changes {increased latency and decreased amplitude) in middie
latency auditory evoked potential (AEP) waves occur as anaesthesia is deepened. it is
difficult to analyse AEP waves in real time and to quantify changes in the clinical
situation. The AEP Index. a mathematical derivative that reflects AEP waveform
morphology,’ allows on line assessment of the AEP during anaesthesia and surgery.
Conventional EEG processing techniques such as those used to measure the spectral
edge frequency (SEF) and the median frequency (MF) tgnore the interfrequency phase
information in the EEG and may be unreliable for monitoring the level of anaesthesia
due 10 the variable effects produced by different anaesthetic agents and the large

interpatient variability.” Unlike power spectrum analysis. bispectral EEG analvsis
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awar eness may occur w thout postoperative recall,[err] as occurred in all

of our patients. Nevertheless. the prevention of the dreaded consequence

of intraoperative awareness Ww thout ammesia, especially in the presence of

i nadequate analgesia. is one of the nost inportant functio

anaest hetic ¥PPM%Ynitors. Amesia for intraoperative even‘tqrgr"C’J‘f‘rrgmg’f/'z %ve

occurred in our patients because of thé 88e-of benzodi azepi ne

pr emedi cation{“err or. from general  anaesthetic drugs. The present study

denonstrated Ffe q!'i’(‘ﬂ“éﬁf i"gq P etcﬂ%plﬂﬁFbQ“M?féx"W%%‘t‘gé@Grfé"(%?ﬁé??"'ﬁ-' of The

consci ousness, . O tg{]ﬁ foyr. el ectrophysi ol ogi c_vari abl es studied. only the
Risesivel Trdeeds

AEP | ndex 13), 8 pymsrcak ke derivedfrom the REST Rispectram. nstoerren al |
mean val ues one m nute bef ore recovery of consciousness and all nean
val ues one ni HI9M® 18 PPsSesscharaiesisiicspfesirable in an agyesth@icidspiiimonitor, such as the

PCT/ GB97/ 02435 - 45 consci ousness

(fig. 2). Thecapagitirto@rsslict movérent aespoese (¢ snrgeybliamdao detancomsvuoes™* val ues
of the AEP I ndex was al so denonstrated by the fact that it was the only
measur ement i wherthesiny eseiety of anidstharleassees)] owest recorded consci ous val ue was
hi gher t han the mean unconsci ous val ue, and whose hi ghest unconsci ous
val ue was | ower than the nmean consci ous score. Al t hough ot her
studies[err] have shown the BIS to be capabl e of detecting

consci ousness Ihé E‘bifi?_ﬂo Risaaghih c%‘h&b%ﬁsxtxég? fr%%%@rﬁciﬁﬂ%@&‘% L 55’%&]{&1& Y&ture

statisti cal significance when points 1 mnute before and arfter recovery

tatisti i “befor over
“ncroase i n 1 hes B G el SRTOREEGENE PSR AR FLAT Wil cue

anaest hesi a[ eLf um\(l%lntlilr?gsthg Sl%glre%eoq th2e arlpsei?xgg &Fa universally accepted standard by which

to compare such monitors under investigation.

The assumption that awareness. and therefore consciousness, is indicated by a
response to command has been made in previous studies.**** However, intraoperative
awareness may occur without postaperative recall,” as occurred in all of our patients.
Nevertheless. the prevention of the dreaded consequence of intracperative awareness
without amnesia, especially in the presence of inadequate analgesia. is one of the most
important functions of anaesthetic depth monitors. Amnesia for intraoperative events

may have occurred in our patients because of the use of benzodiazepine

premedication™ or from general anaesthetic drugs.”**

The present study demonstrated the potential of the AEP Index to detect recovery of
consciousness. Of the four electrophysiologic variables studied, only the AEP Index
demonstrated a significant difference (P < 0.05) between all mean values one minute

before recovery of consciousness and all mean values one minute after recovery of
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apart (1 mnute before and after recovery) would therefore be nore simlar
to each ot her than correspondi ng AEP | ndex val ues, which increase
suddenly at the tinme of awakening[err]' Figure 4, which is a graph of
changes in AEP | gg and BI S for one of the patients in theTeEsezass

st udy, denons Y& %?hls gradual increasggin BIS during the first
transition from unconsci ousness to consciousness. In contrast. the AEP

Index incr eaggxﬁsﬁ@g&gg gdb a'x‘mhﬂ&?%ﬁ%@m bdtR0S Ldh fs&sus aridAdeilcious  The

M- was | east c |st ngui shi ng CONSCIl ousness Trom unconscl ousness.

as all nean ¢ u COHSCIO val I; ch.,ot her
(fig. 3). Studi glu @3‘ Seﬁﬂnl enwaé‘n%s 7%‘%‘35%%%%55%ﬂscgk l’éjlgs‘t &gs ?ﬁ ?nlWF

val ues bel ow appr oxi nmat el Hz i ndicate unconsciousness and t t val ues
of 5o3 Fo § nd DRSNS be JEse SR BRJpwen SHAGED AUSPRST WA wapagher

di fference betmeen our findings and those of Schw | den and co- morkers may
be expl ai ned byhadjthe gream gasensaouseriisdaidowyloss fighsst ungenseicppkalee was lower VO

98/ 10701 _ - 46 -
PCT/ GB97/ 02435 thanfanpamroonscinypproesssi on whi ch | ead to misinterpretation of
t he EEG power spectrunferr]’ In addition, there is possibly a | ag between

changes in MF and changes in anaesthetic concentration during recovery
whi ch coul d explain the | ower val ues during conscious periods and higher

unconsci ous valalgugieronst siadieti*1 maenahownt the BB i1©NbS dapabldief @nesiant
study (fig. 5). The already | ow frequency of awareness under anaesthesia

of 0.1%[err] a®fscioitnesOmethel grededt duaAShHE OBIS AR SBFbIENGE Schfdive | diftistical
occurrence, suggest that we shoul d be attenpting to devel op nonitors that

will al nost guattidagce WienSloidi N3ih@P bbiord £ld ARk Yecovery of consciousness were
compared. This could be explained by the gradual increase in the BIS which

332 Values recorded 2 minutes

frequently occurs during emergence from anaesthesia.
apart (1 minute before and afier recovery) would therefore be more similar 1o each
other than corresponding AEP Index values, which increase suddeniy at the time of
awakening.'® Figure 4, which is a graph of changes in AEP Index and BIS for one of
the patients in the present study, demonstrates this gradual increase in BIS during the

first transition from unconsciousness to consciousness. [n contrast. the AEP Index

increased sharply at all three transitions in this patient.

