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treatmentofdisorderslikesleepapnea,suddendeathsyndrome 
[2],andheartdiseases[3]-[5lInthedailylife,themonitoring 
ofrespirationrhythmandheartratedulingsleepmaybetools 
fOrthepleventionandearlydiagnosisofadultdiseaseslikeobe-
sity,alThythmias,andcoronaryarteIydiseases・Theyalealso
usedinthehomeheaIthcarefOrthemonitoringofpatientsand 

seniors，healthystatus[６１ThereaIenumerousconventional 
methodsfbrrespirationmeasulementlsuchasspilometrymasal 
thennocouples，bodyvolumechanges，inductancepneumog-
raphy,impedanceplethysmographyｳstraingaugemeasulements 
ofthoraciccilcumference,ｐneumaticrespirationtransducers， 

whole-bodyplethysmography[6],thefiber-opticsensormethod 
[7],photoplethysmography[8],theDopplerladar[，Landelec‐ 
trocardiogram(ECG)-baseddelivedrespirationmeasurements 
[10]-[12].Howevenallthesemethodsmaybringdiscomfbrt 
andinconveniencetothesubjectandphysicianbecausethe 

sensormustbeplacedonthebodyorthesensorisexpensive 
fOrpracticaluseandhardtomanipulateHeartratemonitoring 
basedonvitalsigns,ｓｕｃｈａｓｔｈｅＥＣＧ,heartsounds,andhnger 
photoelectricplethysmography(FPP),aIsolequiresapplopliate 
sensorstobeinstalledonthesubject,RecentlyNakajimaeraL 

[13］developedalow-costpillow-shapedrespiratolymonitor 
tomeetthenoninvasiveandunconstrainedIequlrementsof 

respirationmeasurement・ＷａｔａｎａｂｅｅｒａＬ［14]havedevised
anewinstnlmenttomeasurepressurechangeswithintwo 

water-filledvinyltubesunderapillowBecausethemainsignal 

componentsintherespirationrhythm（aboutlL20min-1） 
andpulserate(about5080min~')a1℃indifTeImtfTequency 
bands,Watanabeeraj．appliedalow-paｓｓｌｉｌｔｅｒｗｉｔｈａｐａｓｓ 
ｂａｎｄｏｆ0.1-0.8Ｈｚ，toobtaintherespirationrhythm；and 

estimatedthepulseratedilectlyfromtherawsignalusingthe 
peakdetectionmethodUchidaaaL［15]employedtheinde‐ 
pendentcomponentanalysis(ICA)methodtoseparateusefUl 
signalsfiＤｍｎｏｉｓｅｂｙｕｓｉｎｇtwochannelsofpIessulesignals・
KanemitsuaaL［16］usedpowerspectraldensity(PSD)to 

estimaterespirationrhythmandheartratefmmthefiequency 
domain 

ThewavelettransfOnnation(Ｗｒ)hasfOundmanyapplica-

tionsintｈｅbiomedicalsignalprocessingliel。［17lWrmul-

tiresolutionanalysiscanbeappliedtodetectECGchamcter‐ 

isticpoints［18LtoperfOImdatacompression［19],toextmct 
thefetalECG[20],andtodelineateECG[21]・CheneraJ.[22］

havesuccessfUUydevelopedabatchmethodbasedonMallat，s 

algorithm[23]toextractwavefOrmsfOrdetectingtherespimtion 

rhythmandpulseratefromapressulesignalmeasu妃dwithan
under-piUowsensor・Howevenreal-Umeestimationoftheres-

pirationrhythmandpulserateIemainedunIesolved 

ADS"vzc￣Anoninvasiveandunconstrainedreal-timemethod 

todetecttherespirationrhythmandpulserateduringsleepis 
presented・ＢｙｅｍｐｌｏｙｉｎｇｔｈｅＺＭｍｏｓａｌｇｏｒｉｔｈｍｏｆthewavelet
transfDrmation（WTLtherespirationrhythmandpmserate 
canbemonitoredinreal-timefmmapressuresignalacquired 
witｈａｐｒｅｓｓｍ⑱sensorplacedunderapiUow･ThewavefUrm 
fbrrespirationrhythmdetectionisderivedfromthe26scale 
approxinnation,wmethatfDrpuUseratedetectionissynthesized 
bycombiningthｅ２４ａｎｄ２５ｓｃａｌｅｄｅｔａｉｌｓ･Tbminimizethelatency 
indataprocess1ngandrealizethehighestreal-timeperfDrmance， 

● 

theⅡ℃spirationIhythmandpmseratea正estimatedbyusing
wavefDrmsdi正ctlyderivedfmmtheWTapproximationand
detailcomponentswithoutthemconstructionprocedure･This 
methodisevaluatedwithdatacollectedfroml3healthysuhjects・

BycompanngwithdetectionsfromIingerphotoelectIicplethys‐ 
● 

mogramsusedfbrpmseratedetectio､,thesensitivityandpositive 
predictMtywe正99.17％ａｎｄ98.53％，Ⅱ℃spectively・Simnarly，
fDr正spirationrhythm，comparedwithdetectionsfromnasal
thermistorsignals,正smtswere95.63％ａｎｄ95.42％,respectively･
Thisstudysuggeststhattheproposｅｄｍｅｔｈｏｄｉｓｐｒｏｍｉｓｉｎｇｔｏｂｅ 
ｕｓｅｄｉｎａrespirationrhythmandpulseratemonitorfDr正al-time
monitoringofsleep-relateddiseasesduringsleep･ 

肋吻ｒＺｂｍＤｓ－ｄＵｱＤ"salgorithm,pulserate,real-timemonitoE
respirationlhythm,sleepmonit肌wavelettransnrⅡnation｡

LINTRODUCTION 

Ｍ蝋;ijiIJ窓l:P蝋ごi欝圏縦i二nljMl晉縣紐
mias,andsuddendeatharelClatedtosleepdisturbances［lL 

ReaI-timemonitoringofrespirationrhythmaswellasheart 

rateduringsleepplaysanimportantmleinthediagnosisand 
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Fig.１．Schematicofthemeasurementsetup・TWoplessuresignalsarerecorded
withtwounderTillowsensors・FPPandnasalthermistorsignalsarerecorded
simultaneouslyastherefbrcncedata． 

Fig.２．FOurdirecUymeasuredsignals:(a)falmeckocciputpressura(b)near＝ 
neckocciputpressure,(c)IPEand(｡)nasalthermistorsignals・Eachsignalin
thefigureis4096datapointsinlength,ｏｒ40.96ｓlong． 

ThispaperproposesaMrm"salgorithm-based[24]Ieal-time 

implementationoftherespiratiomhythmandpulseratedetec-

tionfromaplessuresignalacquiredusinganairheewater-

lilledvinyltubeunderapillowduringSleep・Themeasured

pressu1℃signalisdecomposedintodetailandapproximation 
componentsatmultiplescaleswiththedir”"salgorithm-based 
methodneglectingthere-samplingprocedures(down-sampling 

andup-sampling)andkeepingaconsistenttemporalresolution 
TherefOre,allofthedetailandapproximationcomponentsare 

atthesamesamplingrate､Aftersuppressingrandomnoisewith 
thesoft-thresholdmethod[Z5Lrespiration-andpulse-related 

wavefOmsaleobtainedfiomthedetailandapproximationcom-

ponentsintheirrespectivecharacteristicscaleswithoutorwith 
leconstructionprocedures､Bothrespirationrhythmandpulse 
ratearedetenninedbyanaIgorithmcalledadaptivecharactelL 

isticpointpursuitbymodifyingthemethoddescribedin[28］ 
ThedetectionaccuracypelfOnnancewasexaminedwiththeref 
elcncedata・Detectionswithoutreconstmctionprocedureswere

