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Pe3rome

duekTpoaHnedasorpamma (I3I) mpeacrasiisieT cOO0H peruCcTpaIUio HECTAIMOHAPHOTO U HEJTMHEH-
HOTO0 3JIeKTPO(MU3NO0JOTNIECKOr0 CUTHAJIA, BOSHUKAIOIIEr0 B pedy/ibrare CUHXPOHHOTO BO30Y KIeHUs
HeHpPOHOB B Ta/JIaMOKOPTUKAIbHBIX CTPYKTYpax Mo3ara. [13-3a CI05KHOCTU OpraHua3anuu Gusnooruye-
CKUX CTPYKTYpP MO3Ta M €ro pUTMUYECKHUX KosiebaHuil npu aHaause DI 4acTo UCIOIb3YIOTCS METOIBI
CIIEKTPaJIbHOTO aHaJ/IM3a.

IIensn. IIoBBICUTH KaueCTBO KIMHUYECKOI0O MOHUTOPHUHTA HeMPO(MU3N0JI0TrnueCKUX CUTHAJIOB U MOJIy-
4uTh O0Jiee IyOOKMe IpecTaBIeHsI 00 OCHOBHBIX IPUHITUIIAX (PYHKIIMOHATBHBIX MEXaHU3MOB I'OJIOBHOTO
MO3Ta BO BpeMs aHEeCTe3UH.

MarepuaJi 1 MeTO/IbL. B TaHHOU paboTe NCII0JIE30BAIN PA3JI0KEHUE 110 IMITUPUYECKUM MogaM (PIM)
HOBBII METOJI CIIEKTPAJJIBLHOTO aHaIN3a, 0COOEHHO MOIXOASAIINH AJ1s1 HECTAIMOHAPHBIX U HEJTMHEHHBIX
curtasoB. POM u cooTBeTcTByIolIee TpeoOpa3doBanue [nnbbepra-Xyanra (anmi. HHT) pasJsaraior cur-
HaJl Ha COCTaBJIAI0IINEe BHYTPEeHHNEe MOIoBble GyHKIUYU (BM®). B nanHOM Hccae0BaHUM TPUMEHNUIN
POM njia aHanusa marrepHa «BCIbIIIKa-nogasBsaeHue» (IIBII) 939I yesioBeka BO BpeMA WHAYKIIAU
obmeit anecreauu (OA) nponodosoMm. IIBII — aTo cocTosiHMe, XapaKTepuaylolieecs MUKINIeCKUMU
W3MEHEHUSMU MKy BBIPaKeHHBIM I10JaBJIeHUEeM aKTUBHOCTHU MO3Ta U TMIIePaKTUBHBIMU BCIJIe-
CKaMH C IlepeMeHHOH IPOJo/IKUTEeIbHOCTHIO, aMIJINTY 0N U (hopMoii BosiHbI. [IBII Bo3HUKaeT nocJje
WHAYKINY TTy00KO0M 0011Ieli aHeCTe3UH, TI0CJIe BHYTPUBEHHOT'0 OOJI0OCHOTO BBEIEHUSI IIpenapara s
ob1rel aHecTe3nu. B maHHOW cTaThbe paccMarpuBaercss fuHaMuka [IBII ¢ MOMOIbI0 OTHOIIEHUS
«BCIbIIIKa-noaaBaenue» (OBII).

Pe3yuibraThl. [Ipy cpaBHeHnU cBsi3u Meskay O9I' u OBII BHyTpeHHUX Kosebanuil (auri. IME BHyTpeHHME
MOJI0BbIe (DyHKIIMH) TOKa3aIy, 4To OBII 3aBUCUT B OCHOBHOM OT ajib(a-akTUBHOCTH. OTMETU/IN Pa3HYIO CKO-
POCTh BO3BpaIlleHusl K UCXOJHOMY YpoBHIO OBII 1y11 pa3/iMyHbBIX CIEKTPaJ/IbHBbIX KOMIIOHEHTOB (IMF 1-4)
nocse ucyeanoseHus [IBIT Ha 331, uyTo cBuaeTebCTBYET 0 TOM, uTO [IBII MOsKeT 1mo-pasHoMy Hapyliarb
(pyHKIIMOHNpPOBaHNe HeVPOHHBIX FeHEPATOPOB HU3KOYACTOTHBIX OCHMLIALINHY I ¥ TaTaMOKOPTUKAIBHYIO
(pyHKIIMOHAIBHYIO CBSI3b.
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3akrrouenmue. l3yuenne [1BI1 c momorsio POM npencrasiisieT co6oit HOBYIO hopMy aHamu3a 3L, cro-
COOHYIO IPOSICHUTH HeHPo(U3nOoI0rnieckie MeXaH3MbI IAHHOTO (heHOMeHa U ero BJIMsSHUe Ha I1oce-
OIlepallMOHHBIN IIPOrHO3 COCTOSIHUSA NalleHTa.

Knrouesvie crosa: IIT; anekmpoanuedpanozpadusy; pasnodicenue no amnupuueckum mooam; HHT; npe-
oopasoeanue Turvoepma-Xyanea; nammepH «8CnulLULKA-NO0aseHUe»; 6HYymMpeHHUe M0008ble PYHKUULL
nponogpon

KoHQINKT HHTEPeCOB. ABTOPHI 3asIBJISIIOT 00 OTCYTCTBUU KOH(MJIMKTA UHTEPECOB.

Summary

The human electroencephalogram (EEG) constitutes a nonstationary, nonlinear electrophysiological signal
resulting from synchronous firing of neurons in thalamocortical structures of the brain. Due to the complexity
of the brain’s physiological structures and its rhythmic oscillations, analysis of EEG often utilises spectral anal-
ysis methods.

Aim: to improve clinical monitoring of neurophysiological signals and to further explain basic principles
of functional mechanisms in the brain during anaesthesia.

Material and methods. In this paper we used Empirical Mode decomposition (EMD), a novel spectral anal-
ysis method especially suited for nonstationary and nonlinear signals. EMD and the related Hilbert-Huang
Transform (HHT) decompose signal into constituent Intrinsic Mode Functions (IMFs). In this study we applied
EMD to analyse burst-suppression (BS) in the human EEG during induction of general anaesthesia (GA) with
propofol. BS is a state characterised by cyclic changes between significant depression of brain activity and
hyper-active bursts with variable duration, amplitude, and waveform shape. BS arises after induction into
deep general anaesthesia after an intravenous bolus of general anaesthetics. Here we studied the behaviour
of BS using the burst-suppression ratio (BSR).

Results. Comparing correlations between EEG and IMF BSRs, we determined BSR was driven mainly by
alpha activity. BSRs for different spectral components (IMFs 1-4) showed differing rates of return to baseline
after the end of BS in EEG, indicating BS might differentially impair neural generators of low-frequency EEG
oscillations and thalamocortical functional connectivity.

Conclusion. Studying BS using EMD represents a novel form of analysis with the potential to elucidate
neurophysiological mechanisms of this state and its impact on post-operative patient prognosis.

Keywords: EEG; EMD; HHT; Burst-Suppression; Intrinsic Mode Functions; Propofol
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BBenenue

HecMoTpss Ha MmIMpPOKOE MOBCeJHEBHOE
UCIoJb30BaHue 0011el anecte3un (OA) B mpak-
THUKe, Hallle TTOHUMaHue Helpoduauooruye-
CKUX OCOOEHHOCTEH ee MeXaHHM3MOB BCeE eIle
ocTaeTcsi HeMOJTHBIM [1]. OTHUM U3 MepCcHeKTUB-
HBIX UICTOYHHUKOB MH(OpMaIuu 06 3TOM COCTOSI-
HUM SIBJIsIETCS djeKkTpoaHedasorpamma (33I)
1 ee oOpaboTaHHbIN aHau3. OOIee MoBegeHE
curtasa 31" Bo Bpemsa OA MOKHO OIIMCATh KaK
3aMejJieHHe CUTHAJIa B CTOPOHY IIpeobJaganus
HHU3KO0YaCTOTHBIX (<4 I'll) KoJiebaHUi ¢ MOsIBJIE-
HHUEeM II00aJbHBIX MeIJIEHHBIX BOJIH CO BCeH
IIOBEPXHOCTU I'OJIOBHI [2—4].

ITporiogos — HauboJIee YaCTO UCIOJIb3Ye-
MBI OOIMUA aHECTETHK, INPUMEHSEMBIA s
unaykiuu OA. Bo BpeMmsi GostocHo# nnayknmuu OA
npornogoaoM KJIUHUYECKU YaCTO JOCTUTAETCS
TPaH3UTOPHOE COCTOSIHUE O4YeHb IITyOOKON aHe-
CTe3UH, KOTOPOe MPOSIBJISETCS B BUAE OBICTPOTO
3amenJsieHrs puTMoB 3! € Moc/IenyoIyuM OTHO-
CUTEJIbHO OBICTPHIM HACTYILJIEHHEM (papMaKoJIio-
rAYeCKU MHIYIUPOBAaHHOTO [IaTTepHA «BCIbIIIKA-
nogaBjienue» (IIBII), puasamerocas HECKOJBKO

Introduction

Despite the everyday use of general anaesthe-
sia (GA) in the clinic, our understanding of the neu-
rophysiological details of anaesthetic mechanisms
still remains incomplete [1]. One of the promising
sources of information about this state is the elec-
troencephalogram (EEG) and its processed analy-
sis. The generic behaviour of EEG signal during GA
can be described as a slowing of the signal towards
low-frequency (<4Hz) oscillations with appearance
of global slow waves across the scalp [2—4 ].