The MF was least capable of distinguishing consciousness trom unconsciousness. as
all mean conscious and unconscious values were similar to each other (fig. 3). Studies
by Schwilden and colleagues have suggested that MF values below approximately 3
Hz indicate unconsciousness and that values of 2-3 Hz indicate a satistactory depth ol
anaesthesia.”’*** The difference between our findings and those of Schwilden and

co-workers may be explained by differences in methodology and by the effects of
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det ecti ng unconsci ousness. Such a nonitor should be capabl e of providing
information that is specific for unconsci ousness at a |l evel of anaesthesia
that is not excessive. A BIS value of 55 was 100% specific but only 15%
sensitive for unconsciousness (table 2). Additionally, at | ue
of 95 was nec®QWNWMor  100% speci ficityg for consci ousnesswﬁ%}é?‘\é@v\ere
very high values of the BIS recorded during periods of unconsciousness.
These findings_suggest that the BIS could not be used to direct

anaest heti ¢ adRFEHibst serperssion which dead tomisinteroregation of the EGG howrr spésoumi’sk  of
excessi ve anaesthesia. Values of the BIS which are specific for

unconsci ousnes & aditionothersdnpassiblyen log beryhgn chantes omiFamid ghaxiged i sameatmetichet | sed
(clinically unconscious) patients have BI S values of fully awake subjects.
A simlar probtecenfatien desng reevaryaeisthesidexptayn the cawer ivhlubhdurinkkonssioused t o
ensure unconsci ousness. as a value of 16.0 Hz was 100% specific but only
9% sensi tive f periods ant) ORFIRE ACHARREE. valRE YebEHraREn \6ak WESheVB&tRnA ! if Qhe
recorded during unconsci ousness so that a value of 26.6 was necessary
for 100% speci fieSdnt MudPfrigtHnsci ousness. WD 98/ 10701

PCT/ GB97/ 02435 ) - 47 - In contrast, an
AEP | ndex of 37 was 100% specific for unconsciousness, with a nuch greater
| evel of sensitivity (52% than correspondi ng SEF and BI S val ues. There was

al so no proble f 0 i tients with a very high.AER lmdex. . and a
val ue of 56 V\g}slgfgg osli}z‘gi&?y%ng'ﬁgt EOPEEREE i IF \?'éae}/tg?s‘ag%?d/&usr‘i‘@é

dhe These
findings suggest that .it may be possible to aimfor an AEP | ndex, val ue
that ensures uﬁ?:tﬁ‘h‘?@?'oq}?ﬁgg%s CWWBE“C&?/@f dﬁsn‘ﬁc‘érieé‘éﬁsﬁug"eeséﬁé?és"f% uld be  The

range of BIS val ues, during, periaods of consciousness in the present study
vari ed attempting to develop monitors that will almost guarantee its elimination by reliably

detecting unconsciousness. Such a monitor should be capable of providing
information that is specific for unconsciousness at a level of anaesthesia that is not
excessive. A BIS value of 35 was 100% specific but only 15% sensitive tfor
unconsciousness (table 2). Additionally, a threshold value of 95 was necessary for
100% specificity for consciousness, as there were very high values of the BIS
recorded during periods of unconsciousness. These findings suggest that the BIS
could not be used to direct anaesthetic administration 10 ensure unconsciousness
without the risk of excessive anaesthesia. Values of the BIS which are specific for
unconsciousness are not sensitive enough, and some adequately anaesthetised

(clinically unconscious) patients have BIS values of fully awake subjects.

A similar problem of excessive anaesthesia may occur if the SEF is used to ensure
unconsciocusness, as a value of 16.0 Hz was 100% specific but only 9% sensitive for
unconsciousness. Very high SEF values were also recorded during unconsciousness

so that a value ot 26.6 Hz was necessary tor 100% specificity for consciousness.
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between 68 - 98. O her studies have reported variable BIS val ues of around
50 - S5 at the tine of recovery of consciousness.[err] Flaishon and

col | eagues[err] reported that no unconsci ousness was observed when the BI S
was greater th%; d no consci ousness occurred bel ow 65. potrigEonbasst ,

NO CcoNnsci ousness mas observed in the present study below a score of 55,
whil e 36% of BIS val ues during unconscf‘oﬁ%n‘e$s (1.048 out of 2,885 val ues)

were above 70. fBgudids ABP tRkL 037 \,QasBllo&/ %Eaﬁéf&'ﬁ%&saw}ﬁ 3 \awaihﬁal may be
due to the use of different anaesthetic agents and to the 1 fferent

clinical “end- pgiaf.sYsed €ésn9¥lgf?y EE O)QE)%SCW%UI' | ?f SEF and B Vanik. u%e@é Hgéve

reported di ffefing resul conscl ousness

h
aneot hesi o | n IBAG er°'5f%°grﬁarsg»3ur nﬂugerﬁorH%oreW%ﬁe@rre%‘ym%eo%gr gl "

anaest hesi a i na838°
correspondi ng f 24,2 Hz and 18.7 Hz in t ent study

5 | ues
However, there? |‘§$”gépe éﬁ?“&tﬁolwi’ pesifiye EEogsgioysness: np‘%gﬁn PERfu8gest Ar ndt
and col I eagues reported t hat adequate anaesthesia could be expected when
the SEF ranged UedhiBdynbelprssible tp afe farjan R Index Gptye thay enpigres pindgassiopesys
specific for unconsciousness in the present study (table 2). it was
WO 98/ 10701 while avordmﬂ excessive anaesthesr;DCT/ GB97/ 02435
- 48 - only 9% sensitive. Schw | den and col | eagues al so reported that no
response to ver bal command occurred below a MF of 5 Hz for a variety of
drugs.[err] in contrast. consci ousness was present in the ranne 2 - 19 Hz

in the present Tkushgea08IS whlidsiuhingiperiodsas cEiCivssnesiih it grevent study varied
unconsci ousness, it was only 7% sensitive. The present study

denonstrat ed t hereeh 60! 92| 0lér stddees AEFR eRFRY vhLIEBBCEaIUeE 60MBIRA 50f- §5 ar

the time of recovery of consciousness.*'¢#*

* Flaishon and colleagues™ reported that
no unconsciousness was observed when the BIS was greater than 70 and no
consciousness occurred below 63. In contrast, no consciousness was observed in the
present study below a score of 55, while 36% of BIS values during unconsciousness
(1.048 out of 2,885 values) were above 70. The wide variation in BIS values among

- these studies may be due to the use of different anaesthetic agents and to the different

clinical end-points used to define consciousness.