alsoinvestigatedandcomparedwiththosewithreconstruction 
procedures・Theresultsshowthatthedetectionaccuraciesof
bothmethodsareveryclose,butthemethodwithout1℃construc-

tionprocedureslcqulresashorterprocessingtimeandissuitable 
fOrreal-timeapplications． 

ofpressurewithintubesareconditionedbyblidgeamplifiers 

(KEYENCECo・Ltd.，Japan，ModelAP-13，measulement

range:Ｏ－１ＭＰａ,repeatabilityaccuracy:below士0.5％ofthe
fUllscale)connectedtoembeddedcathetersThestaticpressure 

componentrespondstotheweightofahead,andthedynamic 

componentleHectstheweightHuctuationofaheaddueto 

breathingmovementsandpulsatilebloodHowfTomtheex-

temalcarotidarteriesaroundthehead・Afterbeingfilteredbyan

analogfilterwithapassbandofO1G5Hz,pressuresignalsale 

digitizedusingal6-bitanalog-to-digital(A/D)cardinalaptop 

computerandstoredonadigitaltaperecorder(SonyCorp， 
PC204A).ThepillowisstuffedwithnumelousfTagmentsof 
softcomfOrtablematerialmadeofsyntheticresins・Signals
werecollectedwiththisunconstrainednoninvasivemethod 

duringsleepineitherasupineoraIecumbentposition・FPPand
nasalthennistormeasurementswererecoldedsimultaneously 

aｓｒｅferencedatafOrevaluatingthedetectionaccuracyThe 

samplingratewaslOOHzfOrallfOursignals・

Ｆｉｇ２ｓｈｏｗｓ４０９６ｓａｍｐｌｅｓｏｆｔｙｐｉｃａｌｍeasureddata，ｏｒ 
４０９６ｓｉｎｔｉｍｅ・Theuppertworowsdisplaypressurewave-

fOnnsmeasuredunderthefameck[Fig.２(a)]andnear-neck 

[Fig.２(b)]occiputlegionslnnerpressureineachtubechanges 
inaccordancewithrespiratorymotionandcardiacbeatingThe 
lowertworowsareFPP[Fig.２(c)]andnasalthermistorwave-

fOnns[Fig.２(｡)],respectively・Itcanbeseenthatspike-like

pulsesappearedinthefar-neckandnear-neckocciputpressures 
andthevaIiationsarebeat-by-beatquitesynchronouswith 
theheartbeatsintheFPPsignaLHowevenheartpulsesinthe 
near-necksignalaremuchmolcdistinguishablethanthosein 
thefar-necksignaLIncontrast,therespirationIhythminboth 
pressuresignals[Fig.２(a)ａｎｄ(b)]ｃａｎbeidentifiedclearly 
breath-by-breath,colTespondingtothenasalthermistorsignaL 
althoughshghtmisalignmentsinPhaseexistbetweendifferent 
signals・Basedupontheseobselvations,thenear-neckpressure
signalwasusedinthedetectionfbrthelcspirationrhythmand 
pulserate． 

Ⅱ．MErHoDoLoGY 

ＡＭ巴ａｓ"”ｍｅ"/比加p

Aschematicillustrationofthemeasurementsystemisshown 

inFig・lTwoincompressiblevinyltubes,３０cminlengthand
２cmindiameter,alefiUedwithailLfreewaterinapreloaded 

internalplessulCof3kPaandsandwichedbetweentwoacrylite 
boards,both3mmthick,inparallelatadistanceofl3cmfrom 
eachother・Ｏｎｅｅｎｄｏｆｅａｃｈｔｕｂｅｉｓｃｏｎｎｅｃｔｅｄｔｏａnarterial

catheter・ThissensorunitisplacedunderapillowduIing

sIeeptodetectpressurechangesbeneaththenear-neckand 
far-neckocciputlCg1ons・Bothstaticanddynamiccomponents

Ｕ、 ＵＵＵ 
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Thenear-neCkandfar-neckocciputpressuresignalswere 

collectedfroml3healthysubjects（５femaleand8male 

fOurth-yearcollegestudents,Z1-22yearsofage)attheSchool 

ofHealthSciences，KanazawaUniversity§Japan，Approxi-

mately2hr,datawererecordedfiPomeachsubjectduringsleep、
FingerphotoelectricplethysmographyandnasaltheImistor 

signalswerealsocollectedasrefelmcesfOrthepulserateand 

respirationrhythmrespectively． 

、、

、、

、、
(日）

■■■ 

CdmmIS-BasedMVe化mZJ"q/bmOα"o〃

TheWrcanseparateasignalintodifferentcomponentswith 
waveletfilnctionsdelivedbydilatingandtra､slatingasingle 

prototypewaveletfUnctionW23lTheWTofasignalノis
deiinedas 

（b） 

Fig.３．TheDWrcascadestructuresof(a)Mallat，salgorithmand(b)ＣＭＤ“ 
algorithmSeethetextfOrdetails． 

algorithmexceptfbrthesubsampUngprocedure・However,un-

likeMallat,salgorithm,theZi伽"salgorithmistime-invaliant

andhasthesametemporalresolutionineveIyscale[Z6lThe 

dir""salgorithmneglectsthedown-samplingandup-sampUng 
proceduresanditsequivalentlow-andhighpassfiltersinthe 

s＝21scalearelcplacedbyHb(Z．)andGo(zs)[24]、
When‘'isasymmetricfUnction,thediscreteFouriertrans‐ 

fOnn(DFT)oftheDWTis[23］ 

広 (旱形Ｍ'１=士 ｆ(t)妙 (1) 

wheresandqarethescaleandtransIationfactorsoftheproto-

typewaveletu',respectively､Thetranslationfactorqisaparam-
etertoobservethewholesignalthroughshiftingthecompact 

supportedwaveletfimctionataspecifictime・Whenthescale

factorsisalteledfiDmsmalltolarge,thebasiswaveletfUnc-

tionisdilatedinthetimedomainandthecorrespondingWr 
coefficientsgiverougherrepresentationofasignalinthelower 
frequencyrange,ａｎｄＷｃｅｙｅ灯α・

Whenadiscretesignalノ,sampledataregularintervalT,is
takenintoconsideration,thescalefactorsandthetranslation 

factoracanbediscretizedonadyadicgridplane：ｓ＝２Ｊ， 
α＝２Ｊ片,wheIej’んeZandZistheintegralsetThiskind
oftheWriscalledadyadicWT(DWT).ItsbasisfUnctionsare 
expressedas 

DFT(W2j/(､)） 

＝DFT(池))DFT(１Ｍ"))＝Ｆ(u′)⑭(山）

-'三騨蝋IwzwwM二；
ノー１

（３） 

whereの(u′)istheDFrofasmoothingfUnction牌Ｇ他）
andHb(幻)aretheFouriertransfbrmationofthehighpassfilter
goandlowpassfilterhointhefilterbank,respectivelyうａｎｄ
Ｆ(u)の((Ｊ)isthediscleteFouriertransfOrlnationofthepres‐
suresignalz[ｎＩ 
Ｆｒｏｍ(3),theWrofz[､]atscale2jisequivalenttomtering 

〃[､]throughGoandHbThefiequencyresponsesQ池)and
Ei(uﾉ)oftheequivalentfilterfOrthedetailandapplomation 
componentsatsｃａｌｅ２Ｊａｍｅ 