Propofol is the most commonly used general
anaesthetic, included during the induction of GA.
During a propofol bolus GA induction it is clinically
common to reach a transient state of very deep
anaesthesia, which manifests as a rapid slowing of
EEG rhythms followed by a relatively fast onset of a
pharmacologically-induced burst-suppression (BS)
lasting for several minutes. This state is charac-
terised by cyclical transitions between significant
depression of brain activity (suppression) and
bursts of increased activity with variable amplitude,
duration, and waveform shape. It is standard prac-
tise to consider a recording as undergoing BS if
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MHHYT. ITOT (DEHOMEH XapaKTepU3yeTcsl [UKJIU-
YEeCKUMU IIepexofaMy MeyK 1y BbIPasKeHHBIM yrHe-
TEHUEeM aKTHUBHOCTH MoO3ra (IomaBJjIeHHuEM) U
BCILJIECKAaMH ITOBBIIIEHHON aKTUBHOCTH (BCIIBIIII-
Ka) C IepeMeHHON aMIJIUTYI0H, IPOJOJIsKUTEb-
HOCTbIO U (popmoi BosIHBL. COIVIaCHO CTaHIApT-
HOU npakTuke, ¢peHomeH [IBIl quarHocTupyior,
ecau 6oJjiee 50% 3amucu HOTeHIMaaoB Ha JIT
IIOJaBJICHO OTHEJIbHBbIMH BCIJIECKAMU JJINTEJIb-
HocThIo 0,5-30 c. [Ipu manbHeleM yrrybaeHun
OA nabJuroiaeTcs yayimHeHne (a3 mojgaBaeHus ¢
YMEHBIIIEHUEM YaCTOTHI BCIIJIECKOB, YTO B KOHEY-
HOM UTOTe OIPUBOJUT K U303JIeKTpUudecKoil 3T,
TaK Ha3bIBAEMOMY «M3039JIEKTPUYECKOMY MOJI4a-
HUIO» [5]. B KIMHUYECKOU IpakKTUKe, OIHAKO,
HepeIKo Tocye HeCKOMbKuX MuHYT [IBIT HAOTIO0-
JlaeTcsi BbIMbIBaHMe 3 eKrToB nmpomnodosia u BO3-
BpareHue K ryookoi OA ¢ MeJJIeHHBIMU pUTMa-
Mu I3[, HeOOXOAMMBIMHU [JII TIPOBEIEHUS
onepanuu. B atom cirydae I1BIT orpaskaet HeoOxo-
JTUMOCTB OBICTPOM U TOCTATOYHO TTyOOKON MHTYK-
i OA ny1s obeciedeHnss 6€30MMaCHOCTH JbIXa-
TEeJBHBIX TMIyTell TpPW HWHTYOAIUM Tpaxew.
KosmuecTBo BBOAMMOT0 aHECTETHKA ITOI0NPAETCS
CTPOTO MHAUBUIYaJbHO, UCXOAA U3 I10J1a, BO3pac-
Ta, pOCTa 1 Beca NaleHTa, C y4eTOM COITyTCTBYIO-
mUX 3a00JIeBaHUN W TEKYIIETO KJIMHUYECKOTO
COCTOSTHUSI — XOTsI 4Yallle BCero 0e3 IMPOBEpPKH
AKTUBHOCTHU CaMOro Mo3ra [6]. YnucThle onuOnuIbI
He ciocoOHBI BBI3BIBATh [IBII maske B BBICOKHX
J103aX, JIUIIIb B COYETAHNHU C APYTAMU BellleCTBaMU
OHU OKa3bIBAIOT aJIUTUBHBIN 3(p(EKT, BHI3bIBASI
OA. OHH CHOCOOCTBYIOT 00IIEMY 3aMemJIEeHUIO
put™MOB I3I ipu OA U OKa3bIBAIOT 10303aBUCH-
™Mbl apdert Ha [IBII. OOBIYHO MCIIOJIB3yEeMbIE
HU3KWE aHaJbleTUYEeCKHe I03bl OIHNOUIOB BO
BpeMs nHAYKIIH OA 0Ka3bIBAIOT cJ1ad0€e BJIUSTHIE
Ha putMbl III' 1 mosasaenue I1BII [7]. [lossBiieHne
[1BIT vHa nonnepskuBarolem aramne OA, T.e. OT Ha4a-
Ja JO KOHIla XWPYPru4eCcKOoro BMeIlaTesbCTBa,
COIIPOBOKIACTCSA YXyALLIEHUEM II0C/IeONepalioH-
HOTO MPOTHO3a W OOJIBITIEH YacCTOTON Pa3BUTHSA
TeJIUPHS, XOTA TOAPOOHOCTH 3TOHM B3aUMOCBSI3HU U
€e MeXaHM3MBbI 0CTal0TCs HeACHBIMU. [I0o crux nmop
He OBLIO JOKAa3aHO, YTO MOSBJEHWE OOBIYHOTO
KparkoBpeMeHHOT0 I1BII Bo Bpems naayknun OA
OKa3bIBAET ITATOJIOTUYECKOE BJIVAHNE Ha NTACH-
TOB, a poJib UHTpaomneparuonuoro [1BII Tpebyer
AKTUBHOIO U3y4yeHusd [8-11].

ITpeo6pasoBanme ['mibOepra—XyaHra (aHe.
HHT) — aT0 HOBBII METO/I CIEKTPAIBHOTO Pa3Jio-
SKEHUs [IJIs1 00pabOTKY 1 aHaIM3a HeJTMHEeWHBIX U
HeCTaMOHAPHBIX CUTHAJIOB, K KOTOPBIM OTHOCHUT-
cs1 1 L. OHO cTOCOOHO 0OBSCHUTH CYTh TPOIIEC-
COB, TCHEPUPYIOIINX 3JIEKTPUUECKYIO aKTUBHOCTD
MO3Ta, JIy4llle, YeM TPaaulIMOHHbIEe METOIbI, OCHO-
BaHHbIe Ha TpeoOpa3doBanun dyprwe [12-14]. HHT
COCTOMT U3 JIByX YacTel, pa3JIosKeHuUs [10 SMIINPHU-

4yeckuM MojaMm (POM, nnpenmeT HaIIero Uccaeo-

more than 50% of it is suppressed with individual
bursts lasting 0.5-30s. In case of further deepening
of GA, we observe lengthening of suppression
phases with a lowered frequency of bursts, eventu-
ally leading to isoelectric EEG, so called «isoelectric
silence» [5]. In clinical practice, it is however com-
mon after a few minutes of BS to observe a washout
of propofol effects and a return to deep GA with
slow EEG rhythms required for performing surgery.
In this case, BS mirrors the need for a rapid and suf-
ficiently deep induction of GA for ensuring safety
of the respiratory tract by intubation. The amount
of anaesthetic delivered is strictly chosen individu-
ally based on patient’s sex, age, height, and weight,
considering related diseased and the patient’s cur-
rent clinical state — though most often without
checking brain activity itself [6]. Pure opioids are
unable to induce BS even at high doses, only to-
gether with other substances do they have an addi-
tive effect in inducing GA. They contribute to gen-
eral slowing of EEG rhythms in GA, and have a
dose-dependent effect on BS. Commonly used low
analgesic doses of opioids during GA induction
have alow impact on EEG rhythms and appearance
of BS [7]. The appearance of BS during mainte-
nance of GA, i.e. from the start to the end of the sur-
gical intervention, has been linked to worse post-
operative prognosis and higher incidence of
delirium, though details of this relationship and its
mechanisms remain unresolved. Common short-
term BS during induction of GA has so far not been
shown to have a pathological influence on pa-
tience, and its relationship to intraoperative BS re-
mains an active field of study [8-11].

The Hilbert-Huang Transform (HHT) is a
novel spectral decomposition method for process-
ing and analysis of nonlinear and nonstationary
signals such as the EEG. It has the potential to ex-
plicate generators of brain activity further than tra-
ditional methods based on the Fourier Trans-
form [12-14]. HHT consists of two parts, Empirical
Mode Decomposition (EMD, the subject of our
study) and the Hilbert Spectrum, a distribution of
energy in the time-frequency domain based on the
Hilbert Transform. EMD decomposes analysed sig-
nal into Intrinsic Mode Functions (IMFs), which are
based on local properties of the signal. This allows
for a physically meaningful definition of instanta-
neous frequency and removes the need for using
harmonic functions to represent nonlinear and
nonstationary signals unlike the Short-time Fourier
Transform.

Empirical Mode Decomposition. Empirical
Mode Decomposition (EMD) is a novel method for
decomposing nonstationary and nonlinear signals
(e. g. EEG) into Intrinsic Mode Functions [12]. It has
been described elsewhere, but in short it is a data-
driven method that resolves different spectral com-
ponents based on extrema detection [15].
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BaHUSA) U crneKkTpa [mabbeprta, pacupeneseHus
9HEPTUU BO BPEMEHHO-YaCTOTHOI 006JacTh Ha
oCHOBe mpeoOpasoBanus [nabbepTa.

OMP pasjaraeTr aHaIU3UpPyeMbIl CUTHAJ Ha
BHYTpPEHHME K0JIe0aHUs, UJIX MOIOBbIE (DYHKIINHI
(anen. IMF), KoTOpBlEe OCHOBAHBI HA JIOKAJIbHBIX
CBOMCTBAxX CUTHAJIA. ATO MO3BOJISIET IaTh (hrusnve-
CKU 3HAYUMOE OTIpeJiesieHe MTHOBEHHOM YaCTOThI
¥ yCTpaHsieT He0OXOIUMOCTh MCIIOTh30BAHMUSA rap-
MOHMYECKUX (PYHKIUHN U151 IpeACTaBJIEeHUs HeJIN-
HEeWHBIX U HeCTAIIMOHAPHBIX CUTHAJIOB B OTJIAYME
OT KpaTKOBPEMEHHOTO0 npeoOpasoBanus dypee.

PaznoxxkeHne mo IMONHUPHUYECKUM MOJaM.
Pazmoskenune mo smnupudyeckum mopam (PAM,
anesa. Empirical Mode Decomposition, EMD) —
9TO HOBBIY METO]T pa3JIOsKeHM I HeCTAIlMOHAPHBIX
U HeJUHEUHBIX CUTHaJ/JA0B (Hampumep, I3I') Ha
BHYTpPeHHUEe MoJ0BbIe pyHKINY [12]. OH moapob-
Hee OIIMCaH B IPYIruX UCTOYHMKAX, HO BKparTIe
XapaKTepu3yeTcsi Kak MeTOll, OCHOBAaHHBIU Ha
00paboTKe MaHHBIX, TO3BOJISTIONIHNI Pa3JIOKUTH
pasJInYHbIe CIEKTPaJbHbIE KOMIOHEHTHI B COOT-
BETCTBUY C 0OHAPY;KEHHBIMH 9KCTPEMAJIbHBIMU
3HadyeHusaMH [15].

OpurnHa/IbHBIN anroputMm POM yacto cTpa-
JTaeT OT TaK Ha3bIBaeMOU TP0OIeMBI CMEIITUBAHUST
MOJ IpY IIPUMEHEHNH K peaJsibHbIM TaHHbIM [16,
17]. 9ta mpobsieMa BOSHUKAET ITPU HAJTUYWH ITepe-
XOOHBIX KOJIeOAaHWH, KOTHa pachpeneseHue
JIOKAQJIbHBIX 9KCTPEMyMOB MEHSAETCA B Pa3HBIX
4acTax curHasa. CMmelnreHwe MOJ YCJIOKHSAET
WHTEPIIpEeTaluIo U aHAIN3 Pa3JI0yKeHNUA BHYTPEH-
HUX KOJIeOaHUH, T03TOMY OBLITH ITPEJI0sKEHBI YCO-
BEPIIEHCTBOBAHUSI OPUTWHAJBHOTO aJTOPUTMA
POM. K HuM orHOCcHaTca aHcamOJeBblii POM
(APOM) u Mmackupyouuit POM (MP3M). 3t
METOJIbl OCHOBaHbI Ha BBEAEHNH JOIIOJHUTEIHHO-
I'0 CUI'HaJIa B UCXONHYIO 3aIIUCh Ilepe] IPOLeCCOM
npocenBaHus (0esbrii mym 1uist APOM, 3apanee
onpenesieHHble cuaycouasl B MPOM). Ilpu aTom
OPOUCXOOUT HOPMaJAW3alvs paclpeeaeHns
4aCTOT 9KCTPEMYMOB I10 CUTHAJLY, YTO IIPUBOIUT K
YMEHBIICHHUIO CMELINBAHUA MOJ,.