Other studies have reported differing results for SEF and MF during consciousness
and unconsciousness. The median SEF was 20.4 Hz on recovery and 10.1 Hz during
anaesthesia in one of the studies in Schwilden's series™ compared to corresponding
mean values of 24.2 Hz and 18.7 Hz in the present study. However. there was farge
variability in SEF values in botit studies. Arndt and colleagues reported that adequate
anaesthesia could be expected when the SEF ranged between i4-16 Hz.™ While a SEF

of 16 Hz was 100% specific lor unconsciousness in the present study (table 2). it was
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consci ousness from propofol anaesthesi a. Unconsci ousness due to

di fferent anaest hetic agents nmay produce dissimlar effects on the
EEG err] and on the BI S, [err] although consistent chances have been
denonstrated i n MLAEP waves. 2[err] Further studies arlq_.ﬁa%:,ﬁ{@ge
necessary to WR®BPMate the ability of ghese neasurenents to detect
recovery of consciousness from anaest hesi a produced by di fferent drugs.

Anot her limtation,of the sent study was the |ack of influence of
surgical sti mPt t@ﬁ? sggi*ile_ef){ff‘vﬁ%e&aﬂé e afsi ﬁpﬁaf{ RS gﬁé Lhe
our measur enents.  Surgi Sti agion is known af f ec e err
and the AEP. [e?‘?"]‘ma“dI—B‘iﬁBgﬁcng!PWv&) d°be Ko feq 3 sy °gtdﬁ‘fgégxlq{ y}“cFPé‘I“F-%nei ng

to design a study in which consci ousness_was repeat edly induced in the

presence of a PUSHPYANCSSYA§iPEcARnt iflimarnge 2 - 19 Hz in the pogsentordy and. while 5 Hz

PCT/ GB97/ 02435 _ _ _ N - 49 -

Acknow edgenmentvas 94% spepifictfhumkonseiousiessBit wseonly 7Amstnfifive.P. Ramayya for their

assi stance and perm ssion to study patients under their care and Aspect

Medi cal Systens for the |oan of the A- 1000 EEG nonitor used in this

st udy. Ref er ences 1. Jessop J. Jones JG Evaluation of the

actions of gengh@bregsnd ety eérhdrStrdtéd {h8 ol D EHeadER Index to detect recovery of
consciousness from propofol anaesthesia.  Unconsciousness due to different
anaesthetic agents may produce dissimilar etfects on the EEG'** and on the

BIS, ™' although consistent changes have been demonstrated in MLAEP waves.2***

" Further studies are therefore necessary 10 investigate the ability of these
measurements to detect recovery of consciousness from anaesthesia produced by
different drugs. Another limitation of the present study was the lack of influence of
surgical stimuli. effectively abolished by spinal anaesthesia. on the four
measurements. Surgical stimulation is known to affect the EEG™ and the AEP. ¥

However it would be morally and-ethically challenging to design a study in which

consciousness was repeatedly induced in the presence of a paintul surgical wound.
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PCT/ GB97/ 024 35pispectral ‘index (BIS) 95% spectral edge frequency (SEF}gnd mpdgprepusissn
(range) values of the auditory evoked potentials (AEP) |ndex, bispectral
i ndex (BIS), d5F)dpaeg¢ambcieuinrss fcorsglendouncorBeiohsnassdurpoenickn frequency (MVF)
during consci ousness (consc) and unconsci ousness (unconsc).

Unconsc Consc AEP | ndex 37.6 (21 -
55) 60.8 (38 - 98) BI S 66.8 (40 - 94)
85.1 (56 - 98) SEF 18.7 (12.5 - 26.5) 24. 2
(16.1 - 29.1) VF 8.8 (1.7 - 13 .7) 10.9
(1.5 - 18.9) Unconsc Consc
AEP Index 37.6 (21 - 53) 60.8 (38 - 98)

BIS 66.8 (40 - 94) 85.1(56-98)

SEF 18.7(12.5 - 26.5) 242 (16.1-29.1)

MF 8.8(1.7-13.7) 109 (1.5-18.9)
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PCT/ GB97/ 02435 - 57 - TABLE 2 Val ues
of the audi tory evoked potentials (AEP) |Index, bispectral index (Bl'S),
95% spectr al 8e fq}@guency (SEF) and nedian frequency (M) »CT/EBI7ARAES
specificity any W th approxi mat eI y 85% sensitivity for consci ousness
and unconsci ousness. 57 Threshol d

|36‘35| tivity (%TAﬁQEQ‘ fV&lhésYof(t% auditory W@%r@dﬁ (AEP) Index, bispectral index ~ AEP
ndex

11‘51 85@&8}, 95% spectral %de frequency (SEF) and median frequencggb%‘r‘) with 100"/52 6
gi 0 855pecxfic1ty and valueggtszth approxxma%gy Qb% sensitivity fgr corkr)ﬁxousness mdl(i? 4
0 : 100 . 10.7 85
55 CONSOIREERgerousness. AEP | ndex 56 60
100 45 87 85
BIS - 95 14 100
75 88 80 SEE 26. 6
15 100 Threshold  Sensitivity (Ya)  Spekif@ity (%) 84
92 1\ 3-8 100
7.9 85 ynNconscious 25 WD 98/ 10701
PCT/ GB97/ 02435 - 58 -
AEP Index 37 32 100
44 85 87
BIS 55 t5 100
76 86 83
SEF 16.0 9 100
21.0 85 92
MF 1.4 0 100
10.7 85 55
CONSCIOUS
AEP Index 56 60 100
45 87 85
BIS 93 14 100
75 88 30
SEF 26.6 15 100
219 84 92
MF 13.8 18 100
79 83 a3
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We described a novel index derived fromthe auditory evoked potential, the
auditory evoked potential index, and we conpared it with |atencies and
anplitudes related to clinical signs of consciousness and unconsci ousness.
El even pati ent§, ﬁ’épﬁgu' ed for total knee replacenment under peRididhiozsss
anaest hesi a &b the study. The initial mean (SD) val ue of the
auditory evoked potential index was 7245 _(11.2). During the first period
of unconsciousness it decreased to 39. g (6.9) and returned to 66.8 (12.5)
when pati ent Suremairyed consci ousness. Thereafter, simlar val ues were
obt ai ned whenever patients | ost and regained consci ousness. Latencies and

anpl i tudes CWe”%%QnﬂeEl %%{améeﬂr e t\‘?e | Ot G-k Lok g@ﬁ "tRe a%:tltgvgl BedNa

I e
| at enci es had rea over be Ween suc €ssi v awake an

states. The BMgllﬂ aPindef ‘é%&‘)g cgﬂggr@é ltqalnth i s?}% yﬁnhlu@ £ @Eﬁatfﬁstorﬁh‘ch? 819{15 of

overl ap. The consi st ernit enDns ges the "au

evoked pot enEél%Ezon‘Q@Q(?ﬁf&HGGnsk}%uyﬁe%g ﬁéve% paﬂ%te %@{x@duﬁeﬁqbrqattaﬂf g@fr %eﬁ@“ al

awar eness durlng propor o anaest hesi a I nstea atenctes an I tudes.