Ｑ化)={鮒-Ⅶ衝H､(21");二}(4)
刎帥)薑(譜Iyb(,!“)月（３）

Hel巳，ｔｈｅＺｔｒｍ"salgorithmisusedtoextracttherespira-
tion-andpulse-relatedwavefOrmsfTomtheocciputpressure 
signalsonlythmughthedecompositｉｏｎｐｍｃｅｄｕｒｅＴｈｅＣＤＦ 
(Cohen-Daubechies-Fauraue)(9,7)biorthogonalwaveletisse‐ 

lectedastheprototypewavelettodesignthedecompositionand 
reconstructionfilters[27];ithascompactsupportandfburvan‐ 

ishingmoments・ThecoefTicientsofthedecompositionIilters
areshowninnbleI､Asthefiltersaresymmetlicalwithalinear 
phaseshift[27],thetimedelayinoutputsoftheequivalentIil‐ 

terscanbeeasilyestimatedandadjustedwithlcspecttothemw 
signalinthereal-timepmcessing． 

吟Ｍｔ)＝2-j/2V(2~jｵｰﾙ),j,ＡＥＺ． (2) 

lbreaUzemultipledecompositionofadiscretesignalatdifL 

ferentscales,arecursiveMaUat,salgorithmcanbeappUedasa 
cascadeofahighpassFⅢliltergoandalowpassFⅢfilterho 
ineachscale[23],asillustratedinFig3(a).goisthehigh-pass 
liltertoobtainthedetailcomponent;andboisthelow-passfilter 
toobtaintheapproximationcomponentHb(z)andGo(z)alc 
theZtmnsfOnnationofhoand９０.Therawsignalisdecom‐ 

posedintotheapproximation(qj)anddetail(｡')components・
HoweveLMallat,salgorithmincludesthesubsamplingpmce-
dureaftereachfilteringstep;andthismanipulationleadstothe 
signalphasevaliant(timeshifting)andreducesthetemporalres-
olutionofwaveletcoeHicientsasthescaleincreases[231[Z6l 

Real-timeappUcationrequlresanefficientimplementationthat 
doesnotleadtodeteriorationofdetectionaccuracyOneidea 

wastodecomposethesignalintothcappmximation(aji)and 
detail(dji)componentsatthesamcsampUngrateinallscales 
byneglectingthedecimationplDcessingThiscanbeachieved 

byusingtheZirm"salgorithm[24]asshowninFig､３(b).Ｔｈｅ 
伽、"salgorithmisoneofthepossiblealternativestomaintain

theconsistencyinthesignalphaseandthetemporalresolutionat 
diffbrentscales・IthasalmostthesamestmctureastheMallat，ｓ
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RealtimeimplementationfOrdetectionofrespirationrhythm 

andpulserateduringsleepisshowninFig4・PIessuresignals

wereacquiICdthroughal6-bitA/DcardatlOOHzsamplingrate 
andbuffeIcdintoalingmemoly・Inordertomaintaincontinuity
ofthedigitalfilteringplocedulc,onceevelylOs(adjustable） 
thedataframewasbuffered,thenewlyfOnnedlO-sdataframe 

wasdecomposedintodetailsandapproximationsbymultireso-
lutionWrbased-uponthedir”"salgorithmTherefblc,the2lc 
scaIecomponentswilIbecoｍｅｌＯ＋ｍｋｓ,where、虎istheextra

partintroducedbydigitalIilteringThewhoIe2IEscalecompo-
nentscanbecatenatedtogetherwiththeoverlap-addmethod・
Afterremovingnoiseinthedetailcomponentsinthe24and25 
scalesbyasoft-thresholdmethod,theyaIecombinedtofOrma 

pulse-relatedwavefOnn､Theapproximationcomponentinthe 
２６scaIeisusedasarespiration-relatedwavefOnnBecauseall 
theIiltersaresymmetricalwithalinearphaseshift,thelatency 

fOreachcomponentismk/2.Thedetailcomponentsofthe24 
and25scalescanbesummedbysettingm4/2andm5/2asthe 
respectivestarttimes・Respirationrhythmandpulserateread-
ingsareupdatedeverylOsfOUowingtherecommendationof 

ANSI/ＡＡＭＩＥＣ１３[3011,fact,theupdatingintervalcanbe 

settoa､yfeasiblevalueinpracticalapplication 

Thetwomainproceduresinthereal-Umeimplementationare 

thedi〃ひ“ａlgorithm-basedWrfOrwavefOrmextractionofIel-

evantcomponents,andanadaptivecharactelisticpointpursuit 

fOrcharactelisticpointdetenninationThefOllowingdescribes 

moredetailsonthereal-timeimplementationofrelevantwave-

fOnnextractionandcharacteristicpointdetection． 

Necd 

rccongmlCtmm7 

Ｎ， 

tion7 the２゜scale6

mdZsscale 
IＣＣＯ 

》》CatenabBthcr 

pulseWaveib 
withthepu已肋
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Catenalcthcにspimtjonand
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Save世epomjonsoflhe
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Fig.４．Flowchartshowingthereal-timepIocessingsteps． 

powerspectradensity(PSD)analysiswiththeWelch，smethod 

A4096-pointsegmentofIawsignal’40.96sinlength,fTee 
ofartifacts,wasselectedtoevaluatethereasonablefrequency 
rangesfbrthe1℃spirationandpulse-relatedwavefOnns､AHan-

ningwindowof512-pointwidthandlO24-pointfastFoulier 
transfOnnwasused・Fig5showsthefiCquencyspectrumofthe

rawsignalsegmentillustratｅｄｉｎＦｉｇ２(b).ＴｈｅＰＳＤｐｅａｋａｔ 
Ｏ､Z93HzcolTespondstotherespirationrhythmwhichisequiv-
alenttol７．６bleaths/ｍin,theresultestimatedfmmthelefbrence 

signal,asshowninFig､２(｡)ThePSDpeakat1.270HzisIde-
vanttothepulserate,whichisequivalentto77､６beats/minthe 

resultestimatedfromtherefelcncesignal,asshowninFig2(c)． 
OtherPSDpeaksat2､637,3.906,5.176,ａｎｄ6.445Hzindicate 

thehannoniccomponentsofthepulse-IelatedwavefOnninthe 

rawpressuresignaLSimilarresultscanbefOundinthedatafrom 

othersubjects・FIomFig5andageneralunderstandingofres‐

pirationandtheheartbeat,itcanbeconcludedthattheproper 

fiequencyrangefOrtherespilation-relatedwavefOnniswithin 

0.1-0.5Ｈｚ,ａｎｄ0.6-6.0Hzfbrthepulse-relatedwavefOnn・It

wasobseIvedthatmostofthespectmlenelgiesintheresplra‐ 

tion-Ielatedsignalareincludedintheapproximationcomponent 

ofthe26scalaandthespectralrangeｉｎthepulse-relatedsignal 
appearstoextendacrossmolethanonescale,andmaycontain 

asignificantportionofthedetailcomponentsofthe24and25 
scales・Althoughthe26scaledetailcomponentoccupiesthefre-
quencyrange0.8-1.7Ｈｚ,inthisfTequencyrangethepulsewave 
appearstobethesinuswavenotthepulsepeakTherefOre,ｗｅ 

Ｅ比陀伽Mjo"q/伽Ｃｈａｍｃ妃'９ＭCSCαﾉCs/b'Ｅ,伽〃"８

他SPjMjo"αＭＰ"ﾉselMJve1/bmzs

Tbdeterminetheproperscales，bywhichrespiration-and 

pulse-relatedwavefOnnscanbeestimated,wehavetoundelL 

standtheplopertiesoftherespiration-andpulse-relatedsig-

nalsaswellasthecharacteristicsoftheequivalentdigitalfilters 

Q沖)andＢ(囚)oftheselectedDWT
CorlCspondingｔｏａｓａｍｐｌｉｎｇｒａｔｅｏｆｌＯＯＨｚ,the3-dBband-

widthsoftheequivalentIiltersQ化)andＢ(u)inthedifL
fe１℃ntscalesaIetabulatedinnbleⅢ、Althoughportionsof

thepassbandsamongthedifferentscalesoverlap，theleisa 
distinctcentralfiPequencyineachscale・Thecentralfrequency

ranges，withinwhichthemostenergyoftherespirationand 

pulse-IdatedwavefOnnsareconcentrated,wereexaminedusing 

〃 gｂ 〃 〃0 〃

０１２３４５６７８９ 
０ 

-0.04563588155695 

0.02877176311397 
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-0.557543526，844 
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0.02877176311397 