MarepuaJ 1 MeTObI

B maHHOM HCC/IeqOBaHNY IPOBEJIN PErUCTPALIUIO
99T y 39 manueHTOB, HaXOIAIINXCA IO HAPKO30M, U
NpPUMEHUJIN Pa3JIoKeHHe M0 SMIHUPUYECKUM MOAaM
(POM) k 3anmcsam 30 nmaruenToB c [1BIT (15 skeHIMH 1
15 My>K4UH, CpeTHUU Bo3pacT 62 roaa). JlaHHbIe UCTIbI-
TyeMBbIX OBLJIH 3aITMCaHbI B paMKax ucciaenoBanuss APVV
(«YpOoBeHb CO3HAHUA U €r0 N3MEeHeHUsI BO BpeMs aHe-
CTe3UM B TOPAKaJILHOU Xupyprun») (APVV-0223-12) B
paMKax MeXIUCIUIIJINHAPHOTO UCCJIeN0BATEIbCKOIO
MIPOeKTa ATEHTCTBA I10 IMPOJBUKEHUIO NCCIIETOBAHUN U
pa3paboTok C y4acTueM KJIUHUKUA aHECTE3WOJIOTHH U
WHTEHCUBHOU MeTUIMHBI, U KJIMHUKHU TOPAKATLHOU XU -
PYPTHU¥ YHUBEPCUTETCKOM OOJIBHUIILI MapTUHA, U Me-
IUIUHCKUM (aryasreToM EceHmyca YHHUBepcurera
nmenu KomeHnckoro B Bparuciase. MicbITyeMbIM OBLI

The original EMD algorithm often suffers from
the so-called mode mixing problem when applied
to real data [16, 17]. This problem occurs in pres-
ence of transient oscillations, where the distribu-
tion of local extrema varies in different parts of the
signal. Mode mixing complicates interpretation
and analysis of the IMF decomposition, hence im-
provements to the original EMD algorithm have
been proposed. These include ensemble EMD
(EEMD) and masking EMD (MEMD). These meth-
ods are based on injecting an additional signal into
the original recording before the sifting process
(white noise for EEMD, pre-defined sinusoids in
MEMD). This normalises the distribution of ex-
trema rates across the signal, which leads to low-
ered mode mixing.

Materials and Methods

In this study, we measured EEG in 39 anaesthetised
patients and applied Empirical Mode Decomposition
(EMD) on recordings from 30 patients showing burst-
suppression (15 women and 15 men, average age 62
years). The subjects were recorded as part of the AAPV
study — «Level of consciousness and its changes during
anaesthesia in thoracic surgery» (APVV-0223-12), as a
part of the joint interdisciplinary research project of the
Agency for the Advancement of Research and Develop-
ment between the Clinic of Anaesthesiology and Inten-
sive Medicine and the Clinic Thoracic Surgery of Univer-
sity Hospital Martin and the Jessenius Faculty of
Medicine in Comenius University Bratislava. The sub-
jects underwent a spectrum of selective diagnostic and
therapeutic thoracic surgeries (e.g. diagnostic biopsy,
bilobectomy, dual chamber interventions). As part of the
APVV project all surgical interventions shared the use of
thoracotomy, i. e. an intervention with an «open chest»
with the need for single-sided lung ventilation (One Lung
Ventilation — OLV). Given the nature of the surgery, the
recorded subjects were under deep general anaesthesia
(GA) with a high need for analgesics and muscle relax-
ants. The administration of GA was exclusively done by a
practicing anaesthesiologist and underwent in a stan-
dard manner according to local conventions. A specific
use and dosing of drugs was chosen by the anaesthesiol-
ogist given their clinical abilities and experience, includ-
ing the current clinical condition of the patient and the
course of the operation.

Patients arrived in the operating theatre without
pre-surgical morning premedication. Induction of GA
began after fitting of the EEG cap. Initially, patients were
given intravenous analgesia with a sufentanil bolus
(dose: 0.15 ng/kg). This was followed by an intravenous
propofol anaesthetic bolus (dose: 2-2.5mg/kg) together
with an intravenous muscle relaxant. After GA induction
confirmed by a deep unconsciousness without reactions
to a painful stimulus and complete muscle relaxation,
orotracheal intubation was performed and the surgical
procedure began.

Patients were excluded if they suffered head injuries
leading to loss of consciousness, were addicted to alcohol
or medication, they were known to have poor or non-stan-
dard tolerance of anaesthesia, they had known neurolog-
ical or psychiatric conditions, or they were currently using
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IpoOBEeOEH CIIEKTP CEJEKTHUBHBIX TUATrHOCTUYECKUX U
Jie4eOHBIX TOpPaKaJIbHBIX BMEIIATeIbCTB (HAIpUMeED,
MUarHOCTUYeCKasi OMOTICHsI, TBYCTOPOHHSS JIOOIKTO-
MUA, UMIIAHTAIUA JIBYXKAMEPHOT'0 NCKYCCTBEHHOTO
BOAWTEJISI pUTMA).

B pamkax npoexta APVV n1pu Bcex XUpypru4ecKux
BMelllaTe/IbCTBAX UCII0Ib30BAIACh TOPAKOTOMHUS], T. €.
BMeEIIATEIbCTBA IPOBOJUINUCH C «OTKPBITOU TI'PYTHOU
KJIETKOU» ITPY HEOOXOAUMOCTH OHOJIETOYHOUN BEHTH-
asanuu (OJIB). YuuTeiBas xapaKTep onepanuu, uccjie-
JlyeMble HaxOIUJTUCh IO TTyOOKOM 00IIel aHecTe3nen
(OA) ¢ BBICOKO# MMOTPEeOHOCTHIO B aHAIBIE€TUKAX U MbI-
IIeYHBbIX peJiakcaHTax. Beegenune B OA ocylecTBJIsA-
JIOCh MCKJIIOUUTEJbHO OIBITHBIM aHECTe3HOJO0IOM U
TIPOXOJMJIO CTAaHJAPTHBIM 00pPa30M B COOTBETCTBHH C
MECTHBIMU IIPOTOKOJIaMU. BonIpoc NpuMeHeHusI KOH-
KPeTHOrO IIperapara 1 ero JO3UpPOBKU pelllajl aHecTe-
3M0JIOT C y4€TOM CBOUX KJIIMHUYECKUX BO3MOKHOCTEH U
OIIBITA, @ TAKKe TeKYIero KIMHUYeCKOI0 COCTOSIHUS
naiyeHTa 1 Xofa olepaluu.

ITanyeHThI IOCTYIIAIN B OIIEPAIOHHYIO Oe3 mpe/t-
omnepanyoHHON yTpeHHel npemenukanuu. Mamykims OA
HaYMHAJIACh IOCJIe HaJleBaHUsI KOMILJIeKca I -1aTYuKOB
Ha rosioBy. CHa4aJs1a IaliieHThI IT0JTy4a/Ii BHyTPUBEHHYIO
aHaJITe3UIO C IIOMOIIIBIO HoJTIoca cydeHTanuIa (B Jo3e
0,15 MKT/KT). 3aTeM BBOJUJICSI BHYTPUBEHHO OOJIIOCHO
AHECTEeTHK IporodoJ (B 1o3e 2-2,5 Mr/Kr) BMecTe C MbI-
IIEYHBIM PeJIaKCaHTOM BHYTPUBEHHO. Ilocie mHIyKnnm
OA, ToaTBEP:KAEHHON [IYOOKOH yTpaToi CO3HAHUA 0e3
peakinu Ha 60JIeBbIe Pa3ApPasKUTENN U MOJTHBIM pac-
cabJieHreM MBI, BBITIOJTHAIACH OpOTpaxeabHasI MH-
TyOanysi 1 HAYMHAIOCh XUPYPTUYEeCKOE BMEIIaTe /IbCTBO.

[TaneHTOB UCK/IIOYAJIN U3 UCCIe0BAHNUs, €CIU Y
HUX OBLIN TPaBMBbI I'OJIOBBI, COIPOBOMKOAaBIINECA I1OTE-
pell co3HaHus, IPU HAJIWYUU AJKOTOJBHOU WU Jie-
KapCTBeHHOfI 3daBUCHUMOCTH, ITPU HAJINYMU B aHAMHE3¢€
CBeJeHUI O MJIOXOU MJIU HECTAHIAPTHOU IIEPEHOCUMO-
CTU aHeCTe3nH, ITPU HaJIMInunu yKaSaHI/IfI Ha HEBPOJIOTH -
YecKue WIH IICUXAaTprIecKre 3a00IeBaHus, NN IPHU
yIIoTpeb/IeHIH IICHXOTPOIHBIX IIPeIIapaToB B HACTOsIIee
BpeMs. Bo Bcex ciydasax namnyeHThl 1aBajad NIUCbMEHHOe
coryiacue Ha IPOBeJIeHNe NCCIIeJOBaHMsI, KOTOpOe 0100-
PEHO 3THYeCKUM KOMUATETOM B paMKax IpoekTa APVV.

HaIlI/IeHTaM, IIOATOTOBJIEHHBIM K OIl€epanyy 1 1aB-
IIIMM IIMCBMEHHOE COWIacue, 3anucbiBanu 31" ¢ momo-
mbIo TporpaMMHoOro obecrnedenus Neuron Spectrum
AM (Neurosoft), ucrosibadyemoro jiist 3anucu 31 u 1mo-
aucomHorpadmuu. Ilepen oneparuei KaskaoMy Iaim-
€HTY HaJleBaJId KOMILJIEKT 9JIEKTPOJOB (DJI-1mamno4dka c
19 auieKTpozamMu, pacoJIOKEeHHBIMY Ha KOKe I'0JI0BbI B
COOTBETCTBMU CO CTAaHIAPTU3UPOBAHHON cucTeMoi 10-
20 u ycpegHeHHbIMU HopMaTuBamu). KOHKpeTHBI! pas-
Mep LIAIlOYKHU [JIs [TaljieHTa ollpeeJisiu IlyTeM u3Me-
peHUsl OKPY’KHOCTHU TOJIOBBI C IIOMOIIBIO PYJIE€TKU U
HCIIOJIF30BAHUSA Ta0OINIIBI PAa3MEePOB IIPOU3BOIUTEJIA.
[Tarrouka I3I" mJI0THO ITpuUJIerasna K rojioBe NayeHTa,
a Ha KaKIbIN as1ekTpoy I3 moMeniaau mpoBOgAIINi
rejgb JIjs oOecledyeHHs ITONXOISAIEro HMIIeranca
MEYKIY 9JIEKTPOIOM U KO3Kell roJIOBBI. FiMIiegaHc aJlek-
TPOJOB BO BpeMs IIPOLeNyphI He npeBbiman 25 kKOm.
Heob6paborannble 3anycu cocTosiia 13 391 B IIMPOKOM
YaCTOTHOM JMana3oHe C HUKHel rpaHuliel, onpeje-
JsieMOo¥l MeyIeHHbIMU naperdamu okoso 0,5-1 T, u
BepxHell rpanuneid HalikBucra oT UCII0JIB3yeMOH 4a-
croTbl nuckperudanuu 500 I'n. 33 HenpepbIBHO 3amnu-

psychotropic drugs. In all cases patients gave written con-
sent to the study and the research study was approved by
an ethics committee as part of the APVV project.