KEY WORDS: ADRES sPRaI Mrae RASS LBRBLRY e RLEY Ohe xﬂﬂﬁ%ﬂan?§bﬁvai&e&qﬁélau dtory

|
Anaest nesi a. I ntravenous: Anaes?he5|a nonitoring: Awareness: Evoke

potential s: BEYAkehdrhi8Ninbad Svas Ui P ‘DURhG! thélfirsti Gl A" PeESio08hess it
Pr opof ol . WO 98/ 10701

PCT/ GB97/ 024 38creased to 39.6 (6.9) and returned to 66.8 (12.5) when patients raga@{dd-consciousness.
Introduction It has been shown that changes Iin auditory evoked potenti al

(AEP) anpl it odesaftend dimti#ncarmes weorer edtddised\elheneldrh pdegitd bt amalesiehsitea.
These changes are simlar for equi potent doses of
consciousness. Latencies and amplitudes changed in a similar fashion. From all parameters
studied. Na latencies had the greatest overlap between successive awake and asleep
states. The auditory evoked potential index and Nb {atencies had no overlap. The consistent
changes demonstrated. suggest that the auditory evoked patential index could be used as a

reliable indicator of potential awareness dunng propofol anaesthesia instead of latencies and

amplitudes.

KEY WORDS: Anaesthesia: Anaesthesia. depth of. Anaesthesia. general, Anaesinesia.
intravencus: Anaesthesia, monitoring; Awareness. Evoked patentials: Evoked potentials.

auditory; Digital signal processing; Propofol.
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enflurane [1], halothane [2], isoflurane [3], etomdate [4], Althesin [5]
and propofol [6] and are partially reversed by surgical stinmulation [7].
The main probl em associated with the use of AEPs to neasure depth of

anaesthesia is the conplexity of the required nethodol ogy. T |caII t he
raw EEG i s di WO 0 1024- 2048 epochs of 80-150 ns, aver%%‘g 90e35

di spl ayed on the conputer screen. Anpli t 88es and Iatenci es are neasured
manual |y off-line. This is acceptable in audiol ogi cat studies where the
dat a acqui sithtrodusticbnpr ocessing ti ne can be extended al nost indefinitely.

I n anaest hesi a. though it is inadequate as the condition of the patient

Fepet: tion nupBereh By Halhéods s BGhAPR Gl ra'p@%éi %aé‘ﬂug%aané@aqm
signal's (8- ]cglrelam Vv?{h’ delpﬁ'ul J:f%p\ gsétpeaa:frg{\?es%g Elnél Oar}? %lmtla for ma' I?%t g?%) slo be

Even if this coul orrre i ne, Wwe

left wt h. t %ﬂtﬁ%ﬁ?uﬁ%%hangg}gg.&:%&hg V@érﬁ:ﬂat\éqﬂuﬂig'legtnéﬁuagﬁéoﬁggg@ en

ar
anaest hesi a best 1S n Sl ngl e neric X r%lct ed

fromthe audjzhRhyrS¥RKEy A7 gggtshﬁ&@t ich provides an estimte of
anaest het i ccﬂgept%rel n a gylrrp%“e arll : V@b | e manner. Ideally. this paraneter

snoul d be edyndif pRblerPEdsocibel Witk Itree uddr AEPINS hREREALAH of BhARMEYS iRE
updated in short, clinically wuseful iIntervals. Sone aspects of the problem

were di SCUSS’.%H'lpIeQItﬁBf #dirbQiredImdMoasRBR! TypRGIly. GR laRALEE s Gididdd mﬂ”‘%’% 2048
suggested that the final index derivéd fromevoked potentials woul

probably be epobisnéf 8@ NSO Msbaidiadedl ARCEiGHayaE brathR| dobipdRs screén, mmartadéalanu
i ndex, based on the averace -double differential" of the AEP waveform was

proposed by iatesciddosiehmeasrddaminugiy oi-lifel Thik4} .actiptaiein, audivicdzbbstadi€s where

avai l able to determne its val ue.

SUBSTI TUTE ShEESta @Rylidsidd3nd processing time can be extended almost indefinitely. in anaesthesia,
though, it is inadequate, as the condition of the patient changes much more rapidly and a
faster update is required. Lower repetition numbers have been used successfully to provide
good quality signals [8-12]. However, reliable peak recognition still remains a problem. Even
if this could be performed automatically on-line, we would still be left with the problem of
determining which variable reflects depth of anaesthesia best. What is needed is a singie
numercal parameter extracted from the auditory evoked potentials, which provides an
estimate of anaesthetic depth in a simple and reliable manner. Ideally, this parametar snould
be easy to extract, reliable, not computationally intensive and updated in shon. clinically
useful intervals. Some aspects of the problem were discussed in an editoriat by Sebel and
colleagues {13]. They suggested that the final index derived from evoked potentials would
probably be a function of both latencies and amplitudes.

A numerical index, based on the average "double differential” of the AEP waveform. was
proposed by the Narthwick Park group {10.14}. However, no data are avaiiable to detarmine

its value.
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WD 98110701
PC1TGB97102435 - 61 - Using a
purpose-built system we were able to record and process the raw EEG

acquire the AEP xtract an auditory evoked potential indgxriAbgs) N
real time. Thi stﬁnggzg} eflects latencies and anplitudes of tﬁgrAEP, as

suggested by Sebel and col |l eagues. In-thkiis-report, we attenpted to conpare

t he AEPi d ith lat I es. litud d t th t i nical si

of - consci ous 1ed8 “HREREI e Re Lbe Rl et b et e By E e iadat a
bt ai ned duri ' . j . t . f. ch i

AP | ot enci e 217 Ei aH Bl o b RS R RLRF L6 e "y e YeRSss |

Commttee. T n\éEﬁ eagafraﬁewﬁp&ées‘%}wﬁés, &%‘géeéi‘éq by Bl 9&@5&@99&%@%%&%15

underwent tota pl acenent under I nal "anaest hesi a.