-0.04563588155695 

０ 

０ 

０ 

0.02674875741100 

-0.01686411844300 

-0.07822326652900 

0.26686411844300 

0.60294901823600 

0.26686411844300 

-0.07822326652900 

-0.01686411844300 

0.02674875741100 
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Ｔｉｍｅ,ｓ Fig.５．ThePSDofthenear-neckocciputpressuresignaLTheleftmostpeak 
iscorrespondingtotherespirationrhythm・Itsnextpeakisafimdamentalfre‐
quencyofheartbeats・Otherpeaksarethehannonicsoftheheartbeats． Fig.６．TheDWrdecompositionsofpressuresignaldetectedwiththesensor 

inneameckocciputregion.(a)therawsignal;(b)-(9)thewavefblmsofthe 
detailcomponentsatthe21-26scales,respectively;(h)thewavefbnnofthe 
approximationcomponcntatthe26scale． mOhBLEn 

TI凪REEPDECIBELBANDWIDITISOFEQUIVZllENTDIGITﾊLFmERSQ化）
ANDＢい)INTm21-26ScALEsWITHREsPEcTToT唾

ＳＡＭＰＬＩＮＧＲＡＩＥｏＦ１００Ｈｚ 

approximationinthe26scaleisusedtorepresenttheresplra-
Uon-IelatedwavefOnnstraightly,andsummingthedetailcom-

ponentsofthe24and25scalesafterdenoisinggivesthepulse‐ 
relatedwavefOnnHowevenwhenthedetailsinthe24and25 

scalesareaddedtogetherdilectly§specialattentionshouldbe 
paidtothedifferenceintimeshiftbetweenthetwowavefOrms 

aftertheconvolutionoperationWeshouldtakeawaytheextra 
time-shiftinthedetailcomponentofthe25scalebefbreadding 
ittothedetailcomponentofthe24scalelnaddition,fOrthe 
methodwithoutthereconstructionplocedule，the24and25 
scalesaremultipnedwith-1togetthepulse-”latedwavefbnn 

inthispaperbecauseupwardpeaksintherawsignalwillbein‐ 
vertedbythehighpassfiltergoinTHbleL 

、

]ＨＨＨ 

ｄｏｎｏｔｕｓｅｔｈｅ２６ｓｃａｌｅｄｅｔａｉｌｔｏｓｙｎｔhesizethepulse-related 
wavefOn､． 

Ｈ此花mDjlzα"o"q/〃Ｃｈａｍｃ花rMcSc此s/b7EF伽α""８
彫叩加"o〃α"‘Ｐ"ﾉＳｅＭｙＥ１/ｂＪｗＯｓ

Ｆｉｇ６ｓｈｏｗｓｔｈｅｒａｗｓｉｇｎａｌｏｆthepulsatilepressuremea-
suredinthenear-neckocciput[Fig.６(a)],anditsDWTdecom-

posedwavefbnns[Fig.６(b)-(h)］Thetimedelayafterconvo-

lutioｎｗｉｔｈｅａｃｈＷｒｆｉｌｔｅｒｉｓ１℃movedfiomthedecomposed 
componentineveIyscalefOriIlustration､Therawsignalshown 
inFig6(a)isthesameasinFig､２(b).Thedetailcomponents 
inthe21-26scalesareshowninFig6(b)-(9).Fig.６(h)shows 
theapproximationcomponentinthe26scaleItwasfOundthat 
theapproximationcomponentinthe26scalecolTespondswell 
withtherespirationlcfelence,ｉｅ.,thenasalthermistorsignalin 
Fig2(｡)ThewavefOnnreconstructedfmmthedetailcompo-
nentsinthe24and25scalescontainsthemostsimilarpulse-like 
peakscoIrespondingtothe１℃felCncewavefOnnmeasuredby 
theFPPshowninFi9.2(c).TheseresultsconIinnedourob‐ 

seIvationandanalysisthattheappmximationcomponentinthe 
26scalecanbeusedtoestimatetherespiration-Ielatedwave-
fbnn,andthedetailcomponentsinthe24and25scalescanbe 
usedtoestimatethepulse-relatedwavefOnnafterapplyingthe 
soft-thresholdmethodtoremovenoise[25l 

Inordertorealizereal-timeapplication,boththerespiration 
andpulse-relatedwavefOnnsareobtainedwhileneglectingthe 
reconstructionprocedulcinthedMD"salgolithmThatis,ｔｈｅ 

G、Ｄｅ尼crjo"q/P"/SeRα"α〃他SP伽rjo"Rhy沈加

ThealgorithmfOrdetectingthepulseratefiomeithertheFPP 

ortheestimatedpulse-relatedwavefOnnisanadaptivepulse 
peakpursuitmethodlefinedfromtheECGR-wavedetection 

algorithminPaneML［28]・TheadaptivepulsepeakpulBuit
algorithmisdesclibedbelow・

Theinputsignalisfirstprocessedthroughaiirst-derivative 

operatoLandthenpointscorrespondingtothepulsepeaksare 
detenninedbythecharacteristicpointsearchalgorithmwitha 
locallyadaptivethreshold・Theinitialpulsedetectionthleshold
issettobe７０％oftheaveragevalueofthefivelalgestfirst‐ 
derivativesinthefirst5sdatasegment・Whenapointwitha
valueovertheth１℃sholdisfOundinthedifferentialdata,the 

peakpointwithalocalmaximumvalueamunditintheinput 
signalissettobethepulsecharacteristic(peak)point・When
apeIiodwithoutfindingapulsｅｐｅａｋｐｏｉｎｔｉｓｏｖｅｒＬ８ｔｉｍｅｓ 
ｔｈｅｐｒｅｖiouscharacte1isticpointintelval,thethresholdwillbe 

reduced5096andtheseaI℃hprocedurelcstarts・Aftereachpulse
peakisdetected,thethresholdwiUbeupdatedtotheplevious 
thresholdmultipliedbyO7＋thecurrentlalgestIirstderivative 

multipliedbｙ0.3＊０７.ＡｒｅｆＴａｃｔｏｒｙｔｉｍｅｏｆｌ８０ｍｓｉｓｓｅｔｔｏ 

ａvoidanalyzingthedataafterthepulsecharactelisticpoint． 
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ThecharactelisticpointsfOrdetectingrespirationrhythm 
fmmthenasalthennistorsignalandestimatedrespiration-re-
latedwavefOnnaredefinedastheupwaldzelD-closspointsin 
theinputwavefbnns・ThezeloUneislocallyadaptedtotrack
thewanderingbaselineTheinitialzero-linevalueisselected 

astheaveragevalueofthelirst5sdata;andupdatedtobethe 

pIeviouszero-linevaluemultipliedbyO7＋theaverageofthe 
preceding5sdatamultipliedbyO3whenanewzero-closs 

pointisfbund・Onlytheupwaldzero-cmsspointswithpIe‐
cedingvalleyslowerthanthevalleythresholdare肥ＣＯgnized
asqualifiedcharacteristicpoints,Theinitialvalleythresholdis 
settobetheO2timeofthestandarddeviationofthelirst5s 

data,andisupdatedtothepreviousvalleythlcsholdmultiplied 
by0.7＋thestandaIddeviationofthepreceding5sdatamulti-

pliedbyO3＊０．２whenanewqualifiedcharacteristicpointis 
fOundArefractolytimeof500msissettoavoidanalyzingthe 
databehindthequalifiedzero-closscharactelisticpoint・The
coefiicientsfOrthedetectionofrespirationrhythmandpulse 
rateaIedetenninedempirically・