Patients who underwent surgery and gave written
consent had their EEG recorded using the Neuron Spec-
trum AM recording software (Neurosoft), used for record-
ing EEG and polysomnography. Before the operation,
each patient was fitted an EEG cap with 19 electrodes
placed on the scalp (not intracranially) according to the
standardised 10-20 system, referenced to the average
montage. The specific cap size for a patient was deter-
mined by measuring their head circumference with a tape
measure and using the manufacturer’s sizing table. EEG
cap was tightly fitted to the patient’s head and conductive
gel was put into each EEG electrode to ensure suitable im-
pedance between the electrode and the scalp. Electrode
impedance during the procedure did not exceed 25 kQ.
The raw recording collected consisted of EEG in a wide
frequency band with a lower bound determined by slow
drifts around 0.5-1Hz and an upper Nyquist bound from
the sampling frequency of 500 Hz used. EEG was contin-
uously recorded during the operation including the in-
duction to GA and surgery. EEG recording was stopped
after the end of surgery and after emergence from GA. The
EEG cap was removed just after extubation when the pa-
tient was spontaneously breathing and responsive to ver-
bal stimulus. Further markers were inserted into the EEG
recording to note intravenous medications administered,
their dose, and time of administration.

Pre-processing and analysis of EEG data. For
archiving, viewing, and filtering raw EEG data we used
the Neuron Spectrum.NET software (Neurosoft), which
includes tools for EEG spectral analysis. Recorded EEG
was visually checked, and artefacts were manually re-
moved after consulting with an experienced neurologist.
For EMD analysis we re-referenced the data to Cz and
used the Fz electrode for further analysis. This way large
artefacts affecting most of the scalp due to the surgical
environment were reduced. EEG data was further filtered
to remove line noise, muscle artefacts, ECG artefacts, and
breathing artefacts. Further analysis was done in a cus-
tom script using Python 3.6. Data was first filtered by a
Finite Impulse Response (FIR) bandpass filter in the 0.5-
35Hz band using the open-source Python MNE pack-
age [21]. The Hamming FIR window was used to suppress
edge effects and increase computational stability. After-
wards data were resampled to 100 Hz and EMD analysis
was done with the Python emd module [22, 23].

In order to reduce mode mixing, masked EMD with
masking frequencies 14-7-2.5-0.5-0.2 Hz was per-
formed. Masking frequencies were chosen by an experi-
enced EMD researcher to best represent the dominant
alpha-delta nature of brain activity after administering
propofol. It is important to note that whilst these masks
reduce mode mixing, they do not impose tight band-
width limits on spectral components unlike standard
Fourier analysis. Maximum number of IMFs was set to
N=5 and the first four IMF1-IMF4) were used for further
analysis. Burst-suppression pattern was quantified with
the Burst-Suppression Ratio [24, 25]. EEG was defined as
suppressed if its absolute value was under 51V for longer
than 0.5s. To enable direct comparison between BSR val-
ues obtained from IMFs and the EEG, a section of the
IMF was considered suppressed if its amplitude was
under 40% of the standard deviation of that IMF for at
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CBIBAJIM BO BpeMs BMelIaTeJbCTBA, B TOM 4HUCJe — B
TeyeHUe nepuoga nHaykuu OA u caMoii onepanuu. 3a-
nuck I mpekpalaayu nocjie OKOHYAHUSA ONlepanuy U
Bbixoa u3d OA. [Hlanouky I3I' cHuMaam cpasy nocije
9KCTyOaIlNM Tpaxeu P CIIOHTAHHOM JbIXaHHUH U pea-
TUpPOBAHNM Ha BepOajbHBIE CTUMYJBL. B 3ammce 33T
BHOCUJIU JOIIOJTHUTEJIbHble MapKepbl MOMEHTOB BHYT-
PUBEHHOI'O BBeJeHUsA JIEKapCTB C YKa3aHueM Iipelna-
para, 103bl U BpEMEHU BBeJJeHUA.

IIpenBapuresbHast 00paboOTKa M aHAJU3 JaH-
HbIX JII. /I71a apxuBUpoOBaHUs, IPOCMOTPA U PUJIBT-
pamuy Heo6paboTaHHBIX JaHHBIX I MCIIOIB30BAIHN
nporpamMmy Neuron Spectrum.NET (Neurosoft), koro-
pas BKJIIOYaeT UHCTPYMEHTBHI ISl CIIEKTPAJIbHOIO aHa-
aunaa AL, 3anucek I3[ npoBepsAan BU3yas bHO, a apTe-
dakTel ynansau BPY4YHYIO IIOCJIe KOHCYJIBTAIIUU C
OIIBITHBIM HEBPOJIOroM. [|j1a ananuaa POM gannble no-
BTOPHO «IIpUBsA3bIBAIN» K Cz, a A1 AaJbHeNIIero aHa-
JIN3a WCTIOJb30BaJM 3JjieKTpona Fz. TakuMm obpa3om
OBITM YMEHBIIIEHBI CyIIeCTBEHHbIE apTe(aKThI, IOJTy-
YeHHBIE ¢ OOJIBbIIeH YacTH KOKY TOJIOBBI B YCJIOBUSX
XUPYPTrU4eCcKOro BMenareabcrsa. Jlanasie 331 qomoJ-
HUTEJIbHO OT(MUJIETPOBAIN IS yoaJIeHUs JIMHEeHOTO
1IyMa, MbIIIeYHbIX apTedakToB, apredarros IKI u ap-
TedaKTOB IbIxaHUs. [laTbHeNIITNi aHa U3 IPOBOANIIN
B [10J1b30BaTEJbCKOM CIleHapUHU C UCIOJb30BaHUEM
Python 3.6. CHauyaJsa jaHHble OTHUIBTPOBAJIH IT0JIOCO-
BbIM (pUJBTPOM C KOHEUHOW UMITYJIbCHOU XapaKTepu-
ctukou (FIR) B gmamasone 0,5-35 ', ¢ MCITOJI30Ba-
HueM nakera MNE u3 Python 1 OTKpBITBIM UCXOZHBIM
KonoM [21]. [I1s1 momaB/ieHus1 KpaeBbIX 9(p(eKToB U 1mo-
BBIIIEHNS CTA0MIBHOCTH BEIYMCIEHUH NCII0TH30BaIH
FIR-oxHO XaMMuHTra. 3aTeM JaHHBIE ITIepeCKPEeTU3N -
posasm 1o 100 'y, m mpoBesit POM-aHanna ¢ MoMOIIbI0
monysst Python emd [22, 23].

JIJ1s1 TOTO 9TOOBI YMEHBIIUTEL CMEIIEeHNE PeskU-
MOB, IPOBOJUJIA MacKMpoBaHHoe POM ¢ mMackupylo-
mymMu yacroramu 14-7-2,5-0,5-0,2 I'm. Mackupyromue
YacTOTHI OB BEIOPAHBI ONBITHBIM CIIEIHAINCTOM IO
POM 1151 onITUMaJIBHOTO IIPECTaBJIEHUSI JOMUHUAPYIO-
e ajnbga-aesasra IpUPoIbl AKTUBHOCTU MO3Ta I10CJIe
BBeJleHus1 IponodoJia. BayKHO OTMETUTh, YTO XOTA 9TU
MacCKU yMEHBIIIAIOT CMellleHre MOJ], OHU He HaKJ/IaJbl-
BAIOT YKeCTKUX OTPAaHUYEeHU Ha I10JI0CY IPOIyCKaHUS
CIIEKTPaJIbHBIX KOMIIOHEHTOB B OTJIMYMeE OT CTaHAApT-
"Horo dypbe-aHanusa. MakcuManabHOE KOJIUYECTBO
BHYTpeHHUX Kosebanuii (IMF) ycTaHOBMIN Ha n=5, 1
JJI1 JaJIbHeNIIero aHaIu3a UCI0/Ib30BaJ/IU IIepBbIe ue-
Teipe (IMF1-IMF4). KosmuectBeHHy0 oneHky I[IBIT
NPOBOAMWJIA C IIOMOILIBIO OIpeJesieHUs] OTHOLIEeHUs
«BcHObIIKa-noaasaenue» (OBIT) [24, 25]. 93T onpene-
JISJTM KaK TTO/IaBJIEHHYIO, eCJIA ee abCOJIOTHOE 3Have-
HUe ObLIO MeHbIe 5 MKB B Teuenue 6oJiee 0,5 c. Jlisa
npsiMoro cpaBHeHUs 3HaueHu OBII, moJiy4eHHBIX Ha
OCHOBE aHa/IM3a BHYTPeHHUX Kojebanuii u I, «mo-
JaBJIEHHBIM» CUMTAJN Y4aCTOK BHYTPEHHUX KoJjeba-
HUU, aMIIUTYa KOTOPOro cocTaBJsiiia MeHee 40% oT
CTaH/IAPTHOTO OTKJIOHEHH 3TOT0 KOJIeOaH!s B TeUeHNEe
He meHee 0,5 cekyHapl. 3arem OBII paccuuTbiBany ajid
93T 1 OT/e/TbHBIX BHYTPEHHUX KOJIe0aHUI KaK OTHOIIIe-
HHUe NPOJOJIKUTEJbHOCTU IOAABJIEHHON 4YacTU Cer-
MEeHTa K IPOJI0JIKUTEeIbHOCTH BCEr0 UCCJIelyeMOro Cer-
meHTa. OBII paccyuThIBa/IN AJS KAXKJOU MUHYTHI U3
nepsBbIX 15 MuHyT nHIyKIUU OA (Bpems IepeKpPhITUA
MesKJy CeTMEeHTaMu cocTaBuJIo 10 c).

least 0.5s. BSR was then calculated for the EEG and indi-
vidual IMFs as the ratio of the duration of the suppressed
part of a segment to the whole segment studied. BSR was
calculated for each minute of the first 15 minutes of GA
induction (10s overlap between segments).

Results and Discussion

EEG recordings from 30 anaesthetised pa-
tients (15 women, 15 men) showing burst-suppres-
sion during propofol induction were analysed and
visualised using the Python emd module. Examples
of these results are displayed in Fig. 1, 2 and Fig. 4.

Figure 1 displays an example decomposition
of EEG using masked EMD. We observed four non-
trivial IMFs (IMF1 — IMF4). These represented
well-known physiological rhythms despite not hav-
ing pre-defined frequency bands in the analysis.
They matched with alpha (~10 Hz, IMF1), high
delta (~4 Hz, IMF2), low delta (-2 Hz, IMF3), and
slow oscillations (<1.5 Hz, IMF4), with IMF5 repre-
senting residual low-frequency noise. The signal
was represented with a small number of compo-
nents unlike the Fourier transform, where the out-
put is a potentially infinite number of harmonic
components.

Figure 2 shows example EMD results from a
representative induction segment including a
burst-suppression pattern. Typical sample of BS is
illustrated in EEG Fig. 3.

Again we observed a data-driven decomposi-
tion of the EEG signal into four components. Each
component in succession captured slower EEG ac-
tivity and a physiologically relevant part of the
spectrum. Burst-suppression was seen to affect all
spectral components. To analyse its effect further,
we computed the burst-suppression ratio (BSR) to
quantify suppression of the signal.