obt ai ned by { RS 144 -af | I =i |t
PC- based sys'?l é?t@‘%ﬁg& A%g&was fi t§§2'§“ E)&Vf/tggat {1%]?% gﬁqﬁg‘%ggi&ﬁ? arfa;\;ﬁpagéagg&?iléni te

i mpul se  r espIELsighd RcohdddusfesWiahdlufkoRstiouhdss! requency of 87 Hz. It was
then anal ysed using a proprietary algorithmwhich provided us with a

single numerical value, reflecting both anplitudes and frequencies of the
AEP, the audiRatigptsanebMetbedsti al i ndex. The AEP curves and the trend of
t he AEPi dx were di splayed on the screen. as well as saved on the hard disk

for further sdidyed dath @olrBl Gt a PrdVRUDRIRY ] GRkn dfoh¥dineV@singfdi @RhAdag it he
nor phol ogy of the AEP. It is calculated as the sumof the square root of

t he absol ut e APl GRNEIBS §1 NETME SILIR Wl YadoViiled BY QRE Sshital ERGEEL0bAmAtes ! MRe=P
waveform[12.15). Figure | shows a three-di nensional graph describing the

rel ati onshi p pagdnreeno gayd thbw deitted inforine @ ¢usseay utdengers itstaiSioied aéplsiegeat urided
t he correspondi ng AEPi dx. During the procedure. propofol was infused until
each pati ent spinattanhesthestzonsci ousness and
The AEP was obtained by averaging 256 epochs of 144 ms duration using a purpose-built
PC-based system. The AEP was filtered by a digital 35-point low-pass finite impulse
response (FIR) filter with a cut-off frequency of 87 Hz. It was then analysed using a
proprietary algorithm which provided us with a single numerical value. reflecting both
amplitudes and freguencies of the AEP, the auditory evoked potential index. The AEP curves
and the trend of the AEPidx were displayed on the screen, as well as saved an the hard disk
for further study.
The AEPidx is a mathematical derivative reflecting the morphology of the AEP. It is
caiculated as the sum of the square root of the absolute difference between every two
successive segments of the AEP waveform [12,15).
Figure 1 shows a three-dimansional graph describing the relationship between amplitude
and frequency of a sinusoidal signal and the corresponding AEPIdx.
During the procedure. propofol was infused until each patient just lost consciousness and

then the patient was allowed to racover. This was repeaied severai times. Figure 2 shows

the display of the computer scraen during the procedure. The AEP {and the corresponding
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then the patient was allowed to recover. This was repeated several tines.
Figure 2 shows the display of the conputer screen during the procedure.

The AEP (and the correspondi ng SUBSTI TUTE
SHEET ( RULE 26 WD 98110701
PCTlG|39710243§l'° 98/10701 - PCRERY 43S vias

recorded continuously. As a result we vt € able to obt al n several awake
Al ude 0Pt et Fieoms Pt Galh 25 S BRRp xR b o Rliep T Laikg anc
B\ augophb RSk AR YB RN B g 3 o i P B s ™
(two- sanpl e My ke Qﬁ@cér@@f & With ?i’ﬁeﬁ'tréspeatn)g %%Hu&)? Statgllc?a\{gnalgﬁ‘é bvgg'kaérfoqgggl et ed

t he study. The lan nunber o perio nconscl ousne

procedur e v BuldoAibfoid cShoute i COIRIE o mggg%e%' o), QR tes%é | bgIC) €S

of peaks Na. Pa and N e peak-to- pea a an a- Nb

and the AEPiI\giiral 1t RRbREmRle WikblorTamd LUfl e§ch transition from
consci ousness to unconsci ousness or from unconsci ousness to consci ousness.

These rreasurerrents are shown in Table 1 and Figure 3. FromFigure 3 it is
fairly obvi JgtesYItSit the AEPi dx fol | owed all changes in both anplitudes and
| at enci es of the AEP consistently. Before the adm nistration of any

anaest heti c,giRf Jefs cﬁﬁilplé%d(}f'!e sy AR f%aidRSuhBerof pdriodEof AR naT: 6
with the first transition from
during each procedure was 3 (range 1-6).
We compared the previously reported latencies of peaks Na. Pa and Nb with the peak-to-
peak amplitudes Na-Pa and Pa-Nb and the AEPidx at a point 2 minutes after each transition
from consciousness to unconsciousness or from unconsciousness to consciousness, These
measurements are shown in Table 1 and Figure 3.
From Figure 3 it is fairty obvious that the AEPidx followed all changes in both amplitudes and
latencies of the AEP consistently. Before the administration of any anaesthetic, the mean
value of the AEPidx was 72.5. It decreased to 39.6 with the first transition from
consciousness to unconsciousness and returned to a value slightly lower than the starting
one when the patients became conscious again. Thereafter. the same pattern was repeated
whenever the patient lost and regained consciousness.
All transitions from consciousness to unconsciousness produced statisticaily significant
changes with the exception of some Na latencies (Table 1). We also compared all variables

in pairs during consciousness (Table 2) and unconsciousness (Table 3).
Discussion

At present, AEPs are analysed mostly in terms of amplitudes and latencies of the varnous

peaks. Spectral analysis with the fast Fourier transformation (FFT) has also been used [18-
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consci ousness to unconsci ousness and returned to a value slightly | ower
than the starting one when the patients becane consci ous agai n.
Thereafter. the same pattern was repeated whenever the patient |ost and

regai ned conscigusness. Al transitions from consciousness tfwcporndss
unconsci ousnesﬁ’p’%ﬂgﬁéed statistically %i3gr_1_i ficant changes with the

exception of sone Na |l atencies (Table 1) W al so conpared all variabl es

in pairs durkng 1.0, . ' . > .
D1 sbussi on AL Hraa UREER e T oA MRS SRt g
| atenci es of &g MAndup!s peaks. Spectral analysis with the fast Fourier

transformati on " (FFT) has al so been used [ 16- WO 98/ 10701

PCl / GB97/ 0248fom a mathematical point of view, the problem can be defifed as mdgdpingt@WRYE! |
a single nunber, reflecting the norphol ogy of the AEP. is highly 3e3| rabl e

but not yet dimensibRd?vector ifte @Bna-diMdrlRARbEE. SRk Mis RfnoV bdsibiel BAalreRIcRIR Can
be defined as mapping a two- di nensional vector into a one-di nensional

space. Si ncetdchhigud, Whidh extRRESINB the refeveat fdatlRd BE the EP, Isgefliregue, whi ch
extracts only the relevant features of the AEP, is required. W observed

t hat when paWecstissrveo &at @berspatients Mes SonstibesrasRlthé aepRudes df e MEEPpeaRak@rarer e
reduced and their |atencies were increased. Those changes occurred al npost

si mul t aneousreducehahd theit litengesiwerngiinaedsed.nTHone ahangpabeemed ainGehsmqemeblsy a
measurenent that would reflect those changes could be of value. The
nunber of paehem thetsame diradiopomal! patEantsa Cobeequestly, BhmeasurssmsEno thet andd tréfect
anaest heti sed val ues depends on the variable neasured (Table 4). The