BefOredetectionofthecharacteristicpoints,artifactsinthe 

pressuresignalcausedbybodymovementsaredetectedusing 
athresholdmethod・Whenanextremelylalgevalue,whoseab-

solutevalueis4timeslaIgerthanthestandalddeviationofthe 

plecedingdetectedartifact-fTeerawsignal,isfOundintheraw 

pressuresignal,theprecedingandsucceedingZ5-srawpressul巳
si2malsaIeneglectedandnotusedfOrtheestimationofICspi‐ 
rationrhythmandpulseratelnsummary,Ical-timedetections 

ofthelespirationIhythmandpulseratealerealizedbythefOl-
lowingsteps： 

１）Processingadelinitensduration(e､9.,10s)signalseg‐ 
mentsequentiallywithan〃'１０"salgorithm-basedDWT、

２）EachestimatedwavefOnnsegmentiscatenatedtotheple‐ 
viousonewithanoverlap-addmethodtocreateacomplete 
wavefOnn、

３）Thedetailcomponentsinthe24and25scalesarelCaligned 
inthesignalphaseandsummedinamplitudeasanestima-

tionofthepulse-relatedwavefOnn 

４）TheappIoximationcomponentinthe26scaleselvesasthe 
estimationofthelespiration-relatedwavefOnn 

５）Whenartifactsduetoexorbitantmovementsaredetected， 

ｔｈｅｐ1℃cedingandsucceedingZ・sssignalsegmentwiUbe

neglectedinanalysis、

６）ThecompletewavefOnnisusedtodetectthecharactelistic 

pointsfOrtherespirationlhythmandthepulseratebythe 

adaptivecharacteristicpointpursuitmethod 

Tbcompa１℃theperfOnnancebetweenthemethodswithand 

withoutreconstruction,theDWTwithreconstmctionplDcedule 
isalsoevaluatedThereconstructionfiltersH1andC1canbe 

derivedfromthedecompositionfilters,Le.,Ｈ１(z)＝－ＣＯ(一z）
andG化)＝Ｈｂ(-z)[27lItisclearthatalloftheliltersa１℃
symmetricaloranti-symmetricalandhavealinearphasepIop‐ 
erty・TherefOre,thetimedelaycanbeaccuratelyestimatedand

handledproperlyinthereal-timeplocessing､Thedetailofthe 

leconstructionploceduleofDWTcanbefOundin[27]・

Fig.７demonstmtes，ｆｍｍｔｏｐｔｏｂｏｔｔｏｍ，thelawpressure 

signalmeasuMunderthenearmeckocciput[Fig.7(a)];theFPP 
signal[Fig.７(b)];theestimatedpulse-IelatedwavefOnnwith 

[Fig.7(c)]andwithout[Fig.7(｡)]reconstruction;thenasalthe圧

mistorsignal[Fig.７(e)];andtheestimatedrespiration-related 
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Fig.７．Estimatedsignalsanddetectedcharacteristicpoints(indicatedby"●，，)． 
(a)therawsignal;(b)FPP;(c)theestimatedpulse-relatedwavefbrmwithre‐ 
constructionprocedules;(｡)theestimatedpulse-配latedwavefbrmwithoutre‐
constructionprocedures;(e)thenasalthennistorsignal;(f)theestimatedlespi-
ranon-relatedwavefbnnwithreconstructionprocedures;and(9)theestimated 
respiration-relatedwavefbnnwithoutrcconstructionprocedures． 

wavefmnwith[Fig.７(f)]ａｎｄwithout[Fig.７(9)]reconstruc-
tionThedetectedcharactelisticpointsa1℃markedbyablack 
dot“●.，，ＩｔｃａｎｂｅｓｅｅｎｆＴｏｍＦｉｇ､７thatthepulseandrespira-
tion-relatedwavefOnnsestimatedwithandwithoutreconstmc-

tionploceduresareverysimilarinmolphology・Ｔｈｉｓfactim-
pliesthatthedetailandapproximationcomponentscanbeused 
directlyasthepulseandrespiration-IclatedwavefOnns． 

Ｈﾙﾉﾌﾟb""α"ceEwJJ"αrio"q/ＤＣ花crio〃

ＦｒｏｍＦｉｇ．７，itisclearlyidentifiedthatthecharacter‐ 

isticpointsinthepulseratedetection，fTomeitherrefbrence 

[Fig.７(b)]orestimatedwavefmns[Fig.７(c）ａｎｄ(｡)],syn-
chronizebeat-by-beat・Similarresultsinrespirationrhythm

detectioncanbeseeninFig7(e)-(9)basedonb1℃ath-by-breath 
Tbevaluatethedetectionperfbnnanceofthepulserateand 

therespimtionrhythmamethodisproposedanddescribedas 
fOllows、

１）CountingthenumberofdetectedpeaksintheFPPand 
theestimatedpulse-relatedwavefOnnwithineachminute 

fTeeofartifactsastherealpulsebeatnumber(RPBN)and 

theestimatedpulsebeatnumber(EPBN),respectivelylt 

shouldbenoticedthattheRPBNisnotalwaysequaltothe 
EPBNbecauseofmisdetection． 

２）FOreachminute,whentheEPBNisbiggerthantheRPBN， 

thefalsepositivenumber(FPN)isEPBN-RPBNSum‐ 

mationofallFPNsgivesthetotalfalsepositivenumber 
（TFPN).SimilarlylfbreachminutewhentheEPBNis 

smallerthantheRPBN,thefnlsenegativenumber(FNN） 

ｉｓＲＰＢＮＥＰＢＮ・SummationofallFNNsgivesthetotal
falsenegativenumber(WNN)． 

３）SummationofallRPBNsgivesthetotalrealpulsebeat 
number(ＴＲＢＮ).SummationofallEPBNsgivesthetotal 

estimatedpulsebeatnumber(TEBＮ).Thetotaltrueposi-
tivenumber(ITPN)equaIsTEPWTFPN 
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TABLEm 

PuLsEBEArDEIEcTIoNREsuLＴｓＦＲｏＭＦＰＰＡＮＤＥｓＴＩＭ(IEDPLLsE-RELA【IEDWAvEFoRMs

ＰｌｗＲ(%)ＩＰＦPR(%）ＲＭ%）ＰＰＷ6） ＢＥｂＨｌｈｕＥｕ上じｕピ【Ⅱ

ＦＰＰ 

３３９８６９ 

８０６０９９９３９９６３９９ 

３００８９９９9９３９９３６９９６ 

８３３８６８０００９９９９０００９８５９８８ 

６００８９９9８９９３９９ 

６９９８９９ 

７１０００４９０１４９５８４９３１９８２１４３１４２８４９８０６９９０９６９６９２４ 

８６０８４６００９９９９,，９８５９８８ 

３９０４８０９００９３０６３９９０８９８９５９８９８ 

４４３６３９９６９６６８０９ 

６６８４９３９０８１５００６４９９０９９９９３６ 

３３３９０９６３００００８６００００００９８９８ 

８６９６６３０８９ 

０５９９９８９９８ 

８ 

９３６２ 

Weightcdaveragc,wcightedbythenumbcrofpuIscbcatspcrcasc 

A:thepuIse-relaledwavefbnncstimatcdwithoutthercconstructionpmccdurc 

B:thepulse-reIatedwavefbnnestimatedwiththelcconstructionprocedurc 

timewasabout24hours・Thetotalpulsebeatnumberfromthe

ＦＰＰｓｉｇｎａｌｓａｔｔｈｅｔｉｍｅｗｈｅｎｔｈｅｐｌｅｓsuresignalswerefice 

ofartifactsaccordingtotheartifactdetectionalgorithmwas 

90816・Withoutthereconstructionprocedure,ＰＳｅａｎｄＰＰ＋
ｗｅ1Ｗ9.17％±1.08％and98.53％±0.82％,Iespectively・With