Figure 4 shows the BSR over time for 15 min-
utes from a bolus propofol GA induction. BSR was
calculated for each minute for both the full EEG
recording and individual spectral components cap-
tured by IMFs. The general trace captures the clas-
sical effect of propofol on the EEG and show propo-
fol's strong effect on brain activity and the EEG with
an initial rise and saturation of low-frequency ac-
tivity and later the appearance of burst-suppres-
sion. At the start of the induction, low frequencies
have a low power and hence appear suppressed
(high BSR for IMF2-IMF4) with alpha activity being
dominant (IMF1 BSR lowest). After applying the
propofol bolus delta and slow-wave activity gradu-
ally increase, driving BSR to low values around
t=300s. As the effect-site concentration of propofol
rapidly increases, burst-suppression starts appear-
ing in the recording around #=400s and all spectral
components become suppressed. BSR from IMF1
(alpha activity) had the highest Pearson correlation
with BSR from the filtered EEG, which shows BSR is

mainly driven by the alpha spectral component. As
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Puc. 1. [IpuMep BHYTpEeHHUX KoJIeOaHUH B TedeHue 60 ¢, HOTy4eHHbIX ¢ HoMonsi0 PAM Ha 3T naifueHTa B COCTOSHHH JIETKOH

aHeCTe3uHu.

Fig. 1. Example 60s of IMFs obtained from EMD for light anaesthesia EEG.
Note. EMD decomposed the signal into physiologically relevant alpha and delta rhythms (IMF1-IMF4) and low-frequency noise

(IMF5).

IIpumeuanmne. C momorpio POM cursast pasjaoskeH Ha (pM3UOJIOTUYECKH 3HAYNMBbIe ajbda- u gensra-putmel (IMF1-IMF4) u

HU3K0YACTOTHBIN ryM (IMF5).

Puc. 2. [Ipumep nepBbIX 15 MUHYT BHyTpeHHHX Kosiebanuii (IMF), mosrydyeHHBIX ¢ moMoiso POM.

Fig. 2. Example first 15 min of IMFs obtained from EMD.

Note. The Burst-Suppression pattern visible in the middle part of the recording.
IIpumeuanne. Bunmanue npussiekaet [1BI1, BUAMMBIN B cCpefHEN YacTH 3aITUCH.

Pe3ynbTaThl M 00CYK/IEHHE

3ammcu I3IT" 30 aHeCcTe3snPOBAHHBIX NAI[UEH-
TOB (15 sKeHIIuH, 15 MyKYUH), JEeMOHCTPUPYIO-
e [1BI1 Bo BpeMs uHAyKIIMU Tponioosiom, aHa-
JIM3APOBAJINA Y BU3YAJIU3UPOBAIU C IIOMOUIBIO
moxaysasi Python emd. [Ipumepsl moJiydeHHBIX
pe3yJIbraToB IIpeACTaBUJIM Ha PUC. 1, 2 n 4.

suppression of alpha activity seemed to be most rel-
evant for predicting overall EEG burst-suppression,
we may term burst-suppression as «alpha burst-
suppression» when studied with the EEG BSR. In-
terestingly, after the end of burst-suppression in the
EEG (BSR returns to zero), different spectral com-
ponents had a differential rate of return to low val-
ues. Slow-wave activity (IMF4) stopped being sup-
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Puc. 3. [Ipumep 10-cexynHoii 3anmucu I 55-/1eTHEr0 nanuenTa, xeMoHcrpupyouieii [IBII nocie npumeHenus nponogoda.
Fig. 3. Example 10 seconds from an EEG recording of a 55 year old patient showing burst-suppression after application of propofol.

Ha puc. 1 nokasanu npumMep pasJjiosKeHud
3T c momomrbio MackupoBanHoro POM. HabJrro-
JlaJIv 4YeTblpe HeTpUBHaJIbHble BHyTPEHHUE MOZ0-
Bble pyHKIMHU (IMF1 — IMF4). OHu npeacrasiisi-
JU XOpOLIO W3BECTHble (PU3NOJIOTHUECKUE
PUTMBI, HECMOTPS Ha OTCYTCTBHUE 3apaHee oIIpe-
JleJIeHHBIX YaCTOTHBIX II0JI0C B aHAJIN3€ U COOTBET-
crBoBau anbda (~10 I', IMF1), BbICOKOM JeabTa
(~4 T, IMF2), nuskoi neasra (~2 I'it, IMF3) u mef-
JeHHbIM KoJiebanusaMm (<1,5 I'm, IMF4), a IMF5
COOTBETCTBOBAJIA OCTaTOYHOMY HU3KOYAaCTOTHOMY
mrymy. CurHas ObLI IpefcTaB/jieH HeOOoJIbIINM
YHCJIOM KOMIIOHEHTOB, B OTVIMYHE OT ITpeoOpaso-
BaHUs Pyphe, I7ie Ha BBIXOJie M10JIy4aeTcs IOTeH-
OHaJIbHO OECKOHEYHOE YHCJI0 TapMOHWYECKUX
KOMIIOHEHTOB.

Ha puc. 2 nokasan npumMmep pesdyasraroB POM
C penpe3eHTaTuBHOIO CerMeHTa 3alliCy IIepruopa
WHIYKINY aHeCcTe3uH, Britodarorero [1BIT. Tvmmy-
HbIi npumep [1BI1 nokasan Ha I3[ Ha puc. 3.

W cHoBa HabJI0MaIM pasJiosKeHre CUrHaia
93l Ha yeThIpe KOMIIOHEHTA, B OCHOBE KOTOPOTO
Jeskasa oopaboTka qaHHbIX. KasKIbIii KOMIIOHEHT
0CJIeJOBaTeTbHO 3aXBaThIBA O0JIee Me [JIEHHYIO
AKTUBHOCTH J3I" ¥ (pu3noI0ruUecKr 3HAYUMYIO
4acTh CIIeKTpa. Bblao BUIHO, 4TO IOnaBJeHUE
BCIIBIIIIEK 3aTparuBaeT BCe CIIEKTpaJbHbIe KOM-
TIOHEHTHI. J1JI1 KOJTM4eCTBeHHOU OIleHKHU I0/1aB-
JIEHWsI CUT'HaJ1a BBIYMCJINJIA OTHOLLICHHE «BCIIBIIII-
ka-nogaBJienue» (OBII).

Ha puc. 4 nokasanu namenenue OBII Bo Bpe-
MeHW B TedyeHHWe 15 MUHYT mocjie OOJIOCHOU
unayknun OA nponodgosiom. OBIT paccunTbeiBain
JUIA KOKJI0U MUHYTBHI Kak JJis1 MOJHOU 3amnucu

pressed only after higher spectral components: first
alpha, then high delta, low delta, and slow activity
last. This means that the burst-suppression state
has a substantial effect on generators of low-fre-
quency EEG oscillations and may impact different
thalamocortical functional pathways differently
with slow oscillations returning into the brain only
after those with higher frequencies.

Figure 5 shows the Wavelet transform (WT)
in a 3D view for the Fz-Cz electrode and the cor-
responding spectrogram for comparison with
EMD results. The graph clearly shows high pres-
ence of low-frequency power (red colour) includ-
ing delta and theta oscillations. This shows pa-
tients were deeply sedated during the induction
into GA and were in a state of deep anaesthesia,
as seen in the EMD results. After reaching maxi-
mal effect-site concentration of administered
propofol the Wavelet transform showed that
higher propofol doses led to higher amplitudes
for low-frequency characteristics of the spectrum.
This confirms that higher doses of anaesthetics
lead to rapid decreases in the cortical EEG com-
plexity and increases of the anaesthetic ef-
fects [26]. Spatial distribution of spectral activity
including delta and theta was investigated using
topographical maps produced by 2D Brain Map-
ping (BM). We saw the global increase in presence
of slow delta activity (red) and the absence of rap-
idly changing beta and gamma rhythms in GA,
once again showing the anaesthesiologic effect of
administered propofol (fig. 6).

Burst-suppression during general anaes-

thesia. The goal of an anaesthesiologist is to ap-
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Puc. 4. IIpumMep OLIeHKH OTHOLIIEHUSI «BCIBINIKA-TIOJaBJI€eHHe» B TMHAMHUKe Tpu HHAYKIuU OA niporiocgosiom.
Fig.4. Example Burst-Suppression Ratio (BSR) trace over time for induction of GA with propofol.
Note. Low-frequency oscillations show prolonged suppression after burst-suppression in the EEG (purple trace, around 420s), most

prominent for slow oscillations (IMF4, red).

ITpumeuanue. HabJtioaercs JuTesIbHOE [10JaB/IeHe HU3KOYaCTOTHBIX KOJIeOaHUH 1TocJie moaBeHus Bebimky Ha 3T (huo-
JIETOBBIU CJie[], 0K0JI0 420 ¢), HanboJIee 3aMeTHOe 151 MeJIJIEHHbBIX Kostebanuii (IMF4, KpacHbI).

93T, Tak U 11 OTAEJbHBIX CHEKTPAJIbHBIX KOMIIO-
HEHTOB, 3aXBa4YeHHBIX BHYTPEHHUMH KOJIe0aHMsI-
mu. Ha o6meit 99T oTpaskeHO KJIacCUYeCKoe
BJMsIHUE ITponiogosia Ha I3’ ¥ aKTUBHOCTH MO3Ta
B BHU/JIe IEPBOHAYAJIbHOT0 MOIbEMa U HACBIIIIEHU
HU3KOYAaCTOTHOW aKTMBHOCTH, a 3aT€EM TOSIBJIE-
Hud [1BII. B Hava/se MHOAYKIUY HU3KHUE YaCTOTHI
AMEIOT HA3KYIO MOIIHOCTb U II03TOMY KasKyTCsA
nogasjieHHbIMHA (BbICOKOe OBII y IMF2-IMF4) ¢
npeobJsamanreM anbda-aktuBHOoCcTH (OBIT IMF1
camoe HU3KOE). [Tocite BBeneHus1 60J10ca mIpoIio-
dosa gesabra- 1 MeIJIEHHOBOJTHOBAsA aKTUBHOCTD
MMOCTEeNeHHO yBeanuynBarorcs, gosoasa OBII mo
HU3KUX 3HaueHul B nepuoj Bpemenu =300 c. I1o
Mepe OBICTPOro yBeJIMYeHN s KOHI[EHTPAIINH ITPO-
nogosa Ha 3anmucu OokoJio (=400 ¢ HaYAHAET
noasJiAThbCA [IBII, 1 Bce crieKTpajibHbIE KOMIIO-
HeHThI nogasJsitorcsi. OBITy IMF1 (anbda-akTus-
HOCTb) HauboJjiee BBIPA’KEHHO KOPPeTUPOBAJIO
(mo maHBBIM Koppesaanuu Ilupcona) ¢ OBII or
¢usprpoBaHHoil I3[, 4TO rOBOPUT O TOM, UTO
OBII B ocHOBHOM oIIpejiesisieTcsl ajib(a-crek-
TpaJIbHbIM KOMIOOHEHTOM. [I0CKOJIBKY TTo/1aBJie-
HUe ajab(da-aKTUBHOCTH OKas3aJioCch HauboJiee
3HAYUMBIM JJIs1 NIOOATLHOTO TIpeckasanws [1BI1
Ha I3, MOKHO Ha3BaTh (PpeHOMEH I0/IaBJIEHUS
BCITBIIIIEK «MIO/IaBJIEHNEM aJib(a-BCIIbIIIIEK» Ha
ocHoBaHnuu usydenusa OBII ma 39I. lHTepecHo,