AEPi dx and t theselbhangeeeaud keefealuehe best in this respect (no overlap) and

the Na | at encX the worst (9 overlaps). This neans
The number of patients that had some overiap between the conscious and the anaesthetised

vaiues depends on the variable measured (Table 4). The AEPidx and the Nb latency were
the best in this respect (no overtap) and the Na latency the worst (9 overlaps). This means
that there was no patient who had an awake AEPidx lower than (or an awake Nb latency
greater than) an unconscious value. Obviously, the more the overlap the jess the certainty
that the variable in question can differentiate between the conscious and the anaesthetised
siate.

This is in agreement with the findings of Thornton and coileagues [22] who found that the Nb
latency was the best feature distinguishing the “three wave” AEP pattern (indicauve of light
anaesthesia) from the "two wave” pattern, which corresponded to deeper levels. Nb
latencies less than 44.5 ms were associated with a high incidence of responses and with
very light anaesthesia. They concluded that the MLAEPs raflect the change between
wakefulness and unconsciousness. However, they stated that further studies were needed
to develop pattern recognition technigues of the AEP and to allow on-line analysis if it were
to provide a clinical indicator of awareness.

The AEPidx has three main advantages over the conventional methods of descriting the

AEP in terms of latencies and amplitudes:
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that there was no patient who had an awake AEPi dx | ower than (or an awake
No | atency greater than) an unconsci ous value. Qoviously. the nore the
overlap the less the certainty that the variable in question can
differentiate between the conscious and the anaestheti sed ?ﬁ%m'&@s is
in agreement WAWWMWL findings of Thornton and col | eagues [ ¥ 3und
that the Nb latency was the best featurebdli-stinguishing the 'three wave'
AEP pattern (indicative of |ight anaesthesia) fromthe "two wave" pattern,
whi ch corre8pBfRagy tocaledaber | evels. Nb latencies |ess than 44.5 s were
associated with a high incjidence of responses and with very |ight

anaest hesi a* T'P%@a‘%ﬂﬁ%éﬂﬁﬂféﬁe PHIRfMethie (Al iBPs refl ect the change between
wakef ul ness apd unconsci ousness. However, they stated that further studies
vere needed® YRS DPNYAIMBERC Xariahln AbResCERaT NG BTN RYPRGiRSY9{dhe o
all ow on-Iline gBaI ysis if it were to provide a clinical indicator of

awar eness. TAE' AEPi dx has three main advant ages over the conventi onal

Vn\gt gg?iogg 1?16';5? %érgsl,tirr]xg té Qgte ti"ubélt:'ﬁ'lel %eattnegwa eOAcEFJi&t ge%gﬁgsprc%?gssﬁgﬁlltlavsellj'q'?a%le 1).
PCT/ GB97/ 02 I - - . — -.64 - Ter It
s easy 1o AU 18 TPLISBEN SRstEal sniieANCE At TaN SRS SPHER RAPVERL | e
. It provid ingl e nunerical variable that describes the underlying

S pBodtb al .
nor phol ogy O the AEP. It is interesting to note that the nean awake

AEPi dx becargg Wt—i@?d 8S fby { 5 &Q&H&H dibeSerd| bRy RACH
statistical s?gnl |xc§née‘,§gr?é?' %\5 ffe(ﬁﬁgdgﬁ?aa%cﬁeaﬁr%lem ual téeéa‘%?’ve efft\éc?tgil of
propof ol . other electrical theatre interference. However, these sources of potential error are eliminated

by the rigorous artefact rejection aigorithms and the low-pass filtering to which the signals

are subjected [11].
Conclusions

The auditory evoked potential index is a single numerical parameter extracted from the AEP
using a proprietary data compression algorithm, In the present study, it was shown to
change according to the patients’ state in a consistent and reproducible fashion. it has a
clear advantage over the Nb latency in the determination of awareness, since it can be
extracted from the AEP in a rapid and reproducible fashion. Mare studies are reaquirsd to
evaiuate its usefulness and. uitimately, determine whether it represents a true measure of

depth of anaesthesia.
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The AEPidx is not perfect. It is affected by nuscle and novenent artefacts,
di athernmy and other electrical theatre interference. However, these
sources of potential error are elimnated by the rigorous artefact

rejection al g%b%)@g and the lowpass filtering to which thepgfgadissasare
subj ected [11] Hcl usi ons  The audi tory evoked potenti al |ndex Is a
single nunerical paraneter extracted fremsghe AEP wusing a proprietary data
conpression algorithm In the present study, it was shown to change
accordi ng t Réfegengésents’ state in a consistent and reproduci bl e fashion.
It has a clear advantage over the Nb Iatency in the determ nation of

awar eness, sjnce.it ca e. e cte

reproduci bl e f a?ﬁ?%’ﬁm E/b?@ﬂes‘& é&{ @8“’5% rb%"?eﬁﬁgws@{?a?'ug‘?”ésl‘gs]d%!glé‘fﬂ?Fness
g? dénggtslt Egtsfgy ’.=.maesttheesxrar1I Qaeus\g\;%eglé%eéocm ! ep‘rneﬁqengrsamgte%r l:f:r?d ne%ﬁys %o%caq raudltg th
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Mean 20.0 225 21.3 23.2 217 231 213

Na (ms) SD1.4 2.0 14 1.8 1.2 1.7 1.4
=0.004 p=0.136 p=0.016 p=0.035 p=0.095 p=0.065

Mean 31.7 39.3 335 39.2 336 39.7 33.3

Pa (ms) sD10 2.1 1.2 27 24 36 33
=0.0001 p=0.0001 ©=0.001 p=0.001 p=0.004 0=0.009

Mean 42.8 57.8 446 58.9 43.9 59.1 48.3

Nb {ms}) SD16 4.4 2.1 486 3.0 59 3.1

£=0.0001 p=0.0001 p=0.0001 p=0.0002 p=0.0004 p=0.0009
Table 1 Auditory evoked potential latencies and ampiitudes and the AEPicx during

successive transitions from consciousness (CON) to unconsciousness (UNCON). Mean,

standard deviation {SD) and statistical significance (p).