thereconstructionprocedure,thecolTespondingoutcomeswere 

98.91％±1.26％ａｎｄ98.47％±0.77％,respectively、
TableⅣsummarizestheIesultsofevaluationofrespiration 

detectionfTomthenasalthermistorandestimatedsignals・Ｔｈｅ

ａｎａｌｙｚｅｄｄａｔａａｒｅｔｈｅｓａｍｅａｓｔｈｏseinThblenI・Thetotal

numberofbreathsfromthenasalthermistorsignalatthetime 

whenthepressulesignalswelCfn℃eofartifactswas23086・

Withoutｔｈｅ１℃constructionprocedule，ＲＳｅａｎｄＲＰ＋ｗｅｒｅ 
95.63％±2.71％ａｎｄ95.42％±3.77％,respectively,With 

thelcconstructionprocedure,theyｗｅ1℃９４７６％±3.38％ａｎｄ 
96.92％±295％,respectively・

Fig.８showsa64minprofileofestimated1℃sultsandlelative 

eIrorsfromthedelivedwavefbnnswithoutreconstructionpro-
cedulcsThelealrespirationrhythm(RRR,maIkedwith“×"） 

fTomthenasalthennistoLandtheIespirationrhythmsestimated 

fromtheestimatedrespiration-relatedwavefOnn(ERRmaIked 

with“o,，fOrpeliodswithoutartifacts,without“o，，fbrpeliods 

withartifacts)areshowninFig､8(a)ThelもlativepelCentageof

estimationenDrs,derivedas(ERR-RRR)/RRR×100(％)， 
isshowninFig8(b).Fig.８(c)showsthelcalpulserate(RPR， 

maIkedwith“×，，)fTomthel平四andthepulserateestimated

fmmtheestimatedpulse-relatedwavefOIm(EPRmarkedwith 

``o"fOrpeliodswithoutartifacts，ａｎｄwithout“o，，fOrperiods 

withaltifacts).Fig.８(｡)showstherelativepementageofesti‐ 

mationenDrs,delivedas(EPR-RPR)/RPRx100(％).It 
canbeseenthatmostoftheenlorsfOrthepulserateandrespi-

rationrhythma1℃withinarangeof士10％．

４）Thepulsefalsepositiverate(PFPR),pulsefalsenegative 

rate(PFNR),pulsesensitivity(PSe),andpulsepositive 

predictivity(PP+)alecalcuIatedas 

ⅢFPR=鵲xmo(%）（`）
PFNR-器川0(%）（７）

ＴＴＰＮ 

ＰＳｅ＝(TTpN＋TFNN)x1OO(%）（８） 
ａｎｄ 

ＴＴＰＮ 

ＰＰ＋＝(TTpN＋TFpN)×'00(%)．（９） 
５）SimilarprinciplesaICappliedtotherespirationlhythmde-

tectionTheyaIe 

RFPR=鵲×100(%）OOj
RFNR=器ⅢO(%）（ｕｊ

ＴＴＰＮ 

ＲＳｅ＝(TTRN＋TFNN)×100(％）（12） 
ａｎｄ 

ＴＴＰＮ 

ＲＰ＋＝(TTRN＋TFpN)×'００(％）（13） 
wheIeTRRNisthetotalIealrespirationnumbeLTERN 

isthetotalestimatedlespirationnumber,TTPNisthetotal 

truepositivenumberRFPRistherespirationfaIsepositive 
rate,ＲＩＷＲｉｓｔｈｅ正spirationfalsenegativerate,RSeisthe

respirationsensitivity§ａｎｄＲＰ＋istherespirationpositive 
pICdictivityltshouldbenoticedthatwhenartifactsaIe 

fbundintheplcssuIesignal,thepulserateandrespiration 
rhythmwillnotbeestimatedatthatmoment． 

Ⅲ．RESULTS 

Theresultsoftheevaluationofpulsebeatdetectionfrom 

theFPPandestimatedsignalsaIctabulatedinnblem・The

analyzeddatawerecollectedfroml3subjects,andthetotal 

lVbDISCUSSIONS 

Watanabeefaﾉ.proposedadigitalfilteringmethodtoextract 

desilcdwavefbnnshommeasurednear-neckocciputpressure 

Subject 

ＩＤ． 

Datalcngth 

(ｍ、）

Numberofheartbeatsdetectedb ｙ 

FPP Ａ Ｂ 

PﾉＷＲ(％） 

Ａ Ｂ 

PFPR｛％） 
Ａ， Ｂ 

2Sb(％） 

Ａ Ｂ 

PP+(％） 
Ａ Ｂ 

１ l３Ｌ７ 7409 7508 7423 1.82 2.93 3.16 3.12 98.21 97.15 96.94 96.97 

２ 133.4 9268 9248 9254 0.58 ０６６ 0.37 0.51 ”.4２ 99.34 99.63 99.49 

３ 6６７ 4719 4739 4737 0.21 0.47 0.64 ０．８５ 卯.7９ ,9.53 99.36 ”.1６ 

４ 48.3 2813 2862 2868 0.04 0.00 Ｌ7８ 1.96 99.96 100.00 98.25 98.08 

５ 66.7 3681 3701 3703 0.16 0.22 0.71 0.82 99.84 99.78 99.30 99.19 

６ 133.4 6843 6855 6817 0.06 1.14 0.77 0.76 99.94 98.87 99.24 99.25 

７ 100.0 4901 4958 4935 1.98 2.14 3.14 2.84 98.06 97.90 96.96 97.24 

８ 266.0 17484 17726 17723 0.50 0.59 1.88 1.96 99.50 ,9.41 98.15 98.08 

９ 133.4 9046 9080 9090 09ｺ 1.06 Ｌ3１ 1.55 99.08 98.95 98.71 98.47 

1０ 128.7 6031 6129 6Ｍ４ 0.2M！ 0.38 199 2.26 99.64 99.62 98.05 97.79 

1１ 66.7 5158 4937 4908 4.81 5.49 0.52 0.64 95.41 94.80 99.48 ”､3６ 

1２ 333 1934 1970 1％３ 000 0.00 1.86 1.50 100.00 100.00 98.17 98.52 

1３ 186.7 11529 11663 11646 0.16 0.17 1.33 1.19 99.84 99.83 9８６９ 98.82 

ＡＶＧ 0.89 1.12 1.50 1.55 99.17 98.,1 98.53 98.47 

STD ￣ 1.11 1.32 0.85 0.79 1.08 1.26 0.82 0.77 

Total 1495.0 90816 91376 92070 



ＩＥＥＥＴＲＡＮＳＡＣｎＯＮＳＯＮＢＩＯＭＥＤＩＣＡＬＥＮＧＩＮＥＥＲＩＮＧ,ＶＯＬ､53,Ｎ0.12,ＤＥＣＥＭＢＥＲ２００６ 2560 

mARLEIV 

REspIRATIoNDEIEcTToNREsuIJrsFRoMTHENAsALTHERMIsTDRANＤＴＩ正REsPIRATIoN-RTaLﾊﾟImWAvEFoRMs

Numbe｢ofbrcathsdctcctcdbjWVR(％）ＲFPR(%）RSb(％）.．（％） 
Thcrmistor 

WcightcdavcragC,weightcdbythcnumberofbreathspcrcase． 

Ａ:thcrcspiration-rclatcdwavcfbrmcstimatcdwithoutthclcconstructionproccdulc 

B:thelespiration-rclatcdwavcfbnncstimatcdwiththcrcconstmctionprocedurc 
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０５１０１５２０２５３０３５４０ 