y10 nocJjie ucuednoseHusd [1BI1 xa 931" (OBII Bo3-

propriately diminish a patient’s consciousness
and their awareness of pain in combination with
appropriate muscle relaxation during surgery.
This enables the surgical procedure to happen in
the first place, whilst keeping haemodynamic
stability maximises the patient’s chances for a
good intraoperative procedure and its resulting
clinical outcomes. Researching burst-suppres-
sion (BS) is a substantial part of this endeavour,
as neuronal mechanisms of BS are only partly un-
derstood and electrophysiological changes dur-
ing the induction of GA can help us understand
the effect of general anaesthetics on brain struc-
tures and illuminate mechanisms of conscious-
ness changes during GA. An important role in
these phenomena is played by thalamocortical
communication and functional connectivity be-
tween parts of cortex, which manifest amongst
other things as alpha oscillations on the scalp [11,
27, 28]. In our analysis, the IMF representing
alpha activity was most predictive of overall EEG
BSR, which may thus reflect changes in thalamo-
cortical communication during burst-suppres-
sion. A promising clinical marker of the appropri-
ate depth of anaesthesia is saturation of
slow-wave activity (SWAS. However, it is not
known how slow-wave activity behaves after the
occurrence of burst-suppression. Our results in-
dicate that low-frequency activity (delta and slow
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BpalllaeTCs K HYJII0) CKOPOCTb BOCCTAHOBJICHUS
HU3KUX 3HAYEHUH pas/IMyYHBbIX CIEeKTPaJbHbIX
KOMITOHEHTOB ObIjIa pa3aunyHoN. MeJIeHHO-BOJI-
HOBas akTUBHOCTH (IMF4) nnepecraJsia mogaB/isTh-
Cs1 TOJIBKO TIOC/Ie H0Jiee BBICOKUX CITEKTPATbHBIX
KOMIIOHEHTOB: CHayaJsa ajb(a, 3aTeM BBICOKAS
Jles1bTa, HU3Kas AeJibra, U MeJIeHHasA akTUBHOCTD
nocJjenHe. 9To o3Hadaert, uto [IBII okasnwIBaeT
CyILIeCTBEHHOE BJIMIHUE Ha FeHepaTOpbl HU3K0Ya-
CTOTHBIX Kojebaruii I3 M MOYKET MO-pasHOMY
BO3/IeliCTBOBATh HAa Pa3JMYHbIE TAJaMOKOPTHU-
KaJbHble (DyHKIMOHAIbHBIE ITyTH, IPU 9TOM MeJ-
JIEHHbIE KOJIeOaHVsI BHOBh BO3HMKAIOT B MO3Te
TOJIBKO TT0CJIe H0JIee BBICOKOYACTOTHBIX.
Ha puc. 5 mokasanm BeiBJIeT-ipeobpa3oBa-
HYE B TDEXMEPHOM BuJe IJIA aJ1eKTponoB Fz-Cz n
COOTBETCTBYIOIAsA CIIEKTpPOrpaMma [ijisl CpaBHe-
HUus c pedyiasraraMu POM. Ha rpaduke ueTko
BUJIHO BBICOKOE IPUCYTCTBUE HU3KOYACTOTHOU
AKTUBHOCTHU (KpPaCHBIH IIBET), BKJIIOYAs JleJIbTa- U
TeTa-OCHUJIAINA. OTO CBUIETEIbCTBYET O TOM,
YTO MAlMEHTH! HAXOAUJINUCH B NIYOOKOH ceqanuu
BO BpeMsa uHAyKOuM OA, 4YTO COOTBETCTBYET
COCTOSTHUIO TWIyOOKOI aHeCcTe3WH, KaK BUIHO U3
pesyasraroB POM. Ilocsie gocTmyKeHusT MakKCu-
MaJIbHOU KOHIIEeHTPAIlUU BBEJJEHHOT0 ITportodoJia
BelBJIeT-TIpeoOpa3oBaHue TTOKA3aso, 4To bosee
BBICOKHE H03bI mponodosa npuBeau K Oosee
BBICOKMM aMIUIATyJaM [JjisI HHU3KOYaCTOTHBIX
XapaKTepUCTUK clieKTpa. JJaHHbIN dakT cBuue-
TeJILCTBYET O TOM, YTO O0Jiee BHICOKHE TO3BI aHe-
CTETUKOB TPUBOAAT K OBICTPOMY VIIPOIIEHUIO
kopkoBo# I3I' u ycusenuio sderra aHecre-
3un [26]. IIpocTpaHCTBEHHOE pacrpeneaeHue
CIIEKTPaJIbHON aKTUBHOCTH, BKJIIOYasl JeJIbTa U
TeTa-BOJIHBI, KCCJIEA0BAJIM C IIOMOLIBIO TONIOIpa-
¢puyecKux KapT, CO3JaHHBIX ¢ ToMoIIIbI0 2D Brain
Mapping. BusyanuaupoBanu riobaabHOE yBe-
JIM4eHue IPUCYTCTBUS Me/IJIEHHOU JlesIbTa-aKTUB-
HOCTU (KpacHBIN IIBET) M OTCYTCTBHE OBICTPO
MEHSOIMXCs 6eTa- ¥ TaMMa-pUTMOB BO BpeMs
OA, 4To0 emie pa3 roBOPUT 00 aHECTE3NOJIOTHIE-
ckoM aderTe BBesieHHOTO TIponiodoa (puc. 6).
deHOMEH «BCHBINIKA-IIOAABJCHHE» BO
BpeMs 00111eii aHecTe3um. L{es1bio aHecTe3nosiora
ABJIAETCA aleKBaTHAas yTpara CO3HAHUA NalyeHTa
¥ OIIYIIEeHUs 60JIN B COYETAHUH C COOTBETCTBYIO-
11eil MBIIIIEYHON peJiakcalieil BO BpeMsi omepa-
nuu. I1py 9TOM CTaHOBUTCS BO3MOKHBIM IIPOBeE-
JeHue XHWPYpPrU4eCKOro BMeIIaTeJbCTBa, a
rofiiepsKaHue TeMOANHAMUY€eCKOH CTabMITLHOCTH
JlaeT BbICOKME IIaHChl Ha OTCYTCTBHAE MHTPAOIIe-
palMOHHBIX OCJIOKHEHUN U IIOJIydyeHUe ONTHU-
MaJIbHOI'O peayssrara onepauuu. VMcciaenosanue
[1BII siBsIsI€TCS CYLIECTBEHHON YaCThIO 9TUX YCHU-
JINY, TOCKOJIbKY HelpoHHble MeXxaHu3Mbl [1BI1
pacundpoBaHbl He 0 KOHIIA, a IO3HAHUE 3JIeK-
TpO(pU3NOJOTNUYECKUX HN3MEHEeHUU BO BpeMs
nHAyKOuu OA MOKeT IIOMOYb IIOHATH BJIVSHUE

Puc. 5. BeiiBiier-npeo0pa3oBaHue, MOKa3bIBaIOIEe TPeEX-
MepHOe BpEMEHHO-YaCTOTHOE Pa3JIOsKeHHe IJIA 3JIeKTPoaa
Fz-Cz ¥ COOTBETCTBYIOIIYIO CIIEKTPOrpaMMy, KOTOpasi sAB-
JIAeTCs AONOJHUTETbHBIM IpacdHyecKUM IpeCcTaBIeHHeM
CHTHaJa.

Fig. 5. Wavelet transformation showing a 3D time-frequency
decomposition for the Fz-Cz electrode and the corresponding
spectrogram. This represents a complementary graphical rep-
resentation of the signal.

Note. We can see significant increases in amplitude for low theta
and delta parts of the spectrum, which are indicators of deep
anaesthesia.

IIpumeyanue. MOKHO BUIETh 3HAYUTE/IHHOE YBEeJIMUEHUE aM-
IUIATYIBI JJI HU3KUX TeTa- U JeJIbra-4acTell CleKkTpa, KOTo-
Ppble SIBJISIOTCS UHAMKATOPaMu INTyDOKOH aHeCTe3uu.