Start CON 1 CON2

CON1 03084

AEPidx CON2 0.1586 0.8324
CON3 00517 0.3629 0.5620
CON1 00442

Na-Pa (1Y) CON2 00282 09156

CON3 01958 0.3843 03215
CON1  0.3387
Pa-Nb (uV) CON2 08868 04795
CON3 04279 0.8346 06867
CON1 00316

Na (ms) CON2Z 00029 0.5433
CON3 0.0580 1000 05192
CON1 0.0032

Pa {ms) CON?2 0.0248 0.9432
CON3 00793 06464 0.8936
CON 1 D 0202

Nb {ms; CON2 0.1251 0.6439

CON3 100143 0.1329 0.0814
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PCT/ US97/ 02435 . 68 -
Start UNCON 1 CONI UNCON 2 CON 2 UNCON 3 CON 3 fn=11)
(n=11) (n=11 :10) (n=10) (n=8) (n=8) pcT/cBO7/0MREN
72.5 39, 6)WO98“((?Z°_ 39. 7 65. 3 38. 9 61.8 AE%ﬁ@dx
SD 11,2 12.5 5.4 9 2 4 9.5

p=0 =0. 0001 8_ ngozzsv%n §lcglosggszg6nc§0(g§3§f &Wagsons b'%mieea tanscious ftages for Rléstpggd

(S[De(r).r ]4 V) QS‘EZIg parameters 6nderimed besaltﬂagiat%s_xémgmdlgeran%ﬁéhepg‘:tf {%?}5 —0. 0049
p=0. 0027 Mean 1.8 T

0.7 1.6 Pa- Nb SD 0.7 O_UNCON‘I UNQONZ 0.2 0.8
0.3 0.8 ([err] V) AEPidx UNCON 2 32204 0002 p=0. 0008 p=0.0012
p=0. 0021 p=0.0043 p=0.00Q3 UNCONVban  J4p467 959 3R 21.3

23.2  21.7 23. 1 Na'Paé&Ws \NE@'?‘@ 0.670&51y7 2.0 1.4
1.5 1.2 1.7 UNCDN 0.4785 Waé 004 p=0.136
p=0.016 p=0.035 p=0.095 paﬁ‘?é&“@% 3:00"'2 o Yedin 310;947 39. 3

33.5 39. 2 33.6  TETEFUn SD 1.0 2.1
1.2 2.7 2.4 ? 6 UN 3 0.5388 0.8930 p:0 0001
p=0. 0001 p=0001 p=0. 00 Bz {#Hs10- 00— NES D09 5.5702 Mean 42.8

57.8 44. 6 58.9 43.9 UNEDNI3 @i5503 0.bl2e( M5) SD 1.6
4.4 2.1 4.6 No(md. 0 UNCBNZ 1.0080 1

p=0. 0001 p=0 000 p=0. 0001 _p=0.0002 piMNATOX p- B.BOS9 Tapp®s1 Auditory

evoked pot entyal, 4 %ﬁﬂﬁél nﬁi@g\c?% Eck’%?ﬁlsmdn ehiien %Eér&ész .for%gglﬁ?sﬁgi ve

transitions fromconscl ou unconscil ousness
st andard devu@éocﬁ;%,gg@s and statistical significance (p).

Start CON 1 0.3084

AEPi dx CON 2 0. 1586 0. 8324

CON 3 0.0517 0. 3629 0. 5620 CON 1
0. 0442 —DNa-Pa_([errl\) CON 2. Q..0282 0.9156

CON 3 0. 1958 0 mdgAEqu# qyljgpa {uv) Pa-Nb (uV) Na {ms) Pa(ms) Nb(mM| 1
0. 3387 Overiap Nb (u\@ coN 2 0. §868 0?4795 0

CON 3 0. 427&‘&&%3%—0-% SéN 1
0. 0316 Table 4 Number of Natigntssin which the &WdNeZpar@m&62Ooveri@pfed 3dth the asleep
CON 3 0.0580 1000 03192 CON 1
0. 0032 values. Pa (ns) CON 2 0. 0248 0.9432

CON 3 0.0793 0. 6464 0. 8936 CON1 O
0202 Nbt s CON 2 0.1251 0. 6439

CON 3 00113 0. 1329 0. 0814
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PCT/ GB97/ 02435 - 69 - Table 2
Statistical significance (p) of conparisons between conscious states for
all studied AEP%é)ar aneters. Underlined results indicate si W/t’;]‘fb@mas

difference at YhE¥H, | evel .

UNCON 1 UNCON2 AEP; d% - UNCON 2 0.7234
UNCON 3 0. 6467 0. 8932 Na- Pa (gV) UNCON 2
0. 6700 ends for figures UNCON 3 0.4785 0. 8233
Pa- Nb ([err]V? UNC&\I 2 0. 3756

UNCON3 0.9011 0. 3947 Na (ns) UNCON 2
0.4348 Figure 1: Three-dimensional plot of the AEPidX gAYt Ampiitude (1075@B&hd frequeRey3930
Pa (ns) UNCON 2 0.5702

UNCON 3 0. 5¢87). 0. 5029 Nb (s) UNCON2
1. 0000 UNCON 3 0.7404 0. 8586

Table 3 Statistical significance (p) of conparisons between unconscious
states for HAighrest Jdlypidal ARFIRIxicece aedigpigyed on the computer screen durkiBRiuchery. ThigetPa

(uV) Pa- Nb([err]\/) Na (ns) Pa (ms) Nb (nms) Overlap 0
biood progofol concentrat:oQ is also shown (@laxly asseept 8¢ bottom of thiel
10 7 1 1 Table 4 Nunber of

patients in which ﬂcl?@nh\m{r!"%ﬁ‘a%ﬁt &scm@w%m@aqu hhe Reopstsl indysionywasies.

increased in steps until the patient lost consciousness again. At pownt D, the

propofol target was set again to zero.