-20 
0１０２０３０４０５０８０ 

Ｔｉｍｅ,ｍｉｎ 

Ｆｉｇ８、Instantaneousprofilesof(a)respirationrhythmand(c)pulseratede‐
tectedfromtheestimatedwavefbrms(o)andthereferencedata(×);andesti‐ 

mationerTorsof(b)respirationrhythmand(｡)pulserate."０，，indicatesthatthc 
valuewasdetectedwhentherewasnoartifactmthatminute． 

0５１０１５２０２５３０３５４０ 

Ｔｉｍｅ,ｓ 

Fig.９．Estimationresults,includingestimatedwavefOnnsanddetectedchal塔
acterisUcpointsintheCaseofpoorsignalquality.(a)therawsignal;(b)FPP； 
(c）theestimatedpulse-relatedwavefOnnwithreconstructionprocedu1℃s； 
(｡)theestimatedpulse-relatedwavefmmwithoutreconstructionprocedures； 
(e)thenasalthermistorsignal;(f)theestimatedrespiration-relatedwavefOnn 
withreconstructionprocedules；ａｎｄ（９）theestimatedrespiration-related 
wavefbrmwithoutreconstructionprocedu1℃s， 

signals［14］Therawsignalpassedthroughabandpassfilter 
(0.1-0.8Ｈｚ)couldbeusedtoreplesenttherespirationwave‐ 

fOnn,andthepulseratewasdh℃ctlyestimatedfmmthepeaksof 
thenear-neckocciputpressuresignal､HoweveLsuchanalTow 
bandwidthfilterinalowfreqUencybandrequiresｈｉｇｈｏrder 

implementationandisnotsuitablefOrreal-timeapplicationOn 
theotherhand,whenweuseabandpassfiltertodetectthepulse 

rate,thebandpassIiltershouldhavearatherwiderbandwidth 
tocoverthefiFequencyrangeofthepulsewaveaboutO67-5Hz 
fOr40-300bpmTherefOre,therespiration-relatedcomponent 

andrandomnoiseintheocciputpressuresignalmaymaskthe 

pulsesignalandaffectthedetectionofthepulserate､More‐ 

oveBspectraloverlappinginthefrequencydomainmakesitdif 
ficulttodiscriminatethemeasurementnoiseandpulse-related 

signalusingtraditionalfilters、Thesewouldleadtofalsede-
tectioninthecharacteristicpoints,andincreasethefalseneg‐ 

ativeol/andfalsepositiverates・ThePSDmethodcannotre-
alizebeat-by-beatanalysisandfailswhenthesignal/noiseratio 

istoolowortherespirationrhythmandpulserateiscloserthan 

thehighestfrequencylesolutionofthePSDAccOrdingto[30]， 
themimmumdatalengthfOrcardiacrateshouldｂｅｌｅｓｓｔｈａｎ 
ｌＯｓＦｏｒａＮ＝1000-pointHanningwindowandfb＝100Hz 
samplingrate,thehighestfiequencyresolutionofPSDisabout 

4L/Ｎ＝４×100/1000＝0.4Hzlncrcasingthepointcount 
ofthewindowfmnctionwillreducethetemporallcsolutionof 

thePSDalthoughitsfrequencyresolutioncanberaisedThe 
methodplDposedinthispaperovercoｍｅｓｔｈｉｓｉｓｓｕｅｔｏｓｏｍｅ 

ｅｘｔｅｎｔＦｉｇ９ｓｈｏｗｓthedetectionresultsinatypicalsitua-
tionwhereartifactappears,iUustratingtherawpressuresigna１ 

Subjcct 

ＩＤ． 

Datalcngth 

(ｍin） 

Numbcrofbrcathsdctcctcdb ｙ 

Thcnnistor Ａ Ｂ 

ＲﾉＷ 

Ａ 

((％ 
Ｂ 

RFPR(％） 

Ａ Ｂ 

RSb(％： 
Ａ Ｂ 

RP+(％） 
Ａ Ｂ 

１ 131.7 1601 1786 1729 5.44 5.93 16.99 13.93 94.84 ,4.40 85.48 87.77 

２ 133.4 2456 2395 2394 2.77 2.81 0.29 0.28 97.30 97.27 99.71 ”.7２ 

３ 6６７ 1０１４ 911 915 11.34 10.85 1.18 108 89.82 90.21 98.83 98.93 

４ 48.3 ９１９ 781 735 15.56 20.35 0.54 0.33 86.54 83.09 99.46 99.67 

５ 6６７ 906 923 917 L2１ 143 3.09 2.65 98.80 98.59 97.00 97.42 

６ 133.4 1921 1９１３ 1900 3.49 3.96 3.07 2.86 96.63 96.19 97.02 97.22 

７ 100.0 1382 1349 1339 3.33 3.62 0.94 0.51 96.78 ,6.51 99.07 ”.4９ 

８ 266.0 3853 3874 3825 3.01 3２２ 3.55 2.49 97.08 96.88 96.57 97.57 

， 133.4 2157 2１５１ 2046 6.72 9.23 ６４４ 4.08 93.70 91.55 93.95 96.08 

1０ 128.7 2244 2374 2284 1.20 1.78 7.00 3.56 98.81 98.25 93.46 96.56 

1１ 66.7 770 748 744 5.32 5.32 2.47 1.95 94.95 94.95 97.59 98.09 

1２ 33.3 604 567 519 10.93 16.56 4.80 2.48 90.15 85.79 95.42 97.58 

1３ 186.7 3202 3337 3092 4.00 6.65 8.21 3.22 96.15 93.76 92.41 96.88 

ＡＶＧ 4.60 5.72 4.98 3.15 95.63 9４７６ 95.42 96.92 

STD 3.12 4.02 4.38 3.38 2.71 3.38 3.77 2.95 

Tbtal 1495.0 23086 22461 23164 
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matestendtobelalgerinvaluethanthel巳fb1mcedata,andthat

fewestimateshavelowerlcadingsofpulseratethanthelc化IL
encedatawhenthesecoefTicientsaleselectedFromThbleⅣ， 

itisfOundthatthemethodwithICconstructionplDcedul巳tends

todetectmorerespirationthanthatwithoutleconstructionpro-
cedulcdoes､TheleconstnlctionprocedulemayIaisetheposi-

tivepredictivitywhilereducingthesensitivityofdetectionwhen 
thesecoefficientsaIeselected・

DifTerencesindetectedtimingofcharactelisticpointsbe-

tweentｈｅ妃ferenceandestimatedsignalscanbeidentiliedｉｎ

Fig.７，especiaUybetweenthenasaltherlnistorandtheestimated 
r_ダニ

纈Piration-relatedWavefmnsinFi9.7(e)-(9).Becauseonlythe
bedt-by-beatorb1℃ath-by-breathreadingsaIcconcemed,offBet 
inthedetectedtimingofcharacteristicpointsisnotanexigenｔ 
ｌｓｓｕｅ・