waves) may recover last after an episode of burst-
suppression. Slow-wave activity manifests as
global cortical waves [30, 31], so this result could
point to impaired low-frequency functional con-
nectivity after an episode of burst-suppression.
This might be one of the reasons for the appear-
ance of postoperative delirium, which has been
correlated with prolonged intraoperative burst-
suppression [11]. This hypothesis could be con-
firmed by studying burst-suppression using
other brain imaging modalities, such as func-
tional magnetic resonance imaging (fMRI) and
magnetoencephalography (MEG). Differential
rate of return from suppression for slower spec-
tral components might be demonstrable by dif-
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001X aHECTETUKOB Ha CTPYKTYPBI MO3Ta U OCBE-
TUTh MEXaHN3Mbl U3MEHEHHWsI CO3HAHMUA BO BpeMs
OA. BaskHYIO POJIb B 9THX ABJICHUAX UTPAIOT TaJla-
MOKOpPTHKAaJIbHAsi KOMMYHUKAIUA U (PyHKINO-
HaJIbHAs CBAA3b MEYKy y9aCTKaMU KOPBI, KOTOPbIE
MPOSIBJISIIOTCSI, B YaCTHOCTH, B BUJ€e ajib(a-KoJe-
0aHuil c MOBepXHOCTU ToJIOBHI [11, 27, 28]. Tlo
HaIllNM JaHHBIM, BHYTPEHHHE KoJiebaHus1, Ipe-
CTaBJIAIONINE AJTh(a-aKTUBHOCTD, B HANOOJIbIIIEN
CTelleHU TIpeAcKasbIBaau IiobanbHbie TIBIT Ha
I3, YTO MOKeT OTpaAKaTh U3SMEHEHUS B TaJIaMO-
KOPTUKAJIbHON CBSAI3U BO BpeMs I0/laBJIEHUS
BCHBIIIKKA. MHOI000EMIAI0NUM KJINHUYECKAM
MapKepOM COOTBETCTBYIOIIEH TTyOWHBI aHecTe-
3UM SIBJISIETCS HACBIIIIeHNEe MeIJIeHHO-BOJHOBOM
akTuBHOCTU (anes. HMBA). OpHako HEM3BECTHO,
Kak Beger cedba HMBA mocjie BOSHUKHOBEHUS
(¢eHOMeHa ITO1aBIE€HUS BCOBIIIKY. Harm peaynb-
TaThl IIOKA3bIBAIOT, YTO HU3KOYACTOTHASA aKTUB-
HOCTB (OeJibTa- U MedJIeHHbIE BOJIHBI) MOKET BOC-
CTaHABJIMBAaThCA TIocjae oanm3oma IIBII B
MOCJeNHIO oYepenb. MeoieHHO-BOJHOBAs
aKTUBHOCTH TIPOSIBJISIETCSI B BHUIE TJI00ATbHBIX
KOPKOBBIX BOJIH [30, 31], 103TOMY TaHHBIN pe3yib-
TaT MOJKET yKas3blBaTh HA HapyllleHHuEe HU3KOYa-
CTOTHOU (DYHKIIMOHAJIBbHOM CBSI3U IIOCJIE 3IIU301a
[IBII. 3TO MO>KeT OBITh OTHOU U3 MIPUYKH ITOSIBJIE-
HUs TI0CJIEOTIEPAIIMOHHOTO JIeJIUPUs, KOTOPBIU
KOppeJupyeT C NJIUTEeJbHbIM HHTPAOIIepanyioH-
geiM TIBIT [11]. JJaHHas rumore3a MOYKET ObITh
NIOATBEP)KAEHA IIPpA H3YYCHHUU II0LABJICHUA
BCIIBIIIKY C [IOMOIIBIO IPYTUX METONOB BU3yaJIn-
3aIlMU MO3Tra, TAKUX KaK (PyHKIIMOHAIbHAS Mar-
HUTHO-pe3oHaHcHas ToMmorpadus (pMPT) u mar-
HutoaHnedanorpapus  (M3II). Pasnauunas
CKOpPOCTb BOCCTAHOBJIEHUSI 6oJjiee MeJIeHHBIX
CHEeKTPaJIbHBIX KOMIIOHEHTOB MOCJI€ TTOaBJIeHU S
MOJTBEPIKIAETCS Pa3JIUYHON MPOIOJIKUTENb-
HOCTBIO IIOJABJIEHUs] Y HEPOHHBIX T€HEPATOPOB,
JIesKaIuX B OCHOBE 9TUX CIEKTPAJIbHBIX KOMIIO-
HEHTOB. BbIsABIEeHNE TOYHOH JIOKAJIU3AINH TaKUX
WCTOYHUKOB He BXOJWUJIO B PAMKM HAIIIero UCcJie-
JIOBaHMUSA, TTOCKOJBKY JIJIs 9TOTO MOTPebOBaIOCH
OBl 60JIee BLICOKOE ITPOCTPAHCTBEHHOE pa3perrie-
HHUe, yeM uMemonieecs. Takske ObLI0 BbICKAa3aHO
MIpEeAIoJIOKeHNe, YTO MEeXaHU3MbI I1O/IaBJIeHUS
BCITBIIIIEK HE3HAYUTEJIbHO OTIMYAIOTCSI B 3aBUCH-
MOCTH OT KOHKPETHOTO aHeCTeTHKa, IpUYeM IIPo-
nogoJ1 ogaBasieT MeJiJIeHHbIe PUTMbI CUJILHEE,
yeM uaoduiypan [24]. MdyyeHue CIeKTPaIbHOIO
comepsykanusa I3 Ipu NIpUMeHeHU! pas3/IMYHbIX
IperaparoB C ToMoIIbi0 POM MoskeT okasarbcs
NIOJIe3HBIM [JI BBIICHEHUsI PA3IUYUN MeKIy
MexXaHU3MaMU, JIeYKAITNMI B OCHOBE UX JIECTBUSA.
Kpome ToT0, UMEIOTCSI COOOIIEHUS O JIOKAJIN30-
BaHHOM ntosaBJienuu [1IBII [32, 33]. Ecau pasany-
HbIe PUTMBI BHOBb BO3HUKAIOT Ha I3[ mtocJte [1BIT
C Pa3HOU CKOPOCTHIO, TO 3TO MOMKET IIPOSIBUTHCH,

HalIpuMmep, B BUJe n3MeHeHUu!n IIPOUCXOKRIEHUA

Puc. 6. Tonorpacguyeckne kapTsl II[-aKTHBHOCTH BO BpeMsI
0011Ieli aHeCTe3NH.

Fig. 6. Topographical maps of EEG power during general
anaesthesia.

ferent suppression durations for underlying neu-
ral generators of these spectral components.
Such source localisation was beyond the scope of
our study as it would require higher spatial reso-
lution than that available. It has also been sug-
gested burst-suppression mechanisms are subtly
different between different anaesthetic agents,
with propofol suppressing slower rhythms more
than isoflurane [24]. Examining the spectral con-
tent of recordings from different agents using
EMD might prove fruitful in elucidating the dif-
ferences between the mechanisms underlying
different substances. Furthermore, localised
presence of burst-suppression has been reported
in the literature [32, 33]. If different rhythms re-
turn at different rates, this might showup ase. g.
changes in the origins for individual slow waves.
Multi-variate EMD is the subject of active re-
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OT/IeJTbHBIX MeIJIEHHBIX BOJTH. BO3MOYKHOCTH TTpH-
MeHEeHUsI MHOTOMepHOTO POM sBJjIsieTcst mpeaMe-
TOM aKTUBHBIX CCJIefOBaHuH [34-36]. OHO MOKeT
HUCI0Jb30BaThCA B OyaymieM ajs 6oJiee moapoo-
HOTO OIUCAHWsI TOTOTpaduH MOJaBIeHUS BCITbI-
IIIeK ¥ UX BJIUSTHUS HA IPOTHO3 COCTOSTHUS TTallH-
eHTa. Pe3yabraToM BHEIPEHHUs pE3YJIBTATOB
MOAOOHBIX HCCIAEJOBAHUN B KJIWHUKY MOSKET
CTaTh co3JaHue 0oJiee CJOMKHBIX U HaIesKHBIX
KJIMTHUYECKUX METOJ0B MOHUTOPHUHTA AKTUBHOCTH
MO3ra JIJIsl UCII0Jb30BaHUs B aHECTE3UOJIOTHH U
HHTEHCUBHOU MeIUITHE.

3akJrouenue

IIpumenenue POM B HeiipodHU3HOTOTHH.
ManHasg nyOJHMKanus JaeT IpeNCcTaBJEHHE O
METOAWKE Pa3JI0KeHUs 10 SMIUPUIECKIM MOJIaM
(POM) u ee npuMeHeHUU nJs1 aHanu3a JII. POM
onuckiBaeT curaasi 931 ¢ IOMOIIbIO0 HEOOJILIIIOT0
4Yycjia BHYTPEHHUX MOJOBBIX (DYHKIIWUH, U BHYT-
pennnx koaebanuii (IMF). B ominyre oT MeTOMOB,
OCHOBaHHBIX Ha ITpeoOpasoBanun Pypre, POM He
o0JtaaeT KAKUMU-TO M3HAYATIBHO SKECTKO (QUK-
CUPOBAaHHBIMU 0A30BBIMH (DYHKIIUSIMH, a TAKKe
He TIpeJnoJiaraeT JUHEWHOCTh WJIM CTallioHap-
HOCTh curHaJja. Hamie mcciiegoBaHue mokasaJio,
4TO MacCKUpOBaHHOe POM mo3BoJIsieT pa3ioKuTh
curHaJ Ha (PU3UOJOTUYECKU 3HAYMMbIe ajibda-,
IeJibTa- 1 MeJJieHHble KoJjebarebHble KOMIIO-
HEHTBI 0€3 CTPOTUX ITPEITOJIOMKEHNHA O YaCTOTHBIX
IUama3oHax, KOTopble OOBIYHO TPUMEHSIOTCS.
POM MoskeT omucChIBaTh HeJIMHEWHbIe (OPMBI
OCIHUJUISAIIMU BO BpeMs aHECTE3UU, YTO MOMKET
CII0CcOOCTBOBATH TATbHEHNITIEMY BBISICHEHHIO MO3-
TOBBIX TEHEPATOPOB 3THUX CUTHAJOB C IIOMOIIBIO
HEWHBA3WBHOU 3aKCH, OCHOBBIBASICh HA PAHHUX
WHBa3UBHBIX UCCJIETOBAHUSX (POPMBI BOJTHBI M€/~
JIEHHOBOJIHOBO¥ aKTUBHOCTH [37]. HecMoTps Ha
TO, uTo POM 1 cooTBeTCTBYyIOIIee ITpeobpa3oBa-
Hue ['mnbbepra—Xyanra (HHT) yske TprMeHSINCh
npu a"ajmae J3I, IoJIy4eHHBIX BO BpeMs aHecTe-
3uu [14, 38, 39], uX MCOOJIL30BaHNE HE OBLIO
IIUPOKO paclpocTpaHeHo B Helipoduaunoiornye-
CKOM coo01recTBe. B 0OCHOBHOM 3TO CBSI3aHO C
Mpo0OJIEMON CMEITIeHUST MOJI, KOTOpasi YCIIOMKHSAET
aHa/IU3 U WHTeplpeTranuio peadyiasraros PAM, a
Takyke Cc 6oJiee AJIUTEJTbHON TPagUuIuel UCIOhb-
30BaHUs METOIOB, OCHOBAHHBIX Ha ITpeoOpa3oBa-
Hnu dypre. B manHOU paboTe moKalasd, YTO
HCII0JIb30BaHNE MACKHUPYIOIIUX CUTHAJIOB JaeT
[IeHHOe ¥ pallMOHaJbHOE PA3JIOKeHWe 3alncCu
I3, maske mpu Hammumu [1BI1, BO3HUKAIOMUX ITPU
O4YeHb TUTyOOKOU aHecTe3un. POM mpu aHecTe3un
IIPUMEHSETCS B OCHOBHOM JJIs1 NU3Y4Y€HUS dHepre-
T4yeckux crekTpoB HHT u aHasmn3a riobasbHOM
MeIJIEHHO-BOJIHOBOI aKTUBHOCTH, 0€3 OIIMCaHus
¢deHoMeHa TTo/1aBJIeHUs BCIIBIIIIEK, TPEJICTABJIEH-
Horo B pabore. THTepec k POM cpeay HEBPOJIOTOB

search [34-36 | and this method might be in the
future applied to recordings like ours to even bet-
ter describe the topographical properties of
burst-suppression and its impact on patient
prognosis. Clinical applications from such con-
tinued research could include an improved gen-
eration of more complex and robust clinical
monitors of brain activity to be used in anaesthe-
siology and intensive medicine.