Figure 3: Changes in AEP latencies and amplitudes and in the AEPidx during repeated

periods of consciousness and unconsciousness {mean and standard deviation).
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PCT/ GB97/ 02435 - 70 - Legends for
figures Figure 1: Three-dinensional plot of the AEPi dx against anplitude
(10[err]"’ éf;ﬁﬂyency (Hz). Figure 2: A typpEpbadipsiss
trace as dlsplaye on the conputer screen during surgery. Target

bl ood propofol concentration is also showil (bl ack area at the bottom of the
screen). A= unconscious, B= conscious. At point C, the propofol infusion
was increased in steps until the patient |ost consciousness
again. At point D, the
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propofol target was set again to zero. Figure 3: Changes in AEP | atencies
and anplitudes and in the AEPi dx during repeated peri ods of
consci ousness and unconsci ousness (nmean and standard devi ation).
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1. A method of calculating an index indicative of

t he met hod corgpiegadyer Subj ecting a
stinmulus, nonitoring

-78-

CLAI M5
anaest heti ¢ dept h,

patient to a repet ipcipcBoRdiaEso
audi tory evoked potentials (AEP) produced by the

patient, 5 and providing a signal certesponding to the coarseness of
t he nonitored AEP signal, and using said signal as said i ndex
i ndi cative of anaesthetic depth. 2. A nmethod as claimed in claim1l
wherein the nonitored or raw AEP signal is divided into a series of
sweeps or 10 frames of a given duration, each sweep bei ng synchroni sed
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with the repetitive audi thod as clainmed in
claim2 wherein a nunb mﬂ lu” Ill bs n are recorded I n sequence and
are averaged to eraged sweep and for the tine
averaged 15 wq wgyrﬁ £p the anaest hesia index is cal cul ated. PCTIGBY7/02455 A
method as clainmed in claim3 wherein each tine a new series of
sweeps is recorded, a new tinme averaged sweep is determned fromthe
nost recent n sweeps and the anae®3¥hesia index for that tine

aver aged sweep 2 cal cul at ed. 5. A nmethod as clainmed in any

precedi ng cl ai ein the raw AEP signal is sanpled at regul ar
intervals to 1. Apssshedecd dalpuladagAER thdmalindicativeGf A nethod as

clainmed in anhﬁﬁ@@ﬁ%tﬂﬂ: @E@tm V‘&@‘é%é&h%é compAk inddis6BY bORiQf Loarseness
rences. between_nej ouring sanple -

i s obtained by |tn
poi NL S, pBEREE 00 A SaPatitivg AP ST ARBTEPELTD & movi ng
ti me averaged swdéporhievakedspeeentsials JAEP) opraducedebyuhhe patiengf the

square rapts OEnahﬁr@\hfciﬂfge@Cglgﬁéy\f‘&ﬁr@‘éEBMdiﬂ@ 30 the cadia&RYs sanpl e
porntsrnthe;_ nai nt.ai ni ng

a
cl osed- | oop con%‘ OX%%dAi\ﬁesg%’ﬁ%%staﬁgs PRI R rr%t sﬁ@“ﬁit?\%asa& rising
suppl ying a mdexdb%‘%ﬂgi@t(}fveaﬁée%mqf@tﬂe deptt i ent, cal cul ati ng an
anaest hetic depth |nd@e(:maedt:meuh@dtﬂmecabwelfwrrateﬁ&ne Ashidreal the

present inventiQn,, ”ﬂ'aé'sélg?htlh?s"&lx&‘fde%f into a sdfl%ABRCELOGL G HePth

I ndex to regul ate t
- 79- 10 “suppripes oo he? [HiYieR SHEARIRIbs EREEI SYeRR I Ingd 8Xnakr g Sesar
a predeterm nedriitbvehe repecitive addsy Htdmullas. cal cul ating an i ndex of

anaesthetic 3, dﬂpﬁr@uh&h%sﬂéih%&&O{H”c'lﬁmgz%ﬁéﬂa’l@x‘ a0gneE&t e for 5
subjecting a patient to a E%)etltlvre audi o stinu

el ect r oencephalP8GFRBNR AYEEEFFEESr 4R P IMERTE ?’6‘% are averggeditRy to said
patient for re®rodiuag audineom@yegegkddsweep andotenttrsd tiAEPRvergged fromthe

patient,18nd CQRREbEENe anaesrmes.af Qﬁdé;@Ci%' vhigusaédh AEP signal , and for

processing 10 said P.si gngls er,at ndex naI

i ndi cative of t'He cga?gé?]e%s % ipﬁge et g‘é:‘dmAEP‘ggﬁ’rerfﬁ each El ¢ <hid i ndex
si gnal bei ng r &pvWeseRiasi ok %reepﬁelaemqrpnﬂed. a newmerregiaaed 10.
An anaest heti c swdepl YsCA8t&MindsS FeEni €itd UdisRgradcddt n swagpkedhdé Ofthe

cal cul ating an én%‘l‘%’éhgélé‘”ﬁ?é&‘%tolrctﬂgé’tﬁnfe averaged sweep

20 calculated.
5. A method as claimed in any preceding claim wherein
the raw AEP signal is sampled at regular intervals to
produce a digitised AEP signal.
6. A method as claimed in any preceding claim wherein

25 an indication of coarseness is obtained by measuring the
differences between neighbecuring sample points.
7. A method as claimed in claim 6 wherein for a moving
time averaged sweep this measure is a function of the sum
cf the square roots of the difference between every two

30 adjacent sample points in the time averaged sweep.
8. A method of maintaining closed-loop controli of an
anaesthesia depth, the method comprising supplying a
dosage of anaesthetic to a patient, calculating an
anaesthetic depth index according to the above first

35 aspect of the present invention, and using the value of
the anaesthetic depth index to regulate the anaesthetic
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supply means

a patient as clainmed in clgj | ' naest heti c
and a requl ator for recei vmm H aﬂ
havi ng recei ved a predeter Lo R sthetic depth index and said

signal, said regul ator
regul at or conpas bgigrezai d 20 I ndex signal and said predepefghdingasi gnal
and providing a control signal to said anaesthetic supply nmeans for

regul ating the supply of anaesthetic to the patient to

anaest hetic depth index at a predeterm netifs- | evel

mai ntai n the

supply to maintain the anaesthesia depth index at or near

a predetermined level.

9. A gystem for calculating an index of anaesthetic
depth, the system comprising a signal generator for

5 subjecting a patient to a repetitive audio stimulus,
electroencephalographic (EEG) recording means for
coupling to said patient for recording auditory evoked
potential (AEP) signal from the patient, and computer
means for receiving said AEP signal, and for processing

10 said AEP signals and generating an index

signal

indicative of the coarseness cf the recorded AEP signal,
said index signal being representative of the depth of

anaesthesia.

10. An anaesthetic supply control system including a

15 system for calculating an index of anaesthetic depth for
a patient as claimed in c¢laim ¢ including anaesthetic
supply means and a regulator for receiving said input
signal, said regulator having received a predetermined

anaesthetic depth index and said regulator comparing said
20 index signal and said predetermined signal and providing
a control signal to said anaesthetic supply means for
regulating the supply of anaesthetic to the patient to
maintain the anaesthetic depth index at a predetermined

level,
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