ThreemainsourcesofdegradeddetectionpelfOnnanceale 

considelCｄＯｎｅｉｓｔｈｅａｒｔｉｆａｃｔｉｎｄｕｃｅｄｂｙｂｏｄｙmovement・

Whenasubjecttumsoverinbedfi℃quentlyduringsleep,the 

measuledp1℃ssulepattemdistortsandthecharacteristicpoints 
fOrtherespirationrhythmandpulseratecannotbepmperly 
detectedfTomtheestimatedwavefOrms・Thisfactcanbefbund

inFig8,whelethedetectionelTorincleaseswhenthelewere 
altifactsintheprecedingorsucceedingp１℃ssu１℃signaLUsuaUy 

thetransitionperiodlastsfbrabout2-3s､Itwillespeciallyin-
HuencethedetectionoflespiratiomhythmsasshowninFig.， 
However,wefOundthatalthoughitwashardtoobtainsignal 

satisfactoryenoughtoanalyzeintheposturetransitionperiod， 

measuredsignalswe1℃acceptableprovidedthenear-neck 

occipitallegionhasgoodcontacttothepiUowfbranysleep 
gestures・Furthennore,theamplitudeofthepressuresignalis
notsensitivetothesleepgestu1℃､InthispapeLtheartifHctsdue 

tothebodymovementweredetectedwiththethlesholdmethod 
becausethesensorusuallydetectedaslowandlargewavefblm 

atthattiｍｅ・Inthedatausedinthislcsealch,only59Matawele

fOundwithartifactsduetobodymovementJftheartifactonly 

lastsfOrashorttime,therespirationrhythmandheartratemay 

beinterpolatedbyusingtheprecedingandsucceedingvalues・

Thesecondfactoristhesensorsignaldrop-out・Whenthe

sensorplateisnotcoIrectlypositionedbeneaththepillowpICs-

su1℃valiationsundertheheadcannotreachthesensorplateIt 

willsevelelyinHuencethedetectionof1℃spirationrhythmand 

pulserate・ＴｈｉｓｐｒｏｂｌｅｍｍａｙｂｅｓｏｌｖｅｄｂｙbindingthepiUow

tightlytothesensorplate・

Thelastfactoristhattheheadmayhavenogoodcontactwith 

thepillowandthepressurevaIiationcannotbetransmittedtothe 

sensorthroughthepillow・ThisproblemshouldbeIesolvedby

improvingthesensormechanismandevensystemtoachievea 

laIgerdynamicmeasuTementrange・
Becauseonlyonepressuresignalchannelisusedtoestimate 

the応spirationrhythmandpulsemte,themeasuIcmentinstru-

mentconfigurationisglCatlysimplifiedlnoldertofUrtherim‐ 

provedetectionperfbnnance,moIerobustalgorithms,molereU-
abledetectionstrategies,andsmcturalfabricationfOrhandling 

sensorsignaldrop-outandmovementaItifHctswillbeimporと

tant・Furthermole,clinicaldatarega【dingvanoussleepdisor＝

dersshouldbecollectedandassessmentsmadeoftheaccuracy 

andldiabilityoftheplOposedmethodinapplicationasasleep 
diseasemonitor． 

[Fig.9(a),theFPP[Fig.9(b)],theestimatedpulse-relatedwave-

fOnnswithreconstructionprocedure[Fig.9(c)],withoutrecon-

structionprocedulc[[Fig.9(｡)],thenasalthennistor[Fig.9(e)]， 

theestimatedrespiration-relatedwavefOnnswithreconstruc-

tionprocedure[Fig.9(f)],andwithoutreconstmctionplocedule 

[Fig.９(9)］Itisclearthatthepulse-relatedwavefbnncanbe 
estimatedbythemethodproposedinthispaper・However,arti-
factsgreatlyworsenestimationoftheIespirationlhythm､Such 
artifactsmightbeonereasonwhythedetectionaccuracyof 

thepulserateisbetterthanthatoftherespirationrhythmThis 

meansthattheproposedmethodismuchmorerobustfbrpulse 
ratedetectionthanfOr1℃spirationrhythmdetection・
ＩｔｃａｎｂｅｓｅｅｎｆｉＤｍＦｉｇ､２(a)ａｎｄ(b)thatthereisaphase 

diffelenceintherespiration-relatedwavefbnnsbetweenthe 

nearneckandfar-neckocciputpressures・Becauseｐ１℃ssure

variationsduetothebleathingmovementandheartbeatpul-
sationreachtwomeasu1℃Inentsitesヨ.ｅ，thefar-neckand

near-neck-viatwodifferenttransmissionroutes,thisimplies 

thatasimpleadditivemodelisnotaccurateenoughtode-
scribetherelationbetweenthefar-neckandnear-neckpressure 

variations・Thisphenomenonleadstodissatisfactionwiththe

instantmixingrequirementinthelinearICAmodel[29]and， 

therefbre,toincompleteseparationofthepulseandrespiration 
wavefbnns[15]・

BecausetheDWTperfOnnsasabankofbandpassfilters[Z3L 

thisfeatureissuccessfUllyusedtoseparatesignalsintodifferent 

frequencycomponents.ＩtiswellknownthatthefUndamental 
frequenciesoftherespirationrhythmandpulseratealelocated 

indifferentfiFequencybands・ThroughtheDWTdecomposition，

therespiration‐andpulse-relatedwavefOrmscanbebothesti-

matedfromthemeasuredpressuresignaL 

IncontrasttothelCAmethod,[29]theDWrapproachcan 

estimatetherespirationandpulse-relatedwavefbrmsfromonly 

onepressuresi印alchanneLInaddition,unlikethetime-con-

sunmngrecursiveoptimizationcalculationuseｄｉｎｔｈｅｌＣＡ 

ｍｅｔｈｏｄ,thecomputationalcomplexityoftheproposedmethod 

canbegreatlylCducedbecauseonlythecharacteristicscales 

needtobedecomposed,FromTnbleslⅡ1Ｖ，itisfOundthat 

thedetectionperfOnnancesfOrthepulseandrespiration-related 
wavefOnns，estimatedwithandwithoutIeconstruction，are 

veryclose・Fromone-wayanalysisofvariance,thesigniIicance

levelsPbetweentheperfbnnanceindexesfOrreconstruc-

tionandnonreconstructionaIemuchIargerthanO､Itcanbe 
concludedthattheleislittledeteriorationinthedetection 

peIfOnnanceevenwhenthepulseandrespiration-related 

wavefOnnsareestimatedwithouttheDWTreconstmctionplD-

cedu1℃・Thisleadstoimprovedreal-timeprocessingefficiency・

MoreoveLtheavoidanceofsubsampUngprocedulebyusing 
theZimo"salgorithm[24]alsoassulesphaseshiftinvarianＣｅ， 

whichmeansthatthealgorithmcanbeeasilyimplemented 

usinganydigitalsignalprocessorinrealworldapplications・

Itshouldbenoticedthattheevaluationlesultsdependonthe 
selectionofthecoefficientsofthethresholdfOrthedetectionof 

characteristicpoints・Thecoefficientsusedinthispaperwerede-

cidedempiricaUytoobtainapropercombinationofSeandP＋・
FromTnblem,itcanbeobselvedthatthePFNRislowerthan 

thePFPRfbrthepulseratesofmostsubjectswithorwithout 

the1℃constructionprocedure・ThisimpUesthatmostoftheesti-
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AICal-timepIocessingmethodtoestimatetherespiration 

IhythmandthepulseratefiPomtheocciputpressuresignal,with 

noninvasiveunconstrainedmeasurementsduIingsleep,waspro-
posedandverified､Thepressuresignalwasdecomposedinto 

detailandapproximationcomponentswiththeDWTmultireso‐ 

lutionanalysismethod・Therespirationrhythmcanbedetected

fromtheapproximationcomponentinthe26scale,andthepulse 
ratecanbeattainedfromthedetailcomponentsinthe24and25 
scalesafternoisesuppressionwiththesoftthresholdmethod 

Thereconstructionplocedurecanevenbeneglectedwithoutde‐ 

teriorationofdetectionpelfOnna､Ce・nlismethodpIovidesan

accurateandareHablemeanstomonitortherespirationrhythm 

andthepulserateinleal-timeduringsleepAfterclinicaleval-

uationandpracticalfeasibilityalestudied,thismethodisex‐ 

pectedtobeappUcableinthediagnosisofsleepapnea,sudden 

deathsyndrome,andaIThythmiasduringsleep． 
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