Conclusion

The use of EMD in Neurophysiology. This
publication introduced the reader into the subject
of Empirical Mode Decomposition (EMD) and its
application to EEG analysis. EMD describes the
EEG signal with a low number of Intrinsic Mode
Functions (IMFs). In contrast with methods based
on the Fourier transform, EMD does not assume
the shape of its basis functions a priori, nor does
it assume linearity or stationarity of the signal.
Our study showed that masked EMD decomposed
the signal into physiologically meaningful alpha,
delta, and slow oscillatory components without
strict assumptions about frequency bands nor-
mally applied. EMD can describe nonlinear
shapes of oscillations during anaesthesia, which
may further elucidate brain generators of these
signals using non-invasive recordings, building
on earlies invasive studies of waveform shape of
slow-wave activity [37]. Even though EMD and the
related Hilbert-Huang Transform (HHT) have
been applied to anaesthetic recordings before [14,
38, 39] the uptake in the neurophysiological com-
munity has been slow. This is mainly due to the
problem of mode mixing, which complicates
analysis and interpretation of EMD results, and
because of a longer tradition of using Fourier-
based methods. In this work we show that the use
of masking signals produces a valuable and sen-
sible decomposition of the EEG recording, even
during the state of burst-suppression occurring in
very deep anaesthesia. Existing applications of
EMD to anaesthesia have focused on the HHT en-
ergy spectra and analysis of the entire recording
of slow-wave activity, without describing burst-
suppression like our analysis. Interest in EMD in
the neuroscience and anaesthesia community is
growing and this flexible method has the poten-
tial to improve clinical monitoring of neurophys-
iological signals and to further explain basic prin-
ciples of functional mechanisms in the brain
during anaesthesia.
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Y aHEeCTe3WOJIOTOB PACTET, TaHHAsA THOKasA METO-
JIMKA CITOCOOHA MMOBBICUTH KAY€CTBO KINHIYECKO-
o MOHUTOPHHIa HeHPO(pU3NO0JIOTNUEeCKUX CUTHA-
JIOB U TIOJTYYUTH 00Jiee TIyOOoKYe TpeCcTaBAeHUs
00 OCHOBHBIX PUHITUTIAX (DYHKIIMOHAJIHHBIX MEXa-
HHU3MOB I'OJIOBHOT'O MO3Ta BO BpeMs1 aHeCTEe3UU.
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HOCTBIO UJIU YACTUYHO (pruHaHCcUpoBasock Well-
come Trust [Homep rpanHTa 203139/7Z/16/7Z]. B
1eJIsIX 00ecreyeHnsI OTKPBITOTO JI0CTyTIa aBTOPHI
COTJIaCHBI C ICTIOJTb30BAHMEM JIIOOOH BEPCUU JaH-
HOTO JOKyMEHTa U ero NPOU3BOIAHBIX COIVIACHO
JINTIEH3WH O0IIIECTBEHHOTO aBTOPCKOTO Ipasa CC.
ABTOpBI Tak:ke OsaromapAT JHApI0 KyuHHa 3a
ob6cyskeHne acriekToB POM u MHCTpyMeHTapus
Python POM.

JlonmosHUTeJIbHbIE
acnexThbl npuMeHenuss POM

IIpumenenue PIM. CTaHgapTHBIA aHAJIU3
YaCTOTHO-BPEMEHHBIX JJAHHBIX B HEHPODU3M0JI0-
rUd OCHOBAaH Ha IpeoOpasoBanuu Pypbe WA
BEHBJIET-IPe0OPa30BaHUM. ITH METOIUKY pasJjia-
raloT JaHHbIE, TPEJCTaBJSONINE COO0H CyMMy
BOJIH 3apaHee ompejiesieHHON (DOPMBI, U IOAPasy-
MEeBaIOT JIMHEHHOCTb U CTAIlMOHAPHOCTb CUTHA-
JioB. OTHAKO U3BECTHO, UTO CUTHAJIBI, (hopMUpye-
Mble KOJIEOAaHUSIMU aKTUBHOCTH HEHWPOHOB, He
067aaf0T yKa3aHHBIMHU CcBo¥icTBamu [1-3]. B
CBSI3M C 9TUM, JIJIs1 [I0JIHOT'O [IOHUMAHUS (PyHKIIUO-
HaJIbHOW U KIMHUYECKOU POJIM HEMPOHHBIX PUT-
MOB, HE0OXOIMbI METOJIbI C 00Jiee THOKKUM IIOIXO0-
JIOM K 3apaHee onpejieJIeHHbIM (DopMaM CUTHaJIa.
s pelieHuss mogoOHOM 3agaun 66110 paspado-
TaHO HECKOJIbKO METOL 0B, UCIIOJIb3YIOIIUX JJINH-
Hble CETMEHTHI TAHHBIX UJIN ONpeieJIeHHbIE TOUKHU
KoJiebaHwuii [4, 5], TpU 3TOM pPasJIoKeHUe 10 IMITU-
pudecknM Moaam (POM) MOYKHO OTHECTH K HOBBIM
MepCNeKTUBHBIM MeTOIMKAaM MTHOBEHHOI'O aHa-
JI3a, KOTOpble MOI'YyT KOJIMYE€CTBEHHO OLICHUTH
0OJIBIIIOE YKCJIO aCHeKTOB curHaja JJI [6-8].
Orienka sierajieii opMbl BOJHBI CTAHOBUTCS BAXK-
HBIM KJIMHUYEeCKUM UHCTPYMEHTOM, IIOCKOJIBKY ee
HECHHYCOUJAJIbHOE CTPOEHHE BCTpedaeTcsa Ipu
pas3m4yHbIX 3aboseBaHusax [9]. M3BecTHO, 4TO
kosiebauusa I3l mpu 00Iell aHecTe3nW TaKIKe
HOCST HECUHYCOUJAJIbHBIN xapakTep [10], omHako
Ba)KHOCTh JAHHOTO (paKTa MOKa OOBLsICHEHa He
IOJIHOCTBIO. C y4eTOM 3TOTO CylIeCTBYyeT HaCTOsI-
TeJIbHAsE HEOOXOIMMOCTDb BHEAPEHUS B IPAKTUKY
WHCTPYMEHTOB aHa/IN3a, CIIOCOOHBIX BBISBJIATH
HeCUHYCOUJIA/IbHbBIN XapakTep BoJIH. [TlocienHee u
JIOCTUTaeTCs C OMOIIbI0O POM.

Mpusumune! padorsr PAM. ITpu POM npo-
HWCXOOUT pas3JjiosKeHne TaHHbIX BDEMEHHOTO psia
Ha HeOOJTbIIIOE KOJIMTYECTBO BHYTPEHHUX MOJOBBIX
¢yHKIIM, Wau BHyTpeHHUX KoJsiebanuii (IMF).
Hcnonb3yeMblii METONT PAIUKAIBHO OTVINYAETCs

thors also give thanks to Andrew Quinn for discus-
sions about EMD and the Python EMD toolbox.

Additional points on the use of EMD

Why use EMD? Standard analysis of time-fre-
quency data in neurophysiology is based on the
Fourier or Wavelet Transform. These techniques
decompose data as a sum of pre-defined wave-
forms and explicitly assume signals are linear and
stationary. However, neural oscillations are known
to violate these assumptions [1-3]. To fully under-
stand the functional and clinical roles of neural
rhythms, we therefore need techniques with
weaker assumptions about the nature of our signal.
Several methods have been developed to address
this using long data segments or specific points in
the oscillations [4, 5], but Empirical Mode Decom-
position (EMD) is emerging as a suitable method
with instantaneous resolution capable of quantify-
ing more aspects of the EEG signal [6-8]. Capturing
waveform details is emerging as an important clin-
ical tool, as non-sinusoidal features have been
linked to pathologies [9]. EEG oscillations under
general anaesthesia are also known to be non-sinu-
soidal [10], but the importance of the non-sinu-
soidal shape is yet to be fully explained. There is
therefore a pressing need to introduce analysis
tools capable of capturing non-sinusoidality into
the community, as we have done here with EMD.

How does EMD work? EMD decomposes
time-series data into a small number of Intrinsic
Mode Functions (IMFs). The method used is radi-
cally different to standard techniques such as the
Short-time Fourier Transform or the Wavelet Trans-
form. These have pre-defined basis functions and
the decomposition tries to match their amplitudes
to the data. In contrast, EMD is fully data-driven
with fewer assumptions about the data. Specifi-
cally, decomposition is done through a process of
sifting. First, upper and lower envelopes of the sig-
nal are defined by interpolating local maxima and
minima. The local envelope mean is subtracted
from the signal and the process is repeated until the
resulting waveform converges sufficiently. This de-
fines the first IME which is subtracted from the sig-
nal and the sifting process is repeated on the
residue until only a linear trend remains [11,12].
Transient and intermittent oscillatory signals can
lead to a mix of frequencies appearing in one IME
which is known as mode mixing [13-15]. Injecting
masking signals into the data has been used to ad-
dress this problem, and this was the technique ap-
plied here [6, 14, 16].

How does EMD compare to other tech-
niques? The result of EMD is a small number of
IMFs with well-defined instantaneous frequencies
and amplitudes. This is in contrast to
Wavelet/Fourier methods, which decompose the
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OT CTaHJAPTHBIX METOAUK, TAKUX KaK KpaTKOBpe-
MeHHoe mpeoOpasoBanue Pypbe NN BEHBJIET-
nmpeobpa3oBanue. IlocienHre WMeEOT 3apaHee
ompenesieHHbIE Oa3uCHbIe (PYHKIIUH, ¥ TIPU pas-
JIO’KEHUH TIBITAIOTCS MTOI00PaTh CBOY aMILJIATY b
K IIOJIYYEeHHBIM JaHHBIM. B ominune ot atoro POM
TIOJIHOCTBIO 3aBUCUT OT IIOJIY4YCHHBIX TaHHBIX U HE
HCIIO/Ib3YyeT (DUKCUPOBAHHBIE MPEIIIOTI0KEHUS
00 ux xapakrepe. B yacTHOCTH, pa3J/IosKeHNe OCY-
IIeCTBJSAETCS  NMOCPEACTBOM  IIPOCEUBAHUA.
CHavasia onpeJiesIII0TCA BePXHAS U HUYKHASA OTH-
Daromye curaasa ImyTeM HHTEPIIOJISIIAN JIOKAJTh-
HBIX MAKCUMYMOB 1 MUHUMYMOB. CpeiHee 3Have-
HUEe JIOKAJbHOW OruOaiolieil BbLIYUTAETCH U3
CUTHAJIa, U MPOIleCC MOBTOPAETCA N0 TeX Mmop,
TIOKa pe3y/IsTupyolas (popMa CUTHajIa He CTAaHEeT
JIOCTATOYHO CXonselicsi. B peaysbrare moJydaer-
ca IMF1, koTopas BbIYUTAETCA U3 CUTHAJIA, U IIPO-
IeCC OTCeNBaHUA ITOBTOPSIETCA HA OCTATKe, TIOKa
He OCTaHEeTCs TOJbKO JUHEWHBbIN TpeH [11, 12].
TpaH3UTOPHBIE U IPEPLIBUCTBIE KOJIeOaTe/IbHbIE
CHUTHAJIBI MOTYT IIPUBECTHU K CMEIICHUIO 4aCTOT,
nosiBJIsitoIuxcs B onHoii IME Ha3piBaeMoMy «cMe-
meHueM Mof» [13-15]. /Iyisg pelieHust aTo mpo-
06J1eMbI MOKHO HCIIOJIb30BaTh BBEIEHNE MACKU-
pyIOLINX CUTHAJIOB B JAaHHBIC, 1 UMEHHO I3TOT
MeToz ObLII IPUMEHEH B ITaHHOM ciy4ae [6, 14, 16].

CpaBHenue POM c spyrumMu MeToguKamMu. B
peadyjbrare I pUMEHEHHs  MeTomuru POM
BBIABJISIETCST HEOOJTBITIOE KOJTIMTYECTBO BHYTPEHHUX
rosebanmii (IMF) ¢ 4eTko ompeneieHHBIMU MTHO-